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Abstract

There has been a transition from non-renewable fossil fuels to renewable and
clean energy sources. A result of this transition is the installation of a significant amount
of wind turbines. The increasing presence of wind power requires additional voltage
stability analysis of the power system. This is due to the considerable voltage fluctuations
produced by changes in the wind speed which may affect some commercial and industrial
loads. This problem is substantially more important as grid capacity is pushed to its limit.
As a result, there is an interest in steady state and transient voltage stability analysis of
the power grid with integr'ated wind turbines. This thesis studies the effect of wind speed
variation on motor-type industrial loads, fed from the grid via a weak connection — long
distribution line, in combination with a partial supply from locally installed distributed
energy source — wind turbine. Two types of studies were conducted: 1) studies that
involve a three phase fault on the strong line, and 2) studies that involve the continuous
steady state operation of the wind turbine with typical wind variations. Type one studies
examine the transient voltage stability of the system. They compare the static load model
to a dynamic load model. In addition, the accuracy of constant power factor PV curves is
compared to the equivalent circuit of induction machine PV curves at predicting a voltage
collapse. It will be demonstrated that the dynamic load model and the equivalent circuit
of induétion machine PV curves is the only combination considered that accurately
predicts the transient voltage stability of the system. The effect of a weak line (WL),
between the grid and the load, is compared to a medium strength line (ML). Other
factors which will be varied are: the post fault re-closing times and the load composition.
Type two studies focus on the continuous operation of wind turbines. These cases explore
the steady state voltage stability of fixed speed wind turbines (FSWT) compared to
doubly fed induction genera&)r (DFIG) wind turbines. The dependence on wind power is
increased to determine their penetration limit. It will be shown that the use of the DFIG
wind turbine produces less voltage fluctuations and has the potential for larger

penetration in the power system.
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1. Introduction

The availability of electricity is impofta'nt for the funétioning of modern society.

It is used to provide the energy needed to operate information technology, lighting, food
storage, appliances and industrial processes. The demand for electrical energy in North
America is increasing at a rate of 2-3% per year [1]. The primary energy sources to meet
this demand are fossil fuels, nuclear fission and hydroelectricity [1]. A drawback of
generating electricity from these sources is their harmful environmental impact. The use
of fossil fuels produces pollutants, such as carbon dioxide (CO,), sulphur oxides (SOx)
and nitrogen oxides (NOy) [2]. Nuclear power generates radioactive isotopes known as
nuclear waste. The construction of hydroelectric dams and basin's causes the flooding of
large areas and destroys local ecosystems. Furthermore, fossil fuel and uranium reserves
are limited. As a result, many countries are encouraging the use of renewable and clean

| energy sources. There are several forms of distributed power generation: solar cells, tidal
power, biomass combuétion and wind power. Of these, wind power has emerged as one

of the most viable forms of renewable and clean energy.

1.1 Historical Background

Wind energy has been utilized for many centuries to sail ships, to grind grain and
to pump water. The conversion of wind energy to mechanical energy was frequently
performed. At the end of the XIX™ century, the potential to use electricity to perform
work was demonstrated. In 1891, Poul La Cour developed the world’s first wind turbine .
which generated electricity in Denmark [2]. In 1941, a twin-bladed wind turbine rated at |
1250 kW was installed in Vermont, USA [2]. It was one of the largest wind power
installations of its time. Subsequent interest in wind systems declined as the grid became
more reliable and electricity prices declined. The oil shock of the 1970’s, which
heightened awareness of North America’s energy problems, coupled with substantial
financial and regulatory incentives for alternative energy systems, stimulated a renewal of
interest in wind power. The wind boom was short lived. By the mid 1980’s, installation
of new wind turbines almost came to a complete halt for a decade. Meanwhile, in Europe,

wind turbine technology continued to advance especially in Germany, Spain and




Denmark. These countries were prepared for the revived growth in wind turbine
installations which began in the late 1990’s. Wind power capacity has been increasing by
25% per year from 1995 to 2003 [2]. The world leader in installed capacity is Germany
followed by USA, Spain Denmark and India (see Table 1) [3].

Country Total Wind Power Installed at the End of 2003
Germany 14 609 MW
USA 6370 MW
Spain 6202 MW
Denmark 3110 MW
India 2110 MW
Others 6 750 MW
World Total 39 151 MW

Table 1: Total wind power installed at the end of 2003.

1.2 Wind Turbines Generators and Integration to the Grid

With this large increase of wind turbines being connected t6 the grid, system
operators and manufacturers need to ensure that they are integrating grid compatible
generators. Similar to other current generating power plants, wind turbine must meet
requirements concerning automatic operation, monitoring and safety. There are several
specifications that need to be considered during operation. The dynamic behaviour of
operation in parallel with the grid is critical. This is of particular concern in weak grid
systems. The direct coupling of the wind turbine to the grid forces the generator to
operate in synchronism with the grid. On the other hand, variations in wind speed, which
is used as the prime mover for wind turbine generators, cause vaﬂation$ in the applied
torque. The.result is fluctuations in electrical power output. These fluctuations may be
large enough to cause a loss of synchronism. Smaller gusts of wind generate over
currents in the system. This may cause the current protection breakers of the load to trip,
preventing over heating of the load. This would be an unacceptable consequence of the
integration of wind turbines to the grid. Therefore, the quality of the energy fed into the
utility grid is largely determined by the technical concepts of the electrical system.




Typically, wind turbines are connected to the grid at distribution voltage levels
(approximately 10 kV to 40 kV). The distribution voltage levels are appropriate because
of the typical power outputs of wind turbines of a few MW. In addition, the typical
distances that this power needs to travel to arrive at the load, tens of kilometres, makes
distribution voltage levels desirable. In comparison, high costs have restricted the
connection of a single wind turbine to transmission level voltages [4]. Integrating wind
turbines to local low voltage levels is appropriate for supplying small consumers for
example, households, buildings and farms. Thus, wind turbines are commonly integrated
to the power grid at distribution voltages.

Grid compatible wind turbine systems are possible with either induction
generators or synchronous generators. With modern power electronic devices, achieving
grid compatibility is made simpler. Attention will be placed on the two most common
types of wind turbine generators: fixed speed wind turbines (FSWT) and doubly fed
induction generator (DFIG) wind turbines. FSWT consist of an induction generator with
a squirrel cage rotor. They have been the most successfully used wind turbine generators
for decades [4]. Their low cost and minimal maintenance are the characteristics that are
most attractive. On the other hand, DFIG have gained recognition because they are more
efficient. For a given wind speed, the DFIG will produce more electrical power than the
FSWT. This is possible because DFIG operate as variable speed wind turbines. This is
one of the many advantages of DFIG which justify the increased cost.

A number of research papers have recently been published studying various wind
turbine generators. Descriptions of the génerator significantly vary in the literature. In
[5], no dynamic model is used whereas in [6] a first-order generator model was
implemented. In 1996, Jenkins and Saad-Saoud [7] utilized a third-order model and at the
proceedings of the European wind energy conference, in 1999 [8], a fifth-order model
was presented. Kazachkov et. al. investigated second-order and fourth-order wind turbine
models [9]. Petru et. al. and Thiringer concluded that a fifth-order generator model was
necessary to accurately represent the transient response of the wind turbine [10] and [11].
Verifications of models with practical measurements on installed wind turbine systems
are rarely published [10]. The operation of a wind turbine with a broad range of wind

\
speeds was subsequently presented in [12]. They focused on the wind turbine,




implemented as a full-order (fifth-order) generator model, in isolation of the power
system. [13] and [14] illustrated a comparison of FSWT and DFIG. [13] reports that the
voltage fluctuations, caused by variations in the wind speed, are significant when FSWT
are installed. [14] reports that, when DFIG are installed to the grid, then the voltage
fluctuations are negligible. The response of the wind turbine to large disturbances in the
power grid is rarely investigated in the literature [10]. In 2004, [15] presented one of the
more in depth considerations of the integration of wind turbines to the power grid. In
[15], Sun concluded that the DFIG wind turbine model successfully returned to normal
operating condition after the clearing of a single phase to ground fault. There remains
significant amount of research to be completed on the full effects of the integration of

wind turbines to the power grid.

1.3 Voltage Stability Analysis

Another area of research that is gaining increased attention is steady state and
transient voltage stability analysis. This is a result of a recent initiative to operate the
power system closer to its voltage stability limit. From 1996 to 2001, electrical energy
consumption increased by 2.1% per year [1]. However, electrical generation installation
expanded by 1.0% and transmission capacity increased by only 0.8% [1]. As a
consequence, grid reliability is becoming an electric utility problem. For example, large
scale voltage collapses have recently occurred in Sweden (December 27, 1983), France
(January 12, 1987), Japan (July 23, 1987) [16] and most recently in Canada and the
United States of America (August 14, 2003) [17]. Between 1984 and 2000, there have
been 11 outages affecting more than 4000 MW in North America [17]. General principles
of voltage collapse can be formulated which were common to all examples. A system
enters an unstable state when the operating conditions change, due to a disturbance or
increased load demand, which results in an uncontrollable decline of the voltage. Heavily
stressed systems are more susceptible to voltage stability problems. Their lack of capacity
to deliver reactive power is the main factor of voltage instability. The operating

conditions may change for a variety of reasons; however, the cause of the voltage



collapse is inherent in the weakness of the grid. Therefore, voltage stability issues have
generated significant consideration.

Voltage étability analysis is becoming essential for power system planning and
operation. The pufpose of voltage statr>i1ity aﬁalysis is to determine the maximum power
that can be transmitted to the load while the system is in transient conditions. Power-
voltage (PV) curves (or alternatively reactive power-voltage, QV curves) are calculated
for each relevant contingency. Much of the recent literature discusses th'e methods to
compute the PV curves. Direct computation of PV curves by solving the equations of the
load flow, known as continuous load flow solution, is considered to be the most accurate
and reliable method to determine the post contingency margins [18]. However, the
method is complicated, time consuming and computationally demanding [19]. Faster
solution techniques are necessary for practical applications. The full coupled Newton’s
iterative procedure was studied by [20]. They found that the Jacobian matrix became ill
conditioned near the loading limit. This produced numerical instability in Newton’s
method and its variant the fast decoupled Newton’s method. Chang et. al. [21] proposed
a curve fitting technique that required the calculation of three points of the PV curve.
Although the lower portion of the PV curve has no practical significance, the method of
indices compares the load flow solution of the upper PV curve to the lower PV curve.
This provides the relative stability of a particular operating point [22]. In 2004, Sato
published a paper discussing the maximum loading limit in power systems [18]. Sato
utilized a Lagrange optimization method of iterative Newton-Raphson load flow
solutions. This technique has the advantage of rapid convergence. The determination of
the critical point of the PV curve requires the solution of a system of non-linear
equations. Therefore, it is difficult to establish a high-speed universal method for all
contingencies.

There are three more chapters that follow. Chapter 3 describes the mathematical
theory of the models in this thesis. Models for wind turbine generators, transmission lines
and loads will all be addressed. Chapter 4 presents the case studies that were performed.
Both steady state and transient conditions were simulated in a dynamic continuous time

simulation program. The voltage stability of the system was determined for each case.

The conclusions from this work are outlined in chapter 5.




2. Theory

There are three main components of the system: the wind turbine generators, the
transmission lines and the load. Each of these components is described below. The
equations that govern the models are demonstrated. This provides a mathematical

foundation for the results that will be presented.

2.1 Wind Turbine Generators

2.1.a FSWT Model
FSWT consist of an induction generator with a squirrel cage rotor. Their robust
nature has been known for decades [4]. Their low cost and minimal maintenance are the

characteristics that are most attractive.

Rotor .
Squirral
cage
induction
generator
Gear box ' Gnd
U b
}
/ T ==\‘~
oot
Compensating
capacitors

Figure 1: Fixed speed wind turbine with direct grid coupling [23].

The rotor is connected to a géarbox which changes the low rotational;speéd of the turbine
blades to a high rotational speed on the generafor side. One of the major disadvantages of
the integration of FSWT is the reactive power consumption required. This is especially
important duﬁng start up and under weak grid conditions. Most FSWT are equipped with
a thyristor controlled inrush current limiter, known as a éoft starter. The thyristor limits
the inrush current to typically 1.5 times the nominal operating current. After

synchronisation is attained, the thyristor is shorted by the grid’s circuit breakers. The soft




starter comes at the expense of a brief but significant 5™ harmonic in the power system.
Under weak grid conditions, shunt capacitors are installed near the wind turbine to
provide reactive power. This is commonly done in wind turbine installations.

The FSWT model is a fourth-order representation of the electrical part and a
second-order representation of the mechanical part of an induction machine. It is
implemented in a phasor simulation program. Below are the equations for the FSWT

[24]:
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where the subscripts are defined as follows,




Subscript Definition
d d axis quantity
q q axis quantity
r Rotor quantity
] Stator quantity
1 Leakage inductance
m Magnetizing inductance

Table 2: Definition of subscripts for equation 1.

All electrical variables and parameters are referred to the stator. This is indicated by the
prime superscript in Equation (1). In addition, the stator and rotor quantities are modelled
in the direct-quadrature (dq) axis. The dq reference frame is rotating at synchronous
speed with the g-axis 90 degrees ahead of the d-axis. The d-axis coincides with the
maximum of the stator flux. This implies that Vg equals the terminal voltage and Vs
equals zero. The prime mover for the FSWT is a variable wind speed obtained from [12].
There are four main assumptions. First, all rotating masses are represented by one
element, known as a lumped-maés representation. A rigid shaft is considered and thus the .
resulting torsional forces are neglected. Thirdly, a quasi-static approach is used for the
description of aerodynamic part of the wind turbine. Finally, magnetic saturation in the
FSWT is neglected. The FSWT model is suitable for the studies of interest.

2.1.b DIFG Model

The DFIG wind turbine design provides distinct advantages over the FSWT
generators. The DFIG is a wound rotor induction generator with the stator connected to
the grid. It is characterised by an AC-DC-AC link between the rotor and the grid. This
-provides the system with important control features. Firstly, the converter link enables the
DFIG to operate at variable speeds. The use of a control scheme on forced commutated
insulated gate bipolar transistor (IGBT) converters allows for the frequency of the
converter to be superimposed on the frequency of the rotating ﬁeld of the rotor. This
enables for more efficient conversion of the wind power. Therefore, for a given wind

speed, the DFIG will produce more electrical power than the FSWT. Furthermore,
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Figure 2: Doubly fed induction generator wind turbine design [23].

variable speed wind turbines are much less likely to loose synchronism with the grid.
The converter link also permits the control of reactive power. The reactive power
consumed by the generator is compared to a reference value. A proportional integral (PI)
controller is used to reduce any difference. This imposes less capacity demand from the
power grid. These advantages result in an increased cost of the DFIG system. Also, there
are more components to be maintained which means that the DFIG is less robust.
However, these drawbacks are deemed to be justifiable for the increase in power quality
produced by the DIFG.

Equation (1) applies to the DFIG model as well. In addition, there are two
important control schemes. The first is the maximum power tracking for a selected wind
speeds. In Figure 3, the tracking characteristic is defined by four points: A, B,C, and D.
From zero turbine speed to the turbine speed at point A, the output power is zero. Point A
and point B are connected by a straight' line. Between point B and point C, the
characteristic is the locus of the maximum power output for a given turbine speed. This
ensures that the maximum amount of power is extracted from the wind. Point C and point
D are linked by a straight line. From point D onward, the power output is fixed at 1 p.u.
This is achieved by pitch angle control system. The pitch angle is kept at zero degrees
until the speed at point D is reached. Beyond point D, the pitch angle is proportional to

the speed deviation from point D. See Figure 4.
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Figure 3: DFIG power characteristics for selected wind speeds [24].
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Figure 4: Pitch control scheme for DFIG [24].

The second control system is used for the rotor side converter. The purpose of this
controller is to regulate the voltage and reactive power transferred to the grid. The
reactive power is exchanged between the rotor side converter and the grid through the
generator. The power error, defined by the dift:crence between electrical output power
measured at fhe wind turbine terminals and ffle reference power obtained from the
tracking characteristic, is brought to zero by a proportional-integral (PI) regulator. This
sets the value for Iy rr, which is the current required by the rotor. Iy rer 1s compared to Iy
and the error is set to zero by another PI controller. The output of this controller is Vg;.-
This voltage is applied across the rotor such that the appropriate current Iy, rr is induced.

See Figure 5
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Figure 5: Rotor side converter control system for the DFIG [24].

The description above serves to compare FSWT and DFIG. It is clear the DFIG
wind turbine is a more complicated system than the FSWT. Some notable features that
distinguish them are the AC/DC/AC link between the grid and the rotor, tracking
characteristic of the maximum power extractable from the wind and the reactive power
control system. The purpose of the case studies is to determine to what extent these

additional features of the DFIG improve the power quality and penetration limit.
2.2 Transmission Lines

2.2.a Basic LR Circuit

Consider the simple LR circuit in Figure 6 where the inductance L and the
resistance R are in series with a DC voltage source V, and a switch. It is assumed that all
other resistances in the circuit are negligible comparéd to R and that all other inductances
are negligible compared to L. Initially the switch is open. Immediately after the switch is
closed the current is still zero but it is inéreasing at a rate dI/dt. This creates a voltage

Ldl/dt on the inductor. Applying Kirchhoff’s law gives equation (2):

11



Switch L

Figure 6: LR circuit.

The solution to the ordinary differential equation is well known:

Vo

(1) = == - e V")

where 1 is the time constant,

@

G)

(4)

At t=1, the current is at 63% of its maximum value (In.x=Vo/R). Below is a graph of the

current Vefsus time for the LR circuit with V,=10 volts, R=10 Q and L=12 H.

Current versus Time in'a LR Circui
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5
i)

01

0 1 o L

o T 2 4 6 8.
Timo s}

Figure 7: Current versus time for a LR circuit.
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In the LR circuit above, the inductor represents a basic transmission line model
and the resistor represents a basic load. The purpose of this simple example is to
demonstrate the impbrtance of transient analysis. Transient analysis allows for the
calculation of the time necessary for the system to reach a final steady state value for the
current. Notice that for a system with a larger L, the time required to reach steady state
would be increased; however, the final steady state value of the current Would remain the
same. Here the system consists of simple linear components. If the system contained
dynamic loads then the increased time to reach steady state may, be important for voltage
stability. Therefore, steady state analysis provides the initial operating point and the final
operating point if the system moves in a slow (quasi-steady state) manner. Transient
analysis determines if, and how, the system arrives at the final operating point.

2.2.b Constant Power Factor PV Curves

Power-voltage (PV) curves are essential in the voltage stability of the power
system. Constant power factor PV cures represent static steady state curves for voltage
stability. Their accuracy at predicting transient voltage stability will be examined. To
obtain these curves, the system is represented by Figure 8. The derivation of the constant

power factor PV curves follows.

Source Transmission | Load
Line '

AC

Figure 8: Simplified circuit diagram for constant power factor PV curves.

Notice that the transmission line is represented by an inductor and a resistor in series.
This is acceptable because the power lines that are modeled are less than 80 km long. As

transmission lines increase in length, the shunt capacitance needs to be taken in to
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account. For transmission lines that are between 80 km and 150 km, then a nominal &
circuit is necessary to accurately describe the system. When transmission lines are longer
than 150 km, then the equivalent 7 circuit is needed. This model includes correction
terms to the nominal n circuit. A factor of sinh(yl) is inciuded for the total series
impedance and a factor of tanh(yl) is present for the total shunt admittance, where y =
joY(LC) and 1 = the length of the line. These correction factors account for the distributed
effects of the parameters [16]. If we plot the phasor diagram of the previous circuit we

obtain the following picture.

Mheta X
Figure 9: Phasor diagram of the constant power factor PV curves.
V =V, +R+jXI )
In magnitude,
V,? = (V, + RIcos @ + XIsin 8)* + (XI cos & — Rlsin §) (6)
Also,
= %
V, cos@

Putting these equations together, one finally obtains the following equation,
V," +V,2(2RP + 2tan 8 - V,;*) + (RP)* + (XP)* + (RP tan §)* + (XPtan 6)* =0 (8)
A simplification can be made,

V24 =Vn2

a=1

b=2RP+2tan6-V,>

¢ = (RP)* + (XP)* + (RP tan 8)° + (XP tan )’

©)

Hence,
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aV,> +bV, +¢c=0 (10)

The solution of this equation givés us:

V, =

\/—bix/bz—4ac a1

2a

The power factor is kept constant, and the PV curves are plotted by varying the power to
the load and calculating the voltage. A
2.2.c Equivalent Circuit of Induction Machine PV Curves

The equivalent circuit of induction machine PV curves will be compared to the constant
power factor PV curves at determining steady state and transient voltage stability. It is
anticipated that the additional detail in the equivalent circuit of induction machine PV
curves will provide sufficient accuracy to pfedict transient voltage stability. The system is
represented by Figure 8 with one significant change. The load is no longer a constant
power factor load. Instead, it is represented by the equivalent circuit of induction

machine. The circuit is solved by the following equations.

Equivalent Circuit of an Induction Machine

Vmotor } _]XM Rz/ S

Figure 10: Equivalent circuit of an induction machine.

Z,=~2+ X,
S
motor ZJZ2XM + RI +JX1 '
2 + 1 X S
\Y
I = phase (12)
(Zline + Zmotor)
V. ..=2_1

motor motor

Power = real(abs(1)*Z

motor )




The PV curves are created by varying the slip (s), from 0 to 1. The comparison of the two

types of PV curves will be examined in the following chapter.
2.3 Load Models

2.3.a Exponential Load Model
The exponential load model is described by the following equation [25].

V a
P= Po(v—j (13)

where a=0.2 for a full-load induction machine. This is a steady state model describing an
induction machine. It will be used to establish that the system is steady state stable. It will
also be compared to the dynamic load model at predicting steady state and transient
voltage stability.

2.3.b Dynamic Load Model

The dynémic load model is descﬁbed by a sixth-order induction machine model
displayed in Equation (1). This is sufficient to capture the transients of the system. The
induction motor is operated with a constant load torque of approximately 1 p.u. The
dynamic load model will be used to determine the transient voltage stability of the

system. It will be compared to the exponential load model for steady state and transient

voltage stability.
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3. Case Studies

In this section, several cases are examined which demonstrate the potenﬁal
problems of integrating wind turbines to the power grid. These potential problems are
avoidable after careful consideration of the system. Therefore, proper analysis of the
system will ensure reliable integration of wind power. Two types- of studies were
conducted: 1) studies a three phase fault on the strong line, and 2) studies that involve the
continuous steady state operation of the wind turbine with typical wind variations. Type
one studies (Cases 1 and 2) will monitor the voltage stability in an extreme situation.
They will compare the static load model to a dynamic load model. As well, the accuracy
of constant power factor PV curves will be compared to the equivalent circuit of
induction machine PV curves at predicting voltage collapse. The effect of a weak line
(WL), between the grid and the load, will be compared to a medium strength line (ML).
Other factors which will be varied are: the post fault re-closing times and the load
composition. Type two studies (Cases 3 and 4) will focus on the continuous operation of
wind turbines. These cases explore the voltage stability of FSWT compared to DFIG
wind turbines. The dependence on the wind turbines will be increased to determine their

penetration limit.

3.1 Case 1

In case 1, the wind turbine is represented by a constant voltage source. It will
supply 20% of the total power. It is connected to the load by a strong line (SL). The grid
is also represented by a constant voltage source but it is connected to the load by a WL.
For concreteness, a distribution voltage level was chosen for the power lines. This is a
typical voltage level at the point of common connection between the grid and the wind
power. The distribution lines are compensated by shunt capacitors. The load is an.
induction machine, with a squirrel cage rotor, rated at 10MVA and 6.9kV. This
represents an aggregate of many smaller loads. Breakers have been installed at each end
of the distribution lines. When opened, they represent a sudden reduction in the wind

speed effectively creating a three phase fault on the SL. The effects of a three phase fault
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on the SL after two seconds are examined (Case 1A). Several quantities were monitored:

the power through each line, the load bus voltage, the stator current and the percent

voltage drop across the WL. The effects of re-closing the breakers after the fault has been

cleared (Case 1B) and varying the percentage of resistive load (Case 1C) are

demonstrated. Below is a diagram of the system.

Main Source

V1 @ @@ Transformer
13.8/34.5 kV

Wind Turbine
5§75V

Breakers

Breakers

Figure 11: Diagram of case 1.

Distribution Line

Induction Machine

Weak Line
345kV

Shunt

Capacitorsm

34.5/6.9kV

Strong Line

345kV —

Shunt
Capacitors

Breakers

)

Transformer  Induction Machine

6.9kV

Medium Strong Transformer | Transformer | Transformer
Line Line 13.8/34.5kV | 575V/34.5kV | 34.5/6.9kV
Line Length L 66 km 25 km N/A N/A N/A
Reactance X 3275 Q 12.50 Q 1.73 Q 8.11Q 1.54 Q
Resistance R 3.28 Q 1.25Q 0.10Q 0.45Q 0.09 Q
Shunt Capacitor Q | 3.8 MVAR | 2.0 MVAR N/A N/A N/A
Power Base S N/A N/A 12 MVA 22 MVA 12 MVA

Table 3: System parameters for case 1. X/R ratio obtained from [1] and [16].

3.1.a Case 14

To assess the voltage stability of the system, constant power factor PV curves are

produced. This is the most commonly used type of PV curve. The more stable PV curve

represents both lines are operational and the less stable PV curve represents only the WL

is operational. Superimposed on the PV curves is the exponential load model for the
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Constant Power Factor PV Curves with Exponential Load Model
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Figure 12: Constant power factor PV curves with exponential load model for case 1A. -

induction motor of the system. The exponential load model is frequently used. It is a
static steady state representation of an induction machine. By examining Figure 12, one
can determine if the system will be stable or unstable in steady state. In this case, the load
model crosses the stable region of each PV curve. This means that, given appropriate
initial conditions, the system is steady state stable. In addition, the system is steady state
stable regardless if both lines were initially operational or if only the WL was initially
operational. Furthermore, if the operating conditions of the system were to vary slowly,
in a quasi steady state manner, from one PV curve to the other then the system would
follow the exponential load model depicted in Figure 12. Again the system would be
deemed stable. Based.on Figure 12, it is assessed that the system is steady state stable and
quasi steady state stable. In the following resuits, it will be examined if this static steady
state analysis correctly predicts the transient behaviour of the system.

The system is implemented in a software program that is capable of performing
continuous time transient simulations. In addition, the software program models the
induction motor dynamics. After two seconds, the SL is disturbed by a three phase fault.

Three phase faults are rare but they represent the worst situation for voltage stability.
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Figure 13: Constant power factor PV curves with dynamic load model for case 1A.

In this case, it is assumed that attempts at re-closing the breakers were unsuccessful. The
operating point in the PV plane is plotted in Figure 13. It demonstrates that a voltage
collapse occurs in the system as a result of the three phase fault with unsuccessful re-
closing. Two comments need to be made at this point. First, the results from the
dynamical load model (Figure 13) contradict the prediction made by the exponential load
model with the constant power factor PV curves (Figure 12). This discrepancy needs to
be reconciled. Secondly, it is peculiar that the operation point in the PV plane crosses the
stable region of the weaker constant power factor PV curve; however, the system does
not reach a stable point. Instead the system experiences a voltage collapse. This indicates
that a more accurate PV curve is needed to describe the transient stability of the system

when the system operates near the nose of the PV curve.
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To address the first point, a plot of both load models is presented in

Constant Power Factor PV Curves with Exponentisl and Dynamic Load Models:
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Figure 14. It demonstrates that the exponential load model predicts the system to be more
stable than the results from the dynamical load model. Thus, determining that a system is
steady state stable does not necessarily imply that the system is transient stable as well.
For a particular system, the exponential load model could predict stability but the
dynamical load model would reveal a voltage collapse in the system. Therefore, it is

important to
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To address the first point, a plot of both load models is presented in
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Figure 14. It demonstrates that the exponential load model predicts the system to be more
stable than the results from the dynamical load model. Thus, determining that a system is
steady state stable does not necessarily imply that the system is transient stable as well.
For a particular system, the exponential load model could predict stability but the
dynamical load model would reveal a voltage collapse in the system. Therefore, it is

important to
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Figure 14: Constant power factor PV curves with exponential and dynamic load models for case 1A.

consider the dynamics of the system when examining transient voltage stability. This
reconciles the difference between both models.

The second point can be addressed by plotting more detailed PV curves. To
reiterate, in Figure 13, the dynamic load model crossed the stable region of the weak
constant power factor PV curve. Nevertheless, the dynamic load model predicts a voltage
collapse. This implies that the constant power factor PV curves are not accurate when
assessing transient stability near the nose of the PV curve. Therefore, a graph of the
equivalent circuit of induction machine PV curves and the exponential load model has
been produced. In Figure 15, the exponential load model crosses the stable region of both
PV curves. One would determine that the system would be steady state stable and quasi
steady state stable. This is the same conclusion as before when the constant power factor
PV curves were plotted. Hence, the equivalent circuit of induction machine PV curves
correctly predict the steady state voltage stability of the system. However, it is known
that the dynamic load model predicts a voltage collapse under transient circumstances. It
is important to establish if theequivalent circuit of induction machine PV curves correctly

predict the transient voltage stability.
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Equivalent Circuit of Induction Machine PV Curves with Exponential Load Model
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Figure 15: Equivalent circuit of induction machine PV curves with exponential load model for case
1A.

In Figure 16, the dynamic load model is depicted with the equivalent circuit of
induction machine PV curves. The dynamic load model does not cross the weak PV
curve. A voltage collapse is observed. This is an example of a system where the use of
detailed PV curves and of a dynamic load model is the only combination considered that
accurately describes the transient voltage stability of the system. It is critical to correctly
represent the system in order to avoid unexpected voltage collapses. In addition, as
distribution lines are being pushed closer to their limits, the operation point moves closer
to the nose of the PV curves. Figure 16 clearly demonstrates the importance of detailed
PV curves and load models. Figure 17 displays both the exponential load model and the
dynamic load model with the equivalent circuit of induction machine PV curves for
comparison. Once again, it is clearly displayed that the exponential load model intersects
the stable region of the weak equivalent circuit of an induction machine PV curve
whereas the dynamic load model does not intersect the stable region of the weak
equivalent circuit of an induction machine PV curve. This emphasises the importance of
detailed PV curves and dynamic load models to accurately predict the transient voltage

stability of a system.
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Equivalent Circuit of Induction Machine PV Curves with Dynamic Load Model
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Figure 16: Equivalent circuit of induction machine PV curves with dynamic load model for case 1A.
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Figure 17: Equivalent circuit of induction machine PV curves with exponential and dynamic load
models for case 1A.
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The graph below (Figure 18) allows for a clear comparison between the models that have
been discussed to this point. Both, the constant power factor PV curves and the
equivalent circuit of induction machine PV curves, are presented; and in addition, the
exponential and dynamic load models are plotted together. One can observe the
significant difference between the two PV curve system representations. These
differences can affect the predicted voltage stability of a given system. This case is an
example of such a system where the use of detailed PV curves and of a dynamic load
model is the only combination considered that accurately describes the voltage stability
of the system. This case represents two types of situations: 1) a sudden reduction in wind
speed yielding no power produced by installed wind turbines, and 2) a three phase fault
disturbing the strong line with unsuccessful re-closing. As the grid is pushed closer to it
limits, the operation point of power systems occurs closer to the nose of the PV curves.

Therefore, these differences in the models become increasingly important.

Constant Power Factor and Equivalent Circuit of Induction Machine PV Curves
with Exponential and Dynamic Load Models
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Figure 18: Constant power factor and equivalent circuit of induction machine PV curves with
exponential and dynamic load models for case 1A.
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It is useful to examine the equivalent circuit motor model and determine the exact
cause of crash of the motor. The inertia constant of the motor is the first quahtity which
will be investigated. The inertia constant is a quantity modeled in the dynamic load
model. It is one of the distinguishing features between the two load models. For the
results presented above, the inertia constant of the motor is H = 3 seconds. The inertia
constant is varied to two extreme values: H = 0.1 seconds and H = 10 seconds. Changing
the inertia constant of the motor will be monitored by the magnitude of the voltage at the
load bus. Below (Figure 19, Figure 20, Figure 21) are the graphs of the results obtained.
Based on the results, the inertia constant of the motor is not responsible for the voltage
collapse of the system. In other words, regardless of the motor inertia constant a voltage
collapse will not occur for this system. It is interesting to note the effect of the inertia
constant. From the figures below, one can observe that as the inertia constant of the
motor increases, then the time required to experience the voltage collapse increases as
well. This is useful because it may determine the time allowed for re-closing after a fault
has occurred. Therefore, using a motor with a large inertia constant will provide the most

time for re-closing after a fault has occurred.
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Figure 19: Magnitude of the load bus voltage versus time with H=3s for case 1A.
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Figure 20: Magnitude of the load bus voltage versus time with H=0.1s for case 1A.
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Figure 21: Magnitude of the load bus voltage versus time with H=10s for case 1A.




The results above did not completely address the reason for the voltage collapse.
Another logical quantity to vary is the magnetising inductance (Xy). By considering the
equivalent circuit of an induction machine, increasing the magnetising inductance results
in more current travelling to the rotor branch. This creates an equivalent circuit which is
more resistive and hence more stable. Once again, the magnitude of the load bus voltage
will be monitored for a voltage collapse. The inertia constant is set to its original value of
H = 3 seconds. The magnetising inductor is increased from 4.1375 p.u. to 5.1719 p.u. (or
125% its original value). Below (Figure 22, Figure 23, Figure 24) are the results obtained
by changing Xu. The results show that as the magnetising inductance is increased; then
the time necessary for the voltage collapse to occur increases as well. This is true until
the magnetising branch inductance is set to a value of 5.1719 p-u. At this value for Xy,
no voltage crash is seen in a 50 second simulation. The system appears to be stable and
the motor demonstrates no signs of collapse. Thus, the magnetising inductance is partly

responsible for the voltage stability of this system.
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Figure 22: Magnitude of the load bus voltage versus time with Xm=4.1375 p.u. for case 1A.
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Figure 23: Magnitude of the load bus voltage versus time with Xm= 1.2*4.1375 p.u. for case 1A.
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Figure 24: Magnitude of the load bus voltage versus time with Xm=1.25%4.1375 p.u. for case 1A.
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For completeness, graphs of pertinent quantities have been included below for H = 3

seconds and Xy =4.1375 p.u.
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Figure 25: Power through weak line versus time for case 1A.
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Figure 26: Power through strong line versus time for case 1A.
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Figure 27: Magnitude of load bus voltage versus time for case 1A.
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Figure 28: Magnitude of stator current versus time for case 1A.

10

12

31




Porcent Voltage DropiAcross WeakiLine versus Time:

K o o
o . o

=
<

Peicent:Voltage Drop [%]

._.._._,:
T
i

0 1 A L :
0. 2 4 6 8 10: 12
“Time [

Figure 29: Percent voltage drop across weak line versus time for case 1A.

3.1.b Case 1B

In practice, three phase faults rarely remain for extended periods of time. They are
cleared within several cycles, dépending on the rated voltage. The breakers re-close and
the line is operational. In this case, we assume that the fault is cleared after 10 cycles and
the breakers re-close. We investigate the voltage stability of the system Figﬁre 11.

It is apparent from Figure 30 that the system does not collapse. Looking at Figure
31 through Figure 35, one notices that the system stabilizes after a momentary transient.

This case supports the claim that the simulations are representative of actual systems.
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Figure 30: PV curves for case 1B.

%10 ‘Power through Weak Line versus Time
2. e S A ;;

16} i

14t .

04+ =

02 4

L L. i

@

“Time (8]

Figure 31: Power through the weak line versus time for case 1B.

) 1 2 3 ! 5 6.

33



108 ‘Power through'Strong Lineversus Time
5] - t ' Yy - — : -

w

U’_l‘
T

i

0 l o ' i L

0 1 2 3 4 5 6

“Time [s]

Figure 32: Power through the strong line versus time for case 1B.
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Figure 33: Magnitude of the load bus voltage versus time for case 1B.
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Figure 34: Magnitude of the stator current versus time for case 1B.
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Figure 35: Percent voltage drop across the weak line versus time for case 1B.



3.1.c Case 1C

In case 1C, we examine the effects of increasing the percentage of resistive load.

This will be done by maintaining the total load at 10MVA. This case is meant to
represent a more realistic scenario where 50% of the load is resistive and 50% of the load
is an induction machine. The induction machine is modeled with a squirrel cage rotor,
rated at SMVA and 6.9kV. The power supplied by the idealized wind turbine, modeled as
a constant voltage source, remains at 20% of the total load requirement. After 2 seconds,
a three phase fault will disturb the strong line. The voltage stability of the system is
analysed using PV curves.

The load in case 1C has a larger power factor. This means that the load draws less
reactive power which therefore, results in a larger voltage at the load. The increased

voltage is not of concern because it is within the accepted range of +10% (see Figure 39).
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Figure 36: PV curves for case 1C.
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Figure 37: Power through the weak line versus time for case 1C.
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Figure 39: Magnitude of the load bus voltage versus time for case 1C.
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Figure 41: Percent voltage drop across the weak line versus time for case 1C.

The preceding figures demonstrate that the system is stable after the three phase
fault. No re-closing was necessary to achieve the stability. This result is expected. As the
load becomes more passive (i.e. more resistive), then less reactive power is required.
Therefore, one expects greater stability. It provides further evidence that the simulations
are realistic and accurate. It also emphasizes the necessity of analysing a system to ensure
reliable power delivery.

Case 1 demonstrates that, in most situations, the constant power factor PV curves
and the exponential load model are sufficient to predict the voltage stability of the
system. Specifically, these two models accurately describe the system when post fault re-
closing is successful (Case 1B) and when the load contains a significant resistive
component (Case 1C). However, in cases where re-closing is unsuccessful and the load is
mostly (or entirely) inductive, then a more detailed description of the system is necessary.
This is especially relevant when the operation point of the system is near the nose of the
PV curve. In such cases, an equivalent circuit of induction machine PV curves and a

dynamic load model are necessary to predict the voltage stability of the system.
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3.2 Case 2

In case 1, the grid was connected to the load by a WL. In case 2, the same
situations are performed as in case 1 but with the grid connected to the load by a medium
strength distribution line (ML). The results frém case 2 will be compared to case 1. This
will demonstrate the effects of a WL versus a ML for the simplest model of a wind
turbine. The load is an induction machine, with a squirrel cage rotor, rated at 10MVA and
6.9kV. It is equipped with current protection device which disconnects the motor if the
current surpasses 1.2 p.u. Case 2A will examine the effects of a three phase fault on the
SL after two seconds. In practise, three phase faults do not remain for extended periods of
time. In case 2B, the breakers will re-close after 10 cycles. The voltage stability of the
system will be monitored. In addition, varying the percent resistive load will be
demonstrated in case 2C. Case 2 will depict a different type of system collapse. The loss
of distribution capacity will result in the tripping of the current protection of the induction

machine. Below is a diagram of the system,

Main Source Distribution Line Induction Machine
1
#f

V1 @ @@ Transformer Medium Line " Breakers
13.8/34.5 kV 5KV N
L ' Shunt A
- Capacitors
Grid

Transformer  Induction Machine
Vi @ @@ Transformer

34.5/6.9 kV 6.9KkV
Breakers Strong Line L L Breakers
575 VI34.5 kV 345kV S

— Shunt
— Capacitors
Wind Turbine

575V

Breakers

Figure 42: Diagram for case 2.
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Medium Strong Transformer | Transformer | Transformer
Line Line 13.8/34.5kV | 575V/34.5kV | 34.5/6.9kV
Line Length L 50 km 25km N/A N/A N/A
Reactance X 25Q 12.50 Q 1.73Q 8.11Q 1.54 Q
Resistance R 2.50 Q 1.25Q 0.10Q 0.45Q 0.09 Q
Shunt Capacitor Q 3.8 MVAR | 2.0 MVAR N/A N/A N/A
Power Base S N/A N/A 12 MVA 22MVA 12 MVA

Table 4: System parameters for case 2. X/R ratio obtained from (1] and [16].

3.2.a Case 24 - )

After two seconds, the SL is interrupted by the opening' of 'the breakers in
response to a three phase fault. To assess the voltage stability of the system, we produce
PV curves. Figure 43 depicts the movement of the operation point in the PV plane. The
more stable curve represents the system before the fault: the SL and the ML in parallel.
The less stable curve represents the system after the fault: the ML only. It appears that the
system is stable; however, it is important to investigate further. Figure 46 shows that the
voltage is slightly elevated, due to the large shunt capacitors, but within the acceptable ‘
range of £10%. Figure 44 displays the power through the ML. Figure 45 shows the power
through the strong line. Figure 46 and Figure 47 demonstrate the magnitude of the load
bus voltage and the stator current respectively. Finally, in Figure 48, the percent voltage
drop across the ML is displayed. Based on Figure 43, the system seems stable. The final
position of the operation point is within 10% of the voltage for the PV curve with the ML
only. However, upon closer investigation, one notices that the system is unstable. Figure
47 depicts the magnitude of the stator current versus time. In this figure, the magnitude of
the stator current clearly reaches 1.2 p.u. which would trip the motor’s protective breaker.
This means that the load would have to be shut down and re-started. This is an enormous
concern for industrial and residential users who depend on a reliable power supply. As
expected, the ML has increased the stability of the system. In case 1, the grid was
connected to the load via a WL. After ‘two seconds, a three phase fault disturbed the SL.
Subsequently, the system experienced a total voltage collapse. In comparison, when the

grid was connected to the load by a medium strength line, as in case 2, the voltage did not
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Figure 45: Power through the strong line versus time for case 2A.
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Figure 46: Magnitude of the load bus voltage versus time for case 2A.
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Figure 47: Magnitude of the stator current versus time for case 2A.
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Figure 48: Percent voltage drop across medium line versus time for case 2A.
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collapse. Nevertheless, the load was disconnected due to a large stator current. This
describes a second type of voltage instability which is less severe than a complete voltage
collapse. However, the system is still considered to be unstable because it is not capable

of supplying the load with an appropriate stator current magnitude.

3.2.b Case 2B

In practice, three phase faults rarely remain for extended periods of time. They are
cleared within several cycles, depending on the rated voltage. The breaker.s re-close and
the line is operational. In this case, we assume that the fault is cleared after 10 cycles and
the breakers re-close. The voltage stability of the system is investigates in Figure 49. It is
apparent from Figure 49 that the system does not collapse. Looking at Figure 50 through

Figure 54, one notices that the system stabilizes after a momentary transient. This case

demonstrates the robust nature of the systefn.
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Figure 49: PV curves for case 2B.




X100 Power througtiMedium Line versus Time

J 1 2 3 4 5 &
Time [s]
Figure 50: Power through the medium line versus time for case 2B.
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Figure 51: Power through the strong line versus time for case 2B.
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Figure 52: Magnitude of the load bus voltage versus time for case 2B.
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Figure 53: Magnitude of the stator current versus time for case 2B.
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Figure 54: Percent voltage drop across the medium line versus time for case 2B.

3.2.c Case 2C
In case 2C, we examine the effects of increasing the percentage of resistive load.

This will be done by maintaining the total load at I0MVA. This case is meant to
represent a scenario where 50% of the load is resistive and 50% of the load is an
induction machine. The induction machine is modeled with a squirrel cage rotor, rated at
5MVA and 6.§kV. ‘Th"e, power supplied by the idealized wind turbine, modeled as a
constant voltage source, remains at 20% of the total load requirement. After 2 seconds, a
three phase fault will disturb the strong line. The voltage stability of the system is
analysed using PV curves. It is worth noting that the voltage for this case is slightly

increased

(see




PV Curves: 50% Resistive Load
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Figure 55). The reason is that the load in case 2C has a larger power factor. This means

that the load draws less reactive power, which therefore, results in a larger voltage at the

load. The increased voltage is not of concern because it is within the accepted range of
+10% (see Figure 58).
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PV Curves: 50% Resistive Load
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Figure 55: PV curves for case 2C.
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Figure 56: Power through the medium line versus time for case 2C.
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Figure 57: Power through the strong line versus time for case 2C.
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Figure 58: Magnitude of the load bus voltage versus time for case 2C.
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Figure 59: Magnitude of the stator current versus time for case 2C.
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The preceding figures demonstrate that the system is stable after the three phase
fault. No re-closing was necessary to achieve the stability. This result is expected. As the
load becomes more passive (i.e. more resistive), one expects greater stability. It provides
further evidence that the simulations are realistic and accurate. It also emphasizes the
necessity of analysing a system to ensure reliable .power delivery.

In Case 1, the voltage collapse of the system was apparent. The WL did not
provide enough distribution capacity to meet the load requirements after the fault. In Case
2, a ML is used to compare results with Case 1. Case 2 demonstrates a subtle type of
system collapse. The voltage remains at acceptable levels; however, it is the stator current
which is elevated. The stator current trips the protective breakers of the induction
machine. This causes a shut down of the load. Again, when re-closing is successful, then
the system is stable. As well, when the load contains a significant resistive component,
then the system is stable. Therefore, it is important to properly analyse the system to
determine whether protective breakers will be tripped during external fault conditions.

This will provide more reliable power delivery.

3.3 Case 3

Case 3 examines the voltage stability of the system with a basic wind turbine
model. The fixed speed wind turbine (FSWT) model replaces the infinite source from
cases 1 and 2. The FSWT model is described by an induction machine, with a squirrel
cage rotor, rated at 2MVA and 575V. Shunt capacitors (1 MVAR) have been installed for
rea;:tive power compensation. The varying wind speed is converted to a varying torque.
This acts as the driving torque for the motor. The system is monitored during steady state
operation and the effects of having a variable source will be observed. The advantage of
using a FSWT is that the generator is synchronized to the grid frequency. The variable
power output from the FSTW is a direct result from the fluctuations in the wind speed.
As the wind speed decreases, the current output increases and the power output of the
FSWT decreases (Figure 67 and Figure 68). The stator current of the load is recorded to
determine if typical wind fluctuations are sufficiently large to cause the current protection
breaker of the motor to trip. The FSWT is connected to the load by a SL. The gn'd‘is

represented by a constant voltage source but it is connected to the load by a WL. The load
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is the same load from case 2, an induction machine rated at I0OMVA and 6.9kV. 1t is
equipped with current protection device which disconnects the motor if the current
exceeds 1.2 p.u. The steady state response of the system is examined. The power through

each line, the load bus voltage and the stator current are recorded. Below is a diagram of

the system.

Main Source

QY :’:,;z".;m:&

Breakers

Distribution Line

A

Induction Machine

gt
A

Weak Line
345kV

Shunt

=

Capacitors ‘:];_:l

34.5/6.9 kV

A
At

i__

Transformer  Induction Machine

6.9 kV

v A
Figure 61: Diagrain of case 3.
Weak Strong Transformer | Transformer | Transformer
Line Line 13.8/34.5kV | 575V/34.5kV | 34.5/6.9kV
Line Length L 66 km 25 km N/A N/A N/A
Reactance X 3275 Q 12.50 Q 1.73 Q 8.11Q 1.54 Q
Resistance R 3.28 Q 1.25Q 0.10Q 0.45Q 0.09 Q
Shunt Capacitor Q 3.8 MVAR | 2.0 MVAR N/A N/A N/A
Power Base S N/A N/A 12 MVA 22MVA 12 MVA

Table 5: System parameters for case 3. X/R ratio obtained from [1] and [16].
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Figure 62: Wind speed versus time for case 3 [12].
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Figure 63: Power through the weak line versus time for case 3.
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Figure 66: Magnitude of the stator current versus time for case 3.
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Figure 67: Wind speed versus time and the magnitude of the stator current versus time for case 3.
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Figure 68: Wind speed versus time and the power through the strong line versus time for case 3.

There are several pertinent points in the above figures. It is clear from Figure 65
that the voltage of the system is lower than rated voltage; however, it is within the
accepted range of £10% of the rated voltage. In Figure 63 and Figure 64, the varying
power output from the grid and FSWT are displayed respectively. These figures

| demonstrate that the fluctuating wind speed causes variations in the power output of the
FSWT. The grid, modeled as a constant voltage source, counteracts the FSWT power
output.

Figure 66 is of particular interest. Figure 66 displays the varying stator current as
a result of the wind fluctuations. The significance of this result is that the stator current
frequently surpasses the current protection threshold of the induction machine load. In
addition, the current remains at these elevated levels for several seconds. This would trip
the motor pro;ection and result in a shut down of the load. Notice that the wind speed in
Figure 62 fluctuates between 9m/s and 15m/s. This range for the wind speed is typical of

areas where wind turbines are installed. In other words, this is a realistic example of how

integration of wind turbines to the power grid could cause unwanted results. In this case,




' it is the over-dependence on wind energy (approximately 20% of the power is supplied
by wind energy) and the limited distribution capabilities of the grid that caused the
current protection to trip. This is the reason that analysis of the system is critical. After
the system has been analysed, then renewable energy sources can be installed with
confidence. It is through the examination of the power system that potential problems
will be avoided. If any measures are necessary, they can be taken to ensure reliable power
delivery to meet the load demands. In this following case, the addition of power
electronics to the FSWT will be explored as a means of reducing the fluctuations in the

stator current.

3.4 Case 4

Case 4 examines the voltage stability of the system with a sophisticated wind
turbine model. The doubly fed induction generator model (DFIG) replaces the constant
voltage source from cases 1 and 2, and replaces the FSWT from case 3. The DFIG model
is described by an induction machine, with a squirrel cage rotor, rated at Z2MVA and
575V. It also includes a rectifier, DC link and a converter connected between the grid and
the rotor of the machine. The varying wind speed is converted to a varying torque. This
acts as the driving torque for the motor. The system is monitored during steady state
operation and the effects of having a variable source with power electronics will be
observed. The variable power output from the DFIG is a direct result from the
fluctuations in the wind speed. As the wind speed decreases, the current output increases
and the power output of the DFIG decreases. The stator current of the load is recorded to
determine if typical wind fluctuations are sufficiently large to cause the current protection
breaker of the motor to trip. Furthermore, the stator current of the load is recorded to
determine if the power electronics of the DFIG are sufficient to prevent the tripping of
the current protection breaker of the load that occurred in Case 3. The DFIG is connected
to the load by a strong distribution line. The grid is represented by a constant voltage
source but it is connected to the load by a weak distribution line. The load is the same

load from case 3, an induction machine rated at 10MVA and 6.9kV. It is equipped with

current protection device which disconnects the motor if the current surpasses 1.2 p.u.




The steady state response of the system is examined. The power through each line, the

load bus voltage and the stator current are recorded. Below is a diagram of the system.

Main Source Distribution Line induction Machine

T
|

Vi @ @@ Transformer Breakers Weak Line L Breakers
13.8/34.5kV 345kV _L_ _
L Shunt A
- Capacitors
Grid

Transformer  Induction Machine
34.5/6.9 kV 6.9kV

A

A

’ Breakers Strong Lin Break
Doubly Fed v b
ubly Transformer 345kV —L ——

Induction Generator 575 V/34.5kV
Wind Turbine Shunt
575V Capacitors

Figure 69: Diagram of case 4.

Weak Strong Transformer | Transformer | Transformer
Line Line 13.8/34.5kV | 575V/34.5kV | 34.5/6.9kV
Line Length L 66 km 25 km - N/A N/A N/A
Reactance X 3275Q 12.50 Q 1.73 Q 8.11Q 1.54 Q
Resistance R 328 Q 1.25 Q 0.10Q 0.45Q 0.09 Q
Shunt Capacitor Q 3.8 MVAR | 2.0 MVAR N/A N/A N/A
Power Base S - N/A ' NA | 12MVA | 22 MVA 12 MVA

Table 6: System parameters for case 4. X/R ratio obtained from [1] and [16]..

3.4.a Case 44

Case 4A examines the DFIG’s performance when delivering 20% of the load
requirement. There are several notable points in the figures below. From Figure 73, the

voltage at the load bus is nearly at rated voltage. This is a significantly better voltage
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Figure 70: Wind speed versus time for case 4A [12].
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Figure 71: Power through the weak line versus time for case 4A.
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Figure 72: Power through the strong line versus time for case 4A.
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Figure 73: Magnitude of the load bus voltage versus time for case 4A.
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Figure 74: Magnitude of the stator current versus time for case 4A.

level than the FSWT (Figure 66). In Figure 71 and Figure 72, the varying power output
from the grid and DFIG are displayed respectively. These figures demonstrate that the
fluctuating wind speed causes variations in the power output of the DFIG. The grid,
modeled as a constant voltage source, counteracts the DFIG power output. Comparing the
power variation of the DFIG (Figure 72) to the power variation of the FSWT (Figure 64),
one can observe that the power output from the DFIG is controlled. This means that the
power electronics in the DFIG are effectively regulating the variations in the power
output due to the fluctuations in the wind speed.

Figure 74 is of particular interest. Figure 74 displays the varying stator current as
a result of the wind fluctuations. The significance of this result is that the stator current
never surpasses the current protection threshold of the induction machine load.
Comparing to the FSWT (Figure 66), where the stator current frequently surpasses the
current protection threshold and remains at these elevated levels for several seconds, we

can conclude that the DFIG wind turbine produces a stable system. Notice that the wind

speed (Figure 70), which is the same as in Case 3 (Figure 62), fluctuates between 9m/s




and 15m/s. This wind speed rahge is typical of areas where wind turbines are installed. In
other words, upon analysis of the system this example of integration of wind turbines to
the power grid could be successful. In this case, the dependence on wind energy is
approximately 20% of the total power is supplied to the load. This is the reason that
analysis of the system is critical. After the system has been analysed, then renewable
energy sources can be installed with confidence. It is through the examination of the
power system that potent1a1 problems will be avoided. If any measures are necessary,

they can be taken to ensure reliable power delivery to meet the load demands.

3.4.b Case 4B
In Case 4B, one change is made. The amount of power produced by the DFIG is

increased to approximately 80% of the load requirement. This is meant to represent a
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Figure 75: Power through the weak line versus time for case 4B.
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Figure 76: Power through the strong line versus time for case 4B.
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Figure 77: Magnitude of the load bus voltage versus time for case 4B.
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Magnitude-of Stator Current versus Time:
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Figure 78: Magnitude of the stator current versus time for case 4B.

remote load which is primarily supplied by local wind energy. The grid is connected to
the load by a WL. Again, the stator current of the load is monitored to determine if the
power electfonics of the DFIG can prevent the loss of the load due to over currents. By
increasing the percentage of the power supplied by the DFIG, this increases the
possibility that the stator current of the load may surpass 1.2 p.u. It is demonstrated in
Figure 78 that the DFIG controls the stator current so that it does not exceed 1.2 p.u. This
meets the criteria for stable steady state operation. Based on these results, the use of

DFIG is recommended.
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4. Conclusion

Case studies were presented to demonstrate the potential problems of installing
wind turbines to the power grid. These problems are manifested when the dependence on
wind energy is large and the grid capacity is near its limit. These potential pitfalls are
avoidable if careful consideration of the system is pursued. Two types of cases were
performed to demonstrate that proper analysis of the system could correctly predict its
behaviour and thus, prevent system instability. The first type of cases examined was a
three phase fault. Using static models (constant power factor PV curves and exponential
load model) the system was determined to be steady state stable when both the lines were
operational and when only the WL was operationél. Thus, it was predicted that the
system was also transient stable between those two operating conditions. To verify this
prediction, the system was simulated using a dynamic load model. A voltage collapse
was observed. After analysing the system, it was determined that the dynamic load model
and the equivalent circuit of induction machine PV curves correctly predict the transient
voltage instability of the system. The commonly accepted static models were invalid
under transient conditions and near the maximum power delivery of the system.

The second type of cases assessed the steady state stability of the system. Two
wind turbine models were compared: FSWT and DFIG. The FSWT caused the current
protection of the load to trip when providing only 20% on the total power. This resulted
in the loss of the load. On the other hand, the DFIG wind turbine compensated for the
wind fluctuations. This prevented the loss of the load. In addition, the DFIG was capable
of delivering significantly more power, up to 80% of the load demand, without tripping
the current protection system of the load. This demonstrates that studies into the power
system provide solutions to determine the wind turbine model which is most appropriate.
As the world’s energy demands are increasing, there is a transition to cleaner energy
generation. With the advancement in wind power technology, a renewable and clean
energy source has become a viable alternative to traditional power generation. Wind
power does, however, have potential problems. These pitfalls are manifested when

dependence on wind energy is large and grid capabilities are near their limit. By
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performing analysis, the power industry will ensure reliable and affordable power
delivery for future generations.

There is a significant amount of future work which stems from this research. The
system can be expanded to represent a more complex network. Instead of using one large
aggregate load, many smaller loads can be modelled. Cascading voltage collapses may be
modelled. Methods to prevent this situation could be explored. This will provide a more
detailed understanding of the system. The development of more detailed PV curves and
their applications to specific system would be another logical extension of this thesis.
Another topic of reseérch would be the testing of load models and their ability to predict
the trajectory of the transient in the PV plane. In addition, one could examine the control
of the operation point in the PV plane. An analysis of the best method to restore the
system to a stable region of the PV plane may be of great interest. Other wind turbine
models may be investigated. Another direction of research would be to refine the
simulation technique. Presently, continuous time simulations take between 5 and 20
minutes to complete a 20 second simulation with full accuracy. Phasor simulations run at
real time; however, they only solve for the 60 Hz frequency component. The
implementation of dynamical phasors to solve fhe system would provide a solid balance

between simulation speed and accuracy.
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Appendix 1: Machine Parameters

Induction machine load:

Rating: Spase=10 MV A, VLine-Line, Rms = 6.9 kV, £ = 60 Hz, squirrel cage rotor.

Stator Stator Rotor Rotor Mutual c{)r:srtt;i t Pole Pairs
Resistance | Inductance | Resistance | Inductance | Inductance
Constant
9.2¢-3pu. | 7.2e-2p.u. | 6.9e-3p.u. | 7.2e-2 p.u. | 4.138 p.u. | 3 seconds 2
FSWT:
Rating: Spase=2 MVA, Viine-Line, RMs =375 V, f =60 Hz, squirrel cage rotor.
Stator Stator Rotor Rotor Mutual cIorist;t;i " Pole Pairs
Resistance | Inductance | Resistance | Inductance | Inductance
Constant
1.6e-2p.u. | 6.0e-2p.u. | 1.5e-2p.u. | 6.0e-2p.u. | 29pu 2 seconds 2
DFIG:
Rating: Spase=2 MVA, VLine-Line, kms = 575 V, f= 60 Hz, wound rotor.
Stator Stator Rotor Rotor Mutual cIorst:ct:li ¢ | Pole Pairs
Resistance | Inductance | Resistance | Inductance | Inductance
- Constant
7.1e-3pu. | 1.7e-1pu. | 5.0e-3pu. | L.6e-1pu. | 29p.u. 5 séconds 3
iy e vy e Max. Rate
Grid S} de | Grid S.l de DC Bus DC Bus Max. of Change
Coupling | Coupling : Pitch ) Qrer
. Voltage | Capacitor of Pitch
Inductor Resistor Angle
Angle
1.5e-1p.u. | 1.5e-3pu. | 1200V | 2.0e-2 p.u. | 45 degrees | 2 deg/sec Op.u.
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Appendix 2: Block Diagrams

Matlab Block Diagrams for Cases 1 and 2:
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Matlab Block Diagram for Case 4:
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