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Abstract
This thesis investigates the stability effects of the integration of wind power on multimachine power systems. First, the small-signal stability effects of turbine governors
connected to synchronous generators in the presence of large-scale penetration of wind
and load power disturbances are analyzed. Results suggest that tuning the turbine
governors when wind power generation is present can improve the small-signal stability of
an interconnected system. Then, the transient stability effects of integrating doubly-fed
induction wind turbine generators through different transmission line configurations and
at different buses are analyzed. Results show that connecting the wind through
transmission lines and to different buses introduces a delay in the oscillatory response of
the synchronous generator speed, and bus voltage oscillations are also affected. Results
also show that there is no significant effect on the base cases when using different
interconnection voltages to connect the wind. Overall, the results can be used by power
system operators when making decisions on turbine governor tuning and transmission line
configurations when connecting wind farms to existing power systems while optimizing for
small-signal and transient stability response.
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Chapter 1
Introduction
1.1 Research Motivation
The use of wind energy in the last couple of decades has increased substantially. In the
1990s, worldwide wind capacity doubled approximately every three years, and capacity
has continued to grow by approximately 25% each year in the past decade [1].Over the
same period, costs have been decreasing by an average of 30% per year. The level of
sophistication associated with wind turbine technology has also evolved significantly over
the past decade. Larger, more reliable wind turbines continue to enter the market at a
fraction of the cost of turbines from the 1980s and 1990s. In order to maximize the use of
the rapid development and growth of the wind turbine technologies, researchers are
needed to study the impact that high penetration of wind energy has on existing power
networks.

Many technical issues arise when integrating wind power into an electric grid. Technical
issues can occur at different time scales. Small-signal and transient stability concerns
associated with small and large disturbances occur on the millisecond and second
timescale. The intermittency of the wind speed and it’s impact on the interconnected
power network occurs on the order of minutes or hours. Another technical issue that arises
with wind are the dynamics introduced by the doubly-fed induction generator onto the
synchronous generators already present in the system.
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1.2 Research Objectives and Questions
There are two main research objectives in this thesis:
1. Analyze the small-signal stability effects of turbine governors on power systems with
integration of wind power
2. Analyze the transient stability effects of modified transmission line configurations on
power systems with integration of wind power

A series of high-level research questions must be addressed in order to be able to achieve
the research objectives. The first two questions listed below cover both research objectives,
while the next two questions individually address each of the objectives respectively.

- What device models can be used to study power system stability effects? What
assumptions are taken in these models?
- What are the similarities/differences of small-signal stability and transient stability?
- What impact will the introduction of wind have on the equations associated with turbine
governor control on synchronous generators? How will any change impact the power
system following a small-signal disturbance?
- What impact will the modified transmission line configurations have on the power flow
and device model equations? How will any change impact the power system following a
large disturbance?

1.3 Research Approach and Organization of Thesis
The research approach taken here was to learn the mathematical background associated
with the different device models and analysis techniques in parallel with running
simulations on already existing power system models. Linking the theory with the
application early on in the research process was essential in uncovering many of the
subtleties and nuances associated with the integration of the different device models into
the system state model. The research approach also helped in gaining proficiency using the
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various power system software tools quicker and in better understanding the simulations
presented in the literature. Finally, this synchronized approach of combining theory with
application from the beginning made it easier to identify research objectives more quickly
as it became apparent relatively early on where there was a gap in the literature that could
be addressed by running certain simulations.

There are three additional chapters in the thesis. Chapter 2 addresses the first research
objective listed in Section 1.2 above, while Chapter 3 addresses the second research
objective. The chapters are organized in such a way that each is fully encompassing and can
be read separately. All of the device models used are summarized, and additional details
not included are carefully referenced. The various analysis techniques and test systems
used are introduced and defined physically and analytically.

Since small-signal stability analysis and transient stability analysis are distinct issues,
organizing the chapters in this way is beneficial as future researchers can focus exclusively
on their topic of interest. The organization of the chapters using this approach also allows
the reader to compare and contrast similarities and differences of the two analysis
techniques easily. Finally, Chapter 4 includes a conclusion and a section on potential future
work that can build off this thesis.

1.4 Novelty of Research Contributions
There are novel research contributions addressing both of the objectives listed in the first
section. With respect to the first objective dealing with the small-signal stability effects of
turbine governors, the main research contribution was modifying the droop equation to
take into account rated power contributions from the wind induction generator units.
Traditionally, the droop equation had only considered rated power contributions from
conventional synchronous generator machines. Many of the results obtained from the
simulations were also novel, as the inclusion of deep penetration of wind power and it’s
relation to the turbine governors had not previously been investigated in great detail.

9

With respect to the second objective dealing with the transient stability effects of modified
transmission line configurations, the main research contribution was analyzing alternative,
more likely scenarios of how the wind might actually be connected to an existing power
system. Previous research had analyzed the base case where doubly-fed induction
generators are directly connected to synchronous generator buses, and this assumption
was challenged in the thesis. Results obtained from looking at the different scenarios can
be used by power system to determine the best placement of wind farms when optimizing
for enhanced transient stability. All of these contributions will become more apparent and
explained in more detail in the following two chapters.
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Chapter 2
Small-Signal Stability Effects of Turbine
Governors on Power Systems with Integration
of Wind Power
The turbine governor is the primary frequency controller of a synchronous machine. The
stability effects of turbine governors on traditional power systems are well known.
However, the integration of wind farms into the grid has introduced new dynamics into the
power system that must be taken into account when tuning these controllers. This chapter
summarizes existing power system models and analyzes the small-signal stability effects of
the turbine governors connected to the synchronous generators in the presence of largescale penetration of wind and load power disturbances. A case study is presented where
the effects of the turbine governor are evaluated in the presence of a 20% increase in load
active and reactive power for the IEEE 14-bus system. Results suggest that tuning the
turbine governors when wind power generation is present can improve the small-signal
stability of an interconnected system.

2.1 Introduction
A power system’s dynamic behavior is determined mainly by the generators. Conventional,
thermal power plants are typically represented by synchronous generators, while modern
wind turbines are typically represented by induction generators. Synchronous generators
have various distributed, local frequency and voltage controllers connected to the
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machines at the power system bus level. Overall, the purpose of the controllers is to
maintain synchronism and system stability when the system is subject to a disturbance [2].
The large-scale integration of wind power into the electric grid will change the dynamics of
a power system since the interaction of induction generators with the system is different
than that of synchronous generators [1]. This may alter the effects of the synchronous
generator controllers, potentially causing the need to adjust or tune them in order to
maintain synchronism and system stability when the system is subject to a disturbance.

The focus of this chapter is on frequency control. The primary frequency controller of the
synchronous generator is the turbine governor (TG) [3]. The effects of the turbine governor
controllers on conventional power systems containing only synchronous generators are
well known, and a summary of these effects is presented in the following section. After
understanding these effects, we extend the equations to include the introduction of power
generated from doubly-fed wind turbine induction generators (DFIGs) in order to analyze
the small-signal stability of an interconnected power system in the presence of a load
disturbance.

Details of the models considered for the different generators and a model for the turbine
governor are provided in Section 2.2. Techniques for tuning the controllers in the presence
of both synchronous and induction generators are also presented in Section 2.2. In Section
2.3, the previously summarized device models are integrated into a system model, and
analysis techniques in the presence of different types of disturbances are discussed. Finally,
a case study using the IEEE 14-bus system is presented in Section 2.5, and a conclusion is
provided in Section 2.6.

2.2 Machine and Controller Modeling
This section summarizes the machine models for the synchronous generator used to
represent a thermal generating unit and a doubly-fed induction generator (DFIG) used to
represent a wind turbine. This section also summarizes the turbine governor, the
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automatic voltage regulator (AVR) that is used for synchronous generator voltage control,
and the controls associated with the DFIG wind turbine.

2.2.1 Synchronous Machine Model
Synchronous machine models of varying sophistication and detail have been reported in
the literature. The most basic model is the classical model, which can be represented as a
second order system with the following differential equations
δɺ = Ω b (ω − 1)
ωɺ =

( pm − pe − D (ω − 1))
M

(1)
(1.2)(2)

where
δ : rotor angle
ω : rotor speed
Ω b : base frequency

pm , pe : mechanical power, electrical power
D :damping coefficient
M : mechanical starting time ( M = 2 H )
H : inertia constant

Model comparisons, detailed modeling, and the explanation of assumptions for higherorder versus reduced-order models can be found in various references [4–6]. The
drawback of the classical 2nd order model is that it neglects all electromagnetic dynamics.
For our purposes, we have chosen to use a 6th order model to represent the synchronous
machines because the model includes transient and subtransient phenomena that should
be accounted for in stability analysis. The 6th order model is described by (1) and (2) along
with differential equations for transient voltages eɺq' and eɺd' and subtransient voltages eɺq''
and eɺd'' . These variables represent the dynamics of the dc field winding and of the rotor core
induced currents and the fast dynamics of damper windings respectively. Full derivation
and details on this model can be found in [6-7].
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In addition to the six differential equations, the machine model also has six algebraic
equations for the following variables: active power p, reactive power q, bus voltage
magnitude v, bus voltage angle θ , mechanical power pm and field voltage vf. In order to
interface with controller device models, auxiliary equations for the field voltage vf and the
mechanical torque τ m are defined below where τ m 0 and vf0 are the synchronous machine
initialized values.
0 = τ m0 − τ m

(3)

0 = vf 0 − vf

(4)

The initialization chain of the synchronous machine and corresponding controllers are
provided in Figure 2.1 below [4].

Figure 2.1: Initialization Chain of Synchronous Machines

The synchronous machine algebraic equations are initialized using results from the power
flow analysis, while the TG and AVR controllers are initialized using synchronous machine
variables. Secondary voltage controllers, such as the power system stabilizer (PSS) and
over excitation limiters (OXL) are initialized using AVR reference variables.

For the purposes of studying the effects of frequency control, a synchronous generator can
be represented as a large rotating mass with two opposing torques, acting on the rotation
[3]. The electrical torque, τe , acts to slow down the rotational speed, ω , while the
mechanical torque τm, acts to speed it up. When τe and τm are equal in magnitude, ω is
constant. However, a disturbance on the system can cause the electrical load to increase.
The system will no longer be in equilibrium as τe will become greater than τm, and the
entire rotating system will start slowing down. In order to restore equilibrium, frequency
controllers are needed.
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2.2.2 Synchronous Generator Controller Models
The main purpose of this section is to discuss primary frequency control using the turbine
governor. Voltage control using the automatic voltage regulator (AVR) is also briefly
discussed. Although voltage control is not the primary focus of this chapter, understanding
the basics of the AVR is essential since it is incorporated in the system model.

2.2.2.1 Turbine Governor
As discussed in the previous section, load changes can cause the system frequency to drift
outside acceptable limits. The purpose of the frequency governing mechanism is to sense
the machine speed and adjust the input valve in order to change the mechanical power
output. Ideally, this adjustment will compensate for the load changes and restore the
frequency back to it’s nominal value. Mechanical power and mechanical torque are related
by the equation below.

Primary frequency control is implemented on a purely local level. This means that there is
no coordination between different generating units in systems with multiple synchronous
generators. Figure 2.2 below shows a simplified model of a synchronous machine’s primary
frequency control [4].

Figure 2.2: Primary Frequency Control Block Diagram

The turbine governor is the primary frequency controller for a synchronous machine. In
the figure above, the transfer function G(s) depends on the type of turbine and on the
control. In steady state conditions,
lim G ( s ) =
s −> 0

1
R

(5)

where R is the effect of the droop on the regulation. R determines the per unit change in
rated power output, ΔP, for a given change in frequency as shown in the equation below.
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R=

∆ω
∆P

(6)

It is important to note that ΔP is set to 1 pu in steady-state, giving a direct proportion
between the droop and the change in frequency. Unit regulation is often discussed in
percentages, and an example using the above equation would indicate that 3% regulation
for a unit would create a 3% change in the frequency for a machine running at rated power.
In the event of a load disturbance, ΔP will increase. This increase will result in the need to
tune the value for R if system constraints require the change in frequency to stay within a
certain range. In general, R is typically set on each generating unit so that a change in rated
output will result in the same frequency change for each unit [3]. Typical machine values
for R range from 0.02-0.05 [4],[8]. Figure 2.3 below shows the effect of R on the control
loop. The linear relationship presented in Equation (6) when R ≠ 0 is confirmed.

Figure 2.3: Effect of Droop R on the Control Loop

Almost all interconnected power systems have multiple generating units, so it is important
to understand the effect when there are multiple turbine governors in a given system. The
equation below shows the frequency change in the event that multiple generators with
their own turbine governors are connected to the same system [3]. This equation assumes
that all generating units have a turbine governor with a particular droop value.
∆ω =

∆P
1
1
1
+
+ ... +
R1 R2
Rn

(7)

Based on the equation, we can see that the change in frequency is mitigated as the number
of turbine governors is increased. This means that a system with multiple turbine
governors can better regulate a sudden increase in load than a system with less turbine
governors. A simplified turbine governor model is shown in the control diagram below.

16

Figure 2.4: Turbine Governor Model

The variables in the diagram are defined below.
ω ref : reference speed
R : droop gain
T1 , T2 : transient and governor gain time constants
0

pm , pm : initial mechanical power, mechanical power
p

max

,p

min

: maximum and minimum output power

The turbine governor can be modeled as a first order system with the following differential
equation and algebraic equation [10].
1
xɺ g =

(1 −

R

τˆm = x g +

T1
T2

)(ωref − ω ) − xg

T2
1 T1
R T2

(ωref − ω ) + τ m 0

(8)

(9)

The link between the TG model and the synchronous machine model is the initialized
variable τmo that can be substituted into equation (3) above.

In this section, the models and tuning methodologies of the synchronous generator
controllers are presented. The controllers of interest are the automatic voltage regulator,
the power system stabilizer, and the turbine governor. Figure 2.5 below represents the
synchronous generator and it’s associated controllers using a block diagram model [4].

Figure 2.5: Synchronous generators and associated controllers
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2.2.2.2 Automatic Voltage Regulator (AVR)
The automatic voltage regulator is the synchronous machine’s primary voltage regulator.
There are several different AVR models in the literature [4]. Here, we summarize a simple
AVR model that can be used for stability analysis. Figure 2.6 below shows a simplified
conceptual model of a synchronous machine’s primary voltage control. Essentially, primary
voltage regulation can be broken down into a transfer function composed of the machine’s
d-axis emf, the exciter, and the AVR regulator. The system’s stability is determined by the
AVR gain.

Figure 2.6: Simple model of a machine’s primary voltage control

Every AVR model has the following two algebraic equations
0 = v0ref − v ref

(10)

0 = vɶ f − v f

(11)

where (11) defines the AVR reference voltage Here, we define the reference voltage
explicitly as a variable because it used by secondary voltage control devices such as the
power system stabilizer. (12) represents the link between the synchronous machine and
the AVR. This equation substitutes into (4) as discussed above.

AVR models typically model the bus voltage measure delay as a lag block described the by
the differential equation below

vɺm =

vh − vm
Tr

(12)

where vm is the state variable used as a voltage signal within the AVR, vh is the generator
bus voltage, and Tr is the measurement block constant. A simple AVR model is shown in
Figure 2.7 below.

18

Figure 2.7: AVR Model

The model above can be described by the following set of differential equations where T1
and T2 represent the regulator zero and pole respectively, K0 is the regulator gain, and Te
and Tr are the field circuit and measurement time constants respectively. More details on
these equations can be found in [4].

2.2.3 DFIG Wind Turbine Model and Associated Controls
The general structure of a DFIG wind turbine model and it’s associated controls is shown in
Figure 2.8 below [9].

Figure 2.8: General DFIG Wind Turbine Model with Associated Controls

The wind speed can be modeled in many different ways. Here, we assume a Weibull
distribution to take into account the constant variation around a nominal wind speed vwn
[4]. This is described by the probability density function below
 vwn 

k k −1 − cw 
f (vwn , cw , kw ) = wk vwn
e
cw

kw

(13)

where cw and kw are constants defined in the wind model data matrix. Time variations of
the wind speed ξ w (t ) are then obtained as follows
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1

 ln ι (t )  kw
ξ w (t ) =  −
 ; ι ∈ [0,1]
cw 


(14)

where ι (t ) is a generator of random numbers. The wind speed is then calculated using the
following equation
vw (t ) = (1 + ξ w (t ) − ξ wa )vwa

(15)

where ξ wa is the average value of ξ w (t ) .

The wind speed is an input to the rotor model. The rotor model assumes an algebraic
relationship between the wind speed and the pw, mechanical power extracted from the
wind as described below where cp is a performance coefficient function and Ar is the area
swept by the rotor [9].
pw =

ρ
2

c p (λ ,θ ) Ar v 3w

(16)

Mechanical power is then related to mechanical torque using the following equation where
ωm is the rotational speed.
τm =

pw

ωm

(17)

The equation of motion for the rotor modeled as a single shaft is described by the firstorder differential equation shown below.
ωɺ m =

τ m −τe
2H m

(18)

Since converter dynamics are fast with respect to electromechanical transients, their
models can be highly simplified. The converter is modeled as an ideal current source where
the d and q-axis rotor currents, iqr and idr, are state variables used for voltage and rotor
speed control respectively. A pitch angle controller uses the actual value of the rotor speed
to control the blade pitch angle. Since we are mainly interested in the effects of
synchronous generator controllers in this study, the reader is referred to [9] for detailed
equations on the controls associated with the DFIG wind turbine.

2.2.4 Turbine Governor Control in the Presence of Synchronous Generators and
DFIGs
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Unlike synchronous generators, doubly-fed induction generators do not have turbine
governors. However, since the induction generators are generating units, they will also play
a role in accounting for a system load disturbance. Because of this, additional work needs
to be done in solving for the change in power for a system with both induction and
synchronous generators before plugging in values for equation (7). The DFIG’s power
output should be taken into account in the event of a load disturbance since some of the
additional load will be absorbed by the power generated from it. We can take the total
rated power of the system, PTOT0, to be the sum of the total rated power of each machine
with turbine governors, PY0, and the total rated power of machines without turbine
governors, PN0.
PTOT 0 = PY 0 + PN 0

(19)

In steady state, PTOT0 will equal the load power PL0, assuming generation and demand are
matched. In the event of a disturbance, PL0 will increase by some amount, ∆PL . This is
described by the equation below where PL is the load power with the disturbance.
PL = PL 0 + ∆PL

(20)

If we assume that the machines share the added load proportionally, then the added
amount of power required from each of the types of machines can be described by the two
equations below.
∆PY =

PY 0
⋅ ∆PL
PTOT 0

(21)

∆PN =

PN 0
⋅ ∆PL
PTOT 0

(22)

Equation (7) can then be updated where ΔP = PTOT0 + ΔPY as shown below.
∆ω =

PTOT 0 + ∆PY
1
1
1
+
+ ... +
R1 R2
Rn

(23)

It is best to use per-unit quantities when solving for the equation above. We can see from
the equations that the substitution of induction generator units to synchronous generator
units in the system will increase PN and decrease PY. Assuming the droop values of each of
the synchronous generators stay constant, this will have a positive effect as the change in
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frequency will decrease due to the decrease in the change of load power acting on the
synchronous generators with turbine governors.

A simple example of this can be demonstrated using the following parameters:
Case 1: PY0 = 900 MW, PN0 = 100 MW, and ΔPL=200 MW; Case 2: PY0 = 500 MW, PN0 = 500
MW, and ΔPL=200 MW.
In both cases, we assume two synchronous generators with droop values of 0.05 and two
induction generators. If we assume that generation matches demand in steady state, then
the additional load, ΔPL, is 20 % of total load PL in both cases. In both cases, PTOT0 is equal to
1000 MW. Using this, let’s first change all parameters to per-unit quantities. This yields the
following:
Case 1: PY0 = 0.9 pu, PN0 = 0.1 pu, and ΔPL=0.2 pu;
Case 2: PY0 = 0.5 pu, PN0 = 0.5 pu, and ΔPL=0.2 pu.

For case 1, ΔPY = 0.18 and ΔPN = 0.2. This means that the change in synchronous generator
frequency will be 0.0295 or approximately 3%. For case 2, ΔPY = 0.1 and ΔPN = 0.1, and the
change in synchronous generator frequency will be 0.0275 or approximately 2.8%.

Alternatively, system constraints could require the operation within a certain frequency
range. This often occurs in small signal stability studies where the system is assumed stable
around a particular operating point, but deviations too far away from the operating point
could lead to instability. In this case, a maximum value for ∆ω would be imposed on the
system, and the turbine governors could then be tuned to achieve the desired control.

A simple example of this can be demonstrated using the same parameters as discussed
above with the addition of a maximum ∆ω of 0.2 pu. Assuming that we have two
synchronous generators with identically tuned turbine governors would require R1 and R2
to equal 0.0363 for case 1 and 0.0339 for case 2. Further analysis is presented in Section IV
using a case study based on the IEEE 14-bus system.
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2.3 System Model and Analysis Techniques
The non-linear differential and algebraic equations that represent the individual device
models for the machines and controllers can be combined to create a system model. The
general equations are shown below [10].
 xɺ   f ( x, y, u ) 
 0  =  g ( x, y , u ) 
  


(24)

where x is the vector of state variables that typically include the machine model dynamics
and controller dynamics, y is the vector of algebraic variables that typically include the
algebraic equations associated with the machine models and the power flow equations, and
u is the vector of control variables. The function f is a nonlinear vector function that
represents the system differential equations, and g is a vector function that represents the
system algebraic equations.

There are two main types of analysis techniques that can be used to evaluate a power
system’s stability: small-signal stability analysis and transient stability analysis. The
method of analysis chosen primarily depends on the type of disturbance being imposed on
the system. Here, we focus on the system’s response to a small disturbance, so we use
small-signal stability analysis.

2.3.1 Small-Signal Stability Analysis

Small-signal stability analysis deals with the ability of a power system to maintain
synchronism under small disturbances. An example of a small disturbance is an increase in
active and reactive power loads. The disturbances are considered to be sufficiently small
such that the non-linear system differential equations can be linearized about an operating
point. Modal or eigenvalue analysis can then be performed to evaluate system stability
based on the location of the system poles.
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Linearization is done by approximating (24) using the first term of the Taylor series
expansion at an operating or equilibrium point (x0,y0). This leads to the following
expression
 ∆xɺ   Dx f Dy f   ∆x 
 0  =  D g D g   ∆y 
 
   x
y 

(25)

where each of the D terms represent the Jacobian matrices of the vector functions with
respect to the x and y variables at the operating point. The deltas represent small
increments with respect to the operating point as shown below.
∆x = x − xo ; ∆y = y − yo

(26)

We can combine the differential and algebraic equations presented in Section II into the
state-space representation
∆xɺ = Asys ∆x + B∆u

(27)

where x is the vector of state variables, u is the vector system inputs, Asys is the system
state matrix, and B is the input matrix. Based on the system models discussed in the
previous section,
x = [ xsynch ,i x AVR ,i xTG , j xDFIG , k ]T
u = [u AVR ,i uTG , j ]T
where i = [1, 2,..., nsynch ] and j = [1, 2,..., nTG ]

It is assumed that every synchronous generator has an AVR attached to it, but does not
necessarily have a TG attached to it. Asys is computed using the following equation, and it is
assumed that Dyg is non-singular. If Dyg is singular, then a singularity induced bifurcation
point occurs. More details on this exception can found in [4].
Asys = Dx f − Dy f ( Dy g ) −1 Dx g

(28)

The eigenvalues of the Asys matrix are then analyzed for stability. The system is considered
locally stable about the equilibrium point if all of the system’s eigenvalues are in the lefthalf plane, i.e. all of the eigenvalues have a negative real part. The system is considered
unstable if there are any eigenvalues in the right-half plane. It is important to note that
there is an exception where zero eigenvalues exist while the power system is still
considered stable. This can occur for two reasons: either there is no infinite bus, and the
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rotor angles are instead referred to a common reference frame, or an assumption is made
that generator torques are independent of speed deviation [11].

In addition to eigenvalue analysis, the step response of the linearized system can also be
analyzed to get a graphical representation of the system over time in order to see how long
it takes for the system to reach a steady state and to see the oscillatory behavior of the
system when subject to a step input.

2.4 IEEE 14-Bus System
The IEEE 14-bus system shown in Figure 2.9 below is a common benchmark used to
evaluate the impact of various disturbances on power systems. In the system, buses 1 and 2
are synchronous generator buses that provide active power to the 11 loads in the system.
615 MW of power are generated at bus 1, and 60 MW of power are generated at bus 2.
Synchronous compensators are located at buses 3, 6, and 8, and they either generate or
absorb reactive power based on the balancing needs of the system. Details on all of the
IEEE 14-bus system parameters can be found in the appendix of [4].

Figure 2.9: IEEE 14-Bus System
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Here, we evaluate the impact that a power system with deep penetration of wind has on the
small-signal stability of the system before and after various turbine governor controllers
are applied. DFIG wind turbines are connected to buses 1 and 2 with 50% power
penetration. This equates to 307.5 MW of rated wind power at bus 1 and 30 MW of power
at bus 2. The remaining power is generated using synchronous generators.

In order to analyze small-signal stability effects, each load’s active and reactive power is
increased by 20%. In each case, it is assumed that the AVR gain remains constant in order
to focus on the turbine governor effects of the system. The example is analyzed and
simulated using the power systems analysis toolbox (PSAT) and controls toolbox within
MATLAB [12].

2.4.1 Small-Signal Disturbance Effect

The 20% increase in load active and reactive power creates a drop in bus voltage across the
system. The drop in bus voltage can be seen from the results obtained by doing a power
flow analysis in Table 2.1 below.

No Disturbance

Load Power Disturbance Applied

Bus Voltage (p.u)

Bus Voltage (p.u)

1.06

1.06

1.045

1.045

1.01

1.01

1.012

1.005

1.016

1.01

1.07

1.07

1.0493

1.0429

1.09

1.09

1.0328

1.0231

1.0318

1.0222

1.0471

1.042

1.0534

1.05

1.047

1.042

1.021

1.009

Table 2.1: Bus voltages before and after applied disturbance
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Step-response simulations are presented in order to show the various effects of the turbine
governor on the frequency of the synchronous generators. Figures 2.10 and 2.11 below
show the response comparing the effects before and after the inclusion of turbine
governors into a system with no load disturbance. We can see that the inclusion of turbine
governors has a strong effect on the damping of oscillations. The same is true in Figures
2.12 and 2.13 where the 20% load disturbance is applied to the system. If we compare
those figures to the Figures 2.10 and 2.11, we can see that the disturbance has the effect of
increasing the amplitude of the oscillations.
Step Response of ω at Bus 1 With and Without TGs
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Figure 2.10: Bus 1 Step Response Comparison – With and Without TGs with No Disturbance Applied to System
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with No Disturbance Applied to System
0.03
Without TGs
With TGs
0.02

0.01

pu

0

-0.01

-0.02

-0.03

-0.04

0

2

4

6

8

10
t, sec

12

14

16

18

20

Figure 2.11: Bus 2 Step Response Comparison – With and Without TGs with No Disturbance Applied to System
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Step Response of ω at Bus 1 With and Without TGs
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Figure 2.12: Bus 1 Step Response Comparison – With and Without TGs with Load Disturbance Applied to System
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Figure 2.13: Bus 2 Step Response Comparison – With and Without TGs with Load Disturbance Applied to System

We can also compare the eigenvalues of the system to determine the effects of the turbine
governors on the movement of the poles with respect to the imaginary axis. The table
below compares the eigenvalues of the load disturbance case described above without
turbine governors are applied and after they are applied with an R value of 0.05.
State

Without TGs

With TGs

Variable
Real

Imag

Freq

Real

Imag

(Hz)

Freq
(Hz)

ωsynch1

-0.15

3.44

0.55

-0.83

2.50

0.42

ωsynch1

-0.15

-3.44

0.55

-0.83

-2.50

0.42

ωsynch2

-2.45

9.28

1.53

-4.13

7.06

1.30

ωsynch2

-2.45

-9.28

1.53

-4.13

-7.06

1.30
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Table 2.2: Eigenvalue Analysis Comparison – Power System with Load Disturbance With TGs vs Without TGs

Next, we look to study the effects of using different droop gain on the system. Figure 2.14
below shows the variation in effect when R = 0.02 is used compared to R = 0.05. It is
evident that a lower droop will have a more positive effect on the damping of the system.
Step Response of ω at Bus 2
Comparison of Droops Gains R = 0.02 and R = 0.05
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Figure 2.14: Bus 2 Step Response Comparison – Droop of 0.02 vs 0.05

We can also see the difference in the effect of the droop when comparing the eigenvalues of
the two cases.

State

R = 0.05

R = 0.02

Variable
Real

Imag

Freq

Real

Imag

(Hz)

Freq
(Hz)

ωsynch1

-0.83

2.50

0.42

ωsynch1

-0.83

-2.50

0.42

-30.44

ωsynch2

-4.13

7.06

1.30

-22.27

5.71

3.66

ωsynch2

-4.13

-7.06

1.30

-22.27

-5.71

3.66

Table 2.3: Eigenvalue Analysis Comparison of Power Systems
with Different Droops

Here, we see a substantial difference in the effect of reducing the droop by 3 %. This can be
expected since frequency and droop are directly proportional based on Equation (6). A
tighter regulation would equate to less frequency deviation allowed in the system for the
same load disturbance.
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Finally, we look at the effect of tuning the droop based on the methodology discussed in
Section II Part D and the IEEE 14-bus system described in this section. We assume that the
system is operating under a frequency deviation, Δω, of 0.025 pu, and that this frequency
deviation will hold true for all cases. We define Case 1 to be when all of the power is being
generated by the synchronous generators, and Case 2 to be when we include the induction
generators at 50% power into the system. For case 1, we assume that the turbine
governors are initially tuned to a droop value of 0.05 for a steady-state power output in
order to make Equation (7) valid. In the event of a 20% load disturbance on the original
system, the droop value would need to be tuned to 0.0417 to satisfy (7). We can use
Equations (21-23) to solve case 2 when the wind power is introduced. Based on the
equations, ΔPY = 0.1, ΔPN = 0.1, and R would need to be tuned to 0.0455 to provide a
frequency deviation of 0.025 pu. Figure 2.15 below shows the step response comparison of
the synchronous generator frequency at Bus 2 two cases. We can see that the tuned TGs
with the integration of wind dampen the system more favorably than in the first case
where tuned TGs are applied to a system with only synchronous generators.

Effects of Tuned TGs on Interconnected System
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Figure 2.15: Bus 2 Step Response Comparison – Case 1 vs Case 2
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Chapter 3
Transient Stability Effects of Modified
Transmission Line Configurations on Power
Systems with Integration of Wind Power
Previous transient stability studies investigating the effects of wind power integration into
a conventional power system assume the insertion point of the wind-generating units to be
at the same bus and interconnection voltage as the synchronous generators they are
substituting or complementing. While this assumption offers preliminary results into the
effects of the wind on the existing system, important points about the physical distance and
interconnection voltage of the wind farms with respect to the conventional power system
are neglected. This chapter analyzes the effects of integrating doubly-fed induction wind
turbine generators through different transmission line configurations and at different
buses. The IEEE 14-bus test system is used in order to compare results with previous work.
Results show that connecting the wind through transmission lines and to different buses
introduces a delay in the oscillatory response of the synchronous generator speed, and bus
voltage oscillations are also affected. Results also show that there is no significant effect on
the base cases when using different interconnection voltages to connect the wind. The
results of this study can be used by power system operators when deciding how to connect
wind farms to an existing power network when optimizing for stability response to a large
fault. Overall, wind farms should be connected through additional transmission lines to
buses near where synchronous generators are located and further away from loads and
higher risk fault areas.
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3.1 Introduction

As power generated from wind has continued to grow over the last couple of decades,
many studies have investigated the modeling of the different wind turbine generators and
their effects on power system stability. Typically, these studies have focused heavily on the
assumptions taken in the modeling of the wind turbine generator and it’s associated
controls [9],[5]. There has been substantially less focus placed on the assumptions taken in
the modeling of the power system. Almost all studies use a single-machine infinite bus, a
small 3-bus system, or the traditional IEEE 14 or 39-bus systems to validate a wind turbine
generator model or perform analysis on the integration of wind into the grid [13-14]. While
using these power systems can offer insights, they also have particular assumptions that
can greatly impact the outcome of the analysis. This chapter attempts to bring one of these
assumptions to light in an effort to encourage researchers to develop better power system
models that truly represent how large wind farms are integrated into the grid. The
common assumption that is challenged in this chapter is the insertion of doubly-fed
induction generators (DFIGs) at the original synchronous generator bus location when
simulating the transient stability effects of wind power.

Large wind farms that are connected directly to the transmission system are typically
located offshore or in remote areas due to their size and lack of aesthetic appeal. Also, the
large wind farms are often not linked to the rest of the power system through the same
interconnection voltage as the synchronous generators. In both of these cases, additional
transmission lines and transformers are needed in order to properly integrate the wind
farms into the power system. This chapter analyzes the transient stability effects of these
power systems when these assumptions are taken into account. Based on the results,
conclusions are made regarding the optimal way to connect doubly-fed induction wind
turbine generators (DFIGs) to an existing power system for the purposes of providing
enhanced transient stability in the presence of large disturbances.
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Well-known transmission line, transformer, and generator models are summarized in
Section II. The integration of these models into a complete power system model is provided
in Section III. This section also provides an overview of transient stability analysis. In
Section IV, the IEEE 14-bus test system and the various transmission line modifications of
interest are presented. Simulation results comparing the transient stability effects of the
modifications are also shown in Section IV. Concluding remarks are provided in Section V.

3.2 Line, Transformer, and Generator Modeling
This section summarizes the well-known models used to represent transmission lines and
transformers for power system studies. Synchronous generators and DFIG generators used
to represent wind turbines are also summarized. All of the individual components are
combined into a complete power system model using a set of differential-algebraic
equations, and this integration is discussed.

3.2.1 Transmission Line and Transformer Models
As mentioned in [4], a transmission line is defined as short if it is less than 1500 km. Short
transmission lines can be represented as a π lumped model as shown in Figure 3.1 below.

Figure 3.1: Transmission Line π Model

In the figure above, rL and xL represent the lumped series resistance and reactance
respectively. gL and bL represent conductances and susceptances with the subscripts h and
k denoting the sending-end and receiving-end respectively. All derivations and
assumptions for calculating these variables can be found in [4].

The complex powers injected at each node are represented by the following equations.
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*

s h = vh i h
*

s k = vk i k

(29)
(30)

where the injected currents i h and i k are represented using the following equations.
 v h 
i h   y L + y L , h − y L
 
 =
y L + y L , k  v k 
i k   − y L

(31)

The admittances, represented by the y variable in the above matrix, is related to the
conductances and susceptances found in Figure 1 using the following equation.
y L = g L + jbL

(32)

The admittances for each transmission line are used for building the network admittance
matrix Y . The network admittance matrix is then used in the power flow equations, and
this has an effect on the state matrix that is analyzed for stability. This is discussed in more
detail in Section III.

A transformer can best be described as a device that transfers electrical energy through
inductively coupled conductors with the ability to step-up or step-down the voltage using
the number of turns on the inductor coil windings. Transformers can be modeled as a
transmission line with a series impedance and a shunt admittance at the sending-end bus
that models iron losses and magnetizing susceptance. The main difference in modeling the
transformer and transmission line is that transformers have a complex nominal tap ratio
me jφ

that allows modifying the magnitude and phase angle of the bus voltage sending and

receiving ends [4].

3.2.2 Synchronous Generator and DFIG Models
Synchronous machine models are used to represent conventional thermal plants. The most
basic model is the classical model, which can be represented as a second order system with
the following differential equations
δɺ = Ω b (ω − 1)
ωɺ =

( pm − pe − D (ω − 1))
M

where
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(29)
(30)

δ : rotor angle
ω : rotor speed
Ω b : base frequency
pm , pe : mechanical power, electrical power
D :damping coefficient
M : mechanical starting time ( M = 2 H )
H : inertia constant

The drawback of the classical 2nd order model is that it neglects all electromagnetic
dynamics. Higher order models that include transient and subtransient phenomena are
needed for stability analysis. In this chapter, we use a 6th-order model to represent the
synchronous machines. The 6th order model is described by Equations (33) and (34) along
with differential equations for transient voltages eɺq' and eɺd' and subtransient voltages eɺq''
and eɺd'' . These variables represent the dynamics of the dc field winding and of the rotor core
induced currents and the fast dynamics of damper windings respectively. Full derivation
and details on this model can be found in [6-7]. Model comparisons, detailed modeling, and
the explanation of assumptions for higher-order versus reduced-order models can be
found in various references [4-6].

In addition to the six differential equations, the machine model also has six algebraic
equations for the following variables: active power p, reactive power q, bus voltage
magnitude v, bus voltage angle θ , mechanical power pm and field voltage vf. Complete
details on the algebraic equations can be found in [4],[6].

The general structure of a DFIG wind turbine model and it’s associated controls was shown
in Figure 2.8. It is shown again below in Figure 3.2 for convenience.
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Figure 3.2: General DFIG Wind Turbine Model with Associated Controls

The equation of motion for the rotor modeled as a single shaft is described by the firstorder differential equation shown below.
ωɺ m =

τ m −τe
2H m

(31)

where ωm is the rotational speed, τ m and τ e are the mechanical and electrical torques
respectively, and Hm is the mechanical inertia constant.

The wind speed is an input to the rotor model. The rotor model assumes an algebraic
relationship between the wind speed, vw and the mechanical power extracted from the
wind, pw as described below where cp is a performance coefficient function and Ar is the
area swept by the rotor [9].
pw =

ρ
2

c p (λ ,θ ) Ar v 3w

(32)

Mechanical power is then related to mechanical torque using the following equation.
τm =

pw

ωm

(33)

Since converter dynamics are fast with respect to electromechanical transients, their
models can be highly simplified. The converter is modeled as an ideal current source where
the d and q-axis rotor currents, iqr and idr, are state variables used for voltage and rotor
speed control respectively. A pitch angle controller uses the actual value of the rotor speed
to control the blade pitch angle. The reader is referred to [9] for more detailed equations
on the controls associated with the DFIG wind turbine and the wind speed model.

36

3.3 System Model and Transient Stability Analysis
This section discusses the integration of the individual device models discussed in Section
II into a power system model. The methodology for performing transient stability analysis
is also discussed.

3.3.1 Integrated Power System Model
The non-linear differential and algebraic equations that represent the individual device
models can be combined to create a system model. The general equations are shown below
[10]
 xɺ   f ( x, y ) 
 0  =  g ( x, y ) 
  


(34)

where x is the vector of state variables that typically include the machine model dynamics
and controller dynamics and y is the vector of algebraic variables that typically include the
algebraic equations associated with the machine models, transmission line models, and the
power flow equations. The function f is a nonlinear vector function that represents the
system differential equations, and g is a vector function that represents the system
algebraic equations.

The complete Jacobian matrix of Equation (38) can be written as follows
∂xɺ   f x f y  ∂x 
0  =  g g  ∂y 
   x y   

(35)

where fx and fy are the Jacobian terms associated with the partial derivatives of the statespace equations with respect to the state and algebraic variables, while gx and gy represent
the Jacobian terms associated with the partial derivatives of the algebraic equations with
respect to the state and algebraic variables. We can then solve for the state matrix, As, as
follows
As = f x − f y g y−1 g x

(36)

where it is implicitly assumed that there are no singularity-induced bifurcations in the
system, so gy is not singular. Based on the three previous equations, we can see that the
proposed method of modifying the transmission lines will have an effect on the state matrix
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of the system in different ways. The modified power system with additional transmission
lines or the insertion of wind farms at different locations will yield different power flow
equations that will change the algebraic equations that make up g. Additionally, the system
of variables making up x will be different due to the modified number of transmission lines
and transformers in the system. In summary, the proposed changes will modify fy and gx ,
and gy.

3.3.2 Transient Stability Analysis
Transient stability deals with the ability of a power system to maintain synchronism when
subjected to a large or severe disturbance [11],[2]. Examples of a large disturbance include
loss of generation, loss of a large load, or a transmission line fault. Transient stability
analysis looks at the system response to these large disturbances through time domain
simulations of a system’s state and algebraic variables. Synchronous generator rotor angle
and speed as well as bus voltages are some of the system variables typically affected by
transient disturbances.

In the event of a large disturbance, the non-linear differential algebraic equations
representing the power system can not be linearized about an operating point since the
perturbation can not be assumed to be sufficiently small. Instead, numerical integration
methods for solving the high-order differential equations are needed. Many different
techniques are available, and the most commonly used techniques build off of the explicit
forward Euler’s method. This method states that
xi +1 = xi + ∆t f ( xi , t )

(37)

at a point in time, ti+1 where ∆ t is the step length that can be fixed or varied from step to
step. More details on the various numerical integration methods used in power systems
can be found in [4].

The main objective of transient stability analysis is to determine whether or not the system
is stable based on the system’s time domain simulation response when the numerical
integration is solved. If the time domain simulation diverges, then the system is unstable.
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Otherwise, the system is stable. The dynamic models associated with the machines that
make up the fx Jacobian are almost always stable on their own. For this reason, the product
f y g y−1 g x is

typically called the degradation matrix, D, since it degrades the stability of the fx

matrix [4]. Since these matrices are the same matrices that are modified when changing the
power system configuration, it is important to see how the system’s transient stability will
change under the new conditions.

3.4 Case Study: IEEE 14-Bus System
In this section, an overview of the IEEE 14-bus test system is provided. Then, different case
studies are shown where modifications are made to the test system in order to analyze the
effects that various transmission line configurations have on the transient stability of the
system when wind power is connected.

3.4.1 IEEE 14-Bus System
The IEEE 14-bus system shown in Figure 2.9 is shown again here in Figure 3.3 for
convenience. As discussed previously, this test system is a common benchmark used to
evaluate the impact of various disturbances on power systems. In the system, buses 1 and 2
are synchronous generator buses that provide active power to the 11 loads in the system.
615 MW of power are generated at bus 1, and 60 MW of power are generated at bus 2.
Synchronous compensators are located at buses 3, 6, and 8, and they either generate or
absorb reactive power based on the balancing needs of the system. Details on all of the
IEEE 14-bus system parameters can be found in the appendix of [4].
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Figure 3.3: IEEE 14-Bus System

3.4.2 Case Studies
There are four different comparisons shown in this section. A diagram of the modifications
for each of the comparisons is provided. Each comparison is followed up by analysis in the
form of time domain simulations for the synchronous generator speed and voltage at bus 1.
The focus is on bus 1 because this is where the majority of generated power occurs in the
original test system, and this is where the largest rated synchronous generator is located.
These factors make this bus most vulnerable to instabilities due to a transient fault.
Additionally, simulations show that the synchronous machines at Buses 1 and 2 oscillate in
the same manner, so it would be somewhat redundant to show all of the simulations for the
synchronous generator at Bus 2.

In all cases, a three-phase transmission line fault is used as the disturbance. This is
simulated through a line 2-4 outage occurring at t = 1 s that is cleared at t = 1.2 s. In all
cases, we also assume there is deep penetration of wind. 308 MW of generated wind power
is used, which is approximately 50% of the total power generated by the synchronous
generator at Bus 1. For each of the cases that include the integration of wind, the
synchronous generator power at Bus 1 is reduced to 307 MW.

Generally, the main

assumption challenged by the following cases is that large wind farms are connected to
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synchronous generator buses without the need for additional transmission lines or
transformers to account for the distance or interconnection voltages between the different
generators. Each case focuses on a specific issue in an attempt to reach a conclusion on the
best way to connect wind farms to an existing power system when optimizing for transient
stability.

3.4.2.1 Case A – Effects of Adding Wind with and Without TL to Bus 1
In this case, we are interested in analyzing the effects of adding wind to the system at Bus 1
with and without additional transmission lines. Figure 4 below shows the scenarios. For all
diagrams, “G” denotes a synchronous generator, “W” denotes a wind farm composed of
DFIGs, and “T” denotes a transmission line system. The transmission line system is
composed of only transmission lines when the same interconnection voltage between the
two buses is used. When the interconnection voltages between the two buses are different,
the transmission line system also includes a transformer that either steps up or steps down
the voltage. In this case, a 69 kV interconnection is used to connect the wind. Since 69 kV is
also the original voltage at Bus 1, no transformer is needed.

Figure 3.4: Case A – Effects of Adding Wind with and without TL to Bus 1

Figures 3.5 and 3.6 below provide time domain simulations for the different scenarios in
Figure 3.4. In all simulations below, the x-axis denotes time in units of seconds while the yaxis is denoted in per-unit (p.u.) voltage or speed. In Figure 3.5, we can see that the
addition of wind power into the system creates more synchronous generator oscillations,
but that the oscillations settle more closely around 1 p.u. There is also an apparent shift or
delay caused when adding the transmission line.
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Figure 3.5: Comparing transient stability effects on ωsyn1 for cases in Fig. 3.4

Figure 3.6 below shows the voltages at Bus 1. The outage at t = 1s causes a large drop in
voltage that is recovered shortly thereafter. The added transmission line before connecting
the wind power has the effect of reducing the overshoot and damping the oscillation when
compared to the case when the wind is connected directly to the synchronous generator
bus.
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Figure 3.6: Comparing transient stability effects on Vbus1 for cases in Fig. 3.4

3.4.2.2 Case B – Effects of Adding Wind through Different Interconnection Voltages

42

In this case, we are interested in analyzing the effects of adding wind to the system at Bus 1
through different interconnection voltages. It is important to investigate this because wind
farms may be connected to an existing power system at a different voltage than what the
synchronous generators are set at. Figure 3.7 shows the different comparisons. Fig. 3.7(a)
is the base case that doesn’t require the need for a transformer since the wind is connected
at the same interconnection voltage. In the other two cases, a step-down and step-up
voltage transformer is needed in addition to the transmission line.

Figure 3.7: Case B – Effects of Adding Wind
through Different Interconnection Voltages

In Figures 3.8 and 3.9 below, we can see that there is not much difference between the
three cases. The case with the lowest interconnection voltage creates slightly larger
oscillations than the other two cases for both the synchronous generator speed and bus
voltage.
Case 2 ωsyn 1

1.015
(a)
(b)
(c)
1.01

1.005

1

0.995

0.99

0

5

10
time (s)

15

20

Figure 3.8: Comparing transient stability effects on ωsyn1 for cases in Fig. 3.7
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Case 2 Voltage at Bus 1
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Figure 3.9: Comparing transient stability effects on Vbus1 for cases in Fig. 3.7

3.4.2.3 Case C – Effects of Adding Wind to Different Buses
Here, we are interested in connecting the wind to different power system buses. It is
possible for wind farms to be located near other power system buses and away from the
main point of conventional power generation. Figure 3.10 shows the variations. The base
case is shown in Fig. 10(a) where the wind is connected to Bus 1. Figs. 3.10(b) and (c) show
the wind being connected to Bus 8 and 14 respectively.

Figure 3.10: Case C – Effects of Adding Wind to Different Buses

Figures 3.11 and 3.12 below show the transient stability effects for Case C. There are
significant variations present when analyzing the effects on the synchronous generator
speed. Since Case B proved that connecting the wind through different interconnection
voltages didn’t have a profound effect, we can attribute the variations here to the bus
44

location. Connecting the wind through Bus 8 shows a phase shift with similarly damped
oscillations when compared with the base case. Connecting the wind through Bus 14 shows
a more pronounced phase shift with more oscillations. There is not much effect on the bus
voltage as seen in Figure 3.12.
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Figure 3.11: Comparing transient stability effects on ωsyn1 for cases in Fig. 3.10

Case 3 Bus 1 Voltage
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Figure 3.12: Comparing transient stability effects on Vbus1 for cases in Fig. 3.10

3.4.2.4 Case D – Effects of Adding Wind through Multiple TLs
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In this case, we are interested in seeing the effects when the wind generation is fed into two
separate buses rather than being channeled into one bus as was shown in the previous
cases. This is presented in Figure 3.13 below.

Figure 3.13: Case D – Effects of Adding Wind Through Multiple TLs

The results of running transient stability simulations for Case D are shown in Figures 3.14
and 3.15 below. The topology of connecting the wind through different transmission lines
to multiple buses does not seem to have a significant effect on the transient stability of the
system.
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Figure 3.14: Comparing transient stability effects on ωsyn1 for cases in Fig. 3.13
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Case 4 Bus 1 Voltages
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Figure 3.15: Comparing transient stability effects on Vbus1 for cases in Fig. 3.13

3.4.2.5 Further Discussion
It should also be noted that in all cases, the bus voltages are more negatively affected based
on their proximity to where the system fault occurs. This can be seen in Figure 3.16 below
where different bus voltages for Case 1(c) are plotted. Bus 4 has the lowest drop in voltage
as this is where the fault occurs, and buses connected to Bus 4 have larger voltage drops
than buses further away from that bus.
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Figure 3.16: Comparing transient stability effects on different bus voltages for cases in Fig. 3.13
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Chapter 4
Conclusion and Future Work
4.1 Conclusion
This thesis has studied the small-signal stability effects of the synchronous generator
turbine governors in the presence of wind power generation. Under certain assumptions,
the wind power generation can actually prove to be beneficial to the overall small-signal
stability of the interconnected power system, and the stability can be further enhanced by
tuning the turbine governors to account for the substitution or addition of rated wind
power in the system.

This thesis has also studied the transient stability effects on a conventional power system
when large integration of wind power is connected through various transmission line
configuration schemes. Based on the simulation results, connecting the wind power
generating units through additional transmission lines both at Bus 1 and at other buses had
a noticeable effect on the transient stability of the system (shown in Cases A and C in
Section 3.4.2), while varying the interconnection voltage of the wind power to the rest of
the system had a negligible effect (shown in Cases B and D). This type of analysis can be
used by power system operators when deciding how to best integrate a large wind farm
into an already existing power network.
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4.2 Future Work
Future work can build upon this thesis in a number of ways. In the case where the effects of
turbine governors were analyzed, future work could include studying the impact of a global
controllers on the small-signal stability of a power system. The turbine governors are
effectively local controllers that can be placed on any number of synchronous generators
included in the system. However, a tuned global controller could potentially be
programmed optimally to regulate the frequency of all synchronous generators in the
presence of large penetration of wind. The feasibility of this issue has yet to be investigated.

In the case where the effects of transmission line configurations were analyzed, future
work could include studying the impact of high-voltage DC (HVDC) transmission lines on
the transient stability of a power system. Studying the effects of HVDC transmission lines
on system stability is important because offshore wind farms and other wind farms located
far away from existing power systems utilize high-voltage lines to minimize losses and
connect to the grid. There has been some preliminary research done on this, but there is
still a great deal of work that needs to be done in building out solid HVDC line models that
are easily integrated into current power system software programs. This thesis
predominantly used PSAT as a software tool, which includes preliminary HVDC models, but
these models have not been tested fully and result in countless singularity and numerical
integration issues if the parameters are not configured and set in an exact fashion.
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Appendix A
MATLAB Code
The following code is used to simulate the plots in Chapter 2. The only change needed is the
name of the .mdl file being used and the number of columns in C based on the number of
state variables in the system.
%% Plot the step response
clear all
%% initialize PSAT
initpsat
% do not reload data file
clpsat.readfile = 0;
% set data file
runpsat('tgnowind.mdl','data')
% Run the power flow
runpsat('pf')
%% Linearize system
% Compute A and B matrices
fm_abcd;
% Store matrices
A = LA.a;
B = [LA.b_avr LA.b_tg]; %In this case, due to AVRs
% Define the outputs of interest
C = zeros(2,20);
C(1,2) = 1; %synch gen speed 1
C(2,8) = 1;
D=0;
%% Plotting
% Eigenvalues and frequency deviation step response before control
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% Epre = eig(A);
figure(1)
t = 0:0.1:20;
[y, x] = step(A, B, C, D, 1, t);
plot(t,y), grid, xlabel('t, sec'), ylabel('pu')
legend('\omega Bus 1', '\omega Bus 2')
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