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ABSTRACT

Steady state and transient analysis of a Doubly Fed Induction Generator (DFIG) belonging to
a Wind Power Generator is performed. Firstly, the steady state model of the DFIG is
derived, and based on the DFIG characteristics, its steady state operating condition is
determined. Also, the control strategies that determine the gating signals to the Back to
Back Converter (BBC) are described. Secondly, the transient model of the DFIG is derived,
and its transient characteristics are analyzed and simulated for a three phase metallic fault.
The results of the transient analysis are obtained using both the analytical model and DFIG
wind turbine model in Matlab/Simulink software. The study shows the significance of

protecting the Back to Back converter during the occurrence of a fault.
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CHAPTER 1

Introduction

1.1. Need for Renewable Energy

It is known that the primary sources of energy, namely coal, petroleum and natural gas that
are currently being used for power generation all over the world are not sustainable, i.e.,
these resources across the globe will perish within a finite amount of time and cannot be
replaced. Thus there is a clear need for alternative resources that not only meet the rise in
energy consumption but also are renewable, i.e., can be replaced by natural processes with
the passage of time. Solar radiation, wind, tides, geothermal and biomass are a few of these
resources. Also the environmental impacts associated with the conventional energy
production - global climate change, acid rain, large fresh water usage, hazardous air
pollution and radioactive waste - can be reduced with the effective usage of renewable
energy resources. The renewable energy utilization also helps to create local jobs and plays
a key role in improving the nation’s energy security by providing a distributed and

diversified energy infrastructure.

1.2. Statistics of the U.S. Total and Renewable Energy Consumption

U.S. statistics show that in 2010 the renewable energy sources provided 8% of the nation’s
energy consumption (Figure 1.1), and by 2030 it is expected to provide about 14% of it

(Figure 1.2) [1].



Renewable Energy Consumption in the United States Energy Supply, 2010

Wind 12%
Solar 1%

Coal 21%

Petroleum 37% Biomass 53%
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Figure 1.1. United States Total and Renewable Energy Consumption in 2010 [1]
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Figure 1.2. Historic and Projected Percentage Values of Renewable Energy
Contribution to the U.S. Total Energy Needs [1]



1.3. Types of Renewable Energy

1.3.1. Solar Energy

Photovoltaic (PV) or solar energy is harnessing the sun’s energy to produce electricity
directly. Solar energy initially has been used to power small and medium-sized
applications, from the calculator powered by a single solar cell to off-grid homes powered
by photovoltaic arrays. Solar cells are becoming more efficient, transportable and flexible
allowing for easy installation. The main drawback of solar energy is the cost of the
equipment required to convert the direct current output to an alternating current for use in
a house. Electricity generated from solar cells is still more than twice as expensive as
electricity from fossil fuels. Solar PV modules produce no emissions during operation, but

toxic substances, e.g., cadmium and arsenic, are used in their manufacture.

From Figure 1.1, it is seen that in 2010 solar energy accounted for 1% of the total U.S.
renewable energy consumption. Even though there was a 50% increase in solar energy
since 2000, it still accounts for only 0.08% of the U.S. total energy consumption. The sunny
state of California is the leading U.S state in installed solar energy with a capacity of over
500 |[MW]|. It also houses the largest solar power plant in the world, namely the 354 |[MW|

SEGS thermal power plant [2].

1.3.2. Hydroelectric Energy

Hydroelectricity uses the gravitational force of falling or flowing water for power
generation. Small scale hydro energy has been an increasingly popular alternative energy
source, especially in remote areas where other energy sources are not viable. While
electricity generated from hydropower is virtually emission free, biological plants that are
flooded by the dam water emit methane and CO; at a level that some have claimed causes

more damage than a conventional power plant [2]. Other environmental concerns include



fish injury and mortality, habitat degradation, and water quality impairment. “Fish-friendly”
turbines and smaller dams help mitigate some of these problems. Besides generating
electricity, hydroelectric energy has some important benefits in irrigation, recreation, and

water supply.

From Figure 1.1, it is seen that in 2010, hydroelectric energy accounted for 31% of the U.S.
total renewable energy consumption, i.e.,, 2.5% of the U.S. total energy consumption. Net
electricity generation from hydro-energy peaked in 1997 at 356 billion kWh, and then
steadily declined through 2001, thereafter being relatively stable. In 2009 the
hydroelectricity generation was 272 billion kWh, 24% lower than in 1997 [2]. For the next
25 years the hydroelectric generation is projected to stabilize at just less than 300 billion

kWh per year.

1.3.3. Wind Energy

Wind energy is the conversion of kinetic energy in the wind by wind turbines into electrical
energy. Wind energy does not produce CO; or greenhouse gases and hence is considered
clean. A Wind turbine once installed, can start producing energy very quickly compared to
the conventional energy systems. Wind energy has proved that it can compete on price
with conventional energy systems of oil and gas. But, there are a few environmental and
social concerns such as bat and bird kills, noise pollution and aesthetics associated with the
usage of wind energy. Recently, the noise problem has mostly been eliminated through

improved engineering.

From Figure 1.1, it is seen that in 2010 wind energy accounted for only 12% the U.S. total
renewable energy consumption, i.e.,, less than 1% of the U.S. total energy consumption.
Areas with good wind resources have the capability to supply up to 20% of U.S. electricity

consumption. Based on the average U.S. utility fuel mix, a 1 |[MW| wind turbine annually

4



displaces 1800 tons of CO; emissions [2]. In 2010, the emission of nearly 44 million tons of

CO; was avoided.

By 2030, the estimate of the total wind energy installed capacity in the U.S. is projected to
be 300 |GW|, and if achieved would avoid 800 million metric tons of CO; emissions annually.

This target is achievable due to the availability of good wind resources in the U.S.

1.3.4. Geothermal Energy

Geothermal plants use hydrothermal fluids, e.g., hot water or steam from underground to
produce heat or electricity. There are three geothermal technologies currently in use in the
U.S: the direct-use system, deep reservoirs, and geothermal heat pumps. Hydrothermal
resources are available only in the western U.S., Alaska and Hawaii. Heat pumps are to be
used at other places to extract the heat from the soil or air. Geothermal electricity currently
displaces 4.1 million metric tons of CO; per year [2]. Few byproducts of geothermal plants
can be recovered and recycled, but others produce solid waste such as salts and minerals

that must be disposed of in approved sites.

The United States is the world leader in both installed capacity and generating electricity
from geothermal energy. The largest group of geothermal power plants in the world is
located at The Geysers, a geothermal field in California. As seen in Figure 1.1, 2010
geothermal energy provided 3% of the U.S. total renewable energy consumption that
represents 0.24% of the U.S. total energy consumption. Electricity generated from
geothermal power plants is expected to increase from 17 billion kWh in 2008 to 26 billion
kWh in 2030 [2].

1.3.5. Biomass Energy

Biomass energy is the energy obtained from plants and plant-derived materials such as food
crops, grassy and woody plants, residues from agricultures or forestry, and the organic

5



component of municipal and industrial wastes. Biomass energy is also considered as a vital
part of the U.S waste management infrastructure. Biomass energy has low net CO:
emissions. It only releases the CO; it previously removed from the atmosphere, plus
emissions from processing. But it requires 124 acres of land to generate one GWh of energy
per year. Currently, the New Hope Energy Partnership located in Florida is the largest
biomass power plant in North America. This facility reduces dependence on oil by more

than one million barrels per year.

As seen in Figure 1.1, biomass energy contributes to about 53% of the U.S. total renewable
energy consumption, i.e., 4.24% of the U.S. total energy consumption. Ethanol production is

expected to reach 1.82 million gallons per day by 2035.

1.4. Comparison of Environmental Impacts of Different Renewable

Energy Sources

A study conducted by Mark Z. Jacobson reviews and ranks major proposed energy-related
solutions to global warming, air pollution mortality, and energy security, while considering
other impacts of the proposed solutions, such as on water supply, land use, wildlife,
resource availability, thermal pollution, water chemical pollution, nuclear proliferation, and
under nutrition [3]. Nine different energy sources and two liquid fuel options were
considered. The energy sources include solar-photovoltaic (PV), concentrated solar power
(CSP), wind, geothermal, hydroelectric, wave, tidal, nuclear, and coal with carbon capture,
and storage (CCS) technology. The liquid fuel options include corn-ethanol (E85) and
cellulosic-E85. In order to compare the energy sources and liquid fuel options on a common
base, they were assumed to be used to power Electric Battery Vehicles (BEVs), hydrogen
fuel cell vehicles (HFCVs). Flex-fuel vehicles run on E85. Twelve different energy source-

vehicle options were considered, weighed and compared based on eleven impact categories.



Few of the eleven impact categories that were considered individually are C02 equivalent
emissions, air pollution mortality, footprint on ground, water consumption, effects on
wildlife, and operating reliability. Figure 1.3 shows the ranking of the renewable energy
source - vehicle options based on their environmental impact. As seen in Figure 1.3, wind-
BEVs were ranked first, which implies that wind energy has the lowest environmental
impact of all the energy sources. Hence, a lot of research is going on to implement the wind

energy to the fullest extent.
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Figure 1.3. Ranking of Different Renewable Energies [3]

1.5. Wind Energy in the US

At the end of 2010, the worldwide nameplate capacity of wind-powered generators was
around 197 |GW|, which was about 2.5% of the world wide electricity usage, and it has
grown rapidly, having doubled in three years between 2005 and 2008. By the end of

December 2010 the total installed wind power capacity in the United States was 40,180



I[MW]|, making it second in the world behind China [4]. States like Texas, lowa and California
are the main reason why the United States is the global leader, with just over 35,000
megawatts |MW]| of installed wind power capacity. Texas is also the home to the world's
largest wind farm, namely the Roscoe Wind Farm, with a capacity of 780 [MW|. Appendix A

shows the total installed wind capacity across the United States by the end of the year 2010

[5].

1.6. Wind Turbines

A wind turbine is a device that converts the kinetic energy of the wind into mechanical
energy. If the mechanical energy is used to produce electricity, the device may be called a
wind generator or wind charger. If the mechanical energy is used to drive machinery, such

as for grinding grain or pumping water, the device is called a windmill or wind pump.

1.6.1. Components of a Wind Turbine

The wind turbine consists of many components and some of the basic components shown

on Figure 1.4 are briefly described below [6].

Tower: The tower on which the wind turbine is mounted is not only a support structure,

but also raises the wind turbine to a height that its blades safely clear the ground and also
helps to reach for stronger winds that are available at higher elevations. The tower height
can be optimized based on the cost of taller towers versus the increase in energy production
resulting from their use. Large wind turbines are usually mounted on towers ranging from

40 to 70 meters tall.
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Figure 1.4. Basic Components of a Wind Turbine [6]

Rotor: The rotor is the portion of the wind turbine that collects the energy from the wind.

The rotor usually consists of two or more wooden, fiber glass or metal blades which rotate
around an axis at a rate determined by the wind speed and shape of the blades. These rotor

blades are attached to the hub, which in turn is attached to the main shaft.

Nacelle: The nacelle houses the main shaft which consists of low-speed shaft, gearbox,
brakes, high-speed shaft and electrical generator.
Transformers and cables are used to transfer the generated electric energy to the substation

for distribution purposes.



1.6.2. Wind Turbine Energy Generation Principle

As mentioned, a wind generator uses the power of wind to drive an electrical generator.
Wind passes over the blades, generating lift and exerting a turning force. The rotating
blades turn the shaft inside the nacelle, which goes into a gearbox. The gearbox increases
the rotational speed so that it is appropriate for the electrical generator, which uses
magnetic fields to convert the rotational energy into electrical energy. The electric power
output goes to a transformer, which converts the electricity from the generator terminal
voltage at around 1000 |V| to the appropriate voltage for the power collection system,
typically 33 |KV].

The power in the airflow is given by [7]

2 pmrave, (1.1)

P, =
air 2

where

P,ir = Output power |watts|,

r = Radius of the wind turbine rotor |m|,

V = Velocity of wind |m/s|, and

p = Density of air |kg/m3|.

Equation (1.1) gives the power available in the wind, but the power transferred to the wind
turbine rotor is reduced by the power coefficient Cp, defined as

Pyi i . .
Cp = w = Coefficient of performance.
air

A maximum value of Cp is defined by the Betz limit, which states that a wind turbine can
never extract more than 59.3% of the power from an air stream. Practically, wind turbine

rotors have maximum Cp values in the range of 25-45% [7].

10



1.6.3. Wind Turbine Power Curve

The power output of a wind turbine at various wind speeds is described by its power curve.
Power curves of existing wind turbines are normally obtained from the turbine
manufacturer. Figure 1.5 shows an example of a power curve of Vestas V90 wind turbine.
As seen in Figure 1.5, the power curve has three key points:

1) Cut-in speed - the minimum speed at which the machine will deliver useful power

2) Rated wind speed - the wind speed at which rated power (maximum output power)

is obtained
3) Cut-out speed - the maximum wind speed at which the turbine is allowed to deliver

power.

Power Curve of Vestas V90 - 3.0 |MW] Wind Turbine

3500

Cut-out
3000 Speed
Rpted Wind
Sheed
2500 /
_2000 7
Power in /
IKW 1500 /
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500 /
Cut-in L
Spee
0
0 5 10 15 20 25

—> Wind Speed in |[m/s|
Figure 1.5. Vestas V90 Power Curve [8]

Below the cut-in speed, the wind turbine remains shut down as the wind speed is too low
for useful energy production. Then once in operation, the power output increases following
a cubic relation with wind speed (as in equation 1.1) until rated wind speed is reached.
Above the rated wind speed, the aerodynamic rotor is arranged to limit the mechanical
power extracted from the wind. At very high wind speeds the wind turbine will be shut

down.
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1.7. Classification of Wind Turbines

1.7.1. Based on Axis of Rotation
Wind turbines can rotate around a horizontal or a vertical axis and are classified as such.

Horizontal Axis Wind Turbine

Horizontal axis wind turbines (HAWT) have the main rotor shaft and the electrical
generator installed on the top of the tower and must be pointed into the wind. The turbine
should be positioned upwind of its supporting tower as the tower produces turbulence
behind it [9]. Turbine blades are made stiff to prevent the blades from being pushed into

the tower by high winds.

Vertical Axis Wind Turbine

Vertical axis wind turbines (VAWT) have the main rotor shaft arranged vertically. This type
of wind turbine need not be pointed into the wind to be effective and its advantageous on
sites where wind is highly variable. The electrical generator and gearbox can be placed near
the ground which improves the accessibility for maintenance. VAWT can capture the wind
from all directions and at a lower wind speeds than HAWT. VAWT have low rotational
speed, and require high cost of the drive train. In VAWT, it is difficult to model the wind flow
accurately due to the 360 degree rotation of the aero foil. It would be challenging to analyze

and design the rotor prior to fabrication, due to high dynamic loading on the blade.

1.7.2. Based on Rating

Based on the rating, wind turbines are classified as 1) utility scale - corresponds to large
turbines (900 |kW| and above) that generate bulk power for sale in the power markets, 2)
industrial scale - corresponds to medium sized turbines (50 |kW| - 250 |kW|) intended for
remote grid operation, and 3) residential scale - corresponds to micro and small turbines

(400W - 50kW) intended for remote power, battery charging, or net metering type
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generation [10]. Utility scale electric power is generated from the so classically called “wind
farm”, that consists of a group of wind turbines of which electrical outputs are connected
together and cover an area of hundreds of square miles. The resulting output power is
connected to the grid.

1.7.3. Based on the type of Electrical Generator used

There are different types of electrical generators that can be used with a wind turbine to
convert the available mechanical energy on the low-speed shaft into electrical energy.
Based on this, wind turbines can be classified as fixed-speed and variable-speed wind
turbines. Based on the type of the electrical generator used, different control schemes are
implemented to produce grid-quality electricity. Every control scheme has its own
advantages and disadvantages [11]. Below are shown a few different configurations and

their control schemes used for the wind power generation.

1.7.3.1. Fixed-Speed Wind Turbine

Figure 1.6 illustrates the configuration of a fixed-speed wind turbine. It consists of a
Squirrel Cage Induction Generator (SCIG) connected to the grid through a transformer. As
the power level changes, the operating slip of the SCIG installed in the wind turbine nacelle
varies only around 1% of the synchronous speed. Hence this type of wind generation is
referred to as fixed-speed. For a fixed-speed wind turbine any fluctuation in the wind speed
causes the mechanical power at the wind turbine rotor to vary, and since the rotational
speed is fixed, the wind turbine rotor torque varies accordingly. The power output of the
wind turbine changes as the rotor torque changes. This is a disadvantage, and it is
considered as a source of instability to the power system network to which it is connected.
When a wind gust occurs, there will be a sudden increase in the wind turbine rotor torque,

and the mechanical components of the wind turbine (notably the gear box), will be stressed
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[12]. Another disadvantage of the SCIG being used with the wind turbines is that it
consumes reactive power, and such power factor correction capacitors, as shown in Figure
1.6, must be provided at each wind turbine [13]. Pwt and Qwt shown in Figure 1.6 are the
total active and reactive powers delivered by the wind turbine electrical generator to the

grid.

— Pwt, Qut

| Gear Box

000

Squirel Cage Induction Generator

Capactior Bank

—
11

Figure 1.6. Configuration of Fixed-Speed Wind Turbine

1.7.3.2. Variable-Speed Wind Turbine

Currently, the most common variable-speed wind turbine configurations are 1) the Doubly
Fed Induction Generator (DFIG) and, 2) the Fully Rated Converter (FRC).

1.7.3.2.1. Doubly Fed Induction Generator Wind Turbine

A typical configuration of the DFIG wind turbine is shown schematically in Figure 1.7. It
uses a wound-rotor induction generator with slip rings to take the current into or out of the
rotor winding, and variable-speed operation is obtained by injecting a controllable voltage
into the rotor at slip frequency. The stator windings of the DFIG are directly connected to
the grid. The rotor winding is fed through a variable-frequency power converter, typically
based on two AC/DC IGBT based voltage source converters (VSCs) linked by a DC bus [13].

The power converter decouples the network electrical frequency from the rotor mechanical

14



frequency, enabling variable-speed operation of the wind turbine. The generator and

converters are protected by voltage limits and an over-current ‘crowbar.’

— Pwt, Qut
o

Gear Box DFIG {@}_g

Doubly Fed Indution Genemk:: / g

AC/DC J- DCI/AC
Converter T Converter
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Figure 1.7. Configuration of DFIG Wind Turbine
For variable-speed wind turbines, the rotation speed of the rotor is allowed to vary as the
wind speed varies. Hence the DFIG wind turbine allows operation without sudden torque
variations at the wind turbine rotor, thereby decreasing the stress imposed on mechanical

components of the wind turbine.

In the case of DFIG wind turbines, the generator output voltage and frequency can be
maintained constant, irrespective of the generator rotor speed (and thus, irrespective of the
wind speed). This is explained in detail in ‘DFIG Principle of Operation’ in Chapter 2 of this

thesis.

In DFIG wind turbines it is possible to adjust the amount of reactive power exchanged
between the generator and the AC power network. This allows the power factor of the
system to be maintained at unity. DIFG wind turbines allow electrical power generation at
lower wind speeds than fixed-speed wind turbines. Moreover, the power electronic devices
used with DFIG wind turbines need to process only a fraction of the generator output

power, i.e., the power supplied to or from the generator rotor windings, is typically about
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30% of the generator rated power. This reduces the cost and size of the power electronic
equipment and the associated losses. Disadvantages include regular maintenance of the slip
rings, and protection of the power electronic equipment from fault currents.

1.7.3.2.2 Fully Rated Converter Wind Turbine

The typical configuration of a Fully Rated Converter (FRC) wind turbine is shown in Figure
1.8. It may or may not include a gearbox and a wide range of electrical generators (wound-
rotor induction, synchronous or permanent magnet synchronous) can be employed with
this configuration. With this arrangement, the power converters isolate the dynamic
operation of the electrical generator from the power grid [14]. The electrical frequency of
the generator may vary as the wind speed changes, while the grid frequency remains
unchanged, thus allowing variable-speed operation of the wind turbine.

The generator-side converter can be a diode rectifier or a PWM voltage source converter
(VSC) and the network-side converter is typically a PWM VSC [14]. Since the grid side DC-
AC converter is always connected to the grid, it limits the range of variable speed operation.
In the case of the FRC wind turbine, both converters can be made to generate or absorb

reactive power independently.

— Pwt, Qwt
_o
\ AC/DC J. DC/AC o
Converter T Converter O
Turbine-Side Grid-Side
Converter Converter

Induction/Synchronous generator

Figure 1.8. Configuration of FRC Wind Turbine
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For FRC wind turbines the strategy to control the operation of the generator and the power
flows to the network depends very much on the type of the power converter arrangement
employed. A Grid-side converter can be used to control the DC bus voltage constant or
torque applied to the generator. The main disadvantage of this method is the cost of the
converter equipment involved, as it should be rated to withstand 100% of the generator

output power.

1.8. Local and System Wide Impacts of the Wind Energy Generation on
Operation of the Power System

There are a lot of differences between the conventional power plants and the wind
generation power plants. A few of them are listed as:

1) Wind turbine power plants employ different, often converter-based generating systems
compared to those used in conventional power plants.

2) As different from the conventional power plants, the prime mover of the wind turbine,
the wind, is not controllable and fluctuates stochastically.

3) The typical size of an individual wind turbine is much smaller than that of a conventional

utility synchronous generator.

Due to the above mentioned differences, wind generation may have both local and system-
wide impacts on the operation of the power system. Local impacts occur in the electrical
vicinity of a wind turbine power plant or wind farm, and can be attributed to a specific
turbine or farm. On the other hand, system-wide impacts affect the behavior of the power
system as a whole [15]. They are an inherent consequence of the utilization of wind power

and cannot be attributed to an individual turbine or wind farm.

17



1.8.1. Local Impacts of Wind Generation

Locally, the wind power plants operation has an impact on the following characteristics of
the power system: a) Circuit power flows and busbar voltages b) Protection schemes, fault

currents and switch gear rating and c) Power quality [15].

The first two impacts are always considered when connecting any new generator to the
power system and are not specific to wind generation. Harmonic voltage distortion is of
major concern when power electronic converters are employed to interface the wind
generation to the power system network. Voltage flicker is more significant when large
fixed-speed wind turbines are connected to a non-infinite bus, i.e., the magnitude and phase

values of voltages at the bus are not constant values.

Circuit Power Flows and Busbar Voltages

The local impacts of wind turbines on circuit power flows and busbar voltages depend on
the type of the wind turbine used for wind power generation. The operating condition of a
squirrel-cage induction generator used in fixed-speed turbines depends largely on the
mechanical input power and the voltage at the generator terminals. Hence, fixed-speed
wind turbines cannot control the reactive power exchange between the wind turbine and
the power system network, and hence cannot control the busbar voltages by themselves.
Additional reactive power compensation equipment such as shunt-connected capacitors is

employed with the fixed-speed wind turbines.

On the other hand, variable-speed wind turbines which use a doubly-fed induction
generator as shown in Figure 1.7 have the capability to control the reactive power flow
between the wind turbine and the grid to affect their terminal voltage. But, the extent to

which the variable-speed wind turbines can control the circuit power flows and busbar
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voltages depends largely on the rating of the power electronic equipment and the type of

controllers used to control those power electronic converters.

Protection Schemes, Fault Currents and Switchgear Rating

The extent to which the wind turbines contribute to the network fault depends on the type
of generator technology employed. Since fixed-speed wind turbines use induction
generators, they contribute only during the sub-transient fault current for a balanced three-
phase fault, but they can also supply sustained fault current for unbalanced faults [15].
Variable-speed DFIG wind turbines also contribute to network fault currents. Due to the
sensitivity of the power electronics to over-currents, this type of wind turbine is
disconnected from the grid quickly and crowbar resistor is activated to protect the power
electronic converters. The behavior of the variable-speed DFIG during network faults
depends on the design of the power converters and the setting of their controllers to meet

the grid code requirement for Fault Ride Through Capability (FRTC).

The capability of the DFIG to stay connected to the grid during a fault is called Low Voltage
Ride Through (LVRT) or Fault Ride Through (FRT) capability. The severity of the voltage
dip is defined by the voltage level during the dip which may go down to zero, and the
duration of the dip. Depending on the application of the wind turbine, during and after the
dip, it may be required to (1) disconnect temporarily from the grid, but reconnect and
continue operation after the dip, or (2) stay operational and not disconnect from the grid or

stay connected and support the grid with reactive power.

Fully rated converter wind turbines do not contribute significantly to the network fault
current. The grid-side converter as shown in Figure 1.8 is not sized to supply sustained
over-currents. In case of a fault, the FRC wind turbines disconnect quickly, unless there is a

grid code requirement for FRTC of the wind turbine.
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Power quality

Voltage harmonic distortion and flicker are considered as the two local effects of wind
power on power quality. Harmonic distortion is mostly associated with the power
converter based wind turbines (such as variable-speed DFIG and FRC wind turbines), as
power electronic equipment are sources of high-frequency harmonic currents [15]. In
fixed-speed wind turbines the wind fluctuations are directly translated into output power
fluctuations. The output power fluctuations will result in grid voltage fluctuations and are
referred to as flicker. Hence, voltage flicker problems occur only in fixed-speed wind

turbines.
1.8.2. System-wide Impacts of Wind Generation

Wind generation has a system-wide impact on the following aspects of the power system:
a) Power system dynamics and stability, b) Reactive power and voltage support, and c)
Frequency support. The impact of wind generation in the three areas mentioned depend on

the type of the electrical generator used.

Power System Dynamics and Stability

During a fault, squirrel-cage induction generators used in fixed-speed wind turbines
accelerate due to the imbalance between the mechanical power from the wind and the
electrical power that can be supplied to the grid. When the fault is cleared, they absorb
reactive power depressing the network voltage. If voltage does not recover quickly enough,
the fixed-speed wind turbines continue to accelerate and to consume large amounts of
reactive power leading to voltage and rotor speed instability [15]. Squirrel-cage induction
generators tend to impede voltage recovery. In the case of Synchronous generators used in
FRC wind turbine, the exciters of generators increase the reactive power output during low

network voltages and support voltage recovery after a fault.
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For the variable-speed Doubly Fed Induction Generator (DFIG) wind turbines, the
sensitivity of the power electronics to over-currents might disconnect the turbines very
quickly resulting in serious stability issues. The risk of disconnecting the DFIG at relatively
small voltage reductions increases with their level of penetration into the power system
network. In order to withstand voltage drops of certain magnitudes and durations, the

DFIG wind turbines are required to be equipped with FRTC.

Reactive Power and Voltage Support

Voltage on a transmission network is mainly determined by the reactive power flow in the
network. As fixed-speed electrical generators absorb reactive power to maintain their
magnetic field, shunt compensators must be used to provide voltage support to the
network. Whereas, variable-speed electrical generators have the capability of reactive
power control and are able to provide voltage support to the power system network [15].
Reactive power and voltage control at the point of connection of the wind farm is achieved
by using reactive power compensation equipment such as static var compensators (SVCs)

or static synchronous compensators (STATCOMs).

Frequency Support

To provide frequency support from the generation unit, the generator power must increase
or decrease as the system frequency changes. Both fixed-speed and variable-speed electric
generators can provide frequency support to the power system network. In response to
low network frequency, the output active power of the wind turbines electrical generators
needs to be decreased, i.e., they are to be de-loaded. Fixed-speed wind turbines use pitch
angle control to de-load the wind turbine such that a fraction of the power extracted from
the wind is ‘spilled’. Variable-speed wind turbines de-load the wind turbine by operating it

away from the maximum power extraction curve.
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1.9. Grid Code Requirements in the U.S.

Since the disconnection of the significant percentage of wind turbines has a profound effect
on the stability of the power grid, the United States Federal Energy Regulatory Commission
(FERC) proposed a rule for Low Voltage Ride Through (LVRT) according to article No.661
[16]. During a low-voltage event down to 15% of nominal voltage, an applicable wind
turbine generator would be required to be online for up to 0.625 seconds (37.5 cycles at 60
Hz). This requirement is shown as a solid line on the Figure 1.9. The North American
Reliability Council (NERC) together with the American Wind Energy Association (AWEA)
proposed the LVRT requirement to be modified, such that the wind turbines need to remain
online for low-voltage conditions down to zero volts for a period of not more than 0.15 sec

(9 cycles). The dashed line on Figure 1.9 shows the requirement of NERC and AWEA.
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CHAPTER 2

Doubly Fed Induction Generator Machine Model

2.1. DFIG Principle of Operation

In a Doubly Fed Induction Generator (DFIG) the mechanical power at the machine shaft is
converted into electrical power and is supplied to the AC power network via the stator
windings. The DFIG machine operates like a synchronous generator. In a three-phase
synchronous generator the mechanical power supplied by the prime mover causes the rotor
of the generator to rotate. The DC current fed into the generator rotor windings creates a
static magnetic field that rotates at the same speed as the rotor (npoior)- As the rotor
magnetic field rotates, a continually changing magnetic flux passes through the stator
windings inducing an alternative voltage across the stator windings [17]. For a DFIG
generator, the speed at which the generator shaft must rotate to generate power at the
power network frequency (fetwork) €an be varied by adjusting the frequency of the AC

voltage fed into the generator rotor windings.

In a conventional singly-fed induction generator, the generator rotor is rotated by an
external means to a speed greater than synchronous speed, and the stator magnetizing flux
induces voltages that result in currents flowing through the rotor windings. These currents
produce a rotor magnetomotive force that rotates in the opposite direction to the rotor
movement. The resultant magnetic flux generated by the stator and rotor rotating
magnetomotive forces will induce an alternative voltage across the stator windings at the
synchronous frequency. Hence induction generators require electric supply to produce the
stator magnetizing flux (often an induction generator will self start due to residual
magnetism); the initial required electric power can be supplied from the grid or from the

induction generator itself once it starts producing electric power.
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The relationship between the frequency of the AC voltages induced across the stator
windings (fsiator) Of the generator and the rotor speed (nyoior) is defined by using the
following equation:

£ __ Nrotor*Npoles
stator — 120

)

where
fstator = the frequency of the ac voltages induced across the stator windings in |Hz| [17],
Nyotor = the speed of the rotor in [rpm|, and

Npoles = the number of poles per phase of the machine.

DFIG has the same operating principles applied to a conventional synchronous generator.
The only difference is that the magnetomotive force created in the rotor due to the three
phase AC currents flowing in the rotor is not static, but with respect to the rotor body, it
rotates at a speed (ng, rotor) proportional to the frequency of the AC currents flowing
through the generator rotor windings. Therefore, in a DFIG both the rotation speed of the
rotor (nyotor) and the frequency of the AC currents in the rotor windings (fyotor) determine
the speed of the rotor rotating magnetomotive force (ng statror), and thus the frequency of

the alternating voltage induced across the stator windings (fsiator)-

When the magnetomotive force of the rotor rotates in the same direction as the generator
rotor, the rotor speed (n,qtor) and the speed of the rotor rotating magnetomotive force
(nq,,mtor), that is proportional to (fotor), Will add up as shown in Figure 2.1a. Therefore, the

frequency of the voltages induced across the stator windings is given by

£ _ TDrotor*Npoles f
stator — 120 + rotor -

where

frotor= the frequency of the ac currents flowing through the DFIG rotor windings.
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Figure 2.1. Interaction between the rotor speed and the frequency of the rotor
rotating magnetomotive force of a DFIG [17]
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Conversely, if the magnetomotive force of the rotor rotates in the opposite direction to the
generator rotor movement, the rotor speed and the speed of the rotor rotating
magnetomotive force will be subtracted as shown in Figure 2.1b. The frequency of the

voltages induced across the stator windings is given by

Nrotor * Npoles
fstator = — 120 frotor-

2.1.1. Using DFIG to Produce Fixed-Frequency Voltages

The primary reason for using a doubly-fed induction generator is to produce three-phase
stator voltages of which frequency (fsiator) iS constant, i.e., frequency fgi,10r to remain equal
to the frequency of the ac power network (fetwork) to which the generator is connected.
This must be satisfied despite variations in the generator rotor speed (n.¢or ), caused by
fluctuations of the mechanical power provided by the prime mover (e.g., the wind turbine
rotor) driving the generator. To achieve this purpose, the frequency of the AC currents in
the rotor windings (fotor) must be continuously adjusted to counteract any variation in the
rotor speed (oo ) caused by fluctuations of the mechanical power provided by the prime

mover driving the generator [17].

The frequency of the AC currents that need to be flowing through the generator rotor

windings (f;otor) €can be calculated by using the following equation:

Nrotor*Npoles
network 120 ’

frotor

where
fhetwork = the frequency of the ac power network to which the doubly-fed induction

generator is connected, expressed in Hertz (Hz).
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By using the above equation it can be stated that, if the generator rotor rotates at the
nominal synchronous speed (ng ), the frequency of the AC currents flowing through the
generator rotor windings (f;qtor-) must be equal to 0 Hz. Then the DFIG would operate as a

conventional three-phase synchronous machine.

When the generator rotor speed (nyoior) decreases below the nominal synchronous
speed (ny ), the frequency of the AC currents flowing through the generator rotor windings
(frotor) increases accordingly and is of a positive sequence. The positive sequence of the
rotor frequency (f,qtor) indicates that the phase sequence of the three-phase ac currents fed
into the rotor windings will make the rotor magnetomotive force to rotate in the same

direction as the generator rotor, as it is illustrated in Figure 2.1a.

Similarly, when the generator rotor speed (npotor) increases above the nominal
synchronous speed (ng), the frequency of the ac currents flowing through the generator
rotor windings (frotor) increases accordingly and is of negative sequence. The negative
sequence of the rotor frequency (f.o1or) indicates that the phase sequence of the three-
phase AC currents fed into the rotor windings will make the rotor magnetomotive force
rotate in the direction opposite to that of the generator rotor, as it is illustrated in Figure

2.2b.

For example, consider a doubly-fed induction generator having 4 magnetic poles per phase.
The generator supplies power to a 60 Hz ac power network. Considering that the prime
mover causes the generator rotor to rotate at a speed of 1980 |rpm|, the frequency of the AC

currents that need to be fed into the generator rotor windings (f,tor) can be calculated as

Nrotor * Npoles 60 H 1980 r/min X 4 poles

network — T Z— 120 — 6 Hz.

fI'OtOI'
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Such, to have the frequency of the generator output voltage (fsi,¢0r) €qual to the frequency
of the AC power network (fetwork) it results that the frequency of the AC currents to be fed
into the generator rotor windings (fyotor), Which must be 6 |Hz|. The negative sign of the
rotor frequency (fioror) indicates that the magnetomotive force created by the rotor
windings must rotate in the direction opposite to the direction of the rotor movement.
2.1.2. V/fControl

When a doubly-fed induction generator is used to produce power at the ac power network
voltage and frequency, any deviation of the generator rotor speed (npotor) from the
synchronous speed (ng) is compensated by adjusting the frequency of the ac currents
flowing through the generator rotor windings (f.otor), such that the frequency of the voltage
at the stator terminals (fsat0r) Tremains equal to the AC power network frequency
(fretwork) [16]. In other words, the frequency f,q, is adjusted such that the speed of the
rotating magnetomotive force (ngsator) remains constant. Consequently, to maintain the
voltage at the stator terminals equal to the AC power network voltage, a specific magnetic
flux value must be maintained in the machine. This can be achieved by applying a voltage to
the generator rotor windings that is proportional to the frequency of the voltages applied to
the rotor windings (this maintains the V/f ratio constant and ensures a constant magnetic
flux value in the machine). The value of the V/f ratio is generally set such that the reactive

power delivered by the stator, Qgernys, €quals zero.

2.2. DFIG Modes of Operation

The DFIG machine can operate in two different modes, over-synchronous mode and under-
synchronous mode, depending on the slip of the machine. The slip of the DFIG is defined as
the ratio of the difference between the rotating speeds of the stator magnetomotive force

and the rotor mechanical speed to the speed of the stator magnetomotive force.
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The analytical equation for the slip of the DFIG is

lrpm| _ |rpm|
Ng P Nrotor P

S =
ngrpml

_ mde1|e1.rad/s| _mrel|e1.rad/s|

)
wdel|e1.rad/s|

where
Nyotor = Mechanical speed of the rotor in |rpm]|,

ng = speed of the stator magnetomotive force in |rpm|

= synchronous speed defined by ng = 6‘;* fs’
p

fs = frequency of the stator voltages and currents,
pp = no of pair of poles per phase,
wge = angular frequency of the stator magnetomotive force in |el.rad/s|, and

Wre = angular frequency of the rotor in |el.rad/s]|.

DFIG can deliver active power to the grid during both modes of operation. DFIG is said to
operate in over-synchronous mode for negative values of the slip and under-synchronous
mode for positive values of the slip. During over-synchronous mode the DFIG can deliver
more than the rated power of the machine. During the sub-synchronous mode and for a
particular range of rotor voltages, DFIG can still deliver power to the grid, but it will be
below the rating of the DFIG [18]. Detailed DFIG characteristics are studied in Chapter 3. If
Pgeltor is the total active power delivered to the grid, Pgelpys and Papspy are the
corresponding active powers delivered by the stator to the grid and absorbed by the rotor

of the DFIG from the grid, then they are related as Pyeitot = Pdelbys = Pabsbyr, Which is

valid for the both over synchronous and under-synchronous modes of operation. Figure 2.3
shows the active power flow in the DFIG during over-synchronous and sub-synchronous

modes of operation.
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Figure 2.2. Active Power Flow during Different Modes of the DFIG Operation

2.3. DFIG Machine Model

2.3.1. Model Description

A three phase doubly fed induction generator shown in Figure 2.3 is considered for
modeling. Both the stator and rotor cores are considered to be cylindrical. They host three
distributed AC windings with axes radial from the rotor rotational axis, and with a relative
angle of 120 electrical degrees between any two of them. These windings are represented
as concentrated windings a, b, c on the stator side and a’, b’, ¢’ on the rotor side, as shown in
Figure 2.3. The stator and rotor winding axes are also represented as a, b, c and a’, b’, ¢,
corresponding to the windings they house. The stator winding axis is radial with respect to,
diverging from the rotor rotational axis and aligned with the windings maximum air-gap
magnetomotive force. The rotor winding axis is radial with respect to, converging to the
rotor rotational axis and aligned with the windings maximum air-gap magnetomotive force.

For example, the stator winding axis “a” is aligned with F,, vector as seen in Figure 2.3.

The phase sequence of the DFIG in operation is a-b-c.
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The rotor movement is considered to be clockwise, defined by the angular frequency wr. in
electrical radians/second. Longitudinal, or direct, or d-axis diverges from the rotor
rotational shaft axis and has the same movement direction as the rotor positive movement.
Transversal, or quadrature, or g-axis also diverges from the rotor rotational shaft axis and

leads the d-axis with 7T/2 electrical radians towards the rotor positive movement. Both d

and g-axes rotate at rated angular frequency of the stator and are introduced to have
inductances that are independent of time [19]. As seen in Figure 2.3, the axis of the stator
phase “a” winding (represented as a) is taken as a reference for both 6, and 64,;, where

“u_rn “«_n

Br¢1 1S the angle between the rotor phase “a’ ” axis and stator phase “a” axis, and 84 is the
angle between the d-axis and stator phase “a” axis. Windings magnetomotive force and
magnetic flux positive reference is the same as the positive reference of the winding axis,
represented as F,, vectors in Figure 2.3. The positive polarity of the voltages applied to the
machine windings is indicated clearly in Figure 2.3. The current polarity follows the load
convention for the rotor windings i.e., positive current flows into the positive terminal of

the winding, and the source convention for the stator windings. The torques of the DFIG are

defined as positive in the same direction as the rotor positive movement.
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Figure 2.3. Components of DFIG

2.3.2. Assumptions

-- The stator windings (a, b, c) are assumed identical and with the same parameters

-- The rotor windings (a’, b’, ¢’) are assumed identical and with the same parameters

-- Constructively, the DFIG machine is symmetrical as with respect to the rotor shaft
rotational axis

-- The hysteresis phenomenon is disregarded

-- The winding capacitance is not taken into consideration

-- The slots and end effects are not distinctively considered. They are included on the
corresponding permeance value

-- For modeling, the dependence of inductance with saturation, and of the windings
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resistance with temperature and frequency are disregarded. Such a linear model of the
DFIG is obtained, where the superposition principle applies:
-- For every winding the self-magnetomotive force produced in the air-gap is
cosinusoidally distributed as with respect to the winding axis,
-- Both stator and rotor windings are considered to be Y connected,
-- All the lower case letters used as a notation in this thesis refer to instantaneous
quantities of the DFIG,
-- Subscripts used for notations are described as follows:
s, 1, g denote the quantities corresponding to the stator, rotor and grid, respectively
a, b, c denote the quantities corresponding to phases a, b and c, respectively
d, g, o denote the quantities corresponding to d, q and o axes, respectively
rec, inv denote the quantities corresponding to rectifier and inverter respectively
ph denotes quantities defined on the phase reference frame
dqg denotes quantities defined on the dqo reference frame
-- Description of the notation of letters used:
1, v, ¥ denote instantaneous currents, voltages, and flux linkages, respectively
R, L, N denote resistance, inductance and number of turns of the windings,
respectively
P denotes the magnetic permeance of a path and
pp denotes number of pair of poles per phase.

For example Ng4 denotes the number of turns of the stator winding on d-axis.

2.3.3. Windings Terminal Voltage and Flux Linkage Equations in Phase
Reference
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Winding terminal voltage and flux linkage equations that determine the electrical
characteristics of the stator windings a, b, ¢, and rotor windings a’, b’, ¢, as shown in Figure

2.3, are defined in a matricial form as

I v R @.1)
[v]iph = [R]rph [ilon + 555 [¥lions (2.2)
Wiy = []Ssph [l + [L]Srph [4]}), and 2.3)
I A o SR R T (2.4)

The voltage, current, flux linkage, resistance and inductance matrices defined in the above

equations are shown in detail in Appendix B.1.

2.3.4. Phase to dqo Reference Transformation

The dqo transformation results in constant inductance matrices, which make the analysis of
the DFIG much simpler. In other words, this dqo transformation converts the three phase
AC quantities into three simple DC quantities. The chosen direct-quadrature-zero (dqo)
reference frame rotates at a rated angular frequency of the stator. The angle between the

« n

stator “a” axis and direct axis is 84, as indicated in Figure 2.3. The transformation is done
based on the conditions that the DFIG should have the same instantaneous terminal power,
the same magnetic energy and the same air gap magnetomotive force before and after the

transformation. The detailed derivations of the stator and rotor transformation matrices

[T]s and [T], are presented in Appendix B.2, and they are defined as

c0s04e1°  €OS(Bge; — 120)°  cos(B4e — 240)°
2

Z%|—sin Bdelo —sin(edel - 120)0 - Sil’l(edel - 240)0
3 1 1 1

V2 V2 V2

[T]s =
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[T], =

Cos(edel - elrel)0 COS(edel — Bre1 — 120)0 Cos(edel — Bre1 — 240)0

E x| T Sirl(edel - erel)O _Sin(edel - e1rel - 120)0 - Sirl(edel - erel - 240)0
1 1 1

V2 V2 V2
By using the above transformation matrices, DFIG Machine equations in the dqo reference

frame are obtained as shown in Appendix B.2, and they are

¥, = (R (1A — )l gyl e, 25)
IV = (RISl 4 (7 s [LP]LZ;', (2.6)
% = 4 LR« [ and 27
) IV P O 1 L 1 L N 2.8)

A detailed explanation of the voltage, current, flux linkage, resistance, inductance and
transformation matrices that are presented above are shown in Appendix B.2.

2.3.5. Windings Terminal Voltage and Flux Linkage Equations with Rotor

Quantities Referred to the Stator

In order to interpret the per unit values using a single base, any machine modeling the rotor
side quantities is referred to as the stator side. Rotor quantities on the rotor dqo axes are
referred to as the stator dqo axes by satisfying the following requirements: magnetomotive
force (mmf) at the stator windings level of the new rotor currents to be the same as the
actual mmf; the rotor’s terminal instantaneous power to remain unchanged; and the rotor
windings magnetic energy to remain the same. The derivation involved for referring the

rotor quantities to the stator is shown in Appendix B.3.

Windings terminal voltage and flux linkage equations with rotor quantities referred to the

stator and in actual units results as
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M 2l d
[wlhag = —[RIA L1k, — [TI [P1ia — - [¥liges 2.9)
V] 11A] i35l d |Vs|

W)y = (RIS [l + [T W] +

7 [Wlraqs (2.10)

[Lp]sdq = [L]Lﬂq[ﬂ'sﬁ'q + [L, /5 [4] g, and @2.11)
/IVs| R |A]| VR Al

[Lp]rdq [L]rsdq[ ]qu + [L]rrdq[ ]rdq (2-12)

A detailed explanation of the voltage, current, flux linkage, resistance, inductance and

transformation matrices that are presented above are shown in Appendix B.3.

2.3.6. Windings Terminal Voltage and Flux Linkage Equations in Normalized
Quantities

The conversion of any parameter or variable X, from its actual units to normalized units is

Xactualunits

performed according to the rule XP" = XECTaTES where XP" is the normalized or per unit

xacualunits j5 the base value of X

value of X, Xactualunits j5 the yalue of X in actual units, and
in actual units. Normalized or pu representation helps to correlate different machine’s
electrical and mechanical parameters in a more meaningful way. Depending on the rating
of the DFIG, the machine’s actual quantities vary in a wide range compared to the pu or
normalized values. The advantages of the pu system will be more significant in the case of
complicated systems involving transformers with different turn ratios. The two different

types of base quantities are selected base and derived base quantities. The values of the

selected base quantities are identical to the DFIG name plate ratings and are defined

VI _ IVI [VA| _ <|VA| lelrad/s| __ |elrad/s| . .
asVy ' = Vigatedr Sb = Sperated’ @bs = Wgraed » FeSpectively, and by using the
A sVAL
selected base quantities, the derived base quantities results as: I~ = ﬁ' )y =
b
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2 2
2IV?| Vs 2V Vi VA
Vb tISI _ 1 LIAI Vi Lp|V5| Yy ’ T|Nm| _ PpSy |geom.rad/s| _
S|VA| »*bs T |elrad/s| b |elrad/s|S|VA| - |elrad/s| - |elrad/s| ) br
Wps Wps b Wps Wps
|elrad/s|
Wps
Pp

Rated per unit is the same as calculating per unit values considering the generator name
plate ratings as base quantities. The quantities in actual units shown in equations (2.9 -
2.12) are converted to rated per unit quantities by using the base quantities defined above.
The prime on the rotor quantities in equations (2.9-2.12), indicating them as being referred
to the stator, will be ignored from now on. Such, the final winding terminal voltages and
flux linkage equations on dqo axes, with all quantities referred to as the stator and defined

in rated per unit, are

Wid' = ~ (R eldy = [TI 916" — g (¥ledg (2.13)
lt = (RIS + [T ]! + o 9, (2.14)
[Wlody = [Lliiq [élidy’ + [Llghg [17, ", and (2.15)
[Wlidy' = [Llong Lilsgy + [Log Ll (2.16)

Expanding the equations (2.13 — 2.16), it results as

Vgg = —Ryisq + WaePsq — 2, 2.17)
Vsq = —Ryisq = waarWsa = % (2.18)
Vg = —Ryiso — 2% (2.19)
Vrg = Rydrg — (@ger — 0re)Prg + 2%, (2.20)
Urg = Ryirg + (@qe1 = @re)Wra + 2% 2.21)
Vro = Rptro + 212 (2.22)

dt

37



Weq = (le + Lm)/i’sd — Lmira,
lpsq = (Lg + Lm)’isq - Lm’i/rq;
Wso = Lgitso,

Wrg = — Lptsqg + (Lrl + Lm)’ird:

lPrq = — Lm/’:sq + (L + Lm)/i’rqr and
Yo = Lpdro-

(2.23)
(2.24)
(2.25)
(2.26)
(2.27)

(2.28)

The equivalent circuits shown in Figure 2.4 are constructed based on the equations (2.17 —

2.28).
Ry
AAAY
+
d¥,, Ly
dt
Figure 2.4.a. DFIG machine model on o-axis
ird Rr (Wgel — mrel)lyrq Ly Lg; wge1Psq Rq 1sd
o—>
+
Vrd
o

Figure 2.4.b. DFIG machine model on d-axis
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iq Ry (Wgel = 0re)¥ra Ly Lg ®ge1¥sd R,

$>W\@

+

d¥,
dt

ol

Figure 2.4.c. DFIG machine model on g-axis

Figure 2.4. Equivalent Circuit of DFIG Machine Model in dqo Reference Frame

2.4. Movement Equations

The machine movement equation is obtained by using the power balance equation, that is,
the electrical power entering the stator and rotor terminals minus the corresponding
electrical losses, plus mechanical power entering the shaft minus the corresponding
mechanical losses, equals the increment of the internal magnetic and mechanical energy. As

such the following equation applies:

— T lilraq — 1T [ileqn — _ Wmagn
r . .
(pmec Apmec) + {[U] dq [’L]rdq Apel r} + { [U]qu[’l']sdq Apels} dt +

dWmec.internal

dt

In all equations of this section the terminal powers are considered as entering into the
machine and the electromagnetic power, Pg)y,, is considered to be positive if it has the same
direction as the rotor movement. The detailed derivations of the movement equations

defined in this section with all quantities in |rpu| are presented in Appendix B.4.
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The final movement equations of the DFIG machine derived in Appendix B.4 are

Irpu]
rpu [rpu| _ rpu|, . Irpu| dw
(Pmec — APmec)I pul + Pelm = Tml p I0‘)r dt|‘1:P“|' (2.29)
Tpee = ATyeo)!PUl 4 TPl = 7 irpuj d0r™ 230
( mec mec) + elm — tm dtlrpul”’ ( . )
with
[rpu| _ rpulyItPul ( .Irpul .|rpul .|rpul . |rpu]
Pam ' = wre"™ULPY (g g = g ed ) (2.31)
[rpul _ {lrpu| [ .lrpul .|rpul .|rpu] :|rpul
Tgm = Lm 1sq trq — %sq “rq ) and (2.32)
lkgm?|( ,lelrad/s|\* |kgm?2|(, |geomr/s|\?
7 Irpul — J ((‘)bs ) _J (wbr ) olerad/s| (2.33)
m - 2clVA] - [VA] bs : :
PpSps Sbs

All the remaining definitions related to P, and Tgjy, in actual units and in rated per unit
are shown in Appendix B.4.

2.5. Three phase Symmetrical Steady State

Three phase symmetrical steady state happens when the DFIG is connected to the grid and
has been in operation for a finite amount of time. During the three phase symmetrical
steady-state or predisturbance steady state, any changes to the machine variables with
respect to time will be zero. To simplify the analysis of the DFIG during the three phase
symmetrical steady state, a set of phasors are defined which gives the DFIG machine model

in the phasor domain as shown below,

s = Vsd T+ ] Usq (2.34)
Ve = Vg + j Vg, (2.35)
I = d5q +]4sq) (2.36)
[ = drg + jirg (2.37)
Y5 = Weq +jWsq (2.38)
P= Wy +j V. (2.39)
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By using the above equations (2.34- 2.39) and with derivatives in equations (2.17- 2.22),

equal to zero, the following equations are obtained:

Vi = —Ro* g — j wge * P, (2.40)
Vi = Rox1 + j (Wge] — Wrel) * P}, (2.41)
P, =(Lg + Ly) *Ig— Ly, * 1, (2.42)
Y. =—Ly,*Ig + (Lg+ Ly) * 1. (2.43)

By considering the slip of the DFIG as defined on page 29, substituting equations (2.42 -
2.43) into equations (2.40-2.41), and combining the terms, the final DFIG machine model

equations in phasor domain during the three phase symmetrical steady state are

vs = _(Rs +j Xsl) * Ts + j X * (Tr - Ts): (2.44)
Vr = (Rr + js * Xrl) * Tr + js* Xy * (Tr - TS) (2.45)

The equivalent circuit shown in Figure 2.5 is constructed based on the equations (2.44 -
2.45).

Tr & j Xp1 j Xs1 R l_s
o—> y 000 000 A NAN—>0
+ +

(Tr - Ts)
V—r j Xm vs
S

Ol
Ol

Figure 2.5. DFIG Machine Model in Phasor Domain
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CHAPTER 3
DFIG Steady-State Characteristics

This chapter studies the steady-state power characteristics of the DFIG machine modeled in
Chapter 2. Based on the machine rating, the model parameters are selected as shown in
section 3.1. Interdependence of the DFIG variables i.e., the stator active and reactive
powers, rotor active and reactive powers, and the total active and reactive powers delivered
to the grid with the rotor voltage and slip are analyzed in sections 3.2 and 3.3. First, the
dependence of the rotor voltage, active and reactive powers at the rotor terminals with the
stator active and reactive powers is studied. Secondly, the dependence of the stator and
rotor terminal powers with the applied rotor voltage and slip is analyzed. The analytical
equations that are used for the analysis are based on the DFIG machine equations (2.34 -
2.45) defined in Chapter 2, pages (40-41), particularized for a three phase symmetrical
steady state. The variations of the DFIG variables i.e., stator and rotor terminal powers are
plotted using MATLAB and MATHEMATICA softwares. The analysis also determines the slip

and rotor voltage values for maximum active or reactive powers delivered to the grid.

3.1. DFIG Parameters
The numerical values of the DFIG machine parameters shown in the equations of Chapter 2
were collected from different journals and adjusted to a 3 |MW| machine rating. Their
values are as follows [20], [21]:

R = 0.0061 /rpu/, R, = 0.005 /rpu/,

X5 = 0.0734 /rpu/, Xy = 0.1034 /rpu/,

Xm = 3.4734 /rpu/,
Xs = Xg + X =0.0734 + 3.4734 = 3.5468 /rpu/, and
Xy = X+ Xy = 0.1034 + 3.4734 = 3.5768 /rpu/.
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Where /rpu/ represents rated per unit values of the parameters obtained by considering
the DFIG rated power and rated stator voltage as the base quantities. The same numerical
values of the DFIG parameters will be used for studying both the general power

characteristics of the DFIG and the power flow in the Vestas V90 DFIG.

3.2. Interdependence of DFIG Variables

3.2.1. Dependence of the Rotor Windings Terminal Powers with the Slip and
the Stator Windings Terminal Powers

3.2.1.1. Derivation of Analytical Relationship

All quantities shown from now onward are defined in |rpu|, and their units will not be
mentioned hereafter. For a three-phase symmetrical steady-state operation the active and
reactive powers delivered at the stator terminals (Pgernys, Qgelnys) Or consumed at the rotor
terminals (Papshyr, Qabsbyr) are defined by the equations that follow. The meaning of
different voltages and currents in the equations below is shown in Chapter 2, Section 2.3.6,

pages (36-38).

Pdelbys = Usqlsq + vsq/i’sq' 3.1
Qdelbys = vsq/i’sd - vsd’i’sq: (3.2)
Pabsbylr = Urqirg + vrq’i'rq: (3.3)
Qabsbyr = vrq’i'rd - vrd’irqr (3.4)
Paeltot = Pdelbys — Pabsbyr, and (3.5)
Qeltot = Qdelbys - Qabsbyr' (3.6)

The stator windings of the DFIG are connected to the grid through a power system network.
The rotor windings of the DFIG are connected to the power system network through the

power electronics converters. The power system network consists of transformers and
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transmission lines that export the electric power generated by the DFIG to the grid. An

example of the DFIG connection to the grid is shown in Figure 3.1.

( Transmission
\:@: e ——— —

Power System Network

DFIG

ACIDC J. DCIAC
Converter T Converter

Figure 3.1. Connection of the DFIG to the grid

Considering that with respect to the DFIG rated power the grid capability is much higher,
the terminal voltage to the grid is considered as constant in magnitude. The DFIG machine
power characteristics are studied considering the magnitude of the DFIG stator voltage to
be 1|rpu| and its phase angle to be zero degrees. When referred to the power system level,
the per unit value of the stator terminal voltage magnitude will be slightly greater than
1|pu| and the stator voltage phasor will have both the d-axis and g-axis components. All the
resulting graphs and numerical values in this chapter are valid for the assumption that the
g-axis components of the stator voltage equals zero and the d-axis component equals
1|rpu|. Analytical equations of V, Pabsbyr» Qabsyrs Pdeltot » Qdeltor are derived as a function

of slip, Pgeibys and Qgernys- The stator windings terminal voltage is defined as

. 0
Vs = Vsd T ] Vsq = 1 /rpu/ = 10 /rpu/

Vsq = 1 /rpu/ Usq = 0 /rpu/ (3.7

With v5q = 0, in equations (3.1) and (3.2), the stator current on d and g-axes results as

Pdelbys _Qdelbys

deg = , and 4qq = , and the stator phase current results as
S VUsd sq VUsd
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P
2]

7 _ Pdelbys _]-Qdelbys' (3.8)

VUsd VUsd
The d and g-axes components of the rotor voltage and current phasors are obtained as

below using equations (2.44), (3.7), (3.8), and (2.45).

Urq =
_RrRstelbys + RrXsPdelbys - SXIZnQdelbys + Serszd + SXrRsPdelbys + SXerQdelbys
Xm * Usd
b = Rrvszd + RrRsPdelbys + XerQdelbys + SXrznpdelbys - SXerPdelbys + SXrRstelbys
r Xm * VUsq

Aoy = _Rstelbys +Xspdelbys
rd —
Xm * Usd

2
i = —Vsd — Rstelbys - Xstelbys
H Xm * Usd

Substituting the above equations in (3.3) and (3.4), the active and reactive powers absorbed

by the rotor results as

Pabsbyr = (R X2 + R.RZ + sX2R ) delbys + (R:X2 + R,R%Z + sX2 R )Qdelbys +

msd

1
(Rrvszd + ZRrRsPdelbys + 2XerQdelbys + Ssznpdelbys) g’ and (3.9

Qabsyr = (—sX&Xs + sX2X, + sXR3) 5> de“’ys + (sX,.R2 — sX X2, + sX2X,) —Selbys Qdelbys n

X%n s X%n Sd
2 2
(Sersd + SRerPdelbys + SXrXstelbys - SXdeelbys + SRerPdelbys +

1

SXrXstelbys) g (3.10)

Total active and reactive powers delivered to the grid (Pgejtot Qgeltot ) are obtained

substituting equations (3.9) and (3.10) into equations (3.5) and (3.6).
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3.2.1.2. Analysis Using Graphs and the Analytical Expressions

Since the analytical equations for the rotor voltage (V,), rotor terminal powers
(Pabsbyrs Qabsbyr), and for the total terminal powers delivered to the grid
(Pgeltot,Qqeltot ) derived above are function of three variables (Pgeipys, Qqeibys and slip), the
graphing and the corresponding analysis is done counting the dependence of these
quantities on the three variables. For that purpose two cases are considered.

Case 1

The quantities Vi, Pabsbyrr Q Pgeltot and Qdeltot: are graphed with l:)delbys and Qdelbys

absbyr’
varied from -1.5 /rpu/ to 1.5 /rpu/, and value of slip chosen from the set {- 0.2, - 0.1, 0, +
0.1, + 0.2}. Graphing of all specified quantities as a function of variables within the range
mentioned above is done by using the MATLAB software. Of all of the graphs, only two of

them show the dependence of Pgejtor and Qgertor 0N Pelbyss Qdeibys and slip are shown in

Figure 3.2. and Figure 3.3.

The analysis of the graphs obtained is divided into four different cases i.e, (Pgelpys >
0, Qgetbys > 0),  (Pdelbys > 0, Qdelbys < 0),  (Pdeivys < 0, Qgernys > 0) and  (Pgeipys <
0, Qgelbys < 0). The range of values attained by the rotor voltage ('V,), active and reactive
powers absorbed by the rotor (Papshyr, Qabsbyr), total active and reactive powers delivered
to the grid (Pgeitot Qeltot ) for five different values of slip i.e,, (- 0.2,- 0.1, 0, + 0.1, + 0.2) and
the four cases of Pgyejpys and Qgeinys mentioned above are tabulated and shown in the

Appendix D. Below are few conclusions that are drawn looking to the graphs shown in

Figures 3.2 and 3.3, and to the table in Appendix D

= The total active power delivered from the stator to the grid (Pgejtot) is independent

of the variation in reactive power delivered by the stator (Qgerpys)-
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On Z-axis Pdeltot in /rpu/

Similarly, the total reactive power delivered to the grid (Qgeltot ) is independent of
the variation in active power delivered by the stator (Pgepys)-

Pgeltor has the same sign as Pgepys, i-€. Pgeltot > 0 if Pgerpys > 0, and Pgeyeor < 0'if
Pgelbys < 0. The sign of Pgeiror depends only on Pgejpys and it is independent of the
slip variation.

The range of total active and reactive powers delivered to the grid is widened when
the slip value is negative.

The active power is delivered by the rotor (Papspyr < 0) only if the numerical value

of the slip is negative and vice-versa.

Pdeltot Variation with Pdelbys and Qdelbys When the Slip is 0.1

......

Niew

RTITL : T C
1.6 o %
I 7 08938
I T ' :
0.5\ ------ . :
04 ' e, 9
054

Figure 3.2. Dependence of the Total Active Power Delivered to the Grid with
l:.delbysr Qdelbys and Slip
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Qdeltot Variation with Pdelbys and Qdelbys When the Slip is 0.1

On Z-axis Qdeltot in /rpw/

Figure 3.3. Dependence of theTotal Reactive Power Delivered to the Grid with
Pdelbysr Qdelbys and Slip

Case 2

The quantities Vi, Ppsphyr, Q Pgeitot and Qgetot are graphed with the values of slip

absbyr’
varied in the range of {- 0.2 to 0.2}, and by giving a specific set of values for
Pgelbys and Qqgelpys, from the set {[Pgeibys = 1 /rpu/, Qgeinys = — 0.5 /rpu/], or [Pgerpys =1
/tPu/, Qgerbys= 0/rpu/], or [Pgeipys=1 /rpu/, Qgemys= 0.5 /rpu/], or [Pgepys =0.5 /rpu/,
Qgelbys = — 0.5 /rpu/], or [Pgeipys = 0.5 /rpu/, Qgelbys = 0 /rpu/], or [Pgeipys = 0.5 /rpu/,
Qgelbys = 0.5 /rpu/]}. From the given set, only positive values of Pgey,ys were considered,
that is the DFIG is assumed to operate as a generator. All the graphs used for the analysis
are plotted using MATLAB software, but for reference only two are presented in Figure 3.4

and Figure 3.5.
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Dependence of the Rotor Woltage Magnitude with the slip

0.25 T T T T T T T
Pdelbys = 1 /rpu/. Qdelbys = 0.5 /rpu,/ |
7] Pdelby= = 1 /rpu/, Qdelbys = 0/rpu/
02 — - — - Pdelbys = 1/rpu/, Qdelby=s = - 0.5/rpu/ |
= ) J =+ Pdelbys = 0.5 /rpu/, Qdelbys = 0.5/rpu, /./ 'S
2 ‘:‘.*. — — Pdelbys = 0.5 /rpu/, Qdelbys = 0/rpu/ %4
R= * "\\ * Pdelbys = 0.5/rpu/, Qdelbys = - 0.5/rpu/
2 o1sf T
= B 4
2 -
=5
L]
=
=
= 01f .
=
S "
=)
5 s
"
0.05 f‘;{ -
U 1 1 1 1 1 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Slip

Figure 3.4. Dependence of the Rotor Voltage Magnitude with the slip

Dependence of the Reactive Power absorbed by the rotor with the slip
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Figure 3.5. Dependence of the Reactive Power absorbed by the rotor with the Slip
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Below are the conclusions that can be drawn from the graphs:

» The rotor voltage magnitude (V,) practically has the same value for slips=+aors=
- a. Hence V; changes only when the absolute value of slip changes and the
relationship between them is linear, i.e., as the absolute value of slip increases, the
rotor voltage magnitude also increases and its mathematical relation can be
expressed as V. = 1.65 * abs (slip ).

»  As the slip is varied from - 0.2 to 0, or from 0 to + 0.2, the rotor voltage magnitude
V, takes the values between 0 to + 0.23, i.e,, 0 < V. <+ 0.23 as shown in Figure 3.4.

= Active power absorbed by the rotor varies linearly with the variation in the slip and
is influenced more by Pgerpys. From the graphs it results that P,pgpyr follows the
relation Pupghyr = Pgelbys™s. In order for the rotor to deliver active power, ie.,
Papsbyr < 0, the value of the slip should be negative, since only positive values were
considered for Pgejpys-

= Reactive power absorbed by the rotor varies linearly with the variation in the slip
and is influenced more by Qgeipys: From the graphs in Figure 3.5, it results that
Qabsbyr follows the relation Qapspyr = (0.5 + 1.2*Qqgeipys)*s. It is observed that to
have Qapshyr < 0, it is preferred to have the slip as negative.

» Total active power delivered to the grid varies linearly with the variation in the slip,
and is influenced only by Pgeipys. From the graphs it results that Pgejeor = (1-
$)* Pgelbys- It is observed that to have Pgejror highest, slip s should be negative
maximum.

= Total reactive power delivered to the grid varies linearly with the variation in the

slip and is influenced only by Qgeipys: From the graphs, it results that Qqgeiror =
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—0.5 %5+ 0.25 * Qgelpys- It is observed that to have Qgeitor poOsitive, s should be

negative.

3.2.2. Dependence of the DFIG Terminal Powers with the Slip and the Rotor

Voltage

3.2.2.1. Derivation of the Analytical Expressions

Complex powers delivered by the stator and absorbed at the rotor terminals of the DFIG are

defined as
Sdelbys = Vsls = Paelbys + j Qdelbys, and (3.11)
§absbyr = vrTr = Pabsbylr +] Qabsbyr- (3.12)

The relation between the stator and rotor current phasors shown in the above equations
are derived using equations (2.44 & 2.45) in Chapter 2, Section 2.5, page 41, and result as:

L= j Xm vr - [Rr + ] S(Xl‘l + Xm)] vs an
® [Rer - SXlerl - SXm(Xsl + Xrl)] + ] [SRerl + RrXsl + Xm(SRs + Rr)] '

d

(3.13)

T _ [Rs +j (Xsl + Xm)] vr - ] Svas
r [Rer - SRer - SXm(Xsl + Xrl)] +j [SRerl + RrXsl + Xm(SRs + Rr)].

(3.14)

Rationalizing the denominator of the current phasors and separating the real and imaginary

a+jb
d

- j f .
and I, = e;] . With these current phasors, the

parts, currents are defined as I =

stator voltage phasor as in equation (3.7), and the rotor voltage phasor as V, = v.4 + Vrq»

the complex powers can be expressed as

_ T (atjb\" _ a-jb
§delbys = I = ( ) = , and

d d
_ e+jf\"
§absbyr = (Urd +] Urq) (T) .
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Then the terminal active and reactive powers of the DFIG machine are as follows:

a

Paerbys = 3 (3.15)
Qdetbys = —3, (3.16)
Pabsbyr = 400 (3.17)
Qabsbyr = L (3.18)
Paetror = 3 — 45 ang (3.19)
Qaettor = — 5 — I (3.20)

Where

a = —R4R} + sR X Xg + SR XXy — RsRiXimVrq + X XrXmVrq + SXXriVrq
+ R X XmVrq + SReX; XmVrqa — SR XX — s2RXZ,

b = RZX, + sR,R X, + RiXsXmUrq + SRsX XinVrq + RsRiXmVrg — sX1 X X VUrq
— SX2 X qVrq — SRGR X, + 52X X2 + s2X 1, X1 X,

e = R.R2v,q — SR XX Vg — SReXmnXVrg — RsR Xsvrq + sX1 X XsVrq
+ sX1XsXmVrq + RsReXsVrq + SREX Vrq + R XEVpq + SR XX Vg
— 2R X Xm — SR XX,

f= RiX¢Urq — SREX Vrq + SRsX XsVrq + RER Vg — SRXg X Vg — SRXpiXmlrq
— SXmXpXsVrq — SXg X XsVrg — SRR Xy + 52X X X + $2X% X, and

d = (RgR; — sXgX; — sXmXr)? + (R:X + sRX,)2.

3.2.2.2 Analysis using Graphs and Analytical Expressions

In the last analytical equations derived above, the stator and rotor terminal active and

reactive powers are defined in terms of the rotor voltage components (v, vrq) and the slip.
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The graphing of terminal powers of the DFIG is done by using the MATHEMATICA software.

Study of the stator and rotor terminal powers dependence with slip, vq and v;4 is done in

two different cases.

Case 1

Graphs of Pgeibys, Qdelbys: Pabsbyr: Qabsbyr, Pdeltots Qdeltor are plotted for vq = 0 /rpu/, with
the slip varied from - 0.2 to 0, and from 0 to + 0.2, and vq varied between - 0.16 /rpu/ to
0.28/rpu/, in steps of 0.04. For reference, only the graphs of Pgejpys and Qapspyr are shown

in Figures 3.6 and 3.7.

Observing the graphs and by using the analytical equations (3.15 - 3.20), the following

conclusions are drawn:

= For the slip in the range of - 0.03 <s <0, and 0 < s < + 0.03, the active power
delivered by the stator (Pgelpys) increases as the slip magnitude increases. For slip
values above 0.03 and below - 0.03, i.e,, (s > +0.03 or s< -0.03), Pqepys decreases as
the slip value increases as shown in Figure 3.6.

* For vq < 0 and slip s > 0, the reactive power delivered by the stator (Qgelbys)
decreases as the slip increases. For v.q > 0 and slip s > 0 the reactive power
delivered by the stator (Qqgebys) increases as the slip increases.

* Forslip s > 0, the active power absorbed by the rotor (P,pspyr) decreases as the slip
increases, and increases as the slip decreases.

* As shown in Figure 3.7, the numerical value of the reactive power absorbed by the

rotor (Qapshyr) is positive when slip is positive and vice-versa.

= Maximum total active and reactive powers are delivered to the grid when the active

and reactive powers absorbed by the rotor are kept to minimum.
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The total maximum active power is delivered to the grid when the slip of the DFIG is
s = 0.2712 and the g-axis component of the rotor voltage is v.q = — 0.6223/rpu/.
This is obtained by simultaneously solving the derivatives of the equations (3.17)
and (3.19), and imposing them to be zero.

The maximum total reactive power is delivered to the grid when the slip of the DFIG
and the g-axis component of the rotor voltage (vrq) are s = 0.0270 vq =
—0.5019/rpu/ or s = — 0.00004 and v, = — 0.9794 /rpu/, or s = — 0.0301 and
Vpq = — 0.4757 /rpu/. These values are obtained by simultaneously solving the

derivatives of the equations (3.18) and (3.20), and imposing them to be zero.

Pdelbys when vd=0 and vry varies between -0.16 to 0.28
SD T T T T

——wrg = - 016 |pul
—s—yr = - 0.12 |puy|
—#—vr = - 0.0 |pul
r—yrg = - 0.04 |py|
—+—vry = 0.0 |pu|
—G—wrg = +0.04 |pul
——yrg = +0.08 |pul
—F—vrg = + 012 |pul
—t+—wrg = +0.16 |pul
—B—wrg = +0.20 |pul
—F—vrg = +0.24 |pul
—&—yry = +0.28 |pul

Active Power Deliverad by the Stator in Jfrpuf

a0 i
02 015 a7 005 i 0.05 0.1 015 0.2
Slip

Figure 3.6. Variation of P,y with Slip and v,4
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Reactive power absorbed by the rotor in /rpuf

Qabsbyr when vrd=0 and vrq varies between -0.16 /rpu/ to 0.28 /rpu/
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Figure 3.7. Variation of Q,pspyr With Slip and v,
Case 2

—+—rg =-0.16 /rpu/
——vrg =- 0.12 /rpu/
—+¥—vrg = - 0.08 /rpu/
—+—vrg = - 0.04 /rpu/

—=<+—vrg = 0.00 /rpu/

——yrg =+ 0.04 /rpu/
——vrg = + 0.08 /rpu/
—%—wrg =+ 012 /rpu/
—=—vrg = + 0.16 /rpu/
—HB—vrg =+ 0.20 /rpu/
—&— yrg =+ 0.24 frpu/
—&—vrg = + 0.28 /rpu/

Graphs of Pdelbysr Qdelbysr l)absbyr' Qabsbyr, Pdeltotr Qdeltot are plotted for vrq =0, Slip varied

from - 0.2 to 0, and from 0 to + 0.2, and v,4 varied from - 0.1 /rpu/ to + 0.1 /rpu/ in steps

of 0.02. For reference, only the graphs showing the dependence of Pgeppys and Qapspyr With

the slip and v, are shown in Figures 3.8 and 3.9.

From the analysis of the graphs and the numerical data recorded it results that:

Active power delivered by the stator is positive only if d-axis component of the

rotor voltage is less than + 0.02. And also for v.q < + 0.02 and slip s > 0, Pgeipys

increases as the slip increases as seen in Figure 3.8.

For slip values in the range of - 0.03 <s <0 and 0 < s < + 0.03, the reactive power

delivered by the stator (Qqelbys) increases as the slip magnitude increases. For slip

values above 0.03 and below - 0.03, i.e., (s > + 0.03 or s < - 0.03), Qgelnys decreases

as the slip magnitude increases.
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Active Power Delivered by the Stator in /rpuf

For slip s > 0, the active power absorbed by the rotor (P,pspyr) decreases as the slip
increases, and increases as the slip decreases.

As seen in Figure 3.9, the numerical value of the reactive power absorbed by the
rotor (Qapspyr) is positive when the slip is positive and vice-versa.

The maximum active power is delivered to the grid when the slip and the d-axis
rotor voltage component are s = —0.0012 and v.q = 0.4890 /rpu/. This is
obtained by simultaneously solving the derivatives of equations (3.17) and (3.19),
and forcing them to zero.

The maximum reactive power is delivered to the grid when the slip and the d-axis
rotor voltage component (v.q) are s = 0.0270 and v.q4 = 0.5019 /rpu/,ors =
—0.0301 and v.q4 = 0.47567 /rpu/. These values are obtained by simultaneously

solving the derivatives of equations (3.18) and (3.20), and forcing them to zero.

Pdelbys when vrg=0 and vrd varies from -0.1 /rpu/ to 0.1 /rpu/

—<—vrd =- 0.1 /rpu/
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—=—vrd = + 0.02 /rpu/
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—&—vrd =+ 0.1 /rpu/
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Figure 3.8. Variation of Pgej,ys with Slip and v,4
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Qabsbyr when vrg=0 and vrd varies from -0.1 /rpu/ to 0.1 /rpu/
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Figure 3.9. Variation of Q,pspy, With Slip and v,

3.2.2.3 Conclusions

It is observed that the d and q axes components of the rotor voltage have significant
individual effects on active and reactive power of the rotor, the same as the results shown
on [22], [23]. The rotor reactive power can either be absorbed or delivered, depending on
the combination of v,q and vq. If the slip is positive, for the DFIG to supply reactive power
to the grid, the rotor voltage d-axis component should be greater compared to the rotor
voltage g-axis component. If the slip is negative, for the DFIG to supply reactive power to the
grid the rotor voltage g-axis component should be greater than the rotor voltage d-axis
component. This result is helpful for decoupled control of active and reactive powers of the
DFIG machine during faults, as shown in Chapter 5. The applied rotor voltage can shift the
DFIG in generating mode from over-synchronous to under-synchronous speed range that
helps improving the stability of the DFIG.

It can be concluded that the stator and rotor terminal powers depend on the combination of

the slip, v.q and vq. In the DFIG machine the active power should always be delivered to
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the grid irrespective of slip being positive or negative, which can be achieved by applying
specific values of the rotor voltage d and g-axes components at the rotor terminals of the
DFIG. The values of the rotor voltage components that need to be applied across the rotor

terminals of the DFIG are calculated by using equations (3.15 - 3.20).

3.3. Case Study of the Vestas V90 DFIG Wind Turbine

3.3.1. Snyder Wind Farm in Texas
Snyder wind farm is an onshore wind farm developed by WKN AG, and is being operated by

Enel Green Power since Dec 2010. The yearly estimated production of this wind farm is

155 |GWh].

Snyder wind farm consists of 21 Vestas V90 DFIG 3|MW| wind turbines accounting for a
total capacity of 63 [MW| [24]. These wind turbines use a Doubly Fed Induction Generator
(DFIG) and variable speed generation concept illustrated in Figure 1.7, page 15, Chapterl.
Few Vestas V90 turbines were tested and the recorded data was documented in 2004. This
general specifications data released by the R&D department is used for the case study. The

transient characteristics of this Vestas V90 DFIG are analyzed in Chapter 5 of this thesis.

3.3.2 General Specifications of Vestas V90 DFIG

Vestas V90 wind turbine houses the DFIG which has the machine model shown in Chapter 2,
and hence the interdependence of the DFIG machine variables will be same as those shown
in Section 3.2 of this Chapter. The general specifications of Vestas V90 DFIG wind turbines
used in the Snyder wind farm are given in [25]. The data on pages 25, 26 and 28 of the

general specifications document that are used in this section are shown below,

Rated Frequency: 60 |Hz|

Rated Power: 3.0 [MW|
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Type: Asynchronous with wound rotor, slip rings
Voltage: 1000 VAC

No of poles of DFIG: 4

Rated Speed: 1758 |rpm|

Speed of the wind turbine rotor: 16.1284 |rpm|
Diameter of the Rotor: 90 |m|

Gear Box Ratio: 1:109

Rated power factor, default at 1000 V: 1.0

Stator synchronous speed, ng =

*f, * .
00s = 60260 = 1800 |rpm|, given rated speed n, =

Pp
1758|rpm]|.

s~ 0r _ 1800 = 22291758 _ 5 9233,
ng 1800

So, the rated slip of the DFIG machine is s =

Base voltage and base power of the DFIG are chosen from the rated data of the machine i.e,,

V,, = 1000 [V| and S, = 3 [MVA|.

3.3.3. Possible Versions of Power Flow Through the DFIG Stator and Rotor

Since in the rated data of the Vestas V90 DFIG it is not specified, if the 3 [MW| corresponds
to the active power delivered by the stator or the total active power delivered to the grid,
two possible versions of how the active and reactive powers flow through the DFIG stator

and rotor are described below.

Version 1

With the Vestas V90 DFIG rated data, imposing the conditions that s = 0.0233, Pdelbys =
1 /rpu/ and Qgelpys = 0 /rpu/ in the analytical expressions (3.15 - 3.16), the d and g-axes
components of the rotor voltage across the rotor winding terminals of the DFIG results as

vrg = 0.0293 /rpu/ and v,q = 0.00273/rpu/. With these rotor voltage components, the
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absorbed active and reactive powers at the rotor and total active and reactive powers
delivered to the grid, calculated by using equations (3.17- 3.20), are

Pabsbyr = 0.0291 /rpu/, Qapspyr = 0.0113 /rpu/, Pgeitor = 0.9709 /rpu/, and

Qgeitot = — 0.0113 /rpu/.

Figure 3.10 shows Version 1 of the active and reactive power flow through the stator and

rotor terminals of the DFIG.

Pgeltor +J Qeltor = 0.9708 —j 03112 [pul |

~
R4 _ . / |
Pgelbys +J Qdelbys =1 +j 0 [pu| > :
ower ster
Netwgrk

Pabshyr +j Qabshyr = 0.029 +j 0.0112 |pu]

Figure 3.10. Version 1 of Active and Reactive Power Flow through the DFIG

Version 2

By imposing the conditions that s = 0.0233, Pgejtor = 1/rpu/ and Qgelbys = 0 /rpu/ in the
analytical equations (3.15 - 3.16), the d and q axes components of the rotor voltage across
the rotor winding terminals of the DFIG results as v.4 = 0.0294 /rpu/ and vq =
0.00285 /rpu/. With these rotor voltage components, the absorbed active and reactive

powers at the rotor and the active and reactive power delivered by the stator calculated

using equations (3.15 - 3.20) are
Pabspyr = 0.0301 /rpu/, Qapspyr = 0.0115 /rpu/,

Pgelbys = 1.0301 /rpu/, and Qgernys = 0 /rpu/.
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Figure 3.11 shows Version 2 of the active and reactive power flow through the stator and

rotor terminals of the DFIG.

Picleor T § Qaelror = 1—j0.0115 |
> .

s ol . : )
Paelbys T § Qaelbys = 1.03014+j 0 P g

Power L’stem
Network

Pibsbyr + § Qubsbyr = 0.03014+ j 0.0115

Figure 3.11. Version 2 of the Active and Reactive Power Flow through the DFIG

3.3.4. Power Flow Diagram of Vestas V90 Wind Turbine

The power flow diagram of the Vestas V90 wind turbine is necessary as the numerical
results, such as mechanical power and the power coefficient (Cp), are used for transient
analysis of the DFIG in Chapter 5, and are also required as inputs for the simulations done in
Chapter 6. From the National Oceanic and Atmospheric Administration (NOAA) website,
the average wind speed at Synder, Texas wind farm site is considered to be 15m/s [25].
Version 2 of the active and reactive power flow through the DFIG stator and rotor shown in
Figure 3.11 is considered, where the total active power delivered to the grid through the
power system network is 1 /rpu/ i.e., Pgeltotgria = 1 /rpu/, or 3]MW|. A value of 2.995
IMW| taken from the reference [25] is the active power delivered to the grid through the
power system network before the step up transformer as shown in Figure 3.12. Hence, the

efficiency of the transformer is obtained as

Pl 2995

Nir = =
Pdeltotgrid kW] 3000

= 0.9983

Losses of the DFIG estimated are 1.5 %, which is divided as 0.5% mechanical and 1%

electrical losses. The losses in the power electronic converter are estimated to be 0.65%.
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Figure 3.12. Active Power Flow Diagram of a Vestas V90 Wind Turbine
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These values are taken from an article about the efficiency of wind turbines [27]. Hence the

input mechanical power supplied to the DFIG results as

_ Pdeltotgridllvwv| _ 3.0000
NDFIGsystem (1 - (0.015 + 0.0065))

= 3.0659 [MW|.

Pmec

Since, the gear box losses are around 2.5%, the power available from the wind is

_ Pmed™™3.0659
8 Ngearbox (1-0.025)

= 3.1445 |[MW|.

Power Coefficient Cp

This section verifies that it is possible to produce P, = 3.145 [MW| as shown in Figure 3.12,
with Vestas V90 wind turbine installed in Snyder, Texas, at an average wind speed of 15m/s
with an achievable value of power coefficient (Cp). Power coefficient Cp gives measure of
the total amount of power that can be extracted from the wind to the total power available
in wind. Theoretically no wind turbine can capture more than 59.3% of the kinetic energy
present in the wind, and its called as Betz’s law. Betz’s limit is an idealization, and a Cp
value of 35 percent is the realistic design goal for a workable wind turbine [28]. This value
is further reduced due to the intermittency factor associated with the wind. The relation

between the wind speed and the power output of the wind turbine is

P, = % p Tr2CpVs.
Where
P; = Output power (watts) = 3.1630 [MW|,
r = Radius of the wind turbine rotor (m) taken from [24] = 45 |m]|,
V = Velocity of wind (m/s) = 15 |m/s|,
p = Density of air (kg/m3) = 1.225 | kg/m3|, and

Cp = Coefficient of performance or Betz limit
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P
Therefore, Cp = —2— = 0.24
Epnr2V3

Alternative method for calculation of Cp

The power Coefficient Cp can be determined by using the general specifications of the
Vestas V90 wind turbine or from the A - Cp curves. Tip speed ratio A is a non-dimensional

factor that characterizes the relation between wind speed and the rate of rotation of the
rotor.

speed of the rotor tip w *r

wind speed v
V = velocity of the wind speed in |[m/s]|,
r =radius of the wind turbine rotor |m|, and
w = 2 m f = angular velocity of the wind turbine rotor in |radians/sec]|.
If the rotor runs too slow most of the wind escapes between the openings of the blades and
results in low power extraction. On the other hand if it runs too fast the rotating blades acts
as a solid disc blocking the wind, again reducing the power extraction. As it is required to
match the rotor angular velocity to the wind speed, the wind turbines must be designed to
run at an optimum tip speed ratio to extract as much power as possible from the wind
stream. Wind tip ratios depend on the particular wind turbine design used, the rotor airfoil

profile, and also the number blades of the rotor.

Rated speed of the wind turbine is 16.1284 |rpm| and radius of the rotor blades is 45 |m|.

Wind speed at Amarillo, Texas is 15m/s. Hence, the tip speed ratio of the wind turbine is

16.1284

TC *45
A= —= —=5  =506688.
\% 15

From the A - Cp curves in [29], the approximate value of Cp is 0.24 corresponding to the A

value calculated above. This value of Cp is identical to the one calculated using a different
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method. This is done for the verification of the values taken from Vestas V90 wind turbine

and assumptions made.

65



CHAPTER 4

DFIG Control Using Back to Back Converter
The power electronic AC-DC-AC converter system shown in Figure 1.7, page 15, Chapter 1 is
the most common configuration used to interface the variable speed DFIG wind turbines to
the grid. This power electronic converter system is also called as the back-to-back Voltage
Source Converter (VSC) configuration. Few of the advantages of the Back-to-Back
Converters (BBC) are 1) it is a well established technology and many manufacturers
produce components especially designed for the BBC’s 2) decoupling of the two VSC’s
through a capacitor allows for individual control of both the rotor-side and grid-side

converters, as explained in Section 4.4 and 4.5 of this chapter.

4.1 Configuration of the Back-to-Back Converter

The back-to-back converter configuration shown in Figure 4.1 is a bidirectional power
electronic IGBT converter consisting of two voltage source converters connected back-back.
It consists of a three-phase controlled rectifier and a three-phase controlled inverter,
coupled through a capacitor, called the dc link. Since, the back-to-back converter
configuration is implemented with the variable-speed DFIG, the rectifier is also called as the

Grid-Side Converter (GSC), and the inverter is also called as the Rotor-Side Converter (RSC).

1 1
1 1
1 1
1 1
1 1
Sa1 Sb1 Se1 I I Set Sb1 Sa1
1 1
|- | S— | : . : p—0ga
rb o 1 — c 1 2gb
rc o 1 1 yJe [
1 1
1 1
1 1
1 1
S Shz Se2 1 1 Sez Sp2 Saz
1 1
1 1
Inverter : Capactior i _ Rectifier
(Rotor-Side Converter) DC-Link (Grid-Side Converter)

Figure 4.1.  Configuration of the Back-to-Back Converter
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4.1.1. Model of the Back-to-Back Converter in Phasor Domain

An average model is used to derive the equations of the BBC configuration in phasor

domain. Based on the average model, a switch can be replaced by its equivalent circuit [30].

By using the average model of the switch, the equivalent circuit of the BBC is shown in

Figure 4.2. The matricial form of the time-domain equations for the BBC can be expressed

as follows:

[v]gph = [R]grec [’i]oph + [L]grec [%]oph + [v]oph; and

. di
[@hepn = = [Rluiny i = [Lleiny [5e], | + (Vi
And the time-domain equations for current through the capacitor are

dvge , . , . . .
C=% = (Syioa + Saton + Satec) = (Satia + Ssiip + Seiic), and

1dc = Loa — tiar
Vga VUra VUoa Via
where, [V]gpn = [Yeb|, [V]iph = |Vrb|, [V]opn = |Vob|, [V]iph = |Vib|,
vgc VUrc Voc Vic
’i'oa /i’ia
[’i]oph = [%ob | [’L]iph = b, [R]grec = Rgrec[1]3x3; [L]grec = Lgrec[1]3x3;
Loc 1ic

[R]rinv = Rrinv[1]3x3 , [L]rinv = Lrinv[1]3x3 and Sq, Sy, S3,S4, S5, S symbolically

describe the converters switching states.

A more detailed explanation of the matrices is shown in Appendix C, pages (127-131).
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Figure 4.2.  Equivalent Circuit of the Back-to-Back Converter [30]

4.1.2. Model of the Back-to-Back Converter in dqo Reference Frame

Both the grid-side rectifier and rotor-side inverter phasor domain equations are converted
to dqo reference frame using the transformation matrices shown below,

cos(B4iny)  €0S(B4iny — 120%)  cos(Bg4ipy — 240°)

[T]rinv = \/g « [ sin(Bginv) _Sin(edinv_]-ZOO) - Sin(GdinV - 2400) ,and
1 1 1

V2 V2 V2
Cos(edrec) COs(edrec - 1200) COs(edrec - 2400)
[T]grec = \/é x| T Sin(edrec) _Sin(edrec_lzoo) - Sin(edrec - 2400) .

1 1 1

V2 V2 V2
This dqo transformation has the same advantages explained in Chapter 2, Section 2.3.4. The
chosen dqo reference frame for the rotor-side inverter rotates with the angular frequency of
the rotor and the dqo reference frame of the grid-side rectifier rotates with the angular
frequency of the stator. 84,y is the angle between the rotor-side inverter d-axis and the
stator phase “a” axis. Ogec is the angle between the grid-side rectifier and the stator phase

a” axis. Therefore equations of the BBC equivalent circuit in dqo reference frame are

obtained as below,

[v]gdq = [R]grec [’if]odq + [L]gdq [%]odq + [v]odqr (45)
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[v]rdq = _[R]rinv[/i’]idq — [Llvinv [% + [v]idqr and (4.6)

]idq

dvge _ 3Amo 3Amo . . 3Ami .
&t 2 C Tod COS(O(mo - O(drec) + ZT’Loq Sln(O(mo - 0(drec) - ZT’Lid COS(O(mi -

Ami

3 . .
Udinv) + 3¢ tiq SIN(Ami — Adiny)- 4.7)

A more detailed explanation for the derivation of equations of the rectifier and inverter in

dqo reference frame is shown in APPENDIX C, in pages (127-131) using [30].

4.2. C(lassification and Description of the DFIG Control Strategies

There are a number of control strategies that can be implemented with the variable-speed
DFIG wind turbines. The selection of a particular type of control strategy depends on the
operating conditions of the wind turbine, efficiency, cost and other factors. This section
categorizes the control strategies that can be used with the variable speed wind turbines,
and explains in detail the control strategies that are considered to be implemented with the
Vestas V90 DFIG wind turbine. Also, the wind turbine library block used for simulations in
chapter 6 in the Matlab/Simulink software implements the control strategies described in

this chapter.

4.2.1. Classification of the Control Strategies
Control strategies implemented with the variable-speed DFIG wind turbines can be
classified into one of the three control levels shown in Figure 4.3 [31].
Control Level I
This control level is termed as rotor and grid side control as it regulates the active and
reactive powers exchanged between the DFIG and the grid

= The rotor-side converter is controlled in such a way that it provides independent

control of the stator active and reactive powers.
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The grid-side converter provides a decoupled control of active and reactive power
flowing between the converter and the grid.

The grid-side converter is controlled to maintain the DC bus voltage constant and to
provide a path for rotor power to and from the AC system at unity power factor.

The crowbar circuit protects the rotor side converter when a voltage dip occurs.

—
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rotor Lr‘ J @
Silter
> F 3
C i
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(Rotor and Gnid Sade Control)

F Y - - 3
Tom_rer? Py e_vi Od,.r Viws)rer O; ar
[
B Control Level II
Vitnd - (Wind Turbine Control Strategy)
'y »
Py Orer

Control Level ITI
(Wmd Turbine Grid Integration Strategy)

r 1 1

f:end_rq?‘ p'gﬁd' I ref PF. ¢

Figure 4.3. DFIG Control Levels [31]

Control Level 11

This control level is termed as wind turbine control strategy as it controls the turbine

power characteristics to stay on the turbine tracking characteristic which is explained in

Section 4.3. Any control strategy implemented at this level accomplishes the following

Controls the turbine to operate on the Maximum Power Point tracking (MPPT)

characteristic curve.
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» Generates pitch angle () references such that the wind turbine operates in the
speed limits.
»= Responds to active and reactive power references from the higher control level.
Control Level II1
Control level 11l is dedicated to the wind turbine grid integration. Several different control
strategies as in [32] and [33] can be implemented, but all of them will accomplish the
following
* Control the Voltage (Vgriq) and frequency (fgriq) at which the DFIG delivers active
and reactive powers.
= Respond to the active and reactive power references from the grid operator or from

the wind farm centralized control.

4.3. Control strategy for Maximum Wind Power Extraction

This control strategy is one of the wind turbine control strategies and comes under a level I
category as shown in Figure 4.3. As explained in Chapter 3, Section 3.3.4, page 63, there is a
limit on the maximum power that can be extracted from the wind, based on the beltz limit
or maximum coefficient of power (Cpmax). Since the velocity of the wind speed or the
kinetic energy present in the wind is not always constant, as the wind speed varies, the
maximum power that can be extracted from the wind also varies. The main purpose of this
control strategy is to extract maximum power from the wind’s kinetic energy at various

wind speeds and hence to generate maximum output power.

With the variation in the wind speed, the rotational speed of the generator rotor
(angular frequency of the rotor, w,¢) also varies, producing a change in the power output of
the generator. A typical wind turbine characteristic that shows the dependence of the

generator speed with the generator power at different wind speeds is shown in Figure

71



4.4(a). The mathematical relation between the generator speed and the optimum power

extracted from the wind can be described as

— 3 _ 2
l)opt - Kopt(")rel and Topt - Kopt(’orel'

A maximum power extraction-speed curve is plotted so as to intersect the Cppay at different
wind speeds, and such that the (P, ) curve represents the maximum active power that can
be captured from the wind at different wind speeds. The control objective of this strategy is
to keep the wind turbine on this curve as the wind speed varies [34]. V on the Figure 4.4

represents the velocity of the wind speed in m/s.

Maximum powcr

ICralor tonguc

L |

CroTie FasOr PO T

{

e
Generator speed Generator specd

(a) (b)

Figure 4.4. DFIG Wind Turbine Characteristics for Maximum Power Extraction [34]

The generator torque-speed characteristic shown in Figure 4.4(b) is applied to the
controller model to obtain maximum power extraction at different wind speeds. The
torque-speed characteristic curve seen in Figure 4.4(b) is described by five critical points
(A, B, C, D, and E). The optimum power extraction is possible only for a certain range of
wind speeds due to the limitation of the power converter ratings. From zero generator

speed to the point A, the generator electromagnetic torque also equals zero. For very low
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wind speeds, the model operates at almost constant rotational speed (A-B), i.e., the tracking
characteristic is a straight line as shown in Figure 4.4(b). The electrical power generated in
this region is very less and the wind turbine electrical generator does not generate any
useful active power. The section (B-C) is where the wind turbine electrical generator
generates useful power. As the wind speed and the corresponding generator rotor speed
increases, the electromagnetic torque generated also increases until the point D. Point D
corresponds to the rated electromagnetic torque generated at the rated generator speed,
i.e., at point D the electromagnetic torque is 1/rpu/. The section (B-D) is the locus of the
maximum power extracted at different wind speeds, i.e., Pyp, in Figure 4.4(a). For very high
wind speeds, that exceed the turbine torque rating, the control objective follows the (D-E)
section of the curve, where the electromagnetic torque is constant even if the generator
speed increases. When the system reaches point E, pitch regulation takes over the torque
control to limit aerodynamic input power as explained in detail in the pitch angle control

strategy in Section 4.5 of this Chapter.

4.4. Current-Mode Controller (PVdq) Strategy

Current-mode controller strategy is considered as the electrical control of the DFIG. As the
name suggests, this control strategy is applied to the rotor-side converter, and it is one of
the Level I control strategies shown in Figure 4.3. DFIG steady state characteristics studied
in Chapter 3 prove that d and q axes components of the rotor voltage have individual effects
on the active and reactive power of the DFIG. Hence, the d and q axes components of the
DFIG rotor current are used individually to regulate the electromagnetic torque of the DFIG
and the power factor at a given terminal voltage, or in other terms the reactive power

delivered to the grid, respectively, and this control strategy is termed as PVdq control [35].
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4.4.1. Electromagnetic Torque Control Strategy

The purpose of this electromagnetic torque control strategy is to modify the
electromagnetic torque of the DFIG according to wind speed variations and drive the system
to the required operating reference. The schematic of the electromagnetic torque control
strategy is as illustrated in Figure 4.5.

The active power (Pgeltotmes) and the rotor speed (w,e]) measurements, given as inputs to
the torque control block shown in Figure 4.6, generate a reference torque signal using the
maximum wind power extraction control.  The torque signal (Tiefsp)is modified to
generate a reference value for the rotor current in the d-axis (i.qref) by using the stator flux
estimator block.

The d-axis rotor voltage component (vr/d), required to operate at the reference torque set
point, is obtained through a PI controller. The PI controller is assisted by the feed forward
terms that calculate the resulting d-axis component of the rotor voltage v,4, that needs to be

applied at the rotor terminals of the DFIG.

[
i 5 tator Flux i | m
. Estimator Loy I_)
gy ——— X
c=yfx ¢
y
Pasltormns Trefsp
Torque Combination Block
Control

bedref ——)
{rqref —| Feed Forward Terms

Yyqestimated

Figure 4.5. DFIG Torque Control Strategy
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Torque Control Block

As seen in Figure 4.6, by using the measured active power and the turbine power tracking
characteristic curve, the torque control block generates a reference value for the rotor
speed(wrerref)- The difference in the actual rotor speed (w,e) and the rotor speed reference

value is processed through the PI controller to generate the reference torque set point

(Trefsp) .
Wieal
TeE.':l _
Pdeltutmes Wpglraf Kpspeed
R =) :
> Kispeed
Gl
Turbine-Tracking
Characteristic

Figure 4.6. Torque Control Block
The reference value of the d-axis rotor current is then calculated by using the reference
torque as below,

drdref = l Lss T
rdref — |7 . a5 1 refsp-
Lm * ¥
The difference in the d-axis rotor current (i.q) from the reference value (i.qref) forms the
error signal that is processed by the PI compensator to reduce it to zero and produce the d-

axis rotor voltage(vr’d) . The PI compensator consists of the proportional and integral gain

blocks connected as shown in Figure 4.5.

4.4.2. Reactive power or Voltage Control Strategy

Reactive power or voltage control strategy is a Level I control strategy as explained in
Section 4.2. Reactive power control can be obtained by using either the network-side or the
rotor-side power converters, depending on the type of the electrical generator used in the

wind turbine. For DFIG wind turbine, application of any of the voltage control strategies to
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the rotor-side converter is preferred as the rotor-side converter reactive power will be
effectively amplified by a factor of 1/s when referred to the stator.

The reactive power or voltage control strategy, illustrated in Figure 4.7, is designed to
provide terminal voltage or power factor control by using the rotor-side converter. In the
reactive power control strategy, as long as the reactive component of the rotor current

(irq) is within its maximum limits, the reactive power delivered to the grid is regulated at

its reference value Qgrigrer- As seen in Figure 4.7, both the stator voltage actual value (IVsD

and the stator voltage reference signal (|Vs..¢|) generated by the var regulator, are used by
voltage regulator to generate the g-axis rotor current reference component. The error

between the actual 4.4 and reference (irqrer) is processed through a PI controller to give

the g-axis component of the rotor voltage (v4"). The PI controller is assisted by the feed

forward terms, to calculate the resulting q-axis component of the rotor voltage that needs to
be applied at the rotor terminals of the DFIG, for the reactive power delivered to the grid to

remain at the reference value.

()

v

r:lF|

Qg.—;dref

=

ol

Var Regulator

Voltage
Regulator

IV,

PI Block

tedref —
trgref —| Feed Forward Terms

Tedestimared

Figure 4.7. Reactive Power Control Strategy
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The difference in the reference and measured reactive powers delivered by the stator to the
grid as seen in Figure 4.8 is processed through an integrator control block to generate the
stator voltage reference signal (|Vspeg|). This reference stator voltage signal is used as an

input by the voltage regulator block as shown in Figure 4.9.

KpQ

1 KiQ

PI Block

Q gridmea

Figure 4.8. Var Regulator Block
Voltage Regulator Block
The control logic for voltage regulator block is as shown in Figure 4.9

1
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Figure 4.9. Voltage Regulator Block

As the reactive power delivered by the stator to the grid increases or decreases, the
terminal voltage increases or decreases correspondingly. The voltage control strategy
illustrated in Figure 4.7 fulfills the following requirements: (i) the reactive power consumed
by the DFIG is compensated by 4.q m, and (ii) if the terminal voltage is too low or too high
compared with the reference value then 4, ; is adjusted appropriately using the gain value

(Kvc).
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PI Block
The input error signal to this PI block, i.e., the difference between the reference and actual
g-axis component of rotor current, is modified by the proportional and integral gain blocks

connected as shown in Figure 4.7 to give the g-axis component of the rotor voltage (vrq’).

Feed Forward Terms

As shown in Figure 4.5 and Figure 4.7, to minimize the cross-coupling between torque and
voltage control loops, feed-forward terms are added to the PI compensator in both the
electromagnetic torque and reactive power control strategies. The feed forward terms

assist the PI compensator block to calculate the resulting d-axis and q-axis component of
the rotor voltage that needs to be applied at the rotor terminals of the DFIG. The inputs to

the feed forward block in Figure 4.5 are 4;gref, Lrqref, and 4sgestimated- 1he inputs to the
feed forward block in Figure 4.7 are 4rqref, “rqref, and Zsdestimated- 1he equations that

determine these feed forward terms are given below,

no__ . , .
Vra = Redrdrer — (Wgel — Wrel) * (— Lm’questimated + er’quref); and 4.8)

"o o_ . . .
Urq = Rr’quref + ((Ddel - (Drel) * (_ Lm’Lsdestimated + er’erref)- (4-9)
Where

2

. _ wdel“Lsslm . . Rs
1sdestimated = [vsd + Rs Lrdref T Wdel Lm’qu] [mdelstsz_RSz , (4-10)
7 — wgel Lss . Wdel Lm ,
1sqestimated = — [ Ry ] * 1sdestimated — [ R ] * Lrdref- (4-11)

4.5. DC-Link Voltage Control Strategy

Dc-link voltage control is a strategy that is implemented in control level I. This control
strategy is applied to the grid-side converter for the DFIG wind turbines. The main purpose
of this control strategy is to maintain the dc-link capacitor voltage constant at the specified

reference value Vycer. The implementation of the dc-link voltage control strategy is
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illustrated in Figure 4.10 [36]. As seen in the Figure 4.10, the control strategy consists of a

Vdc regulator block, grid current measurement block and a current regulator block.

Vdc
Vdc ref ‘J_\
>
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DC Voltage i
+\=/ 1  Regulator
+
1.1=‘=1 o
Voq v, Vea
Current Current 84, "53 /<) o }gq
Measurement Regulator -+ "?
F +
£q m VeV
+
; Lodref
1gqref E——d"'
_ Feed Forward Terms
1 gqret

Figure 4.10. Dc-Link Voltage Control Strategy

Vdc Regulator Block

The inputs to the Vdc regulator block as shown in Figure 4.11 are the reference and
measured values of voltage across the dc-link capacitor. The difference in the reference and
measured dc-link capacitor voltages is processed through a PI control block to generate the
reference value for d-axis component of the grid current. This grid current reference signal

is used as input by the current regulator block as shown in Figure 4.12.

I Kpvde

Kivde

Figure 4.11. Vdc Regulator Block
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Current Regulator Block

As shown in Figure 4.12, igqrefigqgref, tgd, tgq are the inputs to the current regulator block.
igdref IS Obtained from the Vdc regulator block described above and a certain value is
specified for 4gqref - The currents 4gq and igq are outputs of the current measurement
block across the network converter terminals. The logic implemented in the current
regulator block is similar to the voltage control strategy. The error between d-axis

component of grid current reference (igqrer) and measured values (igq) is processed
through a PI control block to generate d-axis component of the grid voltage (vgq'). The
error between g-axis component of grid current reference (igqrer) and measured values
(igq) is processed through a PI control block to generate g-axis component of the grid
voltage (vgq'). Feed forward terms are provided at the PI controller to calculate the

required vgq and vgq.

Tedref

4

PI Block

Figure 4.12. Current Regulator Block

Feed Forward Terms
As seen in Figure 4.10, igqref, 4gqref are inputs to the feed forward terms block. These feed
forward terms at the PI controller block prevents the cross-coupling between the d and q
axes current control loops. The grid d-axis and g-axis voltage are obtained using the
relations defined below

r

Ugd = Vsq — Rg’i'gdref + (*)dengl/i’gqref: and 4.12)

144 3 -
Ugq VUsq — Rg/”gqref - (*)dengl/Lgdref- (4-13)
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4.6. Pitch Angle Control Strategy

Pitch angle control is a level Il control strategy that controls the input mechanical power of
the wind turbine generator at high wind speeds. The pitch angle () or blade pitch refers to
the angle of attack of the blades of the wind turbine rotor. Such, by adjusting the pitch
angle, the rotational speed of the wind turbine rotor can be controlled and hence the
generator rotor speed. The pitch angle control system keeps the generator rotor speed

within the operating limits as the wind speed increases.

In the pitch angle control strategy illustrated in Figure 4.13, the pitch angle of the wind
turbine is kept constant at zero degrees until the generator speed (w,¢]) reaches the point D
of the tracking characteristic shown in Figure 4.4(b). The point D on the tracking
characteristic corresponds to generator rated speed and the corresponding rated generator
torque. If any wind speed causes the generator speed to go above the rated generator
speed, the pitch angle control calculates the pitch angle () that should be applied to the
wind turbine rotor blades so as to maintain the generator speed at the rated value. In this
control strategy, the pitch angle calculated is proportional to the deviation of the generator
speed from the point D. A compensation term with PI controller is added to the pitch angle

control as shown in Figure 4.13 for more accurate calculation [36].

Pitch angle
Maximum
Pitch angle (J5)
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—+ Gain —'—’_\1’_7:./
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. ! I
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—+ | “ 1
g i! I
pd elrorref FIBlock

Figure 4.13. Pitch Angle Control Strategy
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CHAPTER 5

DFIG Transient Characteristics

This chapter studies the effect on the stator and rotor currents of a DFIG, and the effect on
the currents through the power electronic converters when a three phase fault occurs on
the stator terminals of the DFIG. As explained in page 19, Chapter 1, if the DFIG is not
equipped with Fault Ride Through (FRT) capability, it should be completely isolated from
the grid during the occurrence of a fault. Three phase fault is considered as it will have the
maximum fault current flowing through the DFIG (worst case scenario). First section of this
chapter proves that during the pre-fault steady state, the derivatives of the DFIG flux
linkages and the derivatives of the currents flowing through the back-to-back power
electronic converters are equal to zero. Second section shows the simulated results of a

three phase fault on the stator terminals of the DFIG.

5.1. Transient Model of the DFIG

During the pre-disturbance steady state the rate of change of the flux linkage and the rate of
change of the angular frequency of the rotor should be equal to zero. To verify this, the
relation between the rate of change of flux linkages and the flux linkages of the machine on
dqgo axes are derived. The relation between the rate of change of the angular frequency of
the rotor and of the angular frequency itself is also determined. These relations are derived

by using the DFIG machine model equations derived in Chapter 2.

With equations (2.15) and (2.16) in page 37, the algebraic form of the current-flux linkage

equations results as
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[’i]sdq = [A] = [‘-P]qu + [B] * [Lp]rdq' (5.1)
[/i’]rdq = [B] * [Lp]sdq + [C] * [lp]rdq- (5.2)

Expanding the above matrices it results

(%d] 1/ b 00 | ¢ 0 0 \7 [P*sd]

Tsq / 0 b 0 0 c 0 \ Fsq

Tso | 0 0 d 00 0 ] [¥so

...... — | s’ || (5.3)
Ard c 0 O a 0 0 Wi

irq 0 ¢ 0 0 a 0 / Wy

| i s 0 0 O 0 0 e 4y,
where,

LS — Lr — Lm _i _i —_

T om T Thiem 1T e Ty b= Lt Lmand

Lr= Ly + Ln.
The transient model of the DFIG, with differential equations for the flux linkages and
angular frequency of the rotor, is obtained by using the above equations, equations (2.17-

2.28), from pages (37-38) and 2.29 from page 40, Chapter 2 as

d .
4 1x] = [E] * [8i] + [V1, (5.4)
where,
Weq 1 ~Vsd
Wsq ~VUsq
Wyo s
...... Ve
[X] =[Si] = |Wra|, [VI=], | and (5.5)
WYrq o
ro
ol .0
...... Tmec
L Wre Tm
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__b * l%S W(el —C * RS 0
_(Ddel _b * RS —C * RS
—d * Rg
[E] =|7C* Rr —ax* Rr ((*)del - wrel)
—C*R; _(wdel - wrel) —a xR,

exRy| ...
C*q',rq _C*Lprd —Kmec

Tm Tm Tm

(5.6)

5.2. Predisturbance Steady -State of the DFIG
During the pre-disturbance steady state all the machine variables of the DFIG such as flux

linkages, currents, voltages and powers do not change with time. Hence during the pre-

. . d . . . .
disturbance steady state, the matrix o [X] described in the transient model given by

equation (5.4) should be equal to zero. The steady state operating conditions of the DFIG

machine are considered based on the Vestas V90 wind turbine operating data. This section

proves that the matrix % [X] is zero by using the general specifications of the Vestas V90

DFIG [24] and the calculations shown in Chapter 3, pages 58-65.

Calculation of the Elements of Matrix [Si]

As the DFIG is operating at steady state, equations (2.40 - 2.45) shown in Chapter 2, page 41
are valid. The values of the flux linkages shown in the matrix [Si], in equation (4.5), are
calculated by using equations (2.23-2.28) shown in Chapter 2, pages (37-38). The
parameters shown in equations (2.23-2.28) are defined in Chapter 3, Section 3.1, page 42.
The values of the current d and g-axis components shown in equations (2.23-2.28) are
calculated by using the following data: Pgejror = 1/rpu/, Qgeitor = 0 /rpu/, slips = 0.0233,

vrq = 0.0294377 /rpu/ and v.q = 0.00285368 /rpu/, which are obtained from Version 2 of

the power flow through the DFIG, shown in Chapter 3, Section 3.3.3, page (59-61).

84



Since wqq), the angular frequency with which the dq axis rotates is equal to the synchronous
angular frequency, its value is taken as 1/rpu/. wy), angular frequency of the rotor in

/rpu/, is calculated as

Wre] = Wge] — S * Wge] With wge) = 1 /rpu/, (5.7)
Wsa] 1-8.8818 % 10767
WYsq 1.0062
lpso 0
[Si] = | Wra | = 0.1844 . (5.8)
Y —1.0362
l.IJI'O O
lwed L 09767

Calculation of Elements of the Matrix [E]

The first six rows of the matrix [E], shown in equation (5.6), are calculated by using the
parameters of the DFIG defined on Chapter 3, page 42 and equation (5.7) shown above. To
calculate the elements on the seventh row of the matrix in rated per unit /rpu/, the
mechanical power available on the rotor shaft of the DFIG calculated from the Section 3.3.4,
Chapter 3 on page 63, and equations shown on Appendix B4, pages 124-126 are used, and it

results as follows:

PMWIE 306591722 |MW|

|pu| mec
P = = = 1.02197 ,
mec Sb 3 |MW| /er/
Pmec _ 1.02197
Thec = o = 09767 = 1.0464/rpu/, and

Kmec = Tmec + C(qjsdlprq - LI'erlpsq) = 9.8109 x 1073.

Inertial time constant (T,,)

3
_ ] * Waerp

Tm )
2
Pp * Sy
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where ] is the inertia of the wind turbine from = %mr2 [37],

where m = 8500 |kg|,r = 550 |[mm| from [24], and hence

J = 1,285.625 |kg — m?|.

Substituting ] from above equation, with S,=3|MW|, p,, = 2 andwgej, = 27 * 60, the inertial

time constant (t,,) results as

Ty = 5.74019 * 103 |rpul.

By using all the calculations shown above, the matrix [E] is obtained as follows:

(—0.03491 1 0
-1 —0.03491 0
0 0 —0.0826
—0.0279 0 0
0 —0.0279 0
0 0 0
—0.0010 -0.0002 O

Calculation of Matrix [V]

—0.0339
0
0

00285

0.0233

0
—0.0339
0

—0.0285

0

0
0
0
0
0
70484
0

—1.8024 * 1073

(5.9)

To calculate the elements of the matrix [V], the d and q axes components of the stator and

rotor voltages shown in equation (3.7), Chapter 3, Section 3.2.1.1, page 43 and Chapter 3,

Section 3.3.3, page 59 respectively, and also the values of T,.. and 7., calculated above are

used. Hence, the matrix [V] is obtained as follows:

_—vsd_

2.9438% 1072 |,
2.8538 %1073

11.8229 x 10~
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d

o [Si]

Calculation of the Matrix

The calculation of the matrix % [X] is done in MATLAB software by using the analytical

equation shown in equation (5.4) and results as

_dlpsd T
dt

d¥so | 1 1.1102 % 10715 7

dt 8.8124 x 10716

d O

a B = | |=|-13878 10717

dw —1.7347 * 10717
rq 0

dt [ 3.9880 1078 |

Hence it is proved that, during the pre-disturbance steady-state the rate of change of flux

linkages and rate of change of angular frequency of the rotor are practically zero.

5.3. Simulation of Three Phase Fault on Stator Terminals of the DFIG

The DFIG is considered to be operating in steady state from t = 0~ |sec|. To analyze the
transient behavior of the DFIG, a solid three-phase fault is applied across the stator
terminals of the DFIG for 0.5 |sec| at time t = 1 |sec|. Att = 1.5 |sec|, the fault is cleared and
the voltages return to their pre-disturbance or steady state values. At the instant of the fault,
i.e. t = 1|sec]|, it is assumed that the rotor windings of the DFIG are short circuited and at the
same moment the power electronic equipment on the rotor side of the DFIG is also
disconnected as a result of which the DFIG goes to an asynchronous machine operating
mode. A resistance in parallel to the dc-link capacitor needs to be provided for the

capacitance to discharge.
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The steady state values calculated in Chapter 3 are used as initial values for solving the

differential equations in (5.4).

Figures 5.1 to 5.12 show the behavior of the DFIG currents, electromagnetic torque and

angular frequency of the rotor during the occurrence of a three phase fault on the stator

terminals of the DFIG.

Figures from 5.1 to 5.6 show the variations of d and q axes currents of the DFIG stator and
rotor windings during the occurrence of a three phase fault. As shown in the figures, the
oscillations in the graphs correspond to the variation of the flux linkage of the machine

during the transient period.

Figure 5.1 shows the variation of stator d-axis current with time. At the moment of the
fault, the d-axis rotor current goes to a very high value, i.e. approximately 6 times higher

than the steady state value.

Variation of the stator d axis current in /rpu/

isd in /rpu/

0.8 1 1.2 1.4 1.6 1.8 2
Time in /sec/

Figure 5.1. Variation of d-axis Stator Current with time
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Figure 5.2 shows the variation of stator g-axis current with time. At the moment of the

fault, the g-axis rotor current goes to a very high value in the negative direction.

Variation of the stator q axis current in /rpu/
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1] A E— A— S T

[
e

'

'

'

'

'

'

'

'

'

'

'

'

'

[

'

'

1

isq in /rpu/
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0.8 1 1.2 1.4 1.6 1.8 2
Time in /sec/

Figure 5.2. Variation of q-axis Stator Current with time

Figure 5.3 shows the variation of rotor d-axis current with time. At the moment of the fault,

the d-axis rotor current goes to a very high value, i.e., approximately 6 times higher than the
steady state value.

Variation of the rotor d axis current in /rpu/

ird in /rpu/

0.8 1 1.2 1.4 1.6 1.8 2
Time in /sec/

Figure 5.3. Variation of d-axis Rotor Current with time
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Figure 5.4 shows the variation of rotor g-axis current with time. At the moment of the fault,

the g-axis rotor current goes to a very high value in the negative direction.

Variation of the rotor q axis current in /rpu/
].S T T T T T T T

10

irq in /rpw/
=]

|
LA

P | | | | | |
0.8 1 1.2 1.4 1.6 1.8 2
Time in /sec/

Figure 5.4. Variation of q-axis Rotor Current with time

Figure 5.5 shows the variation of the rotor angular frequency with time. As seen in Figure
5.5, during the transient period, the rotor angular frequency goes on increasing and

eventually the machine may lose its synchronism if the fault is not cleared at the earliest.

The frequency of the voltage applied across the rotor windings to achieve the frequency of
60 |Hz| at the stator terminals of the DFIG depends on the rotor angular frequency as shown
in Chapter 2, Section 2.1.1, page 26. Hence, the control strategies applied to the rotor side
converter should continuously sense any change in speed of the rotor angular frequency
(wre) to determine the frequency of the voltage applied across the rotor windings. From
Figure 5.5, it can be said that the value of the frequency of voltages applied across the rotor
windings after the clearance of the fault will be different from the one corresponding to the
pre fault steady state operation as the rotor angular frequency (w,e]) after the clearance of

the fault settles at a different value than its prefault steady state value.
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Variation of rotor angular frequency with time
0.9776 T T T T T

0.9774

0.9772

0.977

wrel in /rpu/

0.9763

0.9766

0.9764 i i i i i
0.5 0.75 1 1.25 1.5 1.75 2
Time in /sec/

Figure 5.5. Variation of Rotor Angular Frequency with time
5.3.1. Graphing of Three Phase Stator and Rotor currents and
Electromagnetic Torque of the DFIG

The machine d and g-axis components of the stator and rotor currents are calculated using
the matricial equation shown in (5.3). Since during a fault the machine flux linkages are
time varying quantities, the currents obtained are also time dependent. By using the
inverse of the transformation matrices [T]; and [T].shown on pages (34-35), Chapter 2 the
stator and rotor phase currents are calculated as

[ilsph = [T]s " * [lsaq

[ilipn = [Tl * [ilraq:
Figures from 5.6 to 5.12 show the simulated time behavior of the DFIG stator and rotor
currents in phases a, b, c and the electromagnetic torque of the machine.
As shown in the figures (5.6 - 5.8), the stator phase currents (ig,, isp, 4sc) graphs, the

current amplitudes during the transient period are about 5 to 8 times higher than the

corresponding steady state value.
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isa in /rpu/

isb in /rpu/

Variation of the stator phase "a" current with time

S T T T : T T T
] i 111 DR SR I 111 F—
EI il 1
25| : :
5L | i | | | |
0.8 1 1.2 1.4 1.6 1.8 2
Time in /sec/
Figure 5.6. Variation of the Stator phase “a” Current with time
Variation of the stator phase "b" current with time
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Figure 5.7. Variation of the Stator phase “b” Current with time
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Variation of the stator phase "c¢" current with time
1':' T T T T T

7.5

M
Lh

isc in /rpu/

Time in /sec/

Figure 5.8. Variation of the Stator phase “c” Current with time

As shown in the figures (5.9 - 5.11), the rotor three phase currents (4,3, 4rp, 4rc) graphs, the
current amplitudes during the transient period are about 8 times higher than
corresponding steady state value. Such high rotor currents damage the power electronic

converters which are too expensive to replace.

Variation of the rotor phase "a" current with time
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Figure 5.9. Variation of the Rotor phase “a” Current with time

93



irb in /rpu/
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Variation of the rotor phase "b" current with time
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Figure 5.10. Variation of the Rotor phase “b” Current with time

Variation of the rotor phase "c" current with time
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Figure 5.11. Variation of the Rotor phase “c” Current with time
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The electromagnetic torque is calculated using the equation (2.32) shown in Chapter 2, page

40, and is plotted as shown in Figure 5.12. As shown in Figure 5.12, the oscillations in the

electromagnetic torque are due to the transient currents in both the stator and rotor.

Telm in /rpu/

Variation of the electromagnetic torque with time

[
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|
[

0.8 1 1.2 1.4 1.6 1.8 2
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Figure 5.12. Variation of the Electromagnetic Torque with time
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CHAPTER 6

DFIG Wind Turbines Steady-State and Transient Analysis Using
Matlab/Simulink
The diagram shown in Figure 3.1, Chapter 3, page 44, where the DFIG wind turbine delivers
power to the electric grid through the power system network is implemented by using the
Simpowersystems toolbox of Matlab/Simulink software [38]. The one line diagram of the
model implemented in Matlab/Simulink is shown in Figure 6.1, and the corresponding

model simulated in Matlab is shown in Figure 6.2.

DFIG

H %

G1 - DFIG Wind Turbine Connetecd to Bus 1
PS12 - Power Substation Between Buses 1 and 2

@ @ Infinite Bus
I I
| |

Grid

PS34 - Power Substation Between Buses 3 and 4
L2-3 - Transmission Line from Bus 2to 3

Figure 6.1. One Line Diagram of the Model Implemented in Matlab

Wind {mig) &

(ef pu

" Lzl alt P alt Al " A alh ale A ..,A_\-MJ_A.. alk

0 DS S WY A W N @

Ll i A sy 4 cp i A Ml Ol i A sl b g L 'C_W_C" I

G Tutne Bt gy Bsl Him e Bis? 5 R Bd  Equvlet Theinn Gid
mpedance

=T

Gt P52 B3] P34

Figure 6.2. Block diagram of the Model Simulated in Matlab/Simulink
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6.1. Block Diagram Description

The DFIG wind turbine block (generating unit G1) shown in Figure 6.2, consists of three 3
I[MW| DFIG wind turbines connected in parallel and delivers 9|MW| power to a 120|KV| grid
through a 30|km|, 25|KV| feeder. Each DIFG wind turbine block is similar to the diagram
shown on Figure 3.1, page 44, Chapter 3. The only difference is that the control strategies
that are used to control the gating pulses of the power electronic converter by using the
Pulse Width Modulation (PWM) technique as explained in Chapter 4 are also included, as

shown in Figure 6.3.

DFIG

a0 Q

2-winding
Back to Back Converter Transformer

ACIDC 1 lacioc
Converten T Converten

Control Strategies

Figure 6.3. Components in the DFIG Wind Turbine Block

The Doubly Fed Induction Generator (DFIG) shown in Figure 6.3 is modeled as described in
Chapter 2, with parameters and steady state characteristics as analyzed in Chapter 3, and
the transient model and characteristics as shown in Chapter 5. The AC-DC-AC converter (or
BBC) model and the control strategies that are applied to the converters are as explained in
Chapter 4. The 2-winding transformer shown in the above Figure 6.3, steps down the
voltage from 1000 |V| to 400]|V]|, so that it is used by the back to back converter on the rotor

of the DFIG.
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In Figure 6.2, the step up transformer (PS12) steps up the voltage at the stator terminals of
the DFIG from 1000|V]| to 25|KV|, such that the DFIG wind turbine can be connected to the
distribution system. The distribution system is connected to the 120 |KV| grid through a 30
|km| transmission line (L2-3) and a step-up transformer (PS34) that steps up the voltage at
25|KV]| to 120|KV|. The parameter values given as input to each block in Matlab/Simulink
are listed in the Appendix E.
6.2. Equivalent Circuits of the Power System Components in the One-Line

Diagram
The equivalent circuits of the power system components shown in Figures 6.1 and 6.2 are
obtained as below by using the block parameters shown in Appendix E.
System Base Values
For the one-line diagram shown in Figure 6.1, the base values at the power system level are
selected as

Sp, = 9 [MVA| V, = 1 |KV].

Hence, the derived system base values are

_Sp_ 9+10%6
T V3V, V3x(1x103)

2 2 —_
Zp = ‘S’—E Q] = (17) =0.1117 |Q I,

= 5,196.1524 |A|.
Equivalent Circuit of Unit G1

All the three units of DFIG that are connected in parallel are represented as a single
equivalent circuit with the corresponding parameters in |pu|. The equivalent parameters in
|pu| are calculated based on number of units connected in parallel and system base values

using the formula

S|system level in [MVA]|
b

Zloul _ o /pu/ -
s s no. of generaing units in parallel  SImachine ratingin [MVA]|

9
=z (3 - 3)

— Zérpu/
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By using the above equation, the equivalent parameters in pu at power system level are the
same as the /rpu/ values of the parameters of the DFIG defined in Chapter 3, page 42.
Therefore,

R = 0.006067 « (=) = 0.006067 |pul, RF*! = 0.005  (;) = 0.005 [pu],

lpul _ 2\ = lpul _ 2\ —
XU = 0.0734 « (=) = 0.0734 [pu], X[?* = 0.1034 + (%) = 0.1034 |pul, and

XY = 3.4734 « () = 3.4734 |pu|.
The equivalent circuit of the DFIG is as shown in Figure 2.4, Chapter 2, pages (38-39), with
the equivalent parameter values as shown above.
Equivalent Circuit of the Power Substation PS12

Power substation PS12 is represented by a gamma equivalent circuit shown in Figure 6.4

and the parameters of the equivalent circuit are obtained from Appendix E as below.

Parameters of the star (Yg) connected primary winding (LV) defined with Sy = 9.48 |[MVA|
and V, = 1|KV| are R; = 0.025/30|pu| and X; = 0.025 |pu|. Parameters of the delta (A)
connected secondary winding (HV) defined on S, = 9.48 |[MVA| and V}, = 25 |[KV| are
R, = 0.0008|pu|, X, = 0.025 |pu|. The connection of delta is such that the phase voltage on
the delta winding leads the phase voltage on the star winding by 30°. By using the change of

base, and referring all parameters to the HV side it results

[new| lold]| \ 2
Z|punew|=Z " Sb " Vb
1 1 S|old| V|new| ’
b b

2
R{P = 0.0008 « (=) + (3)" = 7.5949 x 10~*|pul,

X P = 0,025 + (2] + G)Z = 0.0237 |pul,

R = 0.0008 « () = 7.5949x 10~*[pu], XP""" = 0.025 « (5> = 0.0237 [pu].
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The equivalent series resistance and reactance are
RIPY = RIPUewl pilPunewl — 75949 x 107* + 7.5949 x 10 = 0.0015|pul,
xpul = xlpunewl  yrlpunewl 50237 +0.0237 = 0.0474|pul.

12series

Therefore, the series impedance and admittance of the PS12 is

ZE‘Tzlseries = 0.0015 +j 0.0474|pu| = 0.0474 [ 88.18° |pu],
thll?luzlseries = 0.6670 —j 21.0759|pu| = 21.0865 [—88.18° |pul.

The magnetizing resistance ergul = 500 |pu| and reactance x{ﬁ“' = infinity is defined on the
base Sy, = 9.48 |[MVA| and V;, = 25 |KV|. So using the change of base formula mentioned

above, it results

R|Igunew| = 500 (L) = 474.6835 |pul.

9.48

Therefore, the shunt branch admittance and impedance are

Yirzasn P4 = 0.0021|pu| = 0.0021 [ 0° |pul,

Zergasn P = RPUEW L jxIPunewl — 474 6835 40 |pu| = 474.6835 [ 0° |pul.
The equivalent circuit of Power Station (PS12) with the parameters calculated above is

shown in Figure 6.4.

ZP ories = 0.0015 +0.0474|pul = 0.04741 88.18° |pul

Phase Shifter Yo areries = 0.6670 = 21.0759|pu| = 21.08651-88.18° |pul
@ I‘lt:"l.: Rser:es Ttrl: jxser:es T:._ﬂ;
1o—>— ANN—>—T00 ™ - >—o,
Ishi2

Yerzgah P2 = 0.0021|pu| = 0.0021 [ 0° |pul

Vi 1/1[30° ch Xm V,
Zezash T = 4746835 +j 0 |pu| = 474.6835 [ 0°[pu|

— ﬁ_

Lv HV

Figure 6.4. Equivalent Circuit of the Power Substation PS12
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Equivalent Circuit of the Transmission Line L2-3
The parameters of the pi-equivalent circuit of the transmission line L2-3 shown in Figure
6.5 are calculated as below.
The parameters of the transmission line in actual units as shown in Appendix E are
Rjine = 6.436 ||, Xjine = 59.9416 ||, Bjine = 1.2814 * 10" — 4 |Siemens|

The corresponding base quantities at power system level are defined as

v (25?) -
Sp = 9 IMVA|, Vy, = 25 [KV], Z, = 2 Q] = = = 69.4444 |Q)|, and
b

Y, = L= _1 _=00144 |Siemens].
Zp  69.4444

The |pu| values of the parameters at the power system level result as

!
R}; 6.436
[pul _ Mine _ _
RIPUl — = — = 0.0927 |pul,
line ™7, 69.4444 lpul
pul _ Xim,  59.9416
X;pul = _me _ — = 0.8632 |pul,

line Zb  69.444%

|Siemens|
glpul _ Biine _ 1.2814x10" -4

line =y, T 0.0144
Hence, the series and shunt impedances and admittances of the transmission line are

= 0.0089 |pu].

Z,3 = 0.0927 + j0.8632 |pu| = 0.8681[ 83.87° |pu],
1

Y5 = 7= 0.1230 —j 1.1454 = 1.1519 [ — 83.87°,
£23

By . 0.0089
Ysh2line = Ysh3line = J > =

= j0.0045 |pu| = 0.0045[90°|pul,

1
Zsh2line = Zsh3line = Y— = —j224.7554 |pu| = 224.7555] —90°|pu|.

Ash2line

The equivalent circuit of Transmission Line (L2-3) with the parameters calculated above is

shown in Figure 6.5.
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Z.3 = 0.0927 + j0.8632 |pul = 0.8681[ 83.87° |pu]|
@ Tai2s Ry s Kline b (@)
Lo—> ANN—>—000 >—o,
) Yoz = 0.1230 —j 1.1453 |pul i
L2ehas = 1.1519 [ — 83.87°%|pu| ¥ Tagen

? T i Biine Bline — T,
2

— i j

Lh:llnn = LhEIan = j00045‘ |pu|
= 0.0045[0 90%|pu|

shlline = Zshsl:no = —j 224.7554 |pul
= 224.75550 =90°|pu|

1N

)
dl

Figure 6.5. Equivalent Circuit of the Transmission Line

Equivalent circuit of the Power Substation (PS34)
The parameters of the equivalent gamma circuit of the power station PS34 shown in Figure

6.6 are obtained from Appendix E as below

Parameters of the star (Yg) connected primary winding (LV) defined on Sy, = 47 |[MVA| and
Vp, = 25 |KV| are R; =0.0027 |pu| and X; = 0.08 |pu|. Parameters of the delta (A)
connected secondary winding (HV) defined on Sy, = 47 [MVA| and V},, = 120 |KV| are
R, = 0.0027 |pu| and X, = 0.08 |pu|. The connection of delta is such that the phase voltage
on the delta winding lags the phase voltage on the star winding by 30°. By using the change

of base and referring all parameters to the HV side it results

[new| lold] \ 2
Z|punew|=Z " Sb " Vb
1 1 glod ylnewl |’
b b
9
47

RIPUY = 0.0027 + () (1

) % (120)2 =5.1702x 107* |pul,

9 120\2
/|punew| __ _
X = 0.08 (—) (—) =0.0153 ,
L *\47) "\120 Ipul

R = 0.0027 + () = 51702x10*|pul,  XFP*"*"' = 0.08 « () = 0.0153 |pul.
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The equivalent series resistance and reactance are

RIPul = glpunewl 4 prlpunewl _ 51702x107* + 5.1702x 10* = 0.00103 |pul,

series

xpul = xlpunewl o yllpunewl _ 60153 +0.0153 = 0.03064|pul.

series

Therefore, the series impedance and admittance of the PS34 is
Ztr3aseries = Rseries T J Xseries = 0.00103 + 0.03064 [pu| = 0.0307 [88.07°|pul,

Yir3aseries = 1.0959 — j 32.6002 |pu| = 32.6187 [—88.07° |pul].
The magnetizing resistance RlcpuI = 500 |pu| and X'HE“' = 500 |pulis defined on the base

Sp = 47 |MVA| and V,, = 120 |KV].

So, R = x[Punel = 500 « (-2) = 95.7447 [pu.

And the shunt branch admittance and impedance results as
Yir34sn = 0.0052 —j 0.0052|pu| = 0.0074 [—45°|pul],
Zirsash = 95.7447 +j95.7447 |pu| = 135.4034 [ 45° |pul].
The equivalent circuit of Power Station (PS34) with the parameters calculated above is

shown in Figure 6.6.

Zersaseries = 0.00103 + j 0.03064 |pul = 0.03071 88.07°| pu|
Phase Shifter  Yer34series = 1.0959 — j 32.6002 |pul = 32.6187[—88.07°| pu

@ 1 . R‘SIE':':E'E

i 1 Xgeri
I3eras [, JAzeries s
L ANN—> P00 ™ - >—o

Lehas

Yerassn = 0.0052 — j 0.0052|pu| = 0.0074 [—45°%|pu|

e 1/1[30° R =
Vs 7 gjl‘im Va

Zezisn = 95.7447 + § 95.7447 |pul = 135.4034 1 45°|pu|

LY HV

Figure 6.6. Equivalent Circuit of the Power Station PS34
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Grid equivalent or source equivalent
Equivalent thevenin impedance was defined as Zy, = 0.1+ j 1 |pu| defined on the base
values S, = 2500 |[MVA| and V,, = 120 |KV|. Using change of base formal mentioned above

it results,

) = 0.0004 [pu] X" =1+ (->-) = 0.0036 [pul,

|punew| _ ( 9
= 0.1+
Rin 0.1 2500

ZP"' = 0.0004 +j0.0036 = 0.0036 [ 84.29° |pul,
¥iP* = = 27.5028 — } 275.0275 |pu| = 276.3992 [ ~84.29° |pul,

VP — 120 |pul = 120] 0°|pu].

The equivalent circuit of the source with the parameters calculated above is shown in

Figure 6.7.
z!7*! = 0.0004 + j0.0036 = 0.0036 [ 84.29° |pu|
Run Xth
NN—
-

Yo =27.50275028 — j 275.0275028 |pul = 276.3992195 [ —84.2894% |pu

+ —| pu] s
— J Vi, =120 |pul = 120[ 0°|pu \'Z

als

Figure 6.7. Equivalent Circuit of the Infinite Bus

6.3. Simulation of a Three Phase Fault at the Stator Terminals of the
DFIG Wind Turbine Using MATLAB/SIMULINK

To study the transient behavior of the DFIG wind turbine and also to compare the results
obtained from the analytical model, a three phase fault is imposed at the stator terminals of
the DFIG (Bus 1 on Figure 6.2). The fault is applied for about 150|ms| at the time 3.15
seconds, i.e 3.15 seconds after the system has reached steady state. This is the minimum

time required for protective elements to operate before disconnecting the wind turbine
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from the grid. After 150|ms| from the instance the fault occurred, the voltage at the stator
terminal reaches back to its steady state value. According to the proposed grid code
requirements in USA as shown in Figure 1.9, page 22, Chapter 1, the DFIG wind turbine
should stay connected to the grid for at least 150 |ms|, to achieve the requirement of Zero
Voltage Ride through capability explained on page 17, section 1.8.1, Chapter 1. This section
analyzes the effect on DFIG variables and current through the power electronic converter if
a fault occurs for 150|ms|, and the DFIG is not equipped with Zero Voltage Ride Through

Capability.

Figure 6.8 shows the voltage across the stator terminals of the DFIG during fault. The three
phase solid ground fault applied at the stator terminals results in a voltage dip of 100%

from 3.15|sec| to 3.3 |sec| as observed in Figure 6.8.

Voltage across the DFIG stator windings
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Figure 6.8. Voltage across the Stator Windings of the DFIG during Fault

Figure 6.9 shows the currents through the DFIG stator windings during fault. As shown in
Figure 6.9, the stator current amplitude increases to about 4.15 times the rated value and to

about 3.25 times after the fault has been cleared due to voltage dip of 100% at the stator
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terminals as shown in Figure 6.9. Figure 6.9 is similar to the Figures 5.6-5.8 on pages (92-

93) obtained through the transient analysis done in Chapter 5 of this thesis.

Currents through the DFIG stator windings
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3 3.05 31 3.15 32 3.25 33 3.35 34 345 35
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Figure 6.9. Currents through the Stator Windings of the DFIG during Fault

Figure 6.10 shows the currents through the DFIG rotor windings during fault. As shown in
Figure 6.10, the rotor current amplitude increases to about 6.15 times the rated value and
due to voltage dip of 100% at the stator terminals as shown in Figure 6.16. It can be
observed in Figure 6.10, the current amplitude of the rotor currents is higher than that of
the stator currents. The currents through the Rotor Side Converter (RSC) are same as the
currents through rotor windings of the DFIG. Since the power electronic equipment cannot

handle such high currents and expensive, they need to be protected.

Figure 6.10 is similar to the Figures 5.9-5.11 in pages (93-94) obtained through the

transient analysis done in Chapter 5 of this thesis.
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Currents through the DFIG rotor windings
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Figure 6.10. Currents through the Rotor Windings of the DFIG during Fault

Figure 6.11 shows the electromagnetic torque of the DIFG during fault. As shown on Figure
6.11, the electromagnetic torque approximately goes to zero during the fault and after the
fault is cleared at 3.3 |sec|, the electromagnetic torque settles down at a slightly different

value from its steady state. Figure 6.11 is similar to the Figure 5.12 shown in Chapter 5,

page 95 of this thesis.
Electromagnetic torque of the DFIG
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Figure 6.11. Electromagnetic Torque of the DFIG during Fault
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6.4. Summary

Grid-connected Doubly Fed Induction Generators (DFIGs) are sensitive to dips in supply
voltage, so-called “grid faults”. Fault ride through systems must be designed to manage the
large and potentially dangerous fault currents in both stator and rotor circuits. However,
DFIG fault response has been only partially or summarily treated in contemporary
literature. A detailed analytical analysis of DFIG wind turbine grid-fault response was

discussed in the thesis.

In order to study the physical behavior of the machine during the time of a fault, the DFIG
model was built analytically using the flux linkage equations. The behavior of the DFIG
currents, variations of flux linkages of the DFIG on d and g-axes, electromagnetic torque and
angular frequency of the rotor during the occurrence of a three phase fault on the stator

terminals of the DFIG were analyzed in detail.

To validate the results obtained using the analytical equations, the DFIG model was
implemented using the Simpowersystems toolbox of Matlab Simulink. The voltage across
the stator windings of the DFIG, currents through the DFIG stator windings and rotor
windings and the electromagnetic torque of the DFIG were obtained for a three phase fault
on the stator terminals of the DFIG. The results of the analytical model and the Simulink

model are presented and several conclusions were drawn from this study.
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6.5. Conclusions

The study of steady state and transient characteristics of the Doubly Fed Induction
Generator (DFIG) resulted in the following conclusions:

Decoupled control of the active and reactive powers of the DFIG is possible as the d-axis and
g-axis components of the rotor voltage component have significant individual effects.

The applied voltage across the rotor windings of the DFIG can shift the DFIG in generating
mode from over-synchronous to under-synchronous speed range.

From the stator phase current (ig,, 4sp, 4sc) graphs, the current amplitudes during the
transient period are about 6 times higher than the corresponding steady state value.

From the rotor three phase current (i, irp, irc) graphs, the current amplitudes during the
transient period are about 8 times higher than corresponding steady state value. Such high
rotor currents can damage the power electronic converters if not disconnected during the

occurrence of a fault.
6.6. Future Work

New grid code requirements as shown in Figure 1.9 are in progress. This means that new
wind turbine installations have to stay connected to the grid for voltage sags above certain
reference sag, i.e. wind turbines have to ride through these voltage sags. Based on the
analysis done, it can be concluded that the only method for improving the capability of grid
Fault Ride Through (FRT) capability is to suppress the changes in the stator flux linkage.
There are two methods to restrain the changes in stator flux, i.e either to implement the

crowbar or to compensate the changes in the stator flux using the proposed methodology.

The crowbar solution is a bypass resistance connected to the rotor windings of the DFIG
through the thyristor. The crowbar firing is triggered by the dc-link voltage which rises due

to the first rotor current peak. When the crowbar is switched on, the converter is separated
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from the rotor circuits, and the system goes to an asynchronous operating mode and

consumes reactive power from the grid.

To suppress the changes in the stator flux during the fault, the following methodology is

proposed:

A reactance with switches across it, i.e., in parallel is included in series with the stator
windings of the DFIG. During the steady state operation of the DFIG, the switches connected
in parallel to the reactance are closed. At the instant when a fault occurs, the rotor side
converter is disconnected from the rotor of the DFIG and is connected to the crowbar, rotor
windings of the DFIG are short circuited and the switches parallel to the reactance are
opened simultaneously. At the moment when the fault has been cleared, switches that short
circuit the rotor winding are turned off, crowbar is disconnected and the rotor side
converter is connected to the rotor of the DFIG, but the switches parallel to the series
reactance still remain open. After a time corresponding to the transient after the fault, the
series reactances are short circuited, i.e., the switches across it are closed. The reactance
parameter and the reactance operation time scenario should be selected such that along the
fault duration and the post fault transient, the over currents magnitude and transient

process to be limited, specifically to be optimized.
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APPENDIX A

The Total Installed Wind Capacity across the United States by the

End of the Year 2010
Texas l 9 727
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Figure A.1. Installed Wind Capacity in different States by 2010

The bar graph shows the wind energy installed in three quarters of 2010 and also the total

installed wind capacity until 2010.

»  From the graph it results that by the end of third quarter of 2010, there were 14
states with over 1,000 |MW| of wind installed and 37 states with some utility-scale
wind installed.

= Oregon took the lead in adding the most capacity in the third quarter, a spot
historically filled by Texas, where the industry now awaits investments in more

electric transmission lines.

=  With 111 [MW| added in the third quarter of 2010, Indiana moved into the top ten

wind power states.
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APPENDIX B

DFIG Machine Model Derivations

B.1 Detailed Explanation of Winding Terminal Voltage and Flux Linkage
Equations in Phase Reference

Winding Terminal Voltage Equations in Phase Reference

v
vl i A [Vs|

[wIlv, = [RLph [l + < [P

Where
[Usa}wl [Ura}lvl [’Lsa'llAI ’ira-llAl
| | I
\% A A
[Vph = ["sb ‘ , [v]iph = rrb ‘ T2 = Voo | 1L = |
Vsc Vrc I.’LSCJ /LI'CJ
0 i)
R, 17 R 1" [sa]"™ [Pra]"
Il Il | | I I I
A A \% V:
[RIZ, R, JRIE, R, ‘ JWINY = (Y| Land [WITH =W
l RSJ | r lw,. lw,.|

Flux Linkage Equations in Phase Reference

v A 1A
[Lp]'sp;' = [L]ssph []|sp|h + [L]srph [’L]Lplh; and

1lA
« [4]15).

[N N 4 1

rrph
Where

Vs

|_| (LSI + Lssm) _0-5 * Lssm _0.5 * Lssm |X|
[L]ssph = | =0.5* Lgsm (le + Lssm) —0.5 * Lggy ,
—0.5*Legy —05%Lgy (Lg+ Lgsm)
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Vs
|E| (Lrl + erm) _0-5 * erm _0.5 * erm |A|
[L]r?ph = [ =05% Ly  (Lg+ Lirm) —0.5xLppy ,
—0.5 % Lypp —0.5*Lyry  (Lyg+ Lyem)

2 2
[L] rsAph = —Lr'; * [T] rs»
s Vs c0S 0" cos(0e1 — 120)°  cos(B,¢ — 240)°
[L]rsAph = _Lr? * [cos(Brel — 240)0 cos erelO coS(Brel — 120)0 , and
cos(Be] — 120)°  cos(B, — 240)° 05 0,¢)"
2] vs)

|

_ T
[L]srph - [L]rsph'
Where the stator leakage, rotor leakage, stator and rotor mutual inductances are defined

below, with P representing the magnetic permeance of the corresponding path.

A S A A 2]
Al _ 2 A Al _ 2 A A — 2 A A — 2 A
Ly = Ng* P o L3 = Nex P oL Legm = Ns * Py Liem = Neox Bl

IVsI |Vs| IVsI
Al _ Al _ A
LA =LA = Ng*xNpx PA.

B.2  Derivation of Windings Terminal Voltage and Flux Linkage Equations in
dqo Reference Frame

DFIG should have the same instantaneous terminal power, the same magnetic energy, and
the same magnetomotive force before and after the transformation. These three conditions

are applied for transforming both stator and rotor phases to dqo reference frame.

Stator
[Tlsy ,[Tlsi, [T]lgy be the transformation matrices for transforming the stator voltages,

currents and flux linkages from stator phase to dqo reference frame respectively, i.e.,

[v]sdq = [T]ev * [v]sph; (B.1)
[’if]sdq = [Tl * [’if]sph' and (B.2)
[Lp]sdq = [Ty * [Lp]sph- (B.3)
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The conservative rules stated above are now imposed.
a) The instantaneous terminal power of the stator windings before and after the

transformation should remain the same, that is

[v]saq * [idsaq = [V]spn * [Elspn. (B.4)
Substituting equation (B.1) and (B.2) into equation (B.4), it results

1,5 # [TI, * [Tlgi * [ilspn = [01h * [lsp, and (B.5)
[Tlsv * [Tlsi = [1]. (B.6)

b) The magnetic energy of the stator windings before and after the transformation should

remain the same, thatis

~[¥]34q * [i)saq = 5 * [lepn * [spn B.7)
Substituting equation (B.2) and (B.3) into equation (B.7), it results

[W15pn * [T15w * [Tsi * [lspn = [¥15pn * []spn, and (B.8)
[Tlsw * Nsa = [1]. (B.9)

c) The air gap magnetomotive force of the stator windings before and after transformation

should remain the same, that is,

Nggisa NocosBOge  Ngcos(Bgep — 120)° N cos(Bge; — 240)° | [igq
Nsqtsq | = |-NgsinBge —Ngsin(Bge — 120)° —Ngsin(Bge — 240)° [’isb . (B.10)
3Nsotso N N N Tsc

Rearranging the above matricial equation (B.10), it results

sq

- /N, N
<Nsd>COS(9de1)0 <

1sd N N
Isq| = <N—S>Sin(—9de1)0 —<N—S

Nsd

5q

N
>sin(9del —~120)° - <—

Nsd

Ngq

)sin(edel — 240)°

N .
—S> cos(B4e — 120)° <—S> c0s(B4e — 240)°

1/ Ns 1/ Ns 1/ Ns
3\ Ny, 3\ Ny, 3\ Ny,
The number of turns of windings on d, q, o axes i.e, Ngg4, Ngq and N, are selected such that

the transformation matrices should be equal, that is
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[T]SV = [T]si = [T]S‘P = [T]s (B.10)

Where
c0s 040  COS(Bge] — 120%)  cos(B4e — 240°)
1], = \E* —s5inBge  —sin(Bger — 120°)  —sin(Bge — 240°) | B.11)
1 1 1
N N V2
[TIs* = [T, (B.12)
w)- ()= () -
—_— ) =) =|—) = 3,
<Nsd qu Nso
Neg = Ngq =\E* N, and Ng, = %*NS. (B.13)

By using set of equations (2.1), (B.1 - B.3), (B.10) and (B.11) it results

[T]s[v]sph = _[T]S[R]Sph [T]s_l[/i']sdq - [T]s%{[T]s_l [‘-P]qu}, that is (B14)

[Wlsaq = —([Tls[Rlspn [T1s)[ilsaq — [Tls [TI5" (5 [Wleaq) — [T]s (5 [T157) [Wlsaq.

(B.15)
d -1

With[Rlsaq = [Tls[Rlspn [TI5% [Tl (5 [TI51) = [Tl = | 1 Wge1, and
Wdel = d?ﬁel-
Substituting equation (B.15) in (B.14), it results as
[v]sdq = _[R]sdq [4’] sdq _% [lp]sdq - [T]sw [Lp]sdq: (B16)
where [T]s[v]sph = _[T]S[R]Sph [T]s_l[/i’]sdq - [T]s%{[T]s_l [lp]sdq}:

1 0 0
[TIs[TIs* = [TL Tl = (1] = [0 1 0],

0 0 1

-1

[Tlsw = [1 ] Wdel- (B.17)
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Rotor
[T].y [Tl [Tlpy be the transformation matrices for transforming the rotor voltages,

currents and flux linkages from phase to dqo reference respectively, i.e.,

[v]rdq = [Tl * [v]rphl (B.18)
[’i]rdq = [T]y = [’L]rph' (B.19)
[Lp]rdq = [T]rp * [Lp]rph- (B.20)

By applying the same conservative requirements for the stator windings that are, a) the
instantaneous terminal power of the rotor windings before and after the transformation
should remain the same b) the magnetic energy of the rotor windings before and after the
transformation should remain the same and c) the air gap magnetomotive force from the
rotor windings before and after transformation should remain the same and imposing the
following condition for the transformation matrices

[T]rv :[T]ri: [T]r‘{’: [T]r- (B.21)
Where

COS(edel - erel) COS(edel - e1rel - 1200) Cos(edel - e1rel - 24‘00)
[T]r = \/é - Sirl(edel - e1rel) _Sin(edel - e1rel - 1200) - Sirl(edel - erel - 2400) ,

1 1 1
vz vz vz
[T];* = [TIL, (B.22)
Ny= N = 2% Noand N,u = =+ N, = |>%—=N (B.23)
rd rq 2 r ro V3 r 3 V2 I .

Using the set of equations (2.2), (B.21) and (B.22) it results

[T][V]epn = ((T1e[Rlepn [TI; D 4lraq + [Tl 3 {ITI7? [Wleaq ) that is (B.24)

[Wlraq = (T]e[Rleph [T [elraq + [ThITIF 5 [Wleaq + [T (5 [TIFY) [Wlraq: (B.25)
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With [R]rdq [T] [ ]rph [T];ll

100 ~1
[T]r[T]r‘1=[I]=[0 1 0],[T]rw= ’1 ](wdel_(*)rel)- (B.26)
00 1

Where the electrical angular frequencies of the d-axis and the rotor are defined as

_ 96gel
Wael = —
de . .
Wre] = d—‘;el. B4el, Orep are the angles shown in Figure 2.3, Chapter 2, page 32.

The rotor winding terminal voltage equation becomes

, d
[v]rdq = _[R]rdq [/L]rdq - a [Lp]rdq - [T]rwlprdq- (B-27)
By applying the derived transformation matrices to flux linkage equations in (B.10) and

(B.20), it is obtained,

2] o
[ = (LI« el + []S;‘dq* [l (B.28)

2] ,
[Wlae = [L1 A, * [k, + [L]rrdq [i]la (B.29)
Where

R, 9] R, 19
Q Q
[Rllq, = R, J[RING, = R :
R R,

-1 ER— -1 1
[T]si/v = Il ] del ’ [T] = Il ] ((Ddel - wrel)ls|;

Vs

Vs -(le + 1-5]-'ssm) "l
[L]lssdlq (le + 1-5]-‘ssm) ’
I le
Vs
Vs| (Lrl + 1-5erm) n
[L]rrdq (Lrl + 1-5erm) ’
Lrl
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Vs
_3p 0
Vs 2 ST Vs Vs
(L] Ial _ 3 (L] Il [L]T'K'
srdq -3 Lgr > L™srdq srdqg:
0
It can be observed that the inductances obtained after the transformation are constant
values.
B.3  Derivation of Windings Terminal Voltage and Flux Linkage Equations
with Rotor Quantities Referred to the Stator
Rotor quantities on rotor dqo axes are referred to the stator dqo axes such to satisfy the
following requirements:
a) The mmf of the new rotor currents referred to the stator must be the same as the
actual mmf
b) The rotor’s terminal instantaneous power to remain unchanged
c) The rotor’s winding magnetic energy to remain the same

The new rotor quantities referred to the stator are temporarily marked with prime. On

what follows are imposed the above requirements

Nsd ’L;d Nrq ird
a) qu ’Lll‘q = qu ’i'rq , (B.30)
3Ngo| lito 3N,o] Lo

Nrd
o/ N .
Trd [ sd ] I/er‘
NI‘O

Y Nrq ,
Trq| = N_sq Trq (B.31)
ilo iro
NSO
[/’:];"dq = [Tlnsr [/i’]rdq' (B.32)
Nrda
]
Nrq
[Tlnsr = N_sq . (B.33)
Nro
NSO
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b) [V]raq [i)iaq = [V1Taq [ilraq.

With equations (B.32) and (B.34), it results

[W]raq[TInsr [ilraq = [V174q [lraqr

Wligg = [Tl Wlrag-

1 ,T

©) - [Wliaqlilraq =

1 .
2 [lp] qu [’l’] rdq

Similarly to condition b), it results as

[Lp],rdq = [T]Itlér [Lp]rdq-

[ﬁ

Where [T]xl, =

Nrq -i

Nrq '
NSOJ

NI‘O

(B.34)

(B.35)

(B.36)

(B.37)

(B.38)

(B.39)

For the new rotor quantities referred to the stator, the terminal voltage and flux linkage

equations are defined on what follows:

Using equations (B.27) and (B.39), results as

[TIN: [VIrag = [TINE: [Rlraq [TInsel4)iaq + [TIRE [Tlow[Tlnsr [Plraq +

_ d
[T]N;r dt

Where

[Rlraq = R [TINL [LI[TIRE: = Ry {[TINL2 = R,

Nsd
Nrq

[Tlew = l

N
:

-1 0 Neq
1 ool Nog

{[TInsr}[Wlraq-

Nrdq
[Nsd

Nrq
kj 0O 0 O
NI'O
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[0 k=g

Nrstq
= |NsdgNrg 0 or
quNsd
0 0 0
Since Ngq = Ngq and N4 = Npg it results

-1 0

0
[Tliw = [1 0 0] (Wgel — Wrel) = [Tlrw

0 0 O

By using the set of equations (2.12), (B.40), (B.46) and (B.47), it results

[LP]qu = [L]ssdq [’if]sdq + [L]srdq [T]ltlér [/i’];dq' and

[T]Itlér [Lp]rdq = [T]ltlér [L]rsdq [4’] sdq + [T]ltlér [L]rrdq [T]ltlér [/i’]’rdq'

Where

Nsd

1 - Ns
[L]rsdq = [T]N;r [L]rsdq = Nr:
Nso
Nro
_ E Ngq
[ 2 Npq LSI‘ ]
= _E h ) and
0

[L] ;‘rdq = [T] ltlgr [L] rrdq [T] ltlgr
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(B.42)
(B.43)
(B.44)
(B.45)
Nsd
B
qu
NSO
Nro
(B.46)
2Ly
2
_3 Lq,
2
(B.47)



Nsd

(N—d)2 + (Lyg + 1.5Lypn)

2
= (E:) + (L + 1.5Lppm) . (BA48)
Nso)2
L
(Nm rl |

Finally, matricial form of the flux linkage equations with quantities on dqo reference frame

and the rotor quantities referred to the stator are

[LP]qu = [L]ssdq [’L]sdq + [L]’srdq [’L];«qu and (B'49)
[Lp];‘dq = [L];‘sdq [4’] sdq + [L];‘rdq [’i];‘dq- (BSO)
Comments

2
T : . (N :
The rotor winding’s leakage reactance referred to the stator with the ratio (N—S) , is not
r

affected by the dqo transformation. This can be proved as shown below.

2
2 3 2 2 3
Lg + 1.5Lggm = N§ Prpg1 + ENS:Pmm = N§Pma + E Ns | Pam

= NSZ:Pmsl + Nsdgamm-
SO, le + 1.5Lssm = (le + Lm)

2

3
3 Ny 3 |z Ns 3 3 ,
EN_Lsr= E NsN:Pm = ENs:Pmm= ENS Pom = NggPmum = Lm
rd 3 N
5 r
Neg\? 2 3 3
( : ) + (Lrl + 1-5erm) = _Z (NE?mrl +_ng?mm> = NSZ:Pmrl + _NSZ:Pmm
Nyq Nz 2 2

= (stgamrl) + (std:Pmm) = L,rl + Lm-

B.4  Detailed Derivation of Movement Equations

d
. Pabsorbed = awinternall (B.51)
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. dWma n
(pmec Apmec) + {[v rdq ]rdq Apel.r} + {_[v]qu¢sdq - Apel.s} = Tg +

dWme;itnternal. (B.52)
With

[T s lrdq = BPerr = [P hal T lileaq + (S [Whaa) [ileaa (B53)
[0 Tsqisa = BPets = WTTaq T [ilsaq + {2 [Weaa] [ilsaq (B.54)
dWmagn

at _{( [¥ ]SdCI) [ ]qu + [LP]qu( [ ]sdq) + (% [Lp]rdq) [’i]rdq +

d .,
[¥17aq (5; [raq )}, and (B.55)
IgeomtradI
dWmec.interna 2| do,
—mecinternal — jKem®, o — (B.56)

Substituting the equations (B.51 - B.56) into equation (B.52) and rearranging, it results

(Prec — APmed)™ + [T V115 H il ™ + [91Tq (110w [ilraq =

IgeomtradI
Kgm?2! d(‘)r s
JIKe W —
Where
w [Vs| 1< A .
P = T YT, Y i+ 91T [T il

Substituting the matrices on the right hand side of the above equation using the definitions
in Section B.2, the equations of electromagnetic power and torque (Pgj, and Tgjy,) in actual

units are obtained as

elrad

wi| _ | IAI
Pom = (1=, LA (isqirq — isqira) »and
|elrad| v
S
INm| _ (A-S)og 7l NV
Telm - Igeomrad| Lm (’Lsd’l'rq _’qu’er) .
w S

r
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Above equations are converted to |rpu| according to Section 2.3.6, Chapter 2, page 36 and

are defined as below,

[rpul _ [rpu| y[rpu| (-|rpu| :|rpul :Irpu| - |rpul

Pom = (1—5) wgel Lm 1sq  trq — %tsq g ) and
iUl = (g _ gy @del ™ jirpul (Irpul lrpul _ jlrpul lrpul
elm o Irpul m sd rq sq rd :
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APPENDIX C

BACK-to-BACK CONVERTER MODEL DERIVATIONS

Detailed Explanation of the Matricial Equations
The expansion of the matricial equations of the rectifier and inverter of the back-back

converter (4.1 - 4.4) on Chapter 4, Section 4.1.1, page 67 are as follows:

, d4
VUga = Rgrec’Loa + Lgrec d(;a + Voa (C.1)
. digp
Vgh = Rgrec’Lob + LgrecT + Vob, (C.2)
_ . digc
Vgec = Rgrec’('oc + Lgrec at + Voc- (C.3)

This can be combined as

d’ioa"l
Vga Rgrec 1oa Lgrec | ddt Voa
. 1ob
Vb | = Rgrec Tob| t+ Lgrec d_i + |Vob|, (C.4)
(% 1 .
&¢ Rgrec Toc Lgrec dioc Voc
dt
where
1 .
[ EAmovdc Sln(wot + O(O) ]
Voa 1 2T
VUop | = EAmovdc sin (u)ot + 0y — ?) , (C.5)
Voc 1 . 2T
EAmovdc sin ((oot + oy + ?)

= —Ryinvia—Lriny 22 + C.6
Ura = rinv%ia rinv dt Via, ( . )

= —Ryinviib—Lriny 22 + C.7
Urp = rinv%ib rinv ~ g¢ Vib, ( . )

= —Ryinyic—Lriny ¢ 4+ C8
Urc = rinvtic rinv dt Vic ( . )

diia
Ura _Rrinv ’Lia _Lrinv d(/iit Via
. 'b .
Urp| = —Rriny tip| + —Lyinv d_lt + |Vib|. (C.9)
Yre —Ryinv] Mic —Lrinv I-%J Vic
dt

127



Where

1 .
. [ SAmivacsin(wit+ o) |
1a
[vib] = |2 Amivac sin (ooit +oy — 2?") . (C.10)
Vic 2T

1 .
EAmivdc sin (mit + o5 + ?)

The voltage across the dc-link capacitor as explained in Chapter 4, Section 4.1.2 on page 68

dvgc , . . ) ) )
C—4 = (Sy40a + Szob + S3toc) = (Sadia + Ssiib + Sedic)- (C.11)

Where S4, S,, S3, S4, S5, Sg symbolically describe the converters switching states.

Derivation of the Back-to-Back Converter Equations in dqo Reference Frame
Grid-Side Converter Equations

The Transformation matrices [T]grecv, [T]greci are defined such that

Uga vgd
[T]grecv [vgb] = [ngI; (C.12)
Vgc Vgo
Voa Vod
[Tlgrecv [Vob| = |Voql|, (C.13)
Voc Voo
’i'oa /LOd
And [T]greci 1ob| = Toq |- (C.19)
/LOC ’i'oo

Taking into consideration for the model to be conservative, and applying the conditions

mentioned in APPENDIX B, the transformation matrix results as
[T] grecv — [T] greci — [T] grec

Cos(edrec) COs(edrec - 1200) COs(edrec - 2400)

[T]grec = \/é * | Sin(edrec) _Sin(edrec_lzoo) - Sin(edrec - 2400) , (C.15)
1 1 1
vz N V2
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where

Odrec = f(*)drec + Odrec- (C.16)

Using equations (C12-C.16) it results

vgd
[T] _rlec vgq] =
Vgo
Rgrec 1od
Rgrec [T] grlec Toq| +
Rgrec oo
Lgrec q 1od Vod
Lgrec dt [T] grlec Toq [T]grlec Voq |, (C.17)
Lgrec ’ioo Voo
where
diog
d 4| _1 |diog d _1
€ [T] grec /L.Oq = [T] grec | "¢ + [T] grec g ([T] grec)- (C.13)
Too Qoo
dt

-1
Considering [T]greci([T]grlec) = Wqrec [1 ] in equation (C.18) and

substituting it in equation (C.17), the equation (4.5) shown on page 68, Section 4.1.2,

Chapter 4, results as

-d/iod-
Vgd Rgrec 1od Lgrec d/cl}t
[ (o]
[vgq Rgrec Toq| + Lgrec dtq +
D, .
g0 R oo L .
grec grec d’('oo
L dt
_Lgrecwdrec ’iod Vod
Lgrec®Wdrec Toq| + |Voq|- (C.19)
1oo Voo
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Rotor-Side Converter Equations

The Transformation matrices [T] invy, [T]rinvi are defined such that

Trinvv [vrb] [UI‘QI; (C.20)
1ig 1ig
Tlrinvi [ €b| = | %ia ). (C21)
1ic ’Lio
Via Vid
Tlrinvy [Vib| = [Viq]|- (C.22)
Vic Vio

Taking into consideration for the model to be conservative, and by applying the conditions

mentioned in APPENDIX B, the transformation matrix result as

[T]rinvv = [T]rinvi = [T]rinw
cos(Bginy)  €0S(Bginy — 120°)  cos(Bginy — 240°)
(Tl = ﬁ —sin(Bginy)  —SiN(Bginy—=120°) —sin(Oaimy —240°) [ (c23)
1 1 1
vz NG NG
Bdinv = f(*)dinv + Odiny- (C.24)
Hence,
VUrd
[T];i}lv Urq =
Vro
_Rrinv /I:’id
—Rrinv [T];&w ig| +
—Rriny tio
_Lrinv d 1ig Viq
~Lriny — | [Tliny [#ia | | + [Tl |Vial, (C.25)
—Lyinv Lo Vio
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[d’iid

1iq ddt 1iq
d — . _ 4 . d _
and a [T] I‘i:IlIV /Liq = [T] ri%lv d_tq + [T] rinv /I’iq a ([T] ri%lv)' (C26)
’i'io % /i’io
dt

-1

With [T]rinvi([T]r_i}w) = Wginy [ 1 ] in equation (C.26) and substituting in

equation (C.25) explanation of the equation (4.6), shown on page 68, Section 4.1.12, Chapter

4, results as

VUrd
Urq| =
Vro

R1rinv 1id Lrinv d(/iit
i iq
- R1rinv /qu - Lrinv dt I_
Rrinv] [tio Lrinv [diioJ
dt
—Lrinv®Wdinv tid Viq
Lyinv®diny Liq | + | Viq |- (C.27)
/i’io Vio

DC-Link Capacitor
As stated on [30], the dc-link voltage across the capacitor in dqo reference frame results as

. . . 3 . . .

Sl’Loa + SZ’Lob + S3’Loc = ZAmo(’Lod COS(O(mo - 0(drec) + Toq Sln(O(mo - 0(drec)): (C-28)
. . . 3 . . .

Satia + Ssiip + Setic = ZAmi(’Lid cos(Ctmi — Adiny) + Fiq SIN(Ami — Aginy)),  (C.29)

dvgc . . , , . .
C% = (S140a t Sziob + S3toc) — (Satia + Ssiip + Seiic)- (C.30)
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APPENDIX D

Range of Values attained by DFIG Variables

Table D.1. Range of Values Attained by the DFIG Variables

Pdelbys Is Ir slip | Vr Phivr Pabsbyr | Qabsbr | Pdeltot | Qdeltot
Qdelbys
Sim -0.2 | 0.2092 -1785 -0.2898 -0.5558 0.1061 0.1822
Is<1 | tols . -164.8 -0.00613 -0.08216 | 1.7777 2.0561
Pdedbys>0 | For 0.2611
Qdelbys>0 | s< 0.40 | -0.1 | 0.1022 -177.8 -0.1373 -0.2779 0.09476 0.1411
0.75 0.1298 -163.7 0.005236 | -0.04108 | 1.624 1.778
2.38 0 | 0.002016 | -86.87 0.001264 10" 0.08339 Qdelbys
0.01189 -14.38 0.02829 1.472
0.1 | 0.1053 -3.619 0.0134 0.04108 0.07202 0.01747
0.1394 12.35 0.181 0.2779 1.323 1.264
0.2 | 0.2102 -1.627 0.2914 0.08216 0.0605 -0.06505
0.2725 13.26 0.3338 0.5558 1.176 1.027
Inc less | -0.2 | 0.1519 -178.9 -0.2908 -0.1209 0.115 -1.689
with | mag 0.2041 -164.4 -0.01582 -0.0789 1.791 0.02093
mag -0.1 | 0.07267 -178.4 -0.1395 -0.06987 | 0.1092 -1.594
0.10 0.1008 -163.6 -0.003583 | 0.09447 1.639 -0.03954
Pdedbys>0
Qdelbys<0 | 0.141 0 | 0.000521 | 0.591 0.0002252 10" 0.997 Qdelbys
1.97 2 85.13 0.01947 1.488
0.009
212 0.1 0.07724 0.5194 0.1024 -0.09447 | 0.08976 -1.447
0.1128 21.86 0.1695 0.06046 1.337 -0.119
02 | 0.1534 0.7831 0.02025 -0.1889 0.0777 -1.394
0.2184 20.9 0.3228 0.1209 1.185 -0.138
-0.2 | 0.2099 170.1 0.02292 -0.5536 -1.823 0.1082
0.2695 179.9 0.3228 -0.08201 | -0.1339 2.054
0.141 | 040 | -0.1 | 0.1034 172.2 0.01176 -0.2768 -1.676 0.141
Pdedbys<0 0.1378 179.8 0.1755 -0.04101 | -0.1252 1.777
Qdelbys>0 238 79 [ 0002015 | -165.24 0.0008122 10® | 1528 Qdelbys
212 0.0118 -93.29 0.02828 -0.1115
0.1 | 0.1004 -16.92 -0.1357 0.04101 -1.381 0.01855
0.1298 -2.09 0.0797 0.2768 -0.108 1.264
0.2 | 0.2076 -15.48 -0.2637 0.08201 -1.234 -0.06289
0.2594 -1.695 -0.000651 | 0.5536 -0.08569 | 1.027
0.2 | 0.1528 159.8 0.0202 -0.1188 -1.809 -1.689
0.2147 179.3 0.3140 0.1891 -0.1202 0.01877
0.10 | -0.1 | 0.07689 158.8 0.0102 -0.05938 | -1.664 -1.595
0.141 0.1111 179.5 0.1667 0.09454 -0.1102 -0.04062
Pdedbys<0 0 | 0.000516 | 179.2 0.00022 10 -1.512 Qdelbys
Qdelbys<0 0.009864 | 95.49 0.019 -0.1002
212 |1 197 | 01 0.07035 -16.66 -0.1367 -0.01891 | -1.363 -1.446
0.1006 4.062 -0.000842 | 0.05938 -0.0924 -0.1189
0.2 | 0.1498 -17.77 -0.2854 -0.1891 -1.221 -1.392
0.2018 1.704 -0.00947 0.1188 -0.08025 | -0.1379
Where

Is, Ir represent magnitude of phase currents through the DFIG stator and rotor windings

respectively, and Vr is the magnitude of voltage across the DFIG rotor windings.
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APPENDIX E

MATLAB/SIMULINK Block Parameters

Transmission Line Block

The transmission line block represented in Figure 6.2 is a m-equivalent circuit for

transmission line of 30 [km|. The parameters of the block are as below,

Positive sequence resistance in Ohms/km
Positive sequence inductance in H/km

Positive sequence capacitance in F/km

Transformer at the DFIG Wind Turbine
Configuration

Nominal power and frequency [Sn(VA),fn(Hz)]
Winding 1 parameters [V1, R1(pu), L1(pu)]
Winding 2 parameters [V2, R2(pu), L2(pu)]
Magnetization resistance Rm(pu)

Magnetization inductance Lm(pu)

Transformer at the Grid

Configuration

Nominal power and frequency [Sn(VA),fn(Hz)]
Winding 1 parameters [V1,R1(pu), L1(pu)]
Winding 2 parameters [V2, R2(pu), L2(pu)]
Magnetization resistance Rm(pu)

Magnetization inductance Lm(pu)
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0.2145 |Q/km |

0.0018067 |H/km |

3.399*10~7 |F/km |

Delta, Yg

3*3.16e"6 |VA|, 60 |Hz|

25e3 |V|, 0.025/30 |pu], 0.025|pu|
1000 |V], 0.025/30 |pu], 0.025 |pu]|
500 |pu]

inf

Yg, Delta

47e"6 |VA|, 60 |Hz|

120e”3 |V|, 0.08/30 |pu|, 0.08 |pu|
25e”73 |V], 0.08/30 |pu], 0.08 |pu]
500 |pu]

500 |pu]



DFIG Wind Turbine

Generator data for 1 wind turbine

Nom. power, L-L volt.[Pn (VA), Vs_nom, Vr_nom ] 3e6|VA| 1000|V] 400|V|
Frequency fn (Hz) 60[Hz|
Stator [Rs,Lls] (p.u.) 0.006067|pu],0.07034|pu]|
Rotor [Rr’, LIr’] (p.u.) 0.005 |pu], 0.1034|pu]|
Magnetization inductance Lm (p.u.) 3.4734 |pu|

Inertia constant, friction factor, and pairs of poles [ H(s) F(p.u.)
p]

1.35|s|, 0.01|pu]|, 2

Initial conditions [s th ias ibs ics phaseas phasebs phasecs] [0.0233,0 0,0,0 0,0,0]

Converters data for 1 wind turbine

Grid-side converter maximum current (pu of generator nominal current)
Nominal DC bus voltage (V)

DC bus capacitor (F)

Line filter capacitor (Q=50) (var)

Turbine data for 1 wind turbine

Nominal mechanical output power (W)
Wind speed at nominal speed and at Cp max
(between 6 m/s and 30 m/s)

Initial wind speed (m/s)

Drive train data for 1 wind turbine

Wind turbine inertia constant H (s)

Shaft spring constant refer to high-speed shaft (pu of nominal mechanical
torque/rad)

Shaft mutual damping (pu of nominal mechanical torque/pu dw)
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0.3 |pu]
1,680 |V|
10000e”-6|F|

120e3 |V|

36 |VA|

15|m/s|

15|m/s]|

6.32[s|

1.11

1.5



Turbine initial speed (pu of nominal speed

Initial output torque (pu of nominal mechanical torque)

Control parameters for 1 wind turbine

DC bus voltage regulator gains [Kyyqc, Kivacl

Grid-side converter current regulator
[Kpgscr Kigsc]

Speed regulator gains [Kpspeed, Kispeedl

Rotor-side converter current regulator gains
[Kprscr Kirsc]

Var regulator gains [Kq, Kiq]
Pitch angle gain [Kp]

Active power compensation

[Kpcomp: Kicomp]
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1|pu|

1|pu|

[8, 400]

[0.83, 5]

3, 0.6]

[0.6, 8]

[5,0.1]
[150]

[3, 30]





