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ABSTRACT
Michael Moore, Jr. M.S. The University of Memphis. August 2015. Transient Stability
Improvement of a PMSG Based Wind Generator By Series Dynamic Braking Resistor. Major
Professor: Dr. Mohd. Hasan Ali.
The dynamic braking resistor is one of the effective methods to enhance the transient
stability of the power grid system. In this work, in order to improve the transient stbaility of a
permanent magnet synchronous generator (PMSG) based variable speed wind generator
system, the series dynamic braking resistor model is proposed, and its performance is
evaluated. This evaluation is made in terms of the number of components used, heat loss, and
cost. The effectiveness of the proposed methodology is tested through Matlab/ Simulink
simulations considering both temporary and permanent faults in the considered power system.
These faults can be classified as single-line-to-ground (1LG) and three-lines-to-ground (3LG).
From the simulation results it can be concuded that the proposed braking resistor model is an
effective method for improving the transient stability of a PMSG based wind generator system.
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I. INTRODUCTION
Wind turbines convert kinetic energy in the wind into mechanical power. A generator
can convert this mechanical power into the electricity that powers homes, businesses, schools,
etc. Wind plants or farms emit no air pollutants or greenhouse gases, unlike conventional
power plants [1]. To minimize the environmental impact on conventional plants, renewable
energy like that of wind is integrated into power systems to make that possible. A report given
by GWEC exclaims that about 12% of the total electricity demand of the world can be supplied
by wind energy by 2020 [1]. That is approximately 5 years from now.
With the increased interest and integration of renewable energies into the grid, technical
issues and challenges of voltage regulation, power quality problems and stability have also
elevated. Power quality has become an important metric to power engineers. It is an essential
customer-focused benchmark and is greatly affected by the operation of a distribution and
transmission network. Power quality is closely related to the wind turbine system. With over
28,000 wind generating turbines successfully operating around the world, power quality has
begun to increase its effectiveness and prominence. All the fluctuations in wind speed are
transmitted as fluctuations in mechanical torque and electrical power on the grid. This leads to
large voltage fluctuations in the fixed-speed wind turbine operation [3]. Usually wind turbines
produce a continuous variable output power during normal operations. These variations are
mainly caused by turbulence, wind shear, tower-shadow and control methods in the power
system. By these causes it is imperative that the network be prepared for these fluctuations.
With respect to the wind generation, transmission and distribution networks, power quality
issues can be referenced [1][3].
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These power quality issues include, but are not limited to voltage sag, swells, flicker
and harmonics. Mitigation methods along with stability control of the wind generator are
included in the composition of the system. The induction generator with its robustness and
inherent cost advantages is connected directly to the grid as a wind energy conversion system
[4]. This method is by far the simplest. In its simplicity the trade-off of this method is that the
induction generator needs reactive power (Q) for magnetization. When applied as a variable
speed component, absorbed reactive power and terminal voltage are affected significantly. A
control scheme is needed for normal wind energy generation operation [5].
Wind power is approaching an increased level of penetration. The inclusion of power
electronics within present wind turbines provide great control capabilities and have become the
main trend of wind turbine/wind farm concepts. This continues to be the variable-speed
operating method where the grid connectivity is partially or holistically realized through a
power electronic interface [6]. For some time, the variable-speed wind turbine topology that
was widely used was the doubly-fed induction generator wind turbine equipped with a partialscale power converter. However, variable-speed wind turbines equipped with a synchronous
generator and full-scale converter have gained an increased market share in the modern
industry [1][6][7]. There is an anticipation that these two variable-speed wind turbine concepts
will continue their competition in the market. These two concepts come stocked with their
own weaker and stronger features. Accurate modeling and control of these wind turbine
concepts have an increasing high priority in the research activities all over the world. At this
juncture, there exists a substantial amount of documentation on the doubly-fed induction
generator (DFIG) wind turbine. The documentation of a permanent magnet synchronous
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generator with a full scale power converter leaves something to be desired. This study seeks to
contribute to the emerging library of the PMSG.
This work primarily addresses one particular topology of wind turbines with
synchronous generator, namely the direct-driven variable-speed wind turbine driving a multipole permanent magnet synchronous generator (PMSG) and full-scale power converter. This
concept, deemed to be more attractive by wind turbine manufacturers, is plausible for real
power (MW) class wind turbines. This model is also more suitable for applications in large
onshore and offshore wind farms [8][9]. Usually, wind turbine generators operate best at high
speeds and require step-up gearboxes. As the gearbox is very expensive and needs a lot of
maintenance, the idea of gearless wind energy system has gained interest in the recent years,
especially for offshore applications, where a low maintenance solution is an ideal option. This
is where a direct-driven system would thrive. A direct-driven generator connected to the grid
through a full-scale converter can operate at very low speeds, typically between 10 and 25 rpm
for wind turbines in the MW range [1][6][8].
Such a low shaft speed operation however is generally a drawback for electric
generators. This contributes to the fact that a high torque is needed to produce the required
power. Traditionally generators cannot be used or have to be developed specifically for this
application. To provide the high torque, direct-driven generators must be designed with a large
rotor diameter and a high number of poles to get suitable frequency ratio [2]. As multi-pole
induction generators would require a large amount of magnetizing current than conventional
asynchronous generators, resulting in poor power factors, the only possible solution for directdriven wind turbine generators is the multi-pole synchronous generator. It provides its own
magnetization by of the rotor which also cuts systemic and operating costs [8].
3

In this work, a general model for the representation of variable speed wind turbines in
power system dynamics simulation is presented. The model has been developed to facilitate
the investigation of the impact of large amounts of wind turbines on the behavior of an electric
power system. Power systems simulation software is used to study this subject. Therefore, the
level of detail of the model derived here is similar to the level of detail of models of other
generation equipment in power systems simulation software. This enables the integration of
the model in these programs as is shown by simulation results.
The goal of the work is to develop a general model to represent the most important
variable-speed wind turbine concepts in power system dynamics simulations. In this concept, a
direct drive permanent magnet synchronous generator is used, which is grid coupled through a
diode rectifier and voltage source converter or through a back-to-back voltage source
converter. The derived model can also be used to represent the variable-speed wind turbine
concept of a squirrel cage induction generator, grid coupled through a back-to-back voltage
source converter, which is, however, not used very much in practice and will therefore not be
mentioned further.
Detailed descriptions of these concepts can be found in textbooks on wind energy, e.g.,
keeping in mind that our goal is to derive a model that can be used in power system dynamics
simulations, it should be possible to easily integrate the developed model into power system
dynamics simulation software packages. To make this possible, a number of requirements have
to be presented on the model:
•

The wind turbine model should have a level of detail similar to the models of
the other system components (i.e., only the subsystems that determine the
behavior in frequency range of interest should be incorporated in the model).
4

•

The wind turbine model should be characterized by a minimum number of
parameters.

•

Integration of the wind turbine model should not lead the need for a smaller
simulation time step.

•

The wind turbine model should only contain fundamental harmonic components
of current and voltage, because transients and harmonics are not taken into
account power system dynamics simulations [10][11].

It is anticipated that these two variable-speed wind turbine concepts
will continue to compete in the market, each with its own weaker and stronger features.
Accurate modeling and control of these wind turbine concepts have therefore high priority in
the research activities all over the world. At the moment, substantial documentation exists on
modeling and control issues for the doubly-fed induction generator (DFIG) wind turbine. But
this is not the case for wind turbines with synchronous generator and full-scale power
converter.
A direct-driven generator connected to the grid through a full-scale
converter can operate at very low speeds, typically 10–25 rpm for wind turbines in the MW
range [11]. However, such a low shaft speed operation is generally a drawback for electric
generators, owing to the fact that a high torque is needed to produce the required power.
Standard generators can therefore not be used, and generators have to be developed
specifically for this application. In order to provide the high torque, direct driven generators
must be designed with a large rotor diameter and a high number of poles to get suitable
frequency ratio [1]. As multi-pole asynchronous generators would require a too large
magnetizing current (i.e., poorer power factors) than conventional asynchronous generators
5

[8], the only possible solution for direct-driven wind turbine generators is the multi-pole
synchronous generator, as it provides its own magnetization via the rotor.
A multi-pole synchronous generator can either be electrically excited or with
permanent magnets. The German wind turbine manufacturer ENERCON produces variablespeed wind turbines with multi-pole synchronous generator with electrical excitation.
According to [9], this concept has been on the market for a while and the trends indicate that it
will still be very competitive in the future.
The described comprehensive model consists of a PMSG model, a two-mass model of
the mechanical system and a full-scale frequency converter model. The control system
embraces the wind turbine controller itself (i.e., pitch angle controller) and an alternative
control design of the converter [12]. The latter is based on a proper coordination between a
damping controller, a generator-side converter controller and a grid-side converter controller.
The damping controller is designed to actively damp the torsional oscillations in the drive-train
whenever the system is excited by mechanical or electrical load changes. A multi-pole PMSG
wind turbine with full-scale converter has no inherent damping, and therefore, the absence of
any damping measure might lead to self-excitation, high mechanical stress of the drive-train
and even instability [13]. In a traditional control strategy, the generator-side converter is used
to control the power how to/from the grid, while the grid-side converter is used to control the
DC link voltage and the power factor. In [14], an alternative control is proposed, where the
control function of each converter is reversed, namely the generator-side converter maintains
the DC link voltage and the stator voltage constant, while the grid-side converter controls
independently the active and reactive powers on the grid.
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The present investigation focuses on the use of the PMSGs as direct-driven wind
turbine generators. A gearless wind turbine application with have the advantages of high
efficiency due to increased pole numbers and the absence of the DC excitation system of the
conventional synchronous generator. Meanwhile, the disadvantages of PMSGs are that
excitation cannot be controlled and that they are more expensive. In this work, the attention is
placed on the simulation and control features of a variable-speed multi-pole PMSG wind
turbine concept for normal operation conditions and conditions during fault. While operating
in fault, there will be a transient stability study governed by a series dynamic braking resistor
(SDBR). A dynamic simulation model and a control system are developed and implemented in
the power system simulation software MATLAB/Simulink.

A. Background Study for Various Technology Applications in Wind Energy
Over the year plethora of methods has been adopted for safe and reliable operation of
power systems. In recent times, the focus of study has been on renewable energy sources like
wind, and lots of research and study have gone into solving the problem of successful
integration of WECS system into the existing grid. Pitch control method was one of the most
embryonic technologies used as long as control of wind turbines is concerned. Torque
fluctuation of wind rotor and unbalanced load is caused due to irregular force of the wind rotor
on the rotation plane due to presence of wind shear, tower shadow and other factors. Blade
element theory is used to build the dynamic aerodynamic model of three-blade wind turbine
applied to individual pitch control, and in accordance with wind model the wind rotor torque is
simulated [10]. In [12] pitch control in terms of variable speed wind turbine is used. In this
work a system has been considered by the authors who can generate maximum energy while
minimizing loads. Maximization of energy is done based mostly on a static basis and drive
7

train loads are considered as a constraint. Also in [15] a fuzzy logic pitch angle controller is
developed. They have designed the fuzzy controller and compared it with the conventional
pitch angle control. Fuzzy logic control is especially helpful in systems which contain strong
non-linearity, such as wind turbulence is strong, or the control objectives where fatigue loads
are considered. In [16] pitch control is used to enhance the fault ride through capability. In this
work, it has been proved that an amalgamation of mechanical and electrical controllers design
helps improve the fault ride through capability. In previous works it has already been
established that pitch control provides good stability in terms of adverse conditions and for
high value of speed. In [17] a new approach for control of the pitch angle of the wind turbine is
represented in an unstable and noisy circumstance. It is established that with the help of the
proposed control system the output power of the wind turbine can be efficiently controlled.
This method amends the stability of the wind turbine as well as helps with the improvement
the regulation of the output power.
Also in [16] a control strategy based on average wind speed and standard deviation
of wind speed and pitch angle control using a generalized predictive control in all operating
regions for a WTG is dealt with. For smoothing the power output and to measure its cost
effectiveness, the work [18] has mentioned a novel approach for the study. In [19] a study has
been done on variable speed wind generators, and the effectiveness of the pitch control in both
the cases has been studied. The variable speed wind turbine is based on Permanent Magnet
Synchronous Generator (PMSG). The energy efficiency of the variable-speed wind turbines is
widely improved relative to that with fixed speed wind turbines.
STATCOM is another solid FACTS device for reactive power control used is in its
various forms. In [20], the author exhibited how a STATCOM scheme could improve the
8

power quality of a grid-connected wind energy conversion system using.an isolated threephase IG with fixed frequency and controllable output voltage using a three-phase fourswitch STATCOM with space vector modulation (SVM) switching method has been shown. A
squirrel-cage three-phase induction machine is used with two separate windings on the stator
by a star connection. In [21], the performance of the wind turbine and thereby power quality is
assessed on the norms followed according to the guidelines specified in IEC-61400
(International Electro-technical Commission). These are measured according to
national/international guidelines. The existence of power quality problem due to installation of
wind turbines with the grid is clearly mentioned here. The STATCOM is connected at a point
of common connection (PCC) as a proposed method to rectify the power quality problems.
A distribution static synchronous compensator (D-STATCOM) is used for operation
and control for power quality improvement in an induction machine-based distributed
generation because these kind of generators have poor voltage regulation specially, during
peak load conditions [22]. Using D-STATCOM as voltage controller helps improve the overall
voltage regulation of the distribution system significantly.
The SDBR concept aims to contribute directly to the balance of active power during a
fault, thus displacing or eliminating the need for pitch control. It does this by dynamically
inserting a resistor in the generation circuit, increasing the voltage at the terminals of the
generator and thereby mitigating the destabilizing depression of electrical torque and power
during the fault period.
The general schematic arrangement of SDBR is shown in Fig. 1.
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Fig. 1: SDBR Schematic Arrangement
SDBR is shown located between the wind turbine(s) and the grid in Fig. 1. The actual position
of the device within a particular wind farm topology will depend on the space available to
install it and the relative cost of switching at low, medium, and high voltage. The bypass
switch could be mechanical, allowing multi-cycle response and discrete control, or static,
allowing sub-cycle response and smoothly variable control. This paper focuses on single-stage
mechanical switching as the lowest cost and least complex option with potential to strongly
contribute to FRT compliance of FSWTs.
SDBR would operate with its switch closed under normal conditions, bypassing the
braking resistor. Voltage depression below a selected set-point would lead to nearinstantaneous tripping of the switch. Current would then flow through the inserted resistor for
the period of the fault and the initial post-fault recovery. When voltage recovered above a
minimum reference level, the switch would close and the circuit would be restored to its
normal state. During the short insertion period, the energy would be dissipated in the resistor,
raising its temperature. The resistor would be selected according to the limiting temperature of
its resistive elements and the maximum energy dissipated during the insertion period.
Previous DBR topologies proposed by Wu [23] and Freitus [24] for wind farm stability
have a shunt-connected topology, in the manner previously applied to improve transmission
10

and synchronous generator stability [25], [26]. The distinctive advantage of series-SDBR over
shunt-DBR is derived from the fact that its effect is related to current magnitude rather
than voltage magnitude. SDBR is therefore most effective during the combined high
generation, low residual voltage conditions that are most onerous for FRT. The effect is shown
schematically in Fig. 2.

Fig. 2: Conceptual benefit of SBDR under fault conditions.
Fig. 2 shows how generated power is transferred across the wind farm system, while excess
dynamic power is stored in its drive train and heat is dissipated by SDBR. The effect on stator
voltage is illustrated by the phasor diagram of Fig. 3.

Fig. 3: Phasor diagram showing the effect of SDBR on stator voltage.
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It can be seen from Fig. 3 that stator voltage, Vs, is increased in magnitude by the
voltage, iRsdbr, across SDBR. Since mechanical torque is proportional to the square of the
stator voltage of an induction machine, it can be inferred that the presence of SDBR will
increase the mechanical power extracted from the drive train and therefore reduce its speed
excursion during a voltage dip. This effect would improve the post-fault recovery of a wind
farm system. Fig. 3 also shows the limiting beneficial case (dotted phasors) at very low power
factor when SDBR has no effect on stator voltage magnitude.

12

II. WIND ENERGY CONVERSION SYSTEMS
There are different types of wind generators available in the market. Based on the
rotational speed there are two types of wind generators. One is the fixed speed wind generator
and the other is the variable speed wind generator. In this section both types of generators are
discussed and then a few examples and references are discussed explaining the differences
between these types of generators and what kind of technologies have been used in reference
to both the generators.
A. Components of Wind Turbine
A typical wind turbine involves a set of rotor blades rotating around a hub. The hub is
connected to a gearbox and a generator, located inside the nacelle which houses the electrical
components. The basic components of a wind turbine system are shown in Figs. 4 and 5 [27].
The Nacelle: A nacelle is a cover housing for all of the generating components in a wind
turbine, including the generator, gearbox, drive train, and brake assembly. It also has a
direction monitor and yaw mechanism.
Rotor Blades: Diameter of the rotor blades are the most important part in a wind turbine
because the longer they are the more they will sweep and they can squeeze more power out of
the air. But their design and materials used are also very important.
Gearboxes and drives: Most wind turbines use a gear box whose function is to increase the
rotational speed of the blades up to the level of speed of the generator installed. Research is
currently going on about how to get rid of the gear boxes and have the power electronic
interface of drives installed to minimize certain effects of change in wind speed.
Brake: - Brakes are used before and after the gear box (as shown in Figs. 4 and 5). They are
there in case of emergencies and in case the speed of the turbine blades gets out of control.
13

Controller: - Controller is usually used to start and stop the turbine below and above a certain
level of the wind speed. In case the wind speed is too low as well as there is a wind gust, wind
turbine is stopped. Right now usually it stops below 8-14 miles per hour (3.5 m/s -6.25 m/s) or
above 55 miles per hour (24.6 m/s).

Fig. 4: Horizontal Axis Wind Turbine Components.
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Fig. 5: Horizontal Axis Wind Turbine Components.
B. Types of Wind Turbines
1) Wind Turbines Based on Orientation of Rotational Axis
There are two types of wind turbines based on the orientation of rotational axis:
vertical axis and horizontal axis [1].
a) Vertical Axis Wind Turbine:
Vertical-axis wind turbines (VAWTs) are a type of wind turbine where the main rotor
shaft is set vertically and the main components are located at the base of the turbine as shown
in Figure 6. Among the advantages of this arrangement are that generators and gearboxes can
be placed close to the ground, which makes these components easier to service and repair, and
that VAWTs do not need to be pointed into the wind. Also a yaw mechanism is not needed to
turn the motor against the wind [28].
Major drawbacks for the early designs included the pulsatory torque that can be
produced during each revolution and the huge bending moments on the blades. Another
disadvantage is wind speed is very low on the lower part of the turbine which is closer to the
ground.
15

Fig. 6: Vertical Axis Wind Turbine.
Vertical-axis wind turbines (VAWTs) are a type of wind turbine where the main rotor
shaft is set vertically and the main components are located at the base of the turbine as shown
in Fig. 6. Among the advantages of this arrangement are that generators and gearboxes can be
placed close to the ground, which makes these components easier to service and repair, and
that VAWTs do not need to be pointed into the wind. Also a yaw mechanism is not needed to
turn the motor against the wind [28].
Major drawbacks for the early designs included the pulsatory torque that can be
produced during each revolution and the huge bending moments on the blades. Another
16

disadvantage is wind speed is very low on the lower part of the turbine which is closer to the
ground.
b) Horizontal Axis Wind Turbine
Horizontal-axis wind turbines (HAWT) have the main rotor shaft and electrical
generator at the top of a tower, and must be pointed into the wind. Small turbines are pointed
by a simple wind vane, while large turbines generally use a wind sensor coupled with a servo
motor. Most have a gearbox, which converts the slow rotation of the blades into a faster
rotation that is more suitable to drive an electrical generator [29]. Since a tower
produces turbulence behind it, the turbine is usually positioned upwind of its supporting tower.
Turbine blades are stiff to prevent the blades from being pushed into the tower by high winds.
Downwind machines have been built, despite the problem of turbulence (mast wake),
because they don't need an additional mechanism for keeping them in line with the wind, and
because in high winds the blades can be allowed to bend which reduces their swept area and
thus their wind resistance. Since cyclical (that is repetitive) turbulence may lead
to fatigue failures, most HAWTs are of upwind design [1].
2) Wind Turbines Based on Power Scale
Small Scale Wind Turbine: - Their range is 0.025 KW to 110 KW. Mean wind speed
range is between 2.5-4.0 m/s [30].
Medium Scale Wind Turbine: - Range is from 10KW to 100 KW. Speed range is 4 to 5
m/s [30].
Large Scale Wind Turbine: - Mean Speed is more than 5 m/s and output power is more
than 100KW to MW range [30].
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3) Wind Turbines Based On Location
a) On Shore Wind Turbine
Onshore turbine installations in hilly or mountainous regions tend to be on ridgelines
generally three kilometers or more inland from the nearest shoreline. This is done to exploit
the topographic acceleration as the wind accelerates over a ridge. The exact position of each
turbines matters, because a difference of 30m could potentially double output. This careful
placement is referred to as 'micro-siting'. One such example is shown in Fig. 3 in Oregon.
Advantages of onshore wind farms as compared to offshore wind turbines:
i.

Cheaper foundations.

ii.

Cheaper integration with the electrical-grid network;

iii.

Cheaper installation and access during the construction phase

iv.

Cheaper and easier access for operation and maintenance.

Disadvantages of onshore wind farms as compared to offshore wind turbines:i.

Objections based on their negative visual impact or noise.

ii.

Restrictions associated with obstructions (buildings, mountains, etc.).

iii.

Land-use disputes or limited availability of lands.

Hence there is another form of installation called offshore wind turbine discussed in
next section.

18

Fig. 7: The Shepherds Flat Wind Farm is a 845 megawatt (MW) wind farm in Oregon.
b) Offshore Wind Turbine
Offshore wind power refers to the construction of wind farms in bodies of water to
generate electricity from wind. Studies have shown that in some cases offshore wind turbine
location may be a better option rather than other location on land. However, offshore wind
farms are relatively expensive [31]. Fig. 8 shows one such example of off shore installation
near Copenhagen, Denmark.
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Fig. 8: Offshore wind turbines near Copenhagen.

Advantages of Offshore wind turbine are:
i.

Higher and more constant wind speeds.

ii.

Offshore wind turbines sometimes have higher efficiencies because of more
possibility of more wind speeds.

Transporting the large components of wind turbines is much easier on ships, as
they handle heavy loads far better than trucks or trains.

Disadvantages of Offshore wind turbines:
i.

The main disadvantage is that construction costs are high. The cost of building
an offshore wind turbine can be twice as much as one on land of equal capacity.

ii.

Maintenance is also very difficult in offshore wind turbines.
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C. Wind Turbines Based on Type of Generator
1) Fixed Speed Wind Generator
In fixed speed WECS the speed is determined by calculating the generator’s pole
number, slip, frequency and gear ratio. Even though the generator is supposed to be fixed,
wind speed is always varying. Although the variable wind speed does not affect the rotor
speed, it definitely affects the electromagnetic torque and the electric output power. Hence it
becomes very important to optimize the whole system by using auxiliary control means which
increases the complexity and the related costs. The commonly used fixed speed wind turbine
system is shown in Fig. 9.

Fig. 9: Fixed speed wind energy conversion system
The power is usually limited by applying pitch control system. A soft starter is used in
some cases to limit the value of high inrush current that may damage the machine. Gear box is
used to increase the low speed from the turbine to make it up to speed required by the
generator. The compensating capacitors are connected at the terminal of the IG to supply IG
reactive power needed. IG absorbs reactive power from the system and supplies active power.
Capacitors supply the required reactive power needed by the IG for its optimum operation. All
21

these solutions amalgamated with IG low cost and rugged construction make fixed speed wind
generator a very attractive solution. But due to its limitation of not utilizing the variable nature
of the wind, it is hindered of not extracting as much as energy from the wind as a variable
speed generator does.
2) Variable Speed Wind Generator
In the early 90's most wind turbines were operating at fixed speed. The rotor speed of
the turbine is fixed at a determined speed issued by the nominal frequency of the power grid
that the turbine is connected to. The generator design and the gear ratio enables the rotor to
operate at this fixed speed for variable wind speeds. A wind turbine with a generator which
operates at variable speeds connected to the grid via a full-scale frequency converter is far
superior to fixed speed topologies. It provides reactive power compensation resulting in a
smoother grid connection [32]. As of late, the variable speed wind generator has been gaining
popularity because of its ability to track the changes in wind speed. The variable speed wind
generator uses different types of generators for example, synchronous generator (SG), Doubly
Fed Induction Generator (DFIG), Permanent Magnet Synchronous Generators or Machines
(PMSG or PMSM).
Fig. 10 shows a wind energy conversion system that is using a PMSM as the generator.
In the figure above we can clearly see a power electronic interface between the generator and
the grid. The generator side power electronics are commonly known as an AC to DC inverter
or a rectifier. The capacitor stationed between the generator and the grid power electronics is
termed the DC Link capacitor. Grid connected power electronics are called DC to AC
converter or voltage source converter [33]. These types of electronic converters will have some
extra losses in power conversion, but provide better performance.
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Fig. 10: Wind Energy Conversion System Using PMSM

Synchronous generators (SG) are widely used in standalone wind energy systems. To
ensure continuation of the power, back to back pulse width modulation (PWM) voltage source
inverters are interfaced between the synchronous generator and the grid [1]. The advantage of
using multi pole synchronous generator is that it can avoid the installation of the gearbox, but
there will be a massive increase in the weight of the machine.
But the most modern appreciated solution is employing the permanent magnet
synchronous generators as it gives a huge advantage to the small wind turbine industry. It has
gained traction in research and usage in wind farms, both off and onshore. There is some
uneasiness due to the extra weight of the PMSG but the trade off is its superior efficiency and
its ability to operate independently of a gearbox. These two attributes make this method very
attractive to researchers and the power industry.
D. Permanent Magnet Synchronous Generator
1) Introduction
In this study, a permanent magnet synchronous generator which is used as a variable
speed type of wind generator. With numerous advantages, PMSG systems represent an
important trend in development of wind power applications. Extracting maximum power from
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wind and feeding the grid with high-quality electricity are two main objectives for wind energy
conversion systems (WECS). To realize these objectives the AC-to-DC-to-AC converter is one
of the best topologies for WECS. Variable speed wind turbines using a PMSG equipped with
full-scale back to back converters are very promising and suitable for application on large wind
farms [1][19]. A synchronous generator is a type of AC electrical generator that uses external
excitation to produce power. The PMSG operates by the excitation being provided by
permanent magnets instead of a coil which eliminates rotor copper losses. These generators do
not require DC supply for the excitation circuit. The magnets are housed in the rotor and the
stator is connected to the proposed load. PMSGs are useful in applications such as mini hydro
power plants, can be coupled with wind turbines, diesel generators and used for hybrid
vehicles.
2) Principle of Operation
The described comprehensive model consists of a PMSG model, a two-mass model of
the mechanical system and a full-scale frequency converter model. The control system
embraces the wind turbine controller itself (i.e., pitch angle controller) and an alternative
control design of the converter. The latter is based on a proper coordination between a
damping controller, a generator-side converter controller and a grid-side converter controller.
The damping controller is designed to actively damp the torsional oscillations in the drive-train
whenever the system is excited by mechanical or electrical load changes. A multi-pole PMSG
wind turbine with full-scale converter has no inherent damping, and therefore, the absence of
any damping measure might lead to self-excitation, high mechanical stress of the drive-train
and even instability. In a traditional control strategy, the generator-side converter is used to
control the power flow to/from the grid, while the grid-side converter is used to control the DC
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link voltage and the power factor [34]. In this work, an alternative control is proposed, where
the control function of each converter is reversed, namely the generator-side converter
maintains the DC link voltage and the stator voltage constant, while the grid-side converter
controls independently the active and reactive powers on the grid.
A multiple synchronous generator connected to a power converter can operate at low
speeds so hat a gear can be omitted. Since a gearbox causes higher weight, losses, cost and
demands maintenance, a gearless construction represents an efficient and robust solution.
Moreover, due to the permanent magnet excitation of the DC excitation system can be
eliminated reducing again weigh, losses, cost and maintenance requirements [35]. The
efficiency of a PMSG wind turbine is thus assessed to be higher when compared to other
concepts. However, the disadvantages of the permanent magnet excitation are still high costs
for permanent magnet materials and a fixed excitation, which cannot be changed according to
the operational one.
A full scale IGBT back to back voltage source converter, as indicated in Fig. 1, by
which the generator is connected to the power grid, allows full controllability of the system.
Due to the intensified grid codes, wind turbines with a full-scale power convert might be
favored in future operations to wind turbine concepts with the doubly fed induction generator.
The control of the PMSG wind turbine is realized by a coordinated control comprises
the generator side converter control and the grid sided converter control, while the wind
turbine controls contains the blade angle control.
Direct drive wind turbines, characterized as high efficient and low maintenance
solutions, offer high potentials for future applications. In order to eliminate the gearbox, the
generator must be built for low speed operation (max 15-20 rpm). Synchronous machines are
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the only option for low speed wind turbine applications. In a synchronous generator, the
magnetic field is provided by the rotor excitation. In case of a permanent magnet synchronous
generator, the DC excitation system can be eliminated, which entails a reduction of losses and
the omission of slip rings and thus maintenance. If a surface mounted PMSG is used, the
magnetic flux distribution in the rotor is approximately sinusoidal. With this assumption, the
flux can entirely be described by a vector and thus the electromotive force E induced in the
stator by the permanent magnet flux
speed of the generator

gen.

PM.

The internal voltage E depends on the actual rotor

Under load conditions, the stator current Is and the stator reactance

Xh also cause a magnetic field, which is superimposed to the field of the rotor. The voltage
drop over the machine's reactance Xh provokes a phase delay (the load angle delta) between
the internal voltage E and the stator voltage Us, which are equal only for no load.
PMSG are normally not equipped with a damper winding. In the case when the PMSG
is connected to a frequency converter, which provides a variable stator frequency according to
the actual rotor speed, no relative movement between stator and rotor field exists, which could
induce a voltage in the damper winding. The PMSG connected to a frequency converter is
therefore a system without inherent damping. Thus, no transient or subtransient reactances, as
known for wound rotor SGs can be defined for PMSG [2].
The power converter control is divided into 2 controllers: a control for the generator
side converter and a control for the grid side converter. While the grid side converter must be
an active inverter, since it converts the DC link voltage to the AC grid voltage with fixed
frequency of the power system, the generator side converter can optionally consist of passive
elements as IGBTs or GTOs. However, the best utilization and controllability of a PMSG can
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be achieved if an active inverter is also used at the generator side, e.g., an IGBT voltage source
converter [2][6][10].
Successful operation of a power system depends largely on the engineers ability to
provide reliable and uninterrupted service to the consumers [4]. In other words, the power
system operator must maintain a very high standard of continuous electrical service. In [4],
power system stability may be defined as the property of the system that enables the
synchronous machines of the system to respond to a disturbance from a normal operating
condition to return to a condition were their operation is again normal. Instability in a power
system may be manifested in many different ways depending on the system configuration and
operating mode. Traditionally, the stability problem has been one of maintaining synchronous
operation.
As explained in [36], the perermanent magnet synchronous generators and motors
produce electrical power when their rotor speed is the same or in synch with the synchronous
speed. For a typical four-pole motor (two pairs of poles on the rotor) operating on a 60 Hz
electrical grid, synchronous speed is 1800 rotations per minute. The same four-pole motor
operating on a 50 Hz grid will have a synchronous speed of 1500 RPM. In generator operation,
a prime mover (turbine, engine) drives the rotor to synchronous speed. The stator flux still
induces currents in the rotor, but since the opposing rotor flux is now cutting the stator coils, an
active current is produced in stator coils, and the motor now operates as a generator, sending
power back to the electrical grid.
In the majority of designs the rotating assembly in the center of the generator—the
"rotor"—contains the magnet, and the "stator" is the stationary armature that is electrically
connected to a load. A set of three conductors makes up the armature winding in standard
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utility equipment, constituting three phases of a power circuit that correspond to the three
wires we are accustomed to see on transmission lines. The phases are wound such that they are
120 degrees apart spatially on the stator, providing for a uniform force or torque on the
generator rotor. The uniformity of the torque arises because the magnetic fields resulting from
the induced currents in the three conductors of the armature winding combine spatially in such
a way as to resemble the magnetic field of a single, rotating magnet. This stator magnetic field
or "stator field" appears as a steady rotating field and spins at the same frequency as the rotor
when the rotor contains a single dipole magnetic field. The two fields move in "synchronicity"
and maintain a fixed position relative to each other as they spin.
They are known as synchronous generators because of the frequency of the induced
voltage in the stator (armature conductors) conventionally measured in hertz, is directly
proportional to RPM, the rotation rate of the rotor usually given in revolutions per minute (or
angular speed). If the rotor windings are arranged in such a way as to produce the effect of
more than two magnetic poles, then each physical revolution of the rotor results in more
magnetic poles moving past the armature windings. Each passing of a north and south pole
corresponds to a complete "cycle" of a magnet field oscillation. Therefore, the constant of
proportionality is

, where P is the number of magnetic rotor poles (almost always an even

number), and the factor of 120 comes from 60 seconds per minute and two poles of a single
magnet; f (Hz) =

.

In a permanent magnet generator, the magnetic field of the rotor is produced by
permanent magnets. Other types of generators use electromagnets to produce a magnetic field
in a rotor winding. The direct current in the rotor field winding is fed through a slip-ring
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assembly or provided by a brushless exciter on the same shaft. In a permanent magnet
generator, the magnetic field of the rotor is produced by permanent magnets.
Permanent magnet generators do not require a DC supply for the excitation circuit, nor
do they have slip rings and contact brushes. However, large permanent magnets are costly
which restricts the economic rating of the machine. The flux density of high performance
permanent magnets is limited. The air gap flux is not controllable, so the voltage of the
machine cannot be easily regulated. A persistent magnetic field imposes safety issues during
assembly, field service or repair. High performance permanent magnets, themselves, have
structural and thermal issues. Torque current MMF vectorially combines with the persistent
flux of permanent magnets, which leads to higher air-gap flux density and eventually, core
saturation. In this permanent magnet alternators the speed is directly proportional to the output
voltage of the alternator [22].
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III. MODEL OF WIND TURBINE SYSTEM
For performing the simulations and carrying out the experiment, a system is needed. A
wind turbine equation also needs to be chosen from few of the equations present right now in
the literature [1][5].
The modeling of wind turbine rotor is complicated. According to the blade element
theory [37], modeling of blade and shaft needs complicated and lengthy computations.
Moreover, it also needs detailed and accurate information about rotor geometry. For that
reason, considering only the electrical behavior of the system, a simplified method of modeling
of the wind turbine blade and shaft is normally used. In general, the mathematical relation for
the mechanical power extraction from the wind can be expressed as follows [38]:
=0.5* * *R2* Vw 3*Cp ( , )

(1)

Where,
is the extracted power from the wind.
is the air density [kg/m3]
R is the blade radius [m]
Vw is the wind velocity [m/s]
Cp is the power coefficient which is a function of both tip speed ratio, , and blade
pitch angle,

[deg].

There are few other equations right now, for example [40]
(2)
Where,
= Torque in N-m.
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= the air density [kg/m3]
A=

, R is the blade length in meter.

Cp = Performance coefficient of the turbine.
Cp ( , ) = 0.5176(
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More in depth discussions about the eqs. 3 and 4 and different parameters associated with it
can be found in [1], [39] and[40].
In another set of examples the basic equation is the same as mentioned in equation I.
But the power coefficient, Cp is calculated in a different way as follows:
Cp ( , ) = 0.73(
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- 0.58 - 0.002+
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(6)

More discussion on eqs. 5 and 6 and other parameters and details of calculations can be found
in [1], [41] and [42].
In this work, however, the MOD-2 model [8], [43] is considered. This is because of the fact
that MOD-2 equation is one of the basic and earliest equations used.
Cp - / characteristics for the MOD-2 equation, is represented by the following equations
and shown in Fig. 11:
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(7)
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Cp =

* '( '
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5

Where 6 7 is the rotational speed [rad/s].

Fig. 11: Cp – Curves for different pitch angles.
Here in this work all the modeling has been done using eqs. 1, 7 and 8.
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(8)

IV. POWER SYSTEM STABILITY AND ITS CLASSIFICATION
With the integration of non-renewable power plants and the expansion of existing
power grid system, the necessity to maintain the power system stability increases,
especially in terms of transient stability. The stabilization of transient stability helps in
maintaining the continuous power supply, as well as the transmission of bulk power
through the long transmission lines without adding new transmission line.
A. Basic Concepts of Power System Stability
Power system stability is broadly defined as the property of the power system that
enables the system to remain in a state of operating equilibrium after being subjected to a
disturbance [22]. Instability in a power system is manifested in many different ways depending on the system configuration and operating mode. Traditionally, the stability problem
has been one of maintaining synchronous operation. Since power systems rely on synchronous
machines for generation of electrical power, a necessary condition for satisfactory system
operation is that all synchronous machines remain in synchronism or, colloquially, “in-step”.
This aspect of stability is influenced the dynamics of generator rotor angles and power-angle
relationships. Instability may also be encountered without loss of synchronism such as the
collapse of load voltage due to induction motor load fed by a synchronous generator. This
chapter describes the basic concepts and problems of power system stability [16].
The stability is a condition of equilibrium between two opposing forces namely the
mechanical input power and the electrical output power. The electrically connected
synchronous machines try to maintain the synchronism by the restoring forces acting
between them. When there is any fault in the system, due to opening of circuit breakers,
power supply to some of the loads is interrupted. This results in the decrease in the
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electrical power, but the mechanical power input to the system remains the same. This
mismatch results in the increase in the speed of the synchronous generators in terms of
accelerating power. This leads to the instability of the system.
The transient disturbances occurring in the system could be continuous change in
load, the transmission line faults, the sudden drop in large load from the system, or switching
of the large induction machines, etc. Depending upon the disturbances occurring, the
measures are taken to maintain the stability and the synchronism of the power grid system.
The understanding of stability problems is greatly facilitated by the classification of stability
into various categories.
B. Classification Of Power System Stability
The classification of power system stability is needed to analyze and study the
stability problems properly. The classification of power system proposed in [22] is based on
the following considerations:
a) The physical nature of the resulting mode of instability as indicated by the main
system variable in which instability can be observed.
b) The size of the disturbance considered which influences the method of calculation
and prediction.
c) The devices, processes and the time span that must be taken into consideration in
order to assess stability.
The power system stability is broadly classified as rotor angle stability, frequency
stability and voltage stability. The complete classification of power system stability, suggested
in [22], is shown in Fig. 12. The disturbances occurring in the system may cause the instability
of the system and the interruption of power supply to the consumers. As a direct correlation,
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interruptions will adversely affect the customer experience as well as affecting the bottom line
of plant and company economy. Instability is greatly dependant upon the system's
configuration and operating modes.

Power Sytem Stablity

Rotor Angle

Small
Disturbance
Angle Stability

Frequency

Transient
Stability

Large
Disturbance
Voltage Stability

Short Term

Short Term

Voltage

Short Term

Long Term

Fig. 12: Classifcation of Power System Stability
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C. Transient Stability
Transient stability is related to the ability of the power system to maintain synchronism
when subjected to severe disturbance, such as short circuit on transmission line, sudden loss of
a large load, etc. It depends on both the initial operating state of the system and the severity of
the disturbance [44]. Various control strategies to improve the transient stability are discussed
in [35]. This literature indicates that the measures to improve the transient stability depend on
transient stability limit and critical clearing time of the power grid system. The transient
stability limit refers to the maximum flow of power possible through a point in the system
without the loss of stability when a sudden disturbance occurs.
The critical clearing time is the maximum time between the fault initiation and its
clearing such that the power system is transiently stable. This includes relay and breaker
operating times and possibly the time elapsed for the trip signal to reach the other end breaker.
Clearing times are in the range of a few power frequency cycles in modern power systems
employing high-speed circuit breakers (1-cycle breakers are in service) and solid-state relays.
relays.
Methods to improve the transient stability can be classified under four categories as
mentioned below:
i) Minimization of disturbance severity and duration
ii) Increase in forces restoring synchronism
iii) Reduction of accelerating torque by reducing input mechanical power
iv) Reduction of accelerating torque by applying artificial load
The recovery of a power system subjected to a severe large disturbance is of interest to
system planners and operators. Typically the system must be designed and operated in such a
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way that a specified number of credible contingencies do not result in failure of quality and
continuity of power supply to the loads. These calls for accurate calculation of the system
dynamic behavior, which includes the electro-mechanical dynamic characteristics of the
rotating machines, generator controls, SVC, loads, protective systems and other controls. The
commonly known methods to enhance the transient stability of a system are as follows:
a) High-speed fault clearing
b) Reduction of transmission system impedance
c) Shunt compensation
d) Dynamic braking
e) Reactor switching
f) Independent and single-pole switching
g) Fast-valving of steam systems
h) Generator tripping
i) Controlled separation
j) High-speed excitation systems
k) Discontinuous excitation control
l) Control of high voltage direct current (HVDC) links
Transient stability analysis can be used for dynamic analysis over time periods from
few seconds to few minutes depending on the time constants of the dynamic phenomenon
modeled. The insertion of braking resistor is an effective measure to improve the transient
stability of the system.
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V. MODEL SYSTEM
A. PMSG
The model of the PMSG is developed from the 2-phase synchronous reference from in
which the q-axis is 90° ahead of the d-axis with respect to the direction of rotation. The
synchronization between the dq-rotating reference frame and the abc-3-phase frame is
maintained by a PLL (phase-lock-loop) [45]. The electrical model of the PMSG in the
synchronous reference frame is given in 9a & 9b,
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where subscripts 'd' and 'q' refer to the physical quantities that have been transformed into the
dq-synchronous rotating reference frame; R is the armature resistance; @A is the angular
velocity of the rotor; p is the number of pole pairs; is the amplitude of the flux induced by the
permanent magnets of the rotor in the stator phases. Ld and Lq are the d and q-axis inductances
respectively; E8

IJ8 EC

are the d and q-axis voltages.

The Lq and Ld inductances represent the relation between the phase inductance and the
rotor position due to the saliency of the rotor. For example, the inductance measured between
phase a and b (phase c is left open) is given by:
M

Lab = Ld + Lq + (Lq - Ld)cos(2KL > N )

(10)

The electromagnetic torque Te is given by:
Te = 1.5p[ iq + (Ld - Lq)idiq]
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(11)

A rotor PMSG was used in this work which assumes that there is no variation in the phase
inductances. This translates to Lq = Ld, therefore:
<FP

(12)

Te = 1.5p iq

(13)
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Figs. 13 and 14 exhibits the equivalent circuits of the permanent magnet synchronous
generator on the dq-rotating reference frame. The counter electric potential of the q-ax is
Eq =

and the d-axis counter electric potential Ed = 0. This framework of the PMSM that is

the basis for the machine that was used in MATLAB Simscape to execute this study. The
parameter for the permanent magnet synchronous generator are shown in Table 1.
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Fig. 13: Q-axis equivalent circuit.
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Fig. 14: D-axis equivalent circuit.
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The configuration of the system can be referenced in Fig. 10 with a direct PWM
AC/DC/AC system. This voltage is filtered and then stepped up to be transmitted to be used by
the grid. This transmission system is a 2-wire circuit complete with 3-phase circuit breakers for
isolation during faults. This circuit is filtered before it is finally made available to be utilized
by the grid. The grid is modeled as an infinite bus [2][6].

TABLE I
GENERATOR PARAMETERS
Rated Power

2 MW

Stator Resistance

0.08

Rated Voltage

4.5 KVRMS

d-axis Inductance

0.334 H

Pole Pairs

60

q-axis Inductance

0.217 H

Inertia

34 MJ

Flux Linkage

136.73 Wb

B. Braking Resistor Control Strategy
In this work, the series dynamic braking resistances of 150

for 1LG and 300

for

3LG were used for wind generator stabilization.Inital calculations can be attributed to the
works in [17], [23], and [46] with the reference of [47]. Further tuning of the SDBR system
afforded the values mentioned above. The BR concept aims to contribute directly to the
balance of active power during a fault [1][26]. It can be done by dynamically inserting a
resistor in the generation circuit, increasing the voltage at the terminals of the generator and
thereby mitigating the destabilizing depression of electrical torque and power during the fault
period. The location of the BR is shown in Fig 15.
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Fig. 15: SDBR Control Scheme

The BR would operate with its parallel switch closed under normal conditions,
bypassing the braking resistor. Voltage depression below selected set-point would lead to nearinstantaneous tripping of the switch. Current would then flow through the inserted resistor
dissipating power. The proposed braking resistor would remain in the circuit as long as the
terminal voltage of the wind generator is below a threshold value. When the wind generator
system becomes stable, the switch would close and the circuit would be restored to its normal
state.
According to the proposed method if the difference in voltage is positive then the
bypass switch is open. If the difference in voltage is negative or zero, then the bypass switch is
closed. In the case of the conventional braking resistor, it is considered that the resistor would
remain in the circuit for a fixed period of 3 seconds following the fault. This fixed period is
determined by trial and error in order to obtain the optimal performance of the system. The
simulation results are displayed in Chapter VI.
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VI. SIMULATION RESULTS AND DISCUSSION
The simulation in this work is implemented using MATLAB Simulink. The evalutation
came in two phase which inturn contains two cases: An unbalanced fault (1LG or single line to
ground) and a balanced fault (3LG or three phase to ground). These events or cases an be
categorized as the most common or least severe (1LG) and the less common and most severe
(3LG). This spectrum provides a range of faults to have a more accurate assessment of just
how valuable the SDBR implementation is to this system. The simulation time was 15 secs
with 1 s steps. The fault occurs at 7.1 s and the circuit breaker opens at 7.2 s. The fault
dissipates at 7.6s while and the circuit breaker recloses optimally at 8.2 s, providing sufficient
time for the fault to clear. It can also be assumed that the circuit breaker clears the line when
the current through it crosses the zero level.
Fig. 16 is a depiction of the system as it reaches stead state, a few minutes short of the
fault. This acts as a reference to show the overall health of the system before fault analyses.
Figs. 17 - 22 exhibit the the responses of the PMSG terminal voltage, its real power and speed
as the system is evaluated under fault condition with no control (No SDBR), under a balanced
fault (3LG) and under an unbalanced fault (1LG). Figs. 23-26.

Fig. 16: Terminal Voltage, Current & Power Approaching Steady State.
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show the responses of the converter DC voltage and current under those same fault conditions.
Fig. 27 displays the power absorption of the SDBR when it is utitlized to mitigate the
respective faults. There is a color legend indicative of the representation of each response.
Evident in each figure, the series dynamic braking resistor is a viable means of relieving the
system instability in the event of a fault, common or otherwise.

Terminal Voltage During An Unbalanced Fault

2.5

NO SDBR
SDBR 1LG

Voltage (pu)

2

1.5

1

0.5

0

0

5

Time (s)

10

Fig. 17: Terminal Voltage During An Unbalanced Fault.
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Terminal Voltage During A Balanced Fault
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Fig. 18: Terminal Voltage During A Balanced Fault.
Real Power During An Unbalanced Fault
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Fig. 19: Real Power During An Unbalanced Fault.
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Real Power During A Balanced Fault
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Fig. 20: Real Power During A Balanced Fault.
Without the braking resistor the real power spikes upwards of 2.8 pu for the unsymmetric fault
and 3.5 pu for the symmetrical fault. With SDBR applied, for both cases it is shown that there
is a decrease in the power spike and the power returning to its steady state condition. This is
key evidence in judging the effectiveness of this method in providing a ride through for the
system during fault. Figs. 17 and 18 give an account of terminal voltage and how the absence
of SDBR causes a interruption of service. The application of the SDBR also provides viable
fault ride through capabilities to prevent that interruption and infuse enough voltage in the
system to establish stability and return to providing quality service to the customer.
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Speed During An Unbalanced Fault
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Fig. 21: Speed During An Unbalanced Fault.
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Fig. 22: Speed During A Balanced Fault.
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DC Link Voltage During An Unbalanced Fault
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Fig. 23: DC Link Voltage During An Unbalanced Fault.
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Fig. 24: DC Link Voltage During A Balanced Fault.
An improvement in the performance of speed and the DC voltage of the converter in
each respective case can also be seen in Figs. 21 - 24. The control of the speed directly affects
voltage and power as they are component to reach stability during various faults. This
relationship can be references by speed being directly proportional to power when discussing
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torque (P =

). The increase in current is also reduced signficantly with the assistance of the

braking resistor shown in Figs. 25 and 26. This proves the SDBR's ability to capture some of
that fault current and reduce the pressure of the system to handle an overbearing increase in
amperage This cushion gives the system the time it needs for full steady state recovery.
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Fig. 25: Current During An Unbalanced Fault.
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Fig. 26: Current During A Balanced Fault.
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Fig. 27: SDBR Power Consumption During An Unbalanced Fault.
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15

All of these benefits are credited to the minimal power consumption of the braking
resistor shown in Figs. 27 and 28. As the worst case senario, the wattage absorbed during a
3LG fault is greater than that of the 1LG, yet the proposed fault ride through method of the
braking resistor performs admiriably through both cases. It has proven to perform well in both
balanced and unbalanced fault conditions. And when its performance is compared to various
other methods it can shown that its power consumption and cost effectiveness makes it a very
attractive option for transient stability cases. Making its presense in this system and the power
industry one worth its weight in ohms.
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VII. CONCLUSION
A. Overall Conclusion
The goal of the work is to develop a general model to represent the variable-speed wind
turbine concepts in power system dynamics simulations to undergo a severe fault, mitigate
transient instability and recover said system to steady state via the proposed SDBR topology.
In the this concept, variable-speed operation is enabled through the use of a PMSG generator,
directly driven, which is grid coupled through a diode rectifier and voltage source converter or
through a back-to-back voltage source converter. This model was placed under a single-lineto-ground (1LG) fault and a three-line-to-ground (3LG) fault, which is considered to be the
worst case scenario. Although it is the least likely of the faults, it is the one that all power
systems should be prepared for. The faults resulted in the instability of the system, causing it to
decrease in efficiency, power quality and service integrity to customers.
It is proven by the figures in the previous section that the SDBR is a solid solution in
the battle of transient instability in the PMSG wind energy conversion system. The SDBR's
ability to inject real power with the help of switches into the system to compensate for the lack
thereof during faults provides the ride-through capability need to sustain the system and usher
it virtually seamlessly into recovery. The cost effective composition of the model makes it an
attractive and reliable device for combating instability within wind farms.
As the PMSG continues to increase in attention and research interest it is the hope of all
who have undertaken a journey towards its understanding and functionality that it reaches the
prominence in the power field that it so deserves. Although some may counter that statement
by citing cost and maintenance of the permanent magnetics, its performance and efficiency
prowess will keep the naysayers at bay. The automotive industry has placed
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them in production. One Tesla Motors make them a staple in the Model S and various of the
models that have revolutionized the industry which has been dominated by gasoline powered
cars for years. With the emergence and exponential success of Tesla and earnest research of
the PMSG, the SDBR will soon find its place as a component of PMSG's versatile capabilities.
B. Future Work
The future of this topic may venture into the comparison of the SDBR and STATCOM
and the evaluation of the SDBR during unsuccessful reclosing of circuit breakers. The braking
resistor method has the ability to consume active power and stabilize the overall system as has
been shown in this work. SDBR lacks the ability to minimize power and voltage fluctuations
however. It does haave the capability to provide transient stability during successful reclosing
of circuit brakers. It possesses one of the simplest controller complexities when compared to
several other methodologies. Its simple composition makes it a very cost effective option for
fault ride through.
STATCOM on the other had can control reactive power but cannot control real power.
It has the ability to minimize power and voltage fluctuations. Like SDBR it also supplies
transient stabililty to the system during successful and unsuccessful reclosing of circuit
breakers. Its composition is slightly more complex which translates as a more expensive
option. Although there are trade offs for both the comparison of these two methodologies
would afford the power industry indepth literature to make an informative decision on which
device works best for the respective situation.
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