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Abstract

The development of industrial societies, witnessed a tremendous increase in energy demand

to support socioeconomic development. The worldwide climate change and depleting fossil

fuel are forced humankind to search for an alternate green energy sources. Renewable

energy sources such as biogas/biomass, fuel cells, geothermal, hydro, tidal, solar, wind

energy, etc., are become viable alternatives for power generation. Among them, wind

energy has remained a popular source due to its commercial viability and low carbon

footprint. It is observed that the net power production in the wind energy sector has

undergone steady growth in the recent past.

The power production and efficiency of the wind turbine are mostly influenced by the

airfoil profile and forces acting on the blades, which vary considerably from the aerody-

namic structure. In this context, wind turbines are of two types depending upon their

location, i.e., onshore and offshore. Onshore wind turbines are easily accessible than off-

shore turbines and can be readily connected directly to the local power system. The wind

speed in the onshore environment generally fluctuates due to various reasons, including its

geographical features. Therefore, detailed analysis is necessary to select the appropriate

airfoil shape and wind turbine location to ensure suitable blade structure and availability

of the wind throughout the year.

In this thesis, the aerodynamic characteristics and the flow mechanism are investigated

on two-dimensional (2−D) airfoils at a different angle of attack and changing wind speed.

This work aims to calculate the optimum angle of attack to achieve the desired charac-

teristics of the wind turbine. Here, the aerodynamic simulations are carried out using the

computational fluid dynamics (CFD) techniques based on the finite-volume method. The

governing-equations applied in the aerodynamic simulations are the Reynolds-averaged

Navier-stokes (RANS) equations. The turbulent flow is modeled through the different tur-

bulence models: Shear stress transport k − ω (SST) model, standard k − ǫ (SKE) model,
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and realizable k − ǫ (RKE) model. The aerodynamic characteristics of both airfoils are

used to find the optimum angle of attack.

After selection of appropriate airfoil, there is a need to develop a model for predicting

the aerodynamic performance of the wind turbine. As per the standard IEC 61400-2, the

primary blade design such as the chord length and twist angle of the wind turbines are

calculated using optimal rotor theory. The aerodynamic performance of the wind turbine

is analyzed using the blade element momentum (BEM) approach, including the Prandtl tip

loss correction factor. The numerical computational technique is based on unsteady RANS

equations with turbulence models. The results through simulations are also validated with

the steady-state result obtained through the BEM theory. Since, the computational results

takes significant time, hence, using the steady-state results obtained from BEM theory and

computational results are utilized to propose a model which includes an equivalent second-

order transfer function (TF) and BEM theory to estimate the aerodynamic performances

of the wind turbine.

Presently, the energy generation from wind flow is gaining momentum worldwide due

to the invention of new technologies related to the wind turbine installation. The wind

power generation is observing a significant use of doubly-fed induction generator (DFIG)

due to its improved efficiency, but the converter used in the configuration is sensitive to

the presence of a fault in the grid. This thesis presents a fault ride-through (FRT) con-

figuration, which includes a thyristor-based bridge-type non-superconducting fault current

limiter (ThyBT-NSFCL) augmented with a buck converter. It has been observed that the

proposed topology works fine under a temporary symmetrical fault. The analytical analy-

sis has been carried out to observe the operating principle of the proposed ThyBT-NSFCL

under both normal and fault conditions. The performance of the proposed topology is

quite good, and it can be used as a reliable limiter for future wind energy applications.

The increasing capacity of generation from the wind energy sources has complicated

the operational challenges related to stability, economic operation, etc., of an intercon-

nected power system. Moreover, wind energy-based distributed generation (DG) plays a

vital role in developing a sustainable grid. Due to the intermittent nature of wind energy

source, the power output also poses potential technical challenges to the grid and utilities.
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The technical challenges in the power system are the power quality issues such as voltage

flicker, voltage sag, and swell of the distributed network. To study the influence of wind

energy integration into the network, this thesis has utilized a modified distribution net-

work of IIT Guwahati (MDN-IITG). Finally, the FRT capability of the wind generator is

observed under the presence of FACTS devices in the system.

As power system technology increases the wind power penetration level of new types

of generators in the existing transmission system, it experiences a change in the dynamics

and functional characteristics of the whole system. Therefore, the impact of the wind

power penetration on large-scale power systems stability becomes a crucial issue, hence,

the influence of wind penetration on system dynamic stability needs to be properly in-

vestigated. In this thesis, an approach has been developed to analyze the impact of wind

power penetration of wind power generators such as DFIG system after replacing it with

a conventional synchronous machine of same capacity on the stability of power system in

case of small disturbances. The effectiveness of the DFIG system with a control system

is tested and validated on reduced North Eastern Regional Electricity Board (NEREB)

29-bus Indian power system. The simulation result reveals that integration of the wind

turbine provides poor damping performance and the individual generators are affected un-

der such conditions. From these results it has been concluded that the modern wind power

penetration with power electronics and FRT capability can be integrated to large-scale

power system without losing its stability. Moreover, the effectiveness of the observers has

been verified through simulation study.
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ẍ Structural acceleration

Greek letter

α Angle of attack

αd Design angle of attack

αp Firing angle

β Pitch angle

ηe Efficiency of electrical energy conversion system

ηm Efficiency of mechanical energy conversion system

γ Local twist angle

κ Safety gap

xxxviii

TH-3228_11610226



List of Symbols

λ Tip speed ratio

λd Design tip speed ratio

λr Local tip speed ratio

µ Dynamic viscosity

φ Inflow angle ◦

ψds Stator d−axis flux linkage

ψs Stator flux linkage

ρ Air density kg/m2

σ Leakage factor

σr Blade solidity

τ Shear-stress distribution over the surface of the airfoil

τt Shear-stress distribution on upper surface

τb(sb) Shear-stress distribution on the bottom surface

θe Stator voltage vector angle

θr Rotor position

θsl Slip angle

Υ Sectional pitch angle

ϕ Oriented angle relative to the horizontal axis

ωe Angular frequency of the stator voltage

ωer Rotor speed error

ωn Natural frequency

ωn1 Fundamental natural frequency

ωn2 Second natural frequency

ωnLower Lower bound of natural frequency

ωnUpper Upper bound of natural frequency

ωr Rotor rotational speed

ω∗
r Rotor rotational reference speed

ωt Rotational speed of the turbine

ξ Aerodynamic damping ratio of the wind turbine rotor

xxxix

TH-3228_11610226



List of Symbols

Subscripts

ds, qs denotes d and q−axis of stator quantities in rotating reference frame.

dr, qr denotes d and q−axis of rotor quantities in rotating reference frame.

i, j denotes integers vary from 1 to 4

αs, βs denotes α and β−axis of stator quantities in stationary reference frame.

αr, βr denotes α and β−axis of rotor quantities in stationary reference frame.

xr, yr denotes x and y−axis of rotor quantities in arbitrary rotating reference frame.

xs, ys denotes x and y−axis of stator quantities in arbitrary rotating reference frame.

Superscripts

× denotes complex conjugate.

∗ denotes a commanded or reference quantity.

− denotes a vector.

denotes an error (reference - adjustable).

· denotes a differential operator.

xl

TH-3228_11610226



Glossary

• ac to dc: Converts alternating current into direct current.

• dc to ac: It receives dc voltage input side and converts ac voltage at output side. The output

voltage can controlled by varying the on and off time of the converter switch.

• dc to dc: Converts dc voltage to regulated dc voltage. Regulation can achieved by controlling

the duty ratio.

• Distribution Node: Here distribution node means 11 kV/400 kV system.

• Feeder : It is the main 11 kV line from which many subfeeder is branched.

• Substation: Station means 33 kV distribution substation. This substation is a reduced network

of typical Guwahati city distribution substation.

• Subfeeder : Subfeeder means 11 kV/400 kV line spread across different area of the distribution

network such as residential, office or commercial area.
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1. Introduction

1.1 Introduction

The intense use of fossil fuels to meet the increasing global energy demand over the last few decades

has significantly aggravated the problem of global warming. To mitigate the effect of global warming,

the world should now move towards the use of renewable energy sources such as wind, solar, biomass,

geothermal, small-hydro, tidal, etc., for the environmentally friendly, and sustainable generation of

electric power [5,6]. Among the various available green energy resources, wind energy is considered to

have the least carbon footprint, and hence, widely used globally to produce electricity [7]. It is also

one of the fastest-growing energy technology in the world.

At the end of 2022, the worldwide capacity of wind power generators reached 906 GW, growing

by 77.6 GW over the preceding year. As per the data published by the world wind energy association

(WWEA) and global wind energy council (GWEC), the industries related to wind power generation

can generate 2000 TWh/annum, which is about 7% of worldwide total electricity usage [8, 9].

According to the report published by CEA 2022 [10], the first five leading countries in terms of

installed cumulative wind power capacity are China (365,964 MW), United States (140,862 MW),

Germany (66,315 MW), India (41,930 MW), and Spain (29,308 MW). India still has not utilized

its full wind potential, and it is in the 4th position based on installed capacities among the leading

countries utilizing renewable power [11]. Amongst various renewable energy sources, about 41.10% of

power is produced from wind (CEA Report, 2022) [10]. Fig. 1.1 shows the contribution of power from

various renewable energy sources in India.

 Nuclear

 

 

Fig. 1.1: Contribution of various energy sources.
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It is to be noted that India’s vision is to increase its installed capacity, the target is about 450

GW of renewable energy within 2030, an Ministry of New and Renewable Energy (MNRE) statement

[11]. However, there are numerous wind turbine technologies available in the market for large wind

turbines [12]. But these technologies are not suitable for locations with low wind speed. Hence, there

is a need to design and develop wind turbines that can operate at low speeds. The large numbers

of them can meet the energy requirements of a small town or a village. These small wind turbines

are much affected by terrains and topographies, are found to affect the characteristics of wind flow

significantly [13,14]. Therefore, these scenarios motivate us to pursue a thesis work in the small-scale

wind turbines (SSWT).

The wind energy conversion system (WECS) unit integrated with power system mainly consists

of (a) the wind turbine, (b) a mechanical power transmission device i.e., gearbox, (c) an electric

generator, (d) controller, and (e) an electricity storage and consumers/grid system as shown in Fig.

1.2. The wind turbine can be defined as a rotating machine that converts the kinetic energy of wind

flows movement into mechanical power. With the help of electrical generators, the mechanical energy

is converted into electricity. Generally, the electricity produced through the generators is supplied

directly to the grid system in the grid-connected WECS. However, the generated power from the

WECS can be stored in the battery or supplied to the consumers directly to meet the individuals’

electricity demands.

Consumers/

Grid

Electrical

Generator
GearboxWind Turbine

Controller

Power signal

Control signal

Fig. 1.2: A basic configuration of WECS.

The wind turbine is the most important part of the WECS. They can be broadly categorized

into two groups according to their axis of rotation [15] i.e., vertical-axis wind turbine (VAWT) and

horizontal-axis wind turbine (HAWT). The wind turbines which are rotating about their horizontal

axis are called HAWT, and those that are rotating about the vertical axis are called VAWT. The

VAWT can operate independently of wind direction and are typically small in size, easy to construct,

transport, install, requires low initial and maintenance costs. However, horizontal-axis turbines are
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more popular, as it can produce more power and is also commercially viable for a large population.

These turbines can be installed on land or in the ocean, where a vast area is available with significant

wind flow throughout the year. Therefore, wind turbines can be further classified into two groups

based on their location i.e., onshore wind turbines and offshore wind turbines.

To have a more efficient WECS, it is important to increase the aerodynamic efficiency of the

wind turbine blade. In this regard, the present work attempts to improve the efficiency of the wind

turbine by selecting the optimum geometric parameters of the airfoil profile. Further, computing the

aerodynamic performance evaluation of a wind turbine requires significant time [16], hence, the present

work tries to fit a simple model to the data obtained from these computations. This developed model

can be used for real-time control of the wind turbine.

The variable-speed wind turbine (VSWT) connected generators such as, the doubly-fed induction

generator (DFIG), permanent magnet generator, and synchronous reluctance generator. Among these

generators, the DFIG is most popular due to its low installation cost, high efficiency, and robustness.

Furthermore, the DFIG provides numerous features such as decoupled control of active and reactive

power, variable speed operation within ±30% of slip speed, and converter rating is about 20−30%

of the generator rating, thus significantly lowering the cost of the system [17]. The DFIG system

is observed to be affected by the presence of grid faults, hence, there is a need for a suitable fault

ride-through mechanism for its protection from grid disturbances [18].

The present scenario of large-scale wind farms integration to the grid has a major impact on the

safety, stability, reliability, and security of the power system [19]. Among these issues, maintaining

stability and security are some of the prime concerns during the real-time operation of the grid. To

ensure them, it is important to analyze the steady-state limit violations and stability of the power

system [20].

The aerodynamic performance analysis of wind turbine blades, different types of generators used

in the WECS, different configurations of FCL, and their comparative study are discussed in the

subsequent section.

1.2 Wind Turbine and its Structural Evolution

Historically, the earliest known wind turbines were found in Sistan, the eastern province of Iran,

during 9th century. These machines, then known as windmills, were primarily used for pumping
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water, grinding flour, or driving the machinery [21]. With some changes in the design, these machines

were used to produce electricity in rural areas during the late 19th century. These machines include

multiple numbers of blades. A further major design modification was observed in 1957s when the

Danish engineer Johannes Juul built three blades horizontal axis wind turbines.

The aerodynamics of a wind turbine blade is similar to that of an aircraft wing. The airfoil shape

of the blade creates a difference in velocity on its two sides. Using Bernoulli’s principle, the pressure

of moving fluid decreases when the velocity increases and vice versa. This pressure difference on either

side of the rotor leads to the net lift force that turns the blade. Thus, the power produced by a wind

turbine is given by

P =
1

2
ρatCP v

3
◦ (1.1)

where, ρ is the air density, at is the rotor area, CP is the wind turbine’s efficiency, known as the power

coefficient of the wind turbine, which depends on the blade parameters such as the aerodynamic profile,

chord length, twist angle, pitch angle, tip speed ratio, etc., and v◦ is the velocity of incoming wind.

For an ideal wind turbine, the maximum power coefficient is equal to 59.25%, as proved by German

scientist Albert Betz in the early 1920s [22]. This is the maximum amount of energy that can be extract

from the in-flowing wind, which is hard to achieve in reality due to the losses by the drag and blade

surface roughness [23,24]. Therefore, an actual wind turbine’s power coefficient is around 35 ∼ 40%,

which is evaluated as a function of tip speed ratio, and the blade pitch angle. In general, the pitch

angle is adjusted to maintain power output. The amount of electrical power generated by the turbine

is expressed as

Pe = ηeηmP (1.2)

where, ηe and ηm are the coefficient of electrical and mechanical energy conversion, respectively.

The electrical power produced by a wind turbine as given by (1.1) indicates that a bigger rotor

size produces more power. At present, the World’s largest wind turbine, Haliade-X 12 MW [25], has

a rotor diameter of 220 m. It is a 3−bladed offshore turbine whose first prototype was installed in

Rotterdam port, the Netherlands, in 2019. Fig. 1.3 shows the evolution of wind turbines in terms of

their size and power generation.

In general, the wind turbines rotate with a blade tip speed of around 80 ∼ 90 m/s. As the tip
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st

φ

φ
φ

φ

φ

φ

φ

Fig. 1.3: Historical evolution in size of the wind turbine [1].

speed ratio increases, the wind turbines produce more noise due to friction with the air. Due to this

reason, wind turbines of bigger size, i.e., more than ∼ 50 m (diameter) tend to make noise, which is

prominent in its nearby areas. Further, its efficiency reduces due to the energy loss caused by friction

and blade vibration. This also causes damage to the blade, which requires frequent maintenance.

Hence, vibration control of wind turbine blades is essential in its design to make this technology

commercially viable.

1.3 Generator Configurations of WECS

The WECS can be broadly classified into three major categories based on their operational speed:

1) Fixed speed, 2) Limited speed, and 3) Full variable speed. They are also categorized into five

different types based on the types of generators used in the WECSs. Here, Type–1 considered for

fixed-speed, Type–2 and Type–3 considered for limited speed, and Type–4 and Type–5 considered for

full variable speed. The different types of WECS are summarized in Fig 1.4.

The merits and demerits of the different WECS configuration are as follows:

(i) Fixed Speed System: The construction is reliable, and it has a simple electrical interface.

However, severe stresses are observed on the mechanical parts, which requires additional at-

tention on the safety during design. Moreover, the continuous cut-in and cut-off of capacitors

are required to maintain the power factor, causing undesirable transients in line current and

voltage.
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Types of WECS Configurations

Limited SpeedFixed Speed Full Speed

Type 2- Type 3-Type 1- Type 5-Type 4-

Fig. 1.4: Different type of WECS configurations.

(ii) Limited Speed System: Overall converter cost is reduced since it requires to deliver only

slip power instead of complete machine power. The rotor side converter (RSC) allows positive

and negative power control. It also enables the operation of the machine in sub- and super-

synchronous speed range. Moreover, the reactive power is supplied by DC-link capacitors, and

hence, the power factor control on the stator side is possible. Here, the front end converter

(FEC) works as an active filter that allows the unity power factor of the machine. Finally, it

reduced system losses which improves the overall system efficiency.

(iii) Full Variable Speed System: The mechanical oscillations are absent in the drive-train due

to direct control of torque using techniques like direct torque control (DTC) or field-oriented

control (FOC). The gearbox requirement is absent in the case of a multi-pole synchronous

machine. The converter rating is be equal to the machine rating, as the total generated power

passes through the converter. Here, the super-synchronous operation of the machine is not

possible.

Among the different types of WECS, the present thesis mainly discuss the use of the DFIG system,

which belongs to Type–4 category as shown in Fig 1.4. A brief overview of the DFIG-based WECS is

given in the following subsection.

1.3.1 DFIG-based Wind Turbine System

A generic schematic diagram of a DFIG-based wind turbine system is shown in Fig. 1.5. In

this figure, the back-to-back (B2B) converters of DFIG are referred to as rotor side converter (RSC)

and front-end converter (FEC), respectively. The output of the FEC is connected to the utility grid

through the 3−φ grid filter. The RSC provides independent control of stator active and reactive

powers. The active and reactive power flows between the converter and the grid are controlled by
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FEC by using decoupled control strategy.

IG

Blade

Gearbox

RSC FECDC-link

Transformer

DFIG control system

Pitch Rotor dcv
grid grid,i v

Measured signal

Reference signal

C
ro

w
b

ar

Power signal

Utility

Filter
dcC

Grid

control
system

Speed current
Grid
current

Fig. 1.5: The DFIG-based wind turbine system configuration.

The shaft of the DFIG system is connected to the wind turbine through the gearbox assembly

unit. The turbine speed is controlled to extract maximum energy from the wind. This speed control

of the wind turbine can be achieved through either control of the generated electrical power by the

DFIG or through pitch angle control.

1.4 FRT Capability Enhancement Techniques

The power electronics converters used in the integration of renewable sources into the grid are

severely affected by the presence of grid disturbances. Hence, the use of fault current limiters (FCLs)

plays an important role in the integration of renewable sources into the grid. The technology associated

with the FCLs are classified into four groups i.e., superconducting FCLs (SFCLs), solid-state FCLs

(SSFCLs), hybrid FCLs (HFCLs), and other techniques [26–28]. The main element in the SFCL is

the superconducting material. This type of FCL is characterized by its low-loss and automatic fault

limiting properties. The SSFCLs operate based on the power electronics switching principle. The

HFCLs are recognized as a combination of SFCLs and SSFCLs. Finally, other types of FCLs are the

ones whose operating principle is not similar to the other three classes. Fig. 1.6 shows the classification

of FCLs.

The schematic diagram of the DFIG-based wind turbine system connected with the grid is shown

in Fig. 1.7. The DFIG-based wind turbine system consists of a gearbox, RSC, FEC, DC-link, step-up

transformer, point of interconnection (PoI), transmission lines, circuit breakers (CBs). The output

8

TH-3228_11610226



1.5 Power System Stability

Classification of FCLs

HFCL

 Bridge-type FCL·

 Non-inductive-type FCL·

SSFCL

 Resonance-type SSFCL·

 Bridge-type SSFCL·

 Multicell-type SSFCL·

 Impedance-based SSFCL·

 Magnetic turn-off SSFCL·

 Capacitor-based SSFCL·

 Switched impedance·

SSFCL

Other technologies

 Saturated-core FCL·

 PTC-resistor-based FCL·

 Liquid metal FCL·

 Electrodynamic-type FCL·

 Magnetic turn-off SSFCL·

 Permeability-type FCL·

 Pre-saturated/saturated·

1  FCLf-

 Five-leg saturated core·

-based FCL

 Permanent magnet-based·

DC FCL

SFCL

 Resistive-type SFCL·

 Non-inductive-type SFCL·

 Inductive-type SFCL·

 DC reactor-type SFCL·

 Flux-locked-type SFCL·

 Matrix-type SFCL·

 Resonance-type SFCL·

 Bridge-type SFCL·

 Vacuum interrupter·

-based SFCL

Fig. 1.6: Classification of FCLs.

power of the DFIG system is delivered to the utility grid through the power transformer and the

transmission lines. The placement of the FCLs into grid is also mentioned as shown in Fig. 1.7.

1.5 Power System Stability

The joint Task Force of the IEEE-CIGRE group has defined power system stability [29] as “the

ability of an electric power system, for a given initial operating condition, to regain a state of operating

equilibrium after being subjected to a physical disturbance, with most system variables bounded so that

practically the entire system remains intact”. The power system may experience different forms of

instabilities, and it is difficult to analyse it by considering as a single problem and hence, requires

proper classification. As cited in [29], the power system stability is mainly classified on the basis of

1) physical characteristics of the resulting mode of instability, 2) size of the occurred disturbances,

and 3) time duration during which the stability phenomena occurs. On the basis of these criteria, the

power system stability is broadly categorized into three types:

(i) Rotor angle stability

(ii) Frequency stability

(iii) Voltage stability

The classification of power system stability is shown in Fig. 1.8. Voltage stability [29] is defined

as “the ability of a power system to maintain steady voltage at all buses in the system after being
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Fig. 1.7: A typical wind turbine system includes electrical generator, converters, power transformer
and utility grid (not to scale).

subjected to a disturbance from a given initial operating condition”. It is again sub-classified into small

disturbance and large disturbance voltage stability. These instability problems may range from a few

seconds to tens of minutes, and therefore this phenomenon may either be short-term or long-term.

Frequency stability [29] is defined as “the ability of a power system to maintain steady frequency

following a severe upset resulting in a significant imbalance between generation and load”. It is further

categorized into a short-term or long-term phenomenon. As the main focus of this thesis is on the

estimation of the small-signal rotor angle stability, a detailed discussion of these instability phenomena

is provided in the subsequent section.

1.5.1 Rotor Angle Stability

Rotor angle stability is defined [29] as “the ability of synchronous machines of an interconnected

power system to remain in synchronism after being subjected to a disturbance”. It depends on the
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Extended Method

Power System Stability

Frequency Stability Rotor Angle Stability Voltage Stability

Transient 

Stability

Small-Signal 

  Stability

Dynamic 

Stability

Fig. 1.8: Classification of power system stability.

ability to maintain or restore equilibrium between electromagnetic torque and mechanical torque of

each synchronous machine connected to the power system.

The rotor angle stability is characterized into two subcategories.

• Small disturbance or dynamic stability: It is defined as the ability of the power system to

maintain synchronism under small disturbances. The small-signal stability analysis is known

as dynamic stability analysis. This stability analysis is mainly based on the linearized model

of the power system at an operating point.

• Large disturbance rotor angle stability or transient stability: It is defined as the ability

of the power system to maintain synchronism when subjected to a severe disturbance, such as

a short circuit on a transmission line. It involves large rotor angle deviation, influenced by the

nonlinear power versus angle relationship. The system stability to these transients depends on

both the initial operating state of the system and the severity of the disturbance. This stability

analysis mainly utilizes a non-linear model of the power systems.

1.6 Literature Review

Major challenges in the technological development of wind energy are associated with the design

of the blades, the tower which supports the rotor, and other electrical equipments. The following

subsections illustrate the current literature review of wind turbines’ airfoil type, HAWT blades design,

blade vibration control, electrical machine modeling and control, power quality issues, and stability

analysis of the power system under disturbance.

11

TH-3228_11610226



1. Introduction

1.6.1 Literature Survey on Airfoil Profile

The blade of the HAWT is divided into several elements or sections, consisting of an airfoil with

an unsymmetrical curve surface. Several airfoil profiles are available in the literature, the National

Advisory Committee for Aeronautics (NACA) series are widely used in the wind turbine design. The

aerodynamic structure of the airfoil for wind turbine blades is extremely important for its aerodynamic

performance [30,31].

The accuracy of aerodynamic performance and power mainly depends on the reliability of airfoil

data [32]. The aerodynamic forces such as lift and drag forces created as a consequence of the unequal

pressure across the upper and bottom surfaces of the airfoil. Here, the lift force generates the required

torque for the wind turbine rotor rotation, whereas the drag force causes stress on the structure of

the wind turbine [33]. The lift/drag ratio is also known as the sliding ratio which is considered an

important criterion of the aerodynamic efficiency of airfoil. The maximum sliding ratio of each airfoil

depends on the relevant parameters such as the optimum angle of attack, structure of the airfoil profile,

and wind conditions [34].

Simulation of the flow mechanism of aerodynamic features around airfoil profiles using com-

putational fluid dynamics (CFD) software received the attention of many researchers in the last

decade [35–37]. Singh et al. [38] developed a 2−D CFD software coupled with turbulence model

using the Reynolds-averaged Navier-stokes (RANS) equations. Suvanjumrat et al. [39] presented the

comparative study of the different turbulence models over an airfoil. Sayed et al. [34] performed

the aerodynamic analysis of the flow over S809 and S826 blade profiles at low Reynolds number using

2−D computational finite-volume method [35]. Vendan et al. [40] analyzed the flow around the NACA

63-415 airfoil for low Reynolds number. Erkan and Ozkan [41,42] investigated a 2−D, incompressible

flow around the NACA 63-415 airfoil for Reynolds number. The computational analysis is used to

examine the optimum angle of attack as the lift and drag forces are mainly dependent on the angle of

attack.

1.6.2 Literature Survey on Wind Turbine Design

The optimal rotor theory (ORT) is used to design the blade parameters such as twist angle and

chord length of the wind turbine blade sections [43]. The blade element momentum (BEM) theory is

a concept that combines both one-dimensional (1−D) momentum theory and two-dimensional (2−D)
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blade element theory. It is used to calculate the aerodynamic forces on the wind turbine blade. The

BEM theory is the most popular tool for estimating aerodynamic forces acting on a rotating blade due

to its efficiency and simplicity compared to other methods like CFD software. The National Renewable

Energy Laboratory (NREL) developed software called AeroDyn [44] for estimating aerodynamic loads

from the simulated wind field using BEM theory.

The BEM theory assumes that aerodynamic forces on a blade element (i.e., airfoil) are independent

(i.e., no interaction between the elements) and solely depend on lift and drag coefficients. Therefore, tip

loss corrections are suggested in the literature to improve the accuracy of the estimated aerodynamic

performance using the BEM theory [45–47]. However, if the axial induction factor exceeds 0.4, the

BEM theory fails, as the relation between the axial induction factor and the thrust coefficient is not

valid in this case. Glauert [46] proposed an empirical relationship based on the experimental data

to address this issue. But, this empirical curve does not accommodate tip and hub losses. Later,

Buhl [47] extended this empirical solution with tip and hub loss corrections.

The traditional BEM theory solves the induction factors iteratively with these corrections, which

frequently experience numerical convergence issues. Ning et al. [48] proposed a modified approach for

solving the BEM theory with guaranteed convergence. This method evaluates the optimal flow angle

instead of induction factors by segmenting the BEM equation into three regions (i.e., momentum,

empirical and propeller break) to enhance the convergence. Finally, Ning et al. [48] considered Buhl’s

empirical relationship that incorporates various corrections to obtain a more accurate solution. In

addition, Lanzafame and Messina [49] also introduced a new relationship of tangential induction

factor in terms of the axial induction factor and local tip speed ratio to achieve the most accurate

solution.

Duque et al. [50] developed a CFD software coupled with turbulence model using the RANS

equations. Goundarzi [51] presented a comprehensive review of BEM theory and CFD analysis. The

author proposed CFD with the BEM approach to calculate the aerodynamic loads more accurately

at a low computational cost. But, the CFD software takes high computational time, the process of

reducing aerodynamic load is also a point of concern.

1.6.3 Literature Survey on DFIG Controller

The DFIG-based WECS is recently gaining popularity due to its low cost as compared with the

fully converter-based generation. For a grid-connected DFIG system, it is possible to achieve maximum
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power point tracking (MPPT) [52], the VSWT operation [17], and independent control of active and

reactive powers [53]. In WECSs, the main aim is to maximize the turbine aerodynamic efficiency by

controlling the turbine rotor speed for a partially steady load. The control of the turbine rotor speed

is mainly done either by controlling the generated power or by blade pitch angle control.

The more difficult task is to design a controller which maximizes conversion efficiency while re-

ducing the transient load which mainly arises due to vibration in the turbine. These vibrations are

observed due to fluctuations in wind speed. Moreover, it is a challenging task to regulate both DFIG

power output and generator speed at their optimal values. These fluctuations in power lead to vari-

ations in the torque and power supplied to the grid. The aerodynamic torque [54] variations also

increase the voltage flicker. The non-linearity in system dynamics and continuous variation of the

operating point makes the process of controller designing far more challenging.

Since, the stator side of the DFIG system is directly connected to the grid and the rotor side

is connected via. a B2B converter, the DFIG becomes very sensitive to the grid faults [55]. The

wind turbine must continue to supply power to the grid even under the grid voltage dips or fault

(symmetrical/asymmetrical) [56]. Therefore, it is important to explore a cost-effective and suitable

method to enhance the FRT capability of the DFIG system for uninterrupted power flow operations

under balanced/unbalanced grid faults [57–59].

1.6.4 Literature Survey on FCL Configuration

During the fault condition, the DC-link voltage must be stable and current fluctuations of the FEC

must be limited. The DC-link voltage fluctuations might influence the rotor current control strategy

which is undesirable. The DC-Link capacitor sizing has to be optimized for high voltage applications

because it is heavy, expensive and has issues related to its reliability. In addition, the circuit breaker

(CB) is also a piece of a protective device, which can automatically or manually trip. Though the CB

has high-current interrupting capabilities, it is expensive [60,61].

The technique is the most popular technique to limit the fault current in the DFIG-based wind

turbine [62]. There is another method for reducing the fault current such as a static series compen-

sator/dynamic voltage restorer (DVR) [63–65] to improve the FRT of the DFIG. A series dynamic

braking resistor (SDBR) is used to improve the FRT of a large-scale power system composed of

induction generators, while the SDBR is connected to the RSC of the DFIG to improve its FRT

capability [66–68]. However, these methods need further modification to be more effective.
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Therefore, it is important to develop a suitable method to enhance the FRT capability of the

DFIG system. In [69], the authors have focused on the bridge-type fault current limiter (BTFCL),

which utilizes a 1−φ diode bridge rectifier connected to an inductor using the superconducting coil.

Similarly, in [70], a 3−φ rectifier-type FCL has been reported with a superconducting coil as a DC

reactor without a DC-bias voltage source. This superconducting fault current limiter (SFCL) is

costly and requires more maintenance [71]. The passive resistance network [72] and series antiparallel

thyristors are connected to the stator of a grid-connected DFIG system [73].

In [74], a capacitor-based non-superconducting fault current limiter (CB-NSFCL) has been pro-

posed, which also suffers from the disadvantage of high cost due to the presence of the voltage

source and capacitor. In [75, 76], the non-superconducting fault current limiter (NSFCL) topology

uses the diode bridge as a DC-bias voltage source and a non-superconducting coil with controllable

switches connected across the breaking resistor. In [77], the switched impedance transformer-type

non-superconducting fault current limiter (TT-NSFCL) topology is used to protect the DC reactor

against high fault current, and uses a battery for loss compensation during normal operation. The

use of the constant battery is not very effective in voltage compensation; moreover, it also increases

the cost of the system, hence, is not economically feasible.

1.6.5 Literature Survey on Power Quality Issues

The wind energy-based distribution generation uses a small-scale generation source connected into

the distribution networks [78,79]. This system also increases the efficiency of the system as it reduces

transmission losses.

The distributed generation may suffer from the problem of voltage regulation, hence, there is a

need to utilize flexible AC transmission system (FACTS) devices in the system [80,81]. The suitable

operation of these FACTS devices can reduce the flows of heavily loaded lines, maintain the bus

voltages at desired levels, and improve the power quality of the distribution network. Consequently,

they can enhance the power system security under contingency situations [82]. Unified Power Flow

Controller (UPFC) is a versatile FACTS device that can independently or simultaneously control the

active power, the reactive power, and the bus voltage to which it is connected [83,84].
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1.6.6 Literature Survey on Stability Analysis

With the continuous increase in the penetration level of renewable sources, power system stability

becomes an important issue. Therefore, considerable research efforts have been dedicated to addressing

the wind power integration into the power system. The DFIG can control its reactive power to maintain

the constant generator terminal voltage. However, the capability of the DFIG voltage control terminal

voltage is limited as compared to the synchronous generator. Thus, the stability of the power system is

affected when the controller could not control voltage to its reference value in a DFIG based WECS [85].

The reactive power of the DFIG can be enhanced by increasing the size of the converters. However,

this solution increases the overall cost, which is one of the main advantages of DFIG over full power

converter-based WECS [86]. The effect of reactive power supplied by wind generation on the rotor

angle stability is examined [87]. The study concludes that the transient stability could be improved if

the terminal voltage of the wind generation is controlled.

The impact of the integration of wind power generators on the oscillation and damping is observed

after replacing the synchronous generator with the DFIG [88, 89]. The transient stability can be

improved by some level with proper control strategies [85]. However, there is a limitation on the control

strategies as the DFIG behaves as a conventional induction generator under fault conditions [90]. The

generator types typically used in wind turbines do not participate in power system oscillations, thus,

decreasing the number of synchronous generators participating in power system oscillations which

significantly reduces the equivalent inertia of the power system [89]. The increase in wind power

penetration along with the congestion at weak interconnecting lines further reduces damping of the

system [91].

The majority of the reported works in the literature discuss the issues related to the WECS such

as the selection of airfoil, wind turbine blades design, interface between the mechanical and electrical

systems, protection of the electrical system, related power quality issues, and rotor angle stability, etc.

separately. To the best of our knowledge, none of the works reported in the literature consider all

issues simultaneously associated with the whole wind turbine system under disturbance.

1.7 Motivation

Considering the aforementioned limitations, the motivation of this research work are as follows:

• In order to gain the maximum energy from the wind turbines, the selection of appropriate
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blade airfoil profiles is extremely important to capture energy from the wind and convert it into

mechanical energy.

• The wind turbine design plays a vital role in maximizing aerodynamic efficiency. The wind

turbine blade design starts with the knowledge of the aerodynamic forces acting on the blades,

which can be calculated by BEM theory. For accurate estimation of the aerodynamic perfor-

mance, computational techniques are required. Generally, the computational simulations are

computationally expensive and take a long time to converge. Therefore, a computationally less

expensive and accurate method is required to predict the aerodynamic performance of the wind

turbine. Hence, this fact motivates to implement a simple, less expensive, effective design of

the wind turbine.

• The complete model should consist of mechanical and electrical parts. Therefore, the interface

between mechanical and electrical systems is required. The whole WECS is consists of a DFIG-

based wind turbine system. The DFIG system is sensitive towards grid fault because the

rotor winding is directly connected with the RSC. Therefore, the grid-connected DFIG system

requires protection mechanisms to protect from abnormal grid disturbances.

• Renewable energy-based distributed generation plays a vital role in developing a sustainable

grid. Due to the intermittent nature of renewable energy sources, the power output poses poten-

tial technical challenges to the grid and utilities. Therefore, suitable control of the distributed

generations, reactive power compensation devices, and energy storage components need to be

designed for the distribution network.

• Moreover, the complexity of modern power systems has increased in response to the integra-

tion of renewable energy sources. The substantial increase in the power demand result in the

transmission lines operating closer to their limits. Consequently, the transmission lines are

heavily loaded, and the system stability becomes a crucial factor in power transfer. Therefore,

the design of the sophisticated FACTS device controllers is required to solve the various power

system operation problems to enhance the power system stability.

1.8 Objective of the Thesis

The main purpose of the present study is to understand the design of wind turbines and their

interface with electrical systems. Also, observe the penetration of wind power into the grid under
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disturbance.

The objectives of the work performed in this thesis are summarized as

• To select the suitable airfoil shape which can enhance the design of geometrical parameters of

the blade profiles.

• To develop a theoretical method to reduce the computational load and time for predicting the

aerodynamic performance of the wind turbine in real-time operation.

• To modify FCL for enhancing the FRT capability of the DFIG-based wind turbine system. The

developed FCL device must be robust, efficient, and less costly.

• To analyze the effect such as stability of renewable energy-based distribution generation on

a distribution network. For the study, the distribution network considered is the modified

distribution network of the IIT Guwahati (MDN-IITG) system.

• To analyze the impact on the stability with the penetration of wind energy in a transmission

network. For the study, the network considered the reduced North Eastern Region Electricity

Board (NEREB) 29-bus Indian power system.

1.9 Contribution

Based on the work reported in the literature and keeping the above mentioned objectives, the

contributions of this thesis are as follows:

• To investigate computationally the aerodynamic performance of a two-dimensional (2−D) in-

compressible flow around NACA 63-412 and NACA 63-415 airfoil profiles. The aerodynamic

simulations are performed using a numerical computational technique based on the finite-volume

approach. The governing equations used in the simulations are the RANS equations. The aero-

dynamic loads and the flow physics over a particular blade profile are examined in detail to

calculate the optimum angle of attack for different wind conditions.

• The primary blade design such as the optimum chord length and twist angle of the HAWT

blade are calculated using optimal rotor theory. The wind turbine’s aerodynamic performance

is analyzed using the BEM theory considering the Prandtl tip loss correction factor. Accord-

ing to the turbulence model, the numerical computational technique is based on an unsteady

Navier-Stokes solver for the wind turbine rotor to account for the transition in the boundary

layer. Here, the numerical solutions are done using ANSYS/Fluent software to predict the aero-
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dynamic performance. The numerical computational results are validated with the BEM theory

for different airfoil profile-based wind turbines at various rotating conditions. This numerical

technique takes too much computational resources and time; therefore, this work proposes a

theoretical method that includes an equivalent second-order transfer function model of HAWT

to estimate aerodynamic performance.

• The FCL configuration that includes a thyristor-based bridge-type non-superconducting fault

current limiter (ThyBT-NSFCL) augmented with a buck converter is proposed. The ThyBT-

NSFCL utilizes a loss compensator circuit, consisting of a DC-bias voltage source (includes

voltage transformer and uncontrolled diode bridge rectifier) along with the buck converter.

The proposed configuration effectively reduces the DC reactor conduction losses under normal

operation.

• A study has been conducted to analyze the power systems stability issues of grid-connected

renewable energy-based distributed generation. Further, the D-STATCOM device is used to

improve the FRT capability of DFIG-based wind turbine connected with MDN-IITG.

• A study has been conducted to analyze the impact of wind power penetration on the system

stability of power systems. It includes the transient stability analysis with the presence of a

has DFIG-based wind turbine. Further to improve the stability, a STATCOM is also connected

to provide reactive power support. The system used for the study is a reduced North Eastern

Region Electricity Board (NEREB) 29-bus Indian power system.

1.10 Thesis Organization

The work carried out in this thesis is organized into seven chapters. The present Chapter discusses

the basic concepts of the aerodynamic design of the SS-HAWT rotor and its interaction with the

electrical system, power quality issues, and power system stability in its introduction section. It also

gives the motivation behind the present research work, followed by the aims and objectives of the

thesis.

• Chapter 2 introduces the basic concepts of aerodynamics forces acting on the airfoil. The

aerodynamic characteristics and the flow mechanism are investigated on airfoil profiles at a

different angle of attack and changing wind speed. The turbulent flow is modeled through the

different turbulence models along with the RANS model for investigating the flow mechanisms
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over different airfoils. To validate the computational simulations results obtained using the

different turbulence models are compared with the reported Xfoil solver, and the experimental

data in the literature. Here, the optimum angle of attack is calculated for the different airfoils for

a wide range of operating conditions. The aerodynamic performance of the airfoil is compared

to the existing efficient airfoil. Finally, the selected airfoil is used for further studies in other

Chapters.

• Chapter 3 presents the modeling of wind turbines using BEM theory to calculate the aero-

dynamic performance. The computational technique is employed to validate the aerodynamic

performance observed by the BEM theory. The computational technique takes a long compu-

tation time for calculation due to a high number of the mesh elements, and hence, requires high

computational resources. Hence, a proposed theoretical method includes an equivalent second-

order transfer function and BEM theory to estimate the aerodynamic performance. Finally,

it is observed that the proposed theoretical method can accurately predict the aerodynamic

performance for different pitch angles in real-time.

• Chapter 4 presents the effectiveness of the FCL configuration to improve the FRT capability

of the DFIG-based wind turbine. The analytical analysis is carried out to analyze the operating

principle of the proposed ThyBT-NSFCL under normal and fault conditions. A comparative

analysis is also done with existing FCL topologies. The simulation of the proposed ThyBT-

NSFCL connected in series with a DFIG system is done using PSCAD/EMTDC software. The

simulation results show that the proposed ThyBT-NSFCL is a better fault current limiter as

compared with existing FCL topologies. The performance of the proposed topology is quite

good, and it can be used as a reliable limiter for future wind energy applications.

• Chapter 5 presents the influence of renewable energy integration into the microgrid. The

main potential challenges are voltage variations and poor power regulation that reduces the

power quality of the distribution network. Therefore, a detailed steady-state and dynamic

analysis are carried out to study the impacts of wind power penetration such as DFIG-based

wind turbines on the stability issues related to a microgrid. Further, the FACTS device such

as D-STATCOM is used on a modified distribution network of IIT Guwahati (MDN-IITG)

to improve its stability. To simulate the complete system under normal and fault conditions,

Siemens PTI PSS® Sincal software is used. This study may provide a guideline to the utilities
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for integrating renewable energy based distributed generation sources into the grid.

• Chapter 6 deals with the detailed analysis on the effects of replacing a conventional syn-

chronous generator with the equivalent DFIG-based wind turbine for a reduced North Eastern

Region Electricity Board (NEREB) 29-bus Indian power system. The available reactive power

of the DFIG system is utilized to reduce the impact of the DFIG-based wind turbine on the ro-

tor angle stability of synchronous generators connected to the power system. To further reduce

its impact, a D-STATCOM is utilized as an FRT device with the DFIG. The whole simulations

are done using the Siemens PTI PSS®Sincal software. It is observed that the D-STATCOM

significantly improves the rotor angle stability.

• Chapter 7 concludes the significant findings of the thesis and presents a few suggestions for

future research work.
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2. Qualitative Analysis of Aerodynamic Performance of Airfoil Profiles

Objective

To extract more energy from the wind turbine, the selection of appropriate airfoil profiles is ex-

tremely important. In this paper, the aerodynamic characteristics and the flow mechanism are inves-

tigated on two-dimensional (2−D) basic NACA 63-412 and NACA 63-415 airfoil profiles at a different

angle of attack with changing wind speed. This work aims to calculate the optimum angle of at-

tack to achieve the desired characteristics of the wind turbine. Here, the aerodynamic simulations

are carried out using the computational fluid dynamics (CFD) techniques based on the finite-volume

method. The governing-equations applied in the aerodynamic simulations are the Reynolds-averaged

Navier-stokes (RANS) equations. The turbulent flow is modeled through the different turbulence

models: Shear stress transport k − ω model, standard k − ǫ model, and realizable k − ǫ model. The

computational simulations are performed using ANSYS/Fluent, standard commercial software and its

findings are validated against Xfoil and experimental data reported in the literature. The aerodynamic

characteristics of both airfoils are used to find the optimum angle of attack.

2.1 Introduction

The traditional approach of aerodynamic modeling using an analytical approach does not provide

a complete understanding of the flow mechanism around the airfoil, hence, it is difficult to improve

its aerodynamic efficiency. In recent times, the computational fluid dynamics (CFD) techniques using

the finite-volume method have significantly increased the understanding of the flow mechanism of

aerodynamic features [35,92]. The governing equations used to conduct the aerodynamic simulations

are the Reynolds-averaged Navier-stokes (RANS) equations [93–95]. The RANS equations along with

the turbulence models are used to precisely predict the complex flow over the airfoil such as flow

separation, flow reattachment, the laminar-turbulent transition of the flow [96], etc. To the best of the

author’s knowledge, there are no systematic studies conducted to assess the accuracy of the different

turbulence models. Moreover, the models need to be compared with the published experimental data

in the literature to identify the best-performing models for the airfoil.

The analysis of the aerodynamic characteristics of the airfoil remains challenging and perceived as

an important research topic [97]. It mainly depends on the airfoil shape and the operating conditions

of the wind turbine such as angle of attack, wind speed, etc. During the aerodynamic analysis, it is

important to calculate the optimum angle of attack. Moreover, wind speed also plays an essential role
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in affecting the aerodynamic performance of the airfoil. The wind speed varies significantly across the

country and around the world [98]. In the North-East region of India, the annual mean wind speed

usually is modest i.e., 5 m/s or less [99], whereas, in the coastal region of India is typically more than

7 m/s. Hence, there is significant scope in designing the wind turbine for lower wind speed. This

involves work to choose an appropriate airfoil profile that can effectively convert lower-speed wind

energy into electricity.

The detailed literature reviews are presented here to provide insight into the flow mechanism of

aerodynamic features around airfoil profiles at different turbulence models [35–37]. Sayed et al. [34]

performed the aerodynamic analysis of the flow over S809 and S826 blade profiles at low Reynolds

number using 2−D computational finite-volume method [35]. Further, Sayed et al. [35] also investi-

gated the 2−D aerodynamic analysis for different types of airfoil at high wind speeds. Hoogedoorn

et al. [36] presents the aerodynamic analysis over NACA 0008, and NACA 0012 airfoil using 2−D

CFD-RANS simulations at high Reynolds numbers (Re > 106) under varying wind conditions. Singh

et al. [38] presents 2−D CFD-RANS simulations, and compared them with reported experimental

data. It is observed that the pressure distribution obtained through simulation is very close to the

experimental data obtained around the airfoil. Suvanjumrat et al. [39] compared the different turbu-

lence models over NACA 0015 airfoil and found that the shear stress transport k − ω model provides

more accurate results. Villalpando et al. [37] performs the computational simulations over 2−D clean

and iced NACA 63-415 airfoil for different Reynolds numbers and changing angles of attack.

Omar et al. [100] presents the effect of leading and trailing edges deflection over the flow around

NACA 63-415 airfoil. The simulation also includes the results corresponding to the airfoil lift, drag,

and pitching moment at a wind speed of 7 m/s using CFD-RANS equations, for changing angles of

attack and control surface deflection angles. Vendan et al. [40] analyzed the flow around the NACA

63-415 airfoil for low Reynolds number using the Spalart-Allmaras (SA) turbulence model. The results

show that the optimum angle of attack is found 2◦ at a low Reynolds number. Erkan and Ozkan [41,42]

investigated a 2−D, incompressible flow around the NACA 63-415 airfoil for Reynolds number, which

varies from 1×105 to 3×106 using the SA, and shear-stress transport k−ω models. The computational

analysis is used to examine the optimum angle of attack. Here, the computational result shows that

the optimum angle of attack varies between 2.5◦ and 3.5◦ depending on the Reynolds number.

A summary of reported CFD simulation on a stationary airfoil at different Reynolds numbers is
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Table 2.1: A summary of reported computational studies on airfoils at different Reynolds numbers.

Authors Airfoil types
Reynolds

number
Turbulence model Dimension

Edge Influencing

modified parameters

Jain et al. [101] NACA 0012 2.1×106 RANS (SA, RNG) 2−D Gurney flapcr = 0.05 m

v◦ = 614 m/s

Yao et al. [102] NACA 0018 5×105 RANS (RNG, SKE 2−D — cr = 1 m

Trans. SST, RSM) v◦ = 7 m/s

v◦ = 15.4 m/s

Sayed et al. [34] S809, S826 7.5×105 RANS (Trans. SST) 2−D — cr = 1 m

v◦ = 11 m/s

Moshfeghi et al. [103] S809 1×106 RANS (SST) 2−D Split cr = 1 m

& 3−D v◦ = 10 m/s

Sayed et al. [35] S809, S814, 6.85×105RANS (SST) 2−D — cr = 1 m

S815, v◦ = 11 m/s

S817 to S823,

S825 to S835

Talukder et al. [104] S819, S821 6.8×104 RANS (SA) 2−D — cr = 0.2 m

& 3−D v◦ = 5 m/s

Erkan & Ozkan [41] NACA 63-4151×105 RANS (SA) 2−D — cr = 0.1 m

5×105 v◦ = 14 m/s

7×105 73 m/s, 102 m/s

1×106 146 m/s, 430 m/s

3×106

Villalpando et al. [105]NACA 63-4151.6×106 RANS (RNG, SA, 2−D Iced cr = 0.6 m

SST, RSM) v◦ = 40 m/s

Villalpando et al. [37] NACA 63-4153×105, RANS (SST) 2−D Iced cr = 0.2 m

5.7×105, v◦ = 19.9 m/s

8.4×105 38 m/s, 56 m/s

Omar et al. [100] NACA 63-4150.5×106 RANS (SST) 2−D LE & TE cr = 1 m

deflection v◦ = 7 m/s

Iham et al. [106] NACA 63-4154.6×105 RANS (Trans. SST) 2−D — cr = 1 m

v◦ = 7 m/s
LE→Leading edge, TE→Trailing edge, RANS→Reynolds-averaged Navier-stokes, RNG→Renormalization Group k − ǫ

model, RSM→Reynolds Stress model, SA→Spalart-Allmaras model, SKE→Standard k − ǫ model, SST→Shear-Stress

Transport k − ω model, Trans. SST→Transition SST model (γ − Reθt model), cr →Chord length, v◦→Wind speed.
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presented in Table 2.1. The simulation is done for the types of airfoil used, operating range of Reynolds

number, turbulence models employed, the dimensions of the computational simulation domain and

geometry (2−D, 3−D), edge modified, and the influencing parameters such as wind speed and chord

shape. The present work is concentrated on the stationary airfoil with a low Reynolds number.

As per the previous investigations, many studies are reported on the aerodynamic performance

analysis over 2−D airfoil profile. However, the most of the available literature is on higher wind speed,

but very limited work is reported on the aerodynamic performance of airfoils with low wind speed.

Therefore, the present investigations are concentrated on the aerodynamic characteristics and flow

mechanism of the NACA 63-412 and NACA 63-415 airfoils at a different angle of attack with low wind

speed. Here, the turbulent flow is modeled through the different turbulence models such as shear-

stress transport k−ω model (SST), realizable k− ǫ model (RKE), and standard k− ǫ model (SKE) to

find a suitable RANS model for investigating flow mechanism over NACA 63-412 and NACA 63-415

airfoils. Further, the computational simulations results obtained using the different turbulence models

are compared with the reported Xfoil solver and the experimental data in the literature. The objective

of this study is to calculate the optimum angle of attack for the NACA 63-412 and NACA 63-415

airfoils at a wide range of operating conditions. The aerodynamic performance of the NACA 63-412

and NACA 63-415 airfoils are compared to know efficient airfoil at low wind speed. The outcome of

this study is utilized in the selection of airfoil shapes for the design of the wind turbine blades.

This paper is structured as follows: Section 2.2 presents the basic concepts of the aerodynamic

forces generated on the airfoil. The selection process of airfoil profile and parameters used as mentioned

in Section 2.3. Section 2.4 gives the details of the applied turbulence models to observe the flow

mechanism across the airfoils. The details of the computational set-up and the methodology used

in the various computational cases, are presented in Section 2.5. The computational simulations are

calculated, validated with the existing data of literature in Section 2.6. Finally, the conclusions are

presented in Section 2.7.

2.2 Theoretical Analysis: Basic Concepts of Aerodynamic Forces

In fluid, the force is applied through the pressure or shear-stress exerted by the fluid to the surface

of the airfoil. Hence, the net aerodynamic force or momentum is obtained by integrating the pressure

(p) and the shear-stress (τ) distributions over the surface of the airfoil as shown in Fig. 2.1.
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rc
a

DF

LF NF

AF

2 2
R N AF F F= +

a

a

rV

Fig. 2.1: The resultant aerodynamic force and its components splits into two sets.

The resultant aerodynamic force is split into perpendicular or normal force (FN ) and parallel or

axial force (FA) to the chord line of the airfoil as shown in Fig. 2.1. Whereas, the lift force (FL) and

the drag force (FD) are the components of the aerodynamic forces in the parallel and perpendicular

directions to the relative wind velocity, respectively. Here, the chord length of the airfoil is the linear

distance between the leading and trailing edges, and the free wind speed (v◦) is considered as the

flow far away from the airfoil. Whereas, the Vr is the relative wind speed near to the airfoil. The

geometrical relation between the two sets of components are as follows:

FD = FN sinα+ FA cosα (2.1)

FL = FN cosα− FA sinα (2.2)

where, α is the angle of attack, defined as the angle between chord line and relative wind velocity.

Since, the blade is fixed, hence, the relative wind velocity is same as free wind velocity in the present

study.

Consider the 2−D airfoil as shown in Fig. 2.2. The distance from the leading edge (LE) to an

arbitrary point A on the top surface of the airfoil is denoted as st, whereas the distance between

LE to an arbitrary point B on the bottom surface is denoted as sb. The pressure and shear-stress

distributions on upper surfaces are denoted by pt and τt, respectively. They are also the function of

st. Similarly, the pressure and shear-stress distributions on the bottom surfaces are denoted by pb(sb)

and τb(sb), respectively. At every point, the pressure distributions are normal to an airfoil surface,

whereas, the shear-stress distribution is tangential to airfoil surfaces, oriented at an angle of ϕ relative

to the horizontal axis.

The total normal force (F ′
N ) and axial force (F ′

A) due to the pressure and shear-stress distributions

on the elemental area (dS). Here, the primes on F ′
N and F ′

A indicate force per unit span. The elemental
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Fig. 2.2: The aerodynamic forces (such as the pressure and shear-stress distributions) acting on an
element of the airfoil surface.

normal and axial forces acting on the upper elemental airfoil surface area (dSt) [107] are as follows:

dF ′
Nt

= −ptdst cosϕ− τtdst sinϕ (2.3)

dF ′
At

= −ptdst sinϕ+ τtdst cosϕ (2.4)

where, dSt is the elemental airfoil upper surface area (dst× span length), here, l = 1 is considered as

airfoil span length as shown by the shaded area in Fig. 2.3.
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Fig. 2.3: The aerodynamic forces acting on an element of the airfoil (a) upper surface; (b) bottom
surface.
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Similarly, the elemental normal and axial forces acting on the bottom elemental airfoil surface area

(dSb) are as follows:

dF ′
Nb

= pbdsb cosϕ− τbdsb sinϕ (2.5)

dF ′
Ab

= pbdsb sinϕ+ τbdsb cosϕ (2.6)

where, dSb is the elemental airfoil surface area (dsb× span length).

The integration of the pressure and shear-stress distributions acting on the upper and bottom

surfaces from the leading edge (LE) to trailing edge (TE) of the airfoil is used to obtain the total

normal force and axial forces per unit length, and which are obtained by integrating (2.3) to (2.6) and

given in (2.7) and (2.8):

F ′
N = −

∫ T E

LE
(pt cosϕ+ τt sinϕ)dst +

∫ T E

LE
(pb cosϕ− τb sinϕ)dsb (2.7)

F ′
A =

∫ T E

LE
(−pt sinϕ+ τt cosϕ)dst +

∫ T E

LE
(pb sinϕ+ τb cosϕ)dsb (2.8)

The total lift and drag forces per unit length (i.e., l = 1) is obtained by substituting (2.7) and

(2.8) into (2.1) and (2.2).

For a 2−D airfoil, the lift coefficient (CL) and drag coefficient (CD) in terms of the forces per unit

length (i.e., l = 1) are defined as

CL =
2F ′

L

ρv2
◦cr

(2.9)

CD =
2F ′

D

ρv2
◦cr

(2.10)

where, ρ is the air density, cr is the chord length of the airfoil. These forces results into the torque

and thrust forces on the wind turbine.

i.e., the sliding ratio (lift/drag ratio) can be defined by

γ =
CL

CD
=
F ′

L

F ′
D

(2.11)

Further, the pressure coefficient in terms of the aerodynamic forces is presented as

Cp =
p∞ − p◦

q◦
, where q◦ =

1

2
ρv2

◦ (2.12)

where, p∞ is the static pressure on the airfoil surface, p◦ is the free stream pressure, and q◦ is the

dynamic pressure.
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2.3 Selection of the Aerodynamic Performance Influencing Parameters

This section aims to find the aerodynamic performance of the airfoil suitable for low wind speed.

2.3 Selection of the Aerodynamic Performance Influencing Param-

eters

Some organizations around the globe are extensively working towards the development of airfoil

shapes such as the National Advisory Committee for Aeronautics (NACA) in the University of Illinois

at Urbana-Champaign (UIUC) has developed four-digit NACA series [3], five-digit NACA series, and

NACA six series. Similarly, the National Renewable Energy Laboratory (NREL) has developed S

series of airfoil [108]. The other popular airfoil is Eppler airfoils [109] by Professor Richard Eppler,

the Delft University airfoil profiles [110], and Risø airfoil by DTU national laboratory [111], etc.

The NACA six series airfoil is an extensively used airfoil to get maximum sliding ratio at low

wind speed [2, 33]. The prefix NACA is accompanied by a sequence of digits, which helps identify

the specific airfoil shape. This airfoil series is commonly used in the design process of efficient wind

turbines, and commercial aeronautics.

2.3.1 Selection of 2−D NACA Series Airfoil

The selection of the appropriate airfoil plays a crucial role in designing small-scale wind turbines.

NACA six series unsymmetrical airfoil profiles are often used to design and manufacture wind turbine

blades. The definition of each digit of NACA series airfoil profiles and the different locations of the

minimum pressure is explicitly defined in Fig. 2.4. With reference to the UIUC airfoil coordinates

database developed by Michael Selig [3], NACA 63-412 and NACA 63-415 airfoils from NACA six

series family are selected due to higher lift coefficient values, which is important to obtain the high

power efficiency from the wind turbine.

6 Series-

airfoils

NACA 63 412-

NACA 63 415-

&

Design lift

coefficient

Minimum
pressure location

Maximum

thickness

Fig. 2.4: Details of NACA six digit series [2, 3].
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2.3.2 Study of NACA 63-412 and NACA 63-415 Airfoils Properties

These airfoils shape belongs to the NACA family with similar geometry, apart from their di-

mensions. The coordinates of the airfoils are taken from UIUC airfoil coordinate database [3]. The

comparative curve of these airfoil profiles on the Cartesian plane is shown in Fig. 2.5. Here, the

maximum thickness is 15% for NACA 63-415 and 12% for NACA 63-412 of its chord length (cr), and

the maximum camber is 2.2% of its chord length for both the airfoils. It is observed that NACA

63-415 airfoil is wider than NACA 63-412, hence, provides more flexibility for strengthening the blade

structure. Earlier, these airfoils find their applications in small-scale variable-speed wind turbines

with a rating of 2 to 20 kW.

Chord length

Chord line

location ofx -

Maximum
thickness

Maximum
camber

Mean camber
line

Chord line

LE
TE

Thickness

Maximum thickness

location ofx -

Maximum camber

Fig. 2.5: The comparison fashion of the geometric shape of NACA 63-412 and NACA 63-415 airfoils cross-
section curve.

2.3.3 Selection of the Free Wind Speed

IEC 61400–2 [112] standard related to the Class III wind turbine recommends the free wind speed

for the variable-speed wind turbine blades to be 1.4 times of the annual mean wind speed (vamws).

Since, the present work assumes the annual mean wind speed of 5 m/s, hence, the free wind speed

(v◦) is approximately equal to 7 m/s.
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2.3.4 Selection of Reynolds Number and Turbulence Intensity

The airfoils aerodynamic performance is influence by the Reynolds number (Re) and is defined

as [113]:

Re =
ρv◦cr

µ
(2.13)

where, µ is the dynamic viscosity of the air. The Reynolds number is physically a measure of the ratio

of inertia forces to viscous forces in a flow.

Using the Reynolds number (Re), the turbulent flow parameters i.e., the turbulent intensity (I)

for the CFD study is defined as follows [114]:

I = 0.16(Re)−1/8 (2.14)

The present study involves the analysis of the aerodynamic performances for both the airfoil profiles

at changing wind speeds, and the results are shown in Table 2.2.

Table 2.2: Reynolds number (Re) and turbulent intensity (I) at different wind speeds.

v◦ (m/s) ρv◦cr (kg/m·s) Re I (%)

5 6.08 3.4×105 3.26
7 8.59 4.8×105 3.12
10 12.17 6.8×105 2.99
15 17.89 1.0×106 2.85
20 25.05 1.4×106 2.73

The calculation of the optimum angle of attack for these particular airfoil profiles at low wind

speed is hardly investigated in the literature. Hence, there is a need for performance validation

through computational simulation and experimental verification for these airfoil profiles at low wind

speed.

2.4 Overview of Turbulence Models

The concept of time-averaging to study the flow properties is one of the most widely used theories

for modeling turbulence flows; here, the Reynolds-averaged Navier–Stokes equations (RANS) equations

are solved. These RANS equations contain some of the fluctuating terms and are known as Reynolds

Stress. Since, the RANS equations only solve the time average terms, hence, the Reynolds Stress is

approximately modeled in terms of the time average terms. Now we will discuss some of the literature
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related to the development of these turbulence models for RANS equations. The earlier models were

based on Boussinesq’s assumption, here, the turbulent stresses are supposed to be proportional to the

mean fluid flows [115]. This concept also gives rise to an imbalance between the unknowns and an

available number of equations, and to solve this, related models are used [116,117]. Although it is not

accurate, this is one of the most accepted methods for modeling the turbulence flows for industrial

applications. Here, three types of two-equations eddy-viscosity turbulent models are named based on

the additional equation that are solved along with the RANS equations, i.e., shear-stress transport

k−ω (SST) model, realizable k−ǫ (RKE) model, standard k−ǫ (SKE) model, etc. The computational

economy, convergence limitations, and robustness of the eddy-viscosity models (two-equation models)

are better for the steady flow simulation studies [118]. The details of the two-equation models are

discussed below.

2.4.1 Standard k − ǫ Model

It is a two-equations model, and the classical method of it was proposed in 1972 by Launder and

Spalding [119]. It’s a two-equations model for the turbulence kinetic energy (k) and dissipation rate

(ǫ) uses transport model equations. The k − ǫ model assumes that the flow is completely turbulent

and that the effects of molecular-viscosity are minimal [120].

2.4.2 Realizable k − ǫ Model

The realizable k − ǫ model is developed by Shih et al. [121] to enhance the accuracy of the SKE

models for a variety of flows, including rotation, boundary-layers with considerable high-pressure

gradients, and vortex. It is obtained from the exact transport equations of the mean-square vorticity

fluctuation, and uses an improved transport equation for the dissipation rate ǫ.

2.4.3 Shear-Stress Transport k − ω Model

The shear-stress transport k−ω model is associated with a blending function. It is one of the most

popular turbulence models was developed by Menter in 1993 [122]. It includes the transport of the

shear-stress turbulent with the derivation of the turbulent-viscosity to improve the prediction of the

flow separation, reattachment, and recovery [123–127] over airfoils with adverse pressure gradients.

These are the important aspects of the unsteady dynamic stalling phenomenon. The turbulent pre-

diction of complex flow is improved by adding the SST terms that report for the transport quantities
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of the primary turbulent shear layer [128]. The SST model and their mathematical equations are

available in the literature [129].

The flow field is assumed to be fully turbulent in nature; the different turbulence models such as

the SST model, SKE model, and RKE model are employed to determine the best turbulence model

for this research. The SST model shows good agreement with the previous work presented by Erkan

and Ozkan [42] and has improved performance in re-circulation regions.

2.5 Description and Methodology of the Numerical Set-up

In the current study, the computational analysis is carried out using ANSYS/Fluent standard

commercial software [114] to study the flow field over 2−D airfoils and their aerodynamic performance

in the different operating conditions.

2.5.1 Computational Domain Information and its Boundary Conditions

The process to build a 2−D computational domain for NACA 63-412 and NACA 63-415 airfoils by

importing the coordinate points of the upper and bottom surfaces from the NACA airfoil coordinate

database [3]. Here, the airfoil has 26 coordinate points on each upper surface and bottom surface. The

Cartesian coordinate axes are fixed at the leading edge of the airfoil, and the point of the leading edge

is considered as an origin (i.e., semicircle center). Additionally, the coordinates of the airfoil profiles

are loaded into the computer-aided design (CAD) software to build a 2−D geometric model. This

domain is set-up as 2−D flow structures around the airfoil i.e., the z−direction component is zero.

To create the mesh for the computational simulation, a C–type flow domain configuration is built

as shown in Fig. 2.6. In this analysis, a C–type surface is created on the same plane as the airfoil.

To allow the fluid flow to expand to its full capacity, the dimension of the arc radius is set at 12.5

times that of the chord length (12.5cr), whereas the length of the rectangle in x−direction (horizontal

component) is set to 30 times that of the chord length (30cr). Here, the chord length is assumed

to be of unit length (cr = 1), i.e., the chord length is used as a scale for representing the length.

Additionally, in order to have greater control over the mesh generation, a small circle at the center

point (x = 0.3cr , y = 0) and rectangle domains are constructed just inside the C–type flow domain,

with a radius of 3.5cr, span width of a rectangle is 4cr with approximately the same span length of

the large rectangle. Here, the airfoil profile can be rotated with the angle of attack (α) of our interest

range (i.e., 0◦ ≤ α ≤ 20◦). This choice of the domain reduces the solution time by minimizing the
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number of equations to be solved [130].
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12.5 rc

Symmetry

a

rV

Velocity
inlet

Pressure
outlet

30 rc

2 rc

2 rc
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Airfoil
wall
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Fig. 2.6: The C–type computational flow domain: geometry and boundary conditions.

A different set of boundary conditions (BC) are considered: the velocity-inlet, symmetry, and

pressure-outlet are assigned to the computational domain. The velocity-inlet type BC is applied at

the inlet face with a constant wind velocity approaching the airfoil, consisting of a C–type side face.

At the outlet face, the pressure-outlet type BC is fixed to the atmospheric pressure. The distance of

the side faces in the computational domain is kept in the manner to ensure that the effect of the BC

on the flow inside the C–type domain is negligible. Further, the symmetry type of the BC is applied

on the upper and bottom surfaces. It uses the faces as the wall with no-slip shear conditions to ignore

the wall effect. The no-slip condition is also allocated to the walls of the airfoil. The whole C–type

computational domain builds with specified BC is shown in Fig. 2.6. Table 2.3 provides the boundary

conditions of the 2−D simulations.

2.5.2 Solver Setting and Turbulence Model Selection

Before finishing the meshing process, the flow domain geometry of the airfoil is imported into the

computational simulation. Additionally, the computational method uses the pressure-based solver to

solve the RANS equations. In the present simulation, the fluid is assumed to be incompressible. The
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Table 2.3: The boundary conditions of the 2−D simulation [ANSYS USER GUIDE]

Parameter Values

Airfoil NACA 63-412 and NACA 63-415

Simulation type Steady-state simulation

Turbulence model SST, SKE and RKE

Fluid material Air

Temperature 10◦C

Dynamic viscosity 1.778×10−5 kg/m·s
Air density 1.225 kg/m3

Flow type Incompressible flow

INLET boundary condition Flow velocity = 5, 7, 10, 15 & 20 m/s

OUTLET boundary condition Gauge pressure = 0 Pa

CFD algorithm Simple (Default option)

Solution method Pressure-velocity coupling

Least-squares cell based

Pressure (Standard)

Density (Second-order upwind)

Momentum (Second-order upwind)

Turbulent kinetic viscosity

(Second order upwind)

Specific dissipation rate

(Second-order upwind)

Solution controls Pressure; 0.55

Momentum: 0.52

Density: 1.2 kg/m3

Turbulent kinetic energy: 0.65

Boundary condition Velocity inlet (7 m/s)

Pressure outlet (Gauge pressure: 0)

Stationary wall with

no-slip shear condition

Number of mesh cells About 4,19,911 and 4,16,296

Force monitors Lift and drag coefficients

Residual convergence value 1×10−6
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least-squares cell-based technique is selected for adverse pressure gradients that solve the secondary

diffusion expressions and velocity derivatives. A second-order upwind discretization technique is used

for other equations to reduce interpolation errors. The convergence is obtained when the difference

between average lift and drag coefficients of the airfoil of two consecutive iterations is smaller than

0.1%. The post-processing of each case is carried out after the last iteration, which is generally around

1000 in our simuations. The simulations are performed using Intel® Xeon® E5-2650v4 2.2 GHz Quad-

Core CPUs with 128 GB of RAM at the computer cluster of the Computer & Communication Centre,

IIT Guwahati. The typical time required for each 2−D simulation is approximately 2 hours.

2.5.3 Mesh Refinement Strategy and its Grid Independence Study

According to the CFD principle, a C–type domain is discretized through unstructured 2−D meshes

except for the near airfoil wall region. Here, the structural quadrilateral meshes in the normal direction

to the wall are created as shown in Fig. 2.7. It is used to minimize the meshing challenges to ensure

better accuracy. The mesh size near the boundary layer is kept small to accurately capture the

phenomenon such as vortices and laminar separation bubble.

A proper mesh tries to reduce the computational cost while not compromising the accuracy of the

solution. These two objectives are conflicting, hence, the mesh generation turns out to be an extremely

challenging task. As the first step in meshing, automatic meshing is selected with a maximum element

size of 0.1 m for the numerical model set (C–type domain). After that, the meshing of the bodies (i.e.,

the body with influence containing a small circle and rectangle in C–type domain) is created with a

maximum element size of 0.02 m. For analyzing the boundary layer, we considered the thickness of the

mesh is to be less than or equal to 0.01 m near the airfoil wall. Finally, the node numbers, including

500 points, are selected to get a finer mesh for the numerical solution around the airfoil.

Here, the mesh structure includes 30 rows of quadrilateral mesh with a growth rate of 1.2 to ensure

a smooth flow transition. This is done to fulfill the criteria of y+ ∼ 1 as given in ANSYS manual [114].

The present study focused more on near-wall physics instead of vortices away from the airfoil; hence

the far zone is discretized with courser mesh. The total skewness of the mesh is < 0.33, and the

maximum aspect ratio is 141.

A grid independence study has been carried out to fix an optimum grid element size that will

ensure the independence of the numerical solutions. For this purpose, six different mesh structures

are created and analyzed with different cell sizes. The computational simulations are carried out over
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Fig. 2.7: Generated mesh (Grid index 4) details (a) boundary layer elements near the leading edge (b) boundary
layer elements near the trailing edge (c) whole C–type computational domain of the grid used.
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NACA 63-412 and NACA 63-415 airfoils at Mach number, Ma = 0.3, and angle of attack is taken 0◦.

Different Grid indexes are taken for the validation of computational simulation results. The details of

the grid independency test are enumerated in Table 2.4.

Table 2.4: Discretizations of 2−D computational domain for the grid independency test on the airfoils.

NACA 63-412 airfoil NACA 63-415 airfoil

Grid index Cells CL CD Cells CL CD

1 225775 0.12482 0.00382 226134 0.12989 0.00389

2 268125 0.18787 0.00587 269417 0.19842 0.00542

3 325290 0.24763 0.00653 326594 0.25009 0.00709

4 416296 0.31599 0.00716 419911 0.32684 0.00826

5 588829 0.31254 0.00737 590809 0.32742 0.00832

6 667199 0.31317 0.00752 807445 0.32931 0.00842

The computational simulations are first performed with the coarse mesh structures with 2,25,775

mesh cells for NACA 63-412 airfoil and 2,26,134 mesh cells for NACA 63-415 airfoil. The amount of

mesh cells is then gradually increased in consecutive steps to investigate the effect on the simulation

results. The estimated lift coefficient (CL), and the drag coefficient (CD) with different mesh structures

are presented in Table 2.4. From Table 2.4, it could be observed that after Grid index 4, the values

of CL and CD remain almost constant. Hence, out of these six Grid indexes, the best configuration

(i.e., the Grid index 4) is considered for further study to do the computational simulation.

2.6 Results and Discussion

In this study, the aerodynamic performances are analyzed over the 2−D basic NACA 63-412 and

NACA 63-415 airfoils at wind speeds, v◦ = 5, 7, 10, 15, and 20 m/s. The CFD standard commercial

software ANSYS/Fluent is used to solve the Reynolds-averaged Navier–Stokes (RANS) equations

based on a finite-volume approach. The lift coefficient (CL), and drag coefficient (CD) are calculated

for the different angles of attack varying between 0◦ ≤ α ≤ 20◦. The aim of these simulation is to

determine the optimum angle of attack of both the airfoils which extract the maximum power from

the wind turbine. The maximum power is extracted when the ratio of lift/drag forces is maximum.
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2.6 Results and Discussion

2.6.1 Validation Process of the Computational Models

The lift and drag coefficients are obtained for twenty different angles of attack in the range of 0◦

≤ α ≤ 20◦. In the simulation three turbulence models are used i.e., standard k − ǫ model (SKE),

realizable k−ǫ model (RKE), and shear-stress transport k−ω model (SST). The results are compared

with the available Xfoil solver and experimental data in the literature [3, 4].

Fig. 2.8(a) shows that the computational simulation results compared with the experimental data

taken from Bak et al. [4] at Re = 0.5×106 of NACA 63-415 airfoil. From the literature, it is found

that Bak et al. [4] performed the 2−D wind tunnel tests over NACA 63-415 airfoil at Re = 0.5×106

with a minimum trailing edge separation. Fig. 2.8(b) shows that the computational simulation results

compared with the Xfoil data obtained by Drela and Youngren [3] at Re = 0.5×106 of NACA 63-412

airfoil. From the literature, it is found that Drela and Youngren [3] conducted their 2−D Xfoil solver

simulation of the NACA 63-412 airfoil at Re = 0.5×106 with a minimum trailing edge separation.

Fig. 2.8(a) and 2.8(b) shows that the lift coefficient increases with the increase of the angle of

attack up to a certain angle i.e., the angle of attack (α = 14◦) with NACA 63-415, and angle of attack

(α = 13◦) with NACA 63-412 airfoils after these angle of attack the value of lift coefficient decreases

with the increase of angle of attack. These patterns of variation in lift coefficient are also observed

in the experimental data available from the literature. It is observed that the lift coefficient obtained

from the simulation which uses SST model is very close to the experimental data for the NACA 63-415

airfoil and the Xfoil solver for the NACA 63-412 airfoil.
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Fig. 2.8: The lift coefficient (CL) compared with (a) experimental data by Bak et al. [4] for NACA 63-415
airfoil at Re = 0.5×106; (b) Xfoil data by Drela and Youngren [3] for NACA 63-412 airfoil at Re = 0.5×106.
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Fig. 2.9(a) shows the variation of the drag coefficient for the different turbulent models with the

variation of the angle of attack. It also includes a comparison with the experimental data by Bak

et al. [4] for the NACA 63-415 airfoil. It is observed that the drag coefficient obtained from the

simulation which uses SST model is very close to the experimental data available in the literature [4].

Similarly, Fig. 2.9(a) shows the result with NACA 63-412 airfoil. Here, the simulated data is

compared with Xfoil solver by Drela and Youngren [3] for the NACA 63-412 airfoil. Here, also the

drag coefficient obtained from the simulation which uses SST model is very close to the Xfoil solver

result.

From the results, as shown in Fig. 2.9(a), it is observed that till the angle of attack is less than

5◦, the drag coefficient varies linearly and is approximately constant, after that exponential increase

in the drag coefficient is observed.
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Fig. 2.9: The drag coefficient (CD) compared with (a) experimental data by Bak et al. [4] for NACA 63-415
airfoil at Re = 0.5×106; (b) Xfoil data by Drela and Youngren [3] for NACA 63-412 airfoil at Re = 0.5×106.

2.6.2 Investigation of Optimum Angle of Attack

The optimum angle of attack of the NACA 63-415 and NACA 63-412 airfoils using the SST model

is calculated for twenty different angles of attack with wind speeds of v◦ = 5 m/s, 7 m/s, 10 m/s, 15

m/s, and 20 m/s, respectively.

Figs. 2.10(a) and 2.10(b) shows the variation of the lift coefficient (CL) as a function of the angle

of attack for different wind speeds.

Similarly, Figs. 2.11(a) and 2.11(b) depict the drag coefficient (CD) values for different angles of

attack for different wind speeds.
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Fig. 2.10: The change in the lift coefficient (CL) as a function of the angle of attack (α) for the five different
wind speeds with (a) NACA 63-415 airfoil; (b) NACA 63-412 airfoil.
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Fig. 2.11: The change in the drag coefficient (CD) as a function of the angle of attack (α) for the five different
wind speeds with (a) NACA 63-415 airfoil; (b) NACA 63-412 airfoil.
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2. Qualitative Analysis of Aerodynamic Performance of Airfoil Profiles

For finding the optimal angle of attack, the ratio of lift/drag coefficients need to be maximum i.e.,

sliding ratio, γ = CL/CD. This sliding ratio is also the measure of aerodynamic performance.

The estimated values of the sliding ratio of the airfoil profiles i.e., NACA 63-415 and NACA 63-412

airfoil profiles are shown in Figs. 2.12(a) and 2.12(b), respectively. From Fig. 2.12, it is observed that

the maximum sliding ratio appears somewhere between 5◦ and 6◦ for NACA 63-415 at different wind

speeds. Similarly, from Fig. 2.12(b), it is observed that the maximum sliding ratio appears somewhere

between 4◦ and 5◦ for NACA 63-412 at different wind speeds.
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Fig. 2.12: The sliding ratio (CL/CD) as a function of the angle of attack (α) for simulations employing the
SST model with (a) NACA 63-415 airfoil; (b) NACA 63-412 airfoil.

From Fig. 2.12 it is observed that the sliding ratio increases as the wind speed increases at the

same operating angle of attack. For selected NACA 63-415 and NACA 63-412 airfoil profiles, the range

of the optimum angle of attack with changing wind speeds is shown in Fig. 2.13. The appropriate

profile at changing wind speed can be chosen according to the large sliding ratio in the range of the

optimum angle of attack. The results show that the NACA 63-415 airfoil produces the maximum

power at changing wind speed as they have the maximum value of the sliding ratio. Therefore, the

NACA 63-415 airfoil profile is strongly suggested for the wind turbine blades. It is concluded that to

get the maximum power from the wind turbine; it is observed that the optimum angle of attack is

α ≃ 6◦ for NACA 63-415 airfoil and α ≃ 5◦ for NACA 63-412 airfoil at a wind speed of v◦ ≤ 7 m/s.

Further, Fig. 2.14(a)–(e) shows the variation of the sliding ratio at different angle of attack for

NACA 63-415 and NACA 63-412 airfoil profiles for a wind speed of 7 m/s.

The present study tries to provide the optimum angle of attack which is around α ≃ 6◦ for NACA
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Fig. 2.13: The optimum angle of attack for the selected NACA 63-415 and NACA 63-412 airfoil profiles at
different wind speeds.
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2. Qualitative Analysis of Aerodynamic Performance of Airfoil Profiles

63-415 airfoil. It is also observed that there is a slight variation in the optimal angle with the change

in wind speed. Similarly, for NACA 63-412 airfoil, the optimum angle of attack is around α ≃ 5◦.

At the wind speed of 7 m/s, the optimal value of the sliding ratio is 97.47, i.e., with CL is 0.93863

and CD is 0.00963 for NACA 63-415. Similarly, for NACA 63-412, the optimal value of the sliding

ratio is 94.99, i.e., with CL is 0.82459 and CD is 0.00868 at a wind speed of 7m/s.

The subsequent subsection examines the distribution of the surface pressure coefficient to validate

the estimated optimal angle of the attack.

2.6.3 Analysis of Pressure Coefficient

Fig. 2.15 shows the estimated surface pressure coefficient (Cp) distributions obtained from AN-

SYS/Fluent for NACA 63-412 and NACA 63-415 airfoils at a different angle of attack with a wind

speed of v◦ = 7 m/s.

The estimated pressure coefficient distributions for NACA 63-415 airfoil are compared with the

wind tunnel tests data as reported by Bak et al. [4]. This wind tunnel test data was obtained with

Re = 1.6×106 and cr = 0.6 m. It is observed that the estimated pressure coefficient distributions

are very close with the wind tunnel tests data available in the literature. To further quantify the

closeness of the wind tunnel tests data to the estimated pressure coefficient (Cp) distributions over

NACA 63-415 airfoil. The values of mean square error (MSE) is defined as

MSE =
1

N

N∑

i=1

[Cp_w(i)− Cp(i)]2 (2.15)

where, N is the sample size, Cp_w is the pressure coefficient distribution reported in Bak et al. [4]

from the wind tunnel tests, Cp is the pressure coefficient distribution obtained from the computation

simulations (using ANSYS/Fluent). The MSE index is always positive value and a lower value means

less error.

Table 2.5: Calculated the mean square error at 7 m/s.

α Error with SST Error with RKE Error with SKE

0◦ 0.10223 0.11268 0.11316

5◦ 0.01729 0.01813 0.01977

10◦ 1.16871 1.17762 1.37957

15◦ 0.87538 0.97305 1.01159

20◦ 0.46506 0.48193 0.53897
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2.6 Results and Discussion

However, due to the unavailability of proper experimental data in the literature for NACA 63-412

airfoil. The pressure coefficient distribution over NACA 63-412 is compared with the computational

results obtained for the different turbulence models.

Fig. 2.15 shows the pressure coefficient distribution on the bottom and top surfaces of the airfoil.

The lower portion of the curve corresponds to the top surface pressure coefficient distribution which

is negative, whereas the upper portion of the curve represents the lower surface pressure coefficients

which is positive. Together, these pressure coefficients produce the lift force on the airfoil which is

in the upward direction. It can also be observed that the larger the area under the curve, the more

the average lift force is on the airfoil. Further, it is also observed that since the difference between

pressure coefficient is much larger on the leading edge than the trailing edge, thus, indicating that the

airfoil’s lift force is mainly generated from the leading edge.

2.6.4 Analysis of Velocity Magnitude

Figs. 2.16 and 2.17 shows the velocity profile of fluid around the NACA 63-415 and NACA 63-412

airfoils, respectively. Here, the lines with an arrow are used to represent the direction of fluid flow,

whereas the color represents the magnitude of the velocity.

From Figs. 2.16 and 2.17, it is also observed that till the angle of attack is less than or equal to

5◦, there is no significant reduction of velocity at the trailing edge. Whereas, at 10◦ and higher angle

of attack, there is a significant reduction of velocity at the trailing edge resulting in the formation of

eddies. This results in a reduction in aerodynamic efficiency for the higher angle of attack.

2.6.5 Analysis of Pressure Field

Figs. 2.18 and 2.19 shows that the pressure field for NACA 63-415 and NACA 63-412 airfoils

at a different angle of attacks. The pressure distribution is calculated for the wind speed of v◦ = 7

m/s. The figures show that the pressure distribution is low at the upper surface, whereas high at the

bottom surface. As mentioned in Fig. 2.15, this pressure difference provides the lift force. The figures

present a chronology of the static pressure fields on the airfoil locations superimposed on the steady

streamlines to depict the complicated vortex patterns formed during the stalled process.

Figs. 2.18 and 2.19 demonstrates that the leading edge of NACA 63-415 and NACA 63-412 have

a greater static force than the trailing edge. Figs. 2.16 and 2.17 show that the velocity at the upper
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Fig. 2.15: Pressure coefficient plot of NACA 63-412 and NACA 63-415 airfoil profiles.
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Fig. 2.16: Voltage magnitude (m/s) superimposed on the streamlines computed using the SST, RKE and SKE
models for NACA 63-415 airfoil.
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Fig. 2.17: Voltage magnitude (m/s) superimposed on the streamlines computed using the SST, RKE and SKE
models for NACA 63-412 airfoil.
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surface of the airfoil is higher than the bottom surface. Therefore, the lower velocity at the bottom

surface produces a higher lift. After a certain angle of attack, there is a decrease in the lift coefficient

and increases the drag coefficient due to the flow separation from the upper surface, and the formation

of wake near the trailing edge.
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Fig. 2.18: Pressure field superimposed on the streamlines computed using the SST, RKE and SKE models for
NACA 63-415.

52

TH-3228_11610226



2.6 Results and Discussion

Angle of
attack (α)

SST RKE SKE

0◦

5◦

10◦

15◦

20◦

Fig. 2.19: Pressure field superimposed on the streamlines computed using the SST, RKE and SKE models for
NACA 63-412.
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2.7 Summary

In this chapter, a computational fluid dynamics (CFD) model (2−D) is developed to study the

aerodynamic efficiency of NACA 63-415 and NACA 63-412 airfoils at a different angle of attack. For

computational analysis, the Reynolds-averaged Navier-Stokes (RANS) equations with three different

turbulence models such as shear stress transport k−ω (SST), realizable k−ǫ (RKE), and standard k−ǫ

models (SKE) are used to analyze the fluid flow over the airfoils. The simulation results for NACA

63-412 airfoil obtained from different turbulence models are compared with Xfoil solver, whereas the

simulation results obtained for NACA 63-415 airfoil are compared with the experimental data available

in the literature. From the present computational analysis, the following significant findings are drawn:

(i) From the computational fluid dynamic analysis, it is observed that the SST model provides

results that are closer to the Xfoil solver and experimental data. Therefore, the SST model is

used to find the optimum angle of attack.

(ii) The lift and drag coefficients, which characterize the lift force and drag force acting on the

airfoils are examined for the different angle of attack and the wind speeds.

(iii) With the increase of angle of attack, initially, the lift coefficients increase, but this increase is

till the angle of attack of 14◦ for NACA 63-415, whereas for NACA 63-412 it increases till 13◦.

After these angles, the lift coefficient decreases. Regarding the drag coefficients, it increases

linearly till the angle of attack is approximately equal to 5◦, however, after this angle, there is

an exponential rise in the drag coefficient.

(iv) The optimum angle of attack which corresponds to maxima of sliding ratio is observed at an

angle of attack of α ≃ 6◦ for NACA 63-415 airfoil, and at α ≃ 5◦ for NACA 63-412 airfoil with

the wind speed of v◦ = 7 m/s.

(v) From the pressure coefficient (Cp) distribution curves, it is observed that the difference of

pressure coefficient increases as the angle of attack increases up to the optimum angle of attack,

and it is significantly higher on the leading edge than trailing edge.

(vi) The computational results of the velocity gradient and pressure contours for different turbulence

models are compared. From the results, it is observed that the boundary layer formed nearer

the airfoil is highly turbulent for the higher angle of attack.

The present study was mainly to find the aerodynamic efficiency of the NACA 63-415 and NACA

63-412 airfoil at a different angle of attack. Study tries to find optimal angle of attack of these airfoils.
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3. Evaluation of Aerodynamic Performance of Wind Turbine

Objective

The objective of this work is to develop a model for predicting the aerodynamic performance of the

small-scale horizontal axis wind turbine (SS-HAWT). As per the standard IEC 61400-2, the primary

blade design such as the chord length and twist angle of the SS-HAWT blade, are calculated using

optimal rotor theory. The aerodynamic performance of the wind turbine is analyzed using the blade

element momentum (BEM) approach, including the Prandtl’s tip loss correction factor. The numerical

computational technique is based on unsteady Reynolds-averaged Navier-Stokes (RANS) equations

with turbulence models. Here, the numerical solutions are done using ANSYS/Fluent software to

predict the aerodynamic performances of wind turbines rotating at different speeds. The results

through simulations are also validated with the steady-state result obtained through the BEM theory.

Since, the results from ANSYS/Fluent software takes significant time, hence, using the steady-state

results obtained from BEM theory and simulated results of ANSYS/Fluent are utilized to propose a

model which includes an equivalent second-order transfer function (TF) and BEM theory to estimate

aerodynamic performances of wind turbine.

3.1 Introduction

There are significant works reported in the literature which is focused on improving the aerody-

namic performance of the wind turbine blades [43, 131]. But, most of this work is done for a large

wind turbine with a rated wind speed of 10 m/s or above. The present work is about the aerodynamic

design of the SS-HAWT blades with rated wind speed in the range of 6 to 7 m/s [49,132,133].

In the early 1920s, Betz law has reported that 59.25% is the theoretical maximum wind power

that can be extracted from the wind velocity [134]. The classical theory for the fluid dynamics to

understand the wind turbine design is based on blade element momentum (BEM) theory, proposed by

Glauert in 1935 [135, 136], which is extensively used to study, design, and predict the aerodynamics

performance of the horizontal axis wind turbine (HAWT) rotor. The BEM theory approach is based

on a combination of one-dimensional (1−D) momentum and two-dimensional (2−D) blade element

theories, which uses the concept of the actuator disc with an infinite number of blades with no tip

loss [33,137]. Spera [138] has contributed towards the extensions of BEM theory along with Glauert’s

propeller theory for application of the blade design improvement. In practice, the BEM theory is

applied for a finite number of blades; hence, the results obtained with this approach have some
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inaccuracy. The accuracy of the results is further reduced by including tip losses at the end of the

blade. Wilson & Lissaman [136] suggest to use tip loss factor [139] in the BEM theory, which was

initially proposed by Prandtl’s [45] and it is known as the Prandtl’s tip-loss factor.

An airfoil produces lift and drag forces through pressure differences across its upper and lower

surfaces. The geometric characteristics of an airfoil element such as optimal chord length, and twist

angle distribution are estimated based on the design parameters, such as the rated wind speed, number

of blades, design tip speed ratio, and design angle of attack [140]. The design is based on the BEM

theory, an iterative process that calculates the axial and tangential induction factors, aerodynamic

forces acting on blades, velocities, torque, and power at the rotor shaft.

Some of the reported literature related to the design and analysis of the wind turbine are given in

references [16,141–143]. The wind turbine models are highly sensitive to the shape of the airfoil profile.

There are some standard airfoils available in the literature, and the present work utilizes one selected

in the previous chapter. The BEM theory is widely used to predict the aerodynamic performance

of the rotating blade. But, its accuracy in predicting the aerodynamic load and power depends on

the reliability of airfoil data [32]. Lee et al. [144], analyses the effect of various design parameters

on the aerodynamic performance of wind turbines; they have also suggested a modified BEM theory

to improve the accuracy of the estimated parameters. Kulunk and Yilmaz [145] have utilized the

BEM theory for a 100 kW HAWT and analyses its aerodynamic performance. Similarly, Sedaghat

and Mirhosseini [146] has used BEM theory to designed and extract maximum power coefficient for a

300 kW HAWT blade.

In [142], a 200 kW HAWT blade is designed using an adequate iterative algorithm based on

BEM theory. It provides an analysis of off-design variations of the wind velocity on the HAWT

performance. Moreover, Sharifi and Nobari [147] have used BEM theory to predict the sectional pitch

angle distribution along the blade strip to extract maximum power for the wind speed based on a

probability distribution function. In [148], the BEM theory for its design is utilized. But, it also

uses a heuristic method to linearized the chord and twist angle distributions along the blade strip to

maximize the annual energy production at the rated wind speed. Sedaghat et al. [149] studied the

aerodynamics performance for optimally designed blades at variable-speed HAWT using a compact

BEM theory. Ozair et al. [150] performed a computational analysis to analyze the designed HAWT.

The manuscript uses the BEM approach to develop the HAWT with power rating of a 5 kW. The
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diameter of the rotor of the wind turbine is 2.8 m and is designed for the rated wind speed of 10 m/s.

Recently, several research works in the literature on the design and analysis of wind turbines are

limited to theoretical studies. The field test or wind tunnels need extensive effort and resources.

Hence, computer-aided design (CAD) software is considered to develop wind turbines. However,

there are several commercial software, and open-source codes based on BEM theory, such as NREL

FAST code and DNV GL ‘Bladed’ software for simulating HAWT are available. The aerodynamic

performance of the wind turbines are analyzed using ANSYS/Fluent commercial software. Here, the

computational domain geometry also plays an important role in the accuracy of the results. These

numerical simulations provide the detailed structure of the flow mechanism and helps in the validation

of results obtained through theoretical models such as the one based on BEM theory. Here, the

turbulent flow is modeled through the different turbulence models [151]. Moreover, the computational

approach is economical and quick compared to the experimental test for analyzing the aerodynamic

performance.

In this chapter, the optimal rotor theory is used to design the primarily blade parameters such

as the twist angle and the chord length of the wind turbine. The BEM approach with the Prandtl

tip loss correction factor is applied to evaluate the steady-state aerodynamic performance of the wind

turbine as per the standard IEC 61400-2 [112]. The computational technique is employed to validate

the aerodynamic performance observed by the BEM approach. This computational technique is also

used to analyze the complexity of the flow mechanism around the wind turbine rotor. Although

the computational technique takes a long computation time for calculation due to a high number

of the mesh elements [152]; therefore, it required high computational resources. Hence, this chapter

proposes a theoretical method that includs an equivalent second order transfer function (TF) and BEM

theory to estimate the aerodynamic performance. This theoretical method represents the approximate

dynamics of the generated torque by the wind turbine. These developed approximate dynamic models

are suitable for controlling the wind turbine system, as the turbine dynamics are simplified to a

second-order system.

Rest of the chapter is organized as follows: Section 3.2 provides the wind turbine design procedure.

An approximation of wind turbine dynamics with a second-order transfer function model has been

presented in Section 3.3. Section 3.6 gives the outlines of the simulation set-up of the computational

domain for the developed numerical model. In Section 3.7 provides the aerodynamic performance
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analysis and accuracy of the proposed second-order dynamic model in details. Lastly, the main

conclusion of the work is reported in Section 3.8.

3.2 Aerodynamics of the Wind Turbine

The theory behind the conversion of the energy from the wind turbine is explained using the

actuator disc concept which is mainly based on the variation of the wind velocity when the air passes

through the stream-tube [33,153]. This section describes the basic theoretical calculation of the wind

turbine.

3.2.1 Kinematics of the Wind Turbine Blades

The flow in the wake can be resolved into two velocity components, one in the axial direction

and the other in the tangential direction of the blade rotation, which causes rotation in the wake.

Therefore, the induced velocity on the rotor plane has two components, as shown in Fig. 3.1. From

this figure, the relative flow velocity on the blade plane [154] can be obtained as

Vr =
√

[v◦(1− a)]2 + [ωtr(1 + a′)]2 (3.1)

or in another form, the relative flow velocity at the blade plane is

Vr = v◦
(1− a)

sin φ
or ωtr

(1 + a′)

cosφ
(3.2)

here, the induced velocity is defined as vi ≈ (−av◦, a
′ωtr) via. a and a′ are the axial and tangential

induction factors, v◦ is the free wind velocity, ωt is the rotational speed of the turbine (or the rotor

angular velocity), r is the normal distance along the blade span from the root (0 < r < R), and φ is

the inflow angle.

In another way, the inflow angle with the rotor plane, can be calculated from Fig. 3.1 as

φ = tan−1 v◦(1− a)

rωt(1 + a′)
or tan−1 (1− a)

λr(1 + a′)
(3.3)

where, λr is the local tip speed ratio.

As we need to obtain the angle of attack (α), as shown in Fig. 3.1, and can be expressed [33] as

α = φ− γ − β or φ−Υ (3.4)

where, γ is the local twist angle, β is the pitch angle, and Υ (= β + γ) is the sectional pitch angle.
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Fig. 3.1: Schematic diagram of 2−D airfoil with the aerodynamic force components and velocity on
a blade element.

In the next section deals with the axial/tangential forces on the blade and the change of lin-

ear/angular momentum of the wind passing through the annulus.

3.2.2 Conservation of Angular Momentum Theory

The tangential velocity of the actuator disc section increases with the increase in the distance

of the section from the center of rotation. Hence, an annular ring of the actuator disc at a radial

distance r from the center, with radial width dr is considered for observing the variation of both

induced velocities (i.e., the axial and tangential velocities). The thrust force (TF ) per unit length due

to the axial momentum on the annular ring is obtained as

dTF

dr
= 4πrρv2

◦a (1− a) (3.5)

where, ρ is the air density.

Using conservation of angular momentum, the rate of change of angular momentum or torque per

unit length due to overall change in velocity can be written as

dQF

dr
= 4πr3ρωtv◦a

′ (1− a) (3.6)
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3.2.3 Blade Element Momentum (BEM) Theory

The BEM theory is the most popular tool for estimating aerodynamic forces on a rotating blade

due to its computational efficiency as compared to CFD simulation [33,138]. It models the behaviour

of the rotor based on geometric and aerodynamic properties of the airfoil. The blade is assumed

to be a collection of 2−D airfoils along its longitudinal dimension and the flow passing over each

airfoil is modelled by balancing the momentum on the either side of the rotor plane. The derivation

of aerodynamic loads based on blade element momentum theory, which is a combination of the two

independent methods [43, 46], i.e., 1−D momentum and 2−D blade element theories. The blade

element theory assumes the aerodynamic force on different blade elements are independent (i.e., no

interaction between the elements) and solely depend on the lift and drag coefficients of the individual

airfoil. On the other hand, the momentum theory (or actuator disc theory) is based on the conservation

laws in fluid dynamics.

The aerodynamic forces acting at different points along the length of the blade change due to

difference in chord length (cr), rotational speed (ωtr) and twist angle (γ). Therefore, the blade

is discretized into sufficiently large number of elements to evaluate the aerodynamic force at each

element. The total aerodynamic load is evaluated by integrating them along the length of the blade.

A set of equations are formed using these two theories, which are solved iteratively.

The lift and drag forces are acting on the blade element along the perpendicular and parallel to

the direction of incoming flow, as shown in Fig. 3.1. These forces on a radial length dr of the blade

element can be evaluated using coefficient of lift and drag, which are given by

dLf =
1

2
ρV 2

r crCLdr (3.7)

dDf =
1

2
ρV 2

r crCDdr (3.8)

where, cr is the airfoil chord length, the lift and drag coefficients (CL and CD) in the above equations

depend on the angle of attack (α) of the respective airfoil.

On the other hand, the normal force (FN ) (same as the axial force) and torque generated (QT )

(which is also same as the torque) per unit length due to the tangential force acting on an annular

ring of the rotor disc of the multiple bladed turbine are evaluated based on the known lift and drag

61

TH-3228_11610226



3. Evaluation of Aerodynamic Performance of Wind Turbine

coefficients of the airfoil as refer to Fig. 3.1; where, Fr is the resultant thrust force acted on the blade:

dFN

dr
= nbdTn = nb

1

2
ρcrV

2
r (CL cosφ+ CD sin φ) (3.9)

dQT

dr
= nbdTtr = nb

1

2
ρcrV

2
r (CL sin φ− CD cosφ)r (3.10)

where, dTn = dLf cosφ+dDf sin φ and dTt = dLf sinφ−dDf cosφ are the forces acting on each blade

in the axial (or normal to the hub) and tangential direction, respectively.

The derivation of aerodynamic loads based on the BEM theory, which combining both momentum

theory and blade element theory (or actuator disc theory). A set of equations can be developed to

calculate the flow induction factors of the wind turbine. Further, equating the axial thrust acting on

the annular ring from (3.5) and (3.9) gives the following form

nbV
2

r crCn = 8πrv2
◦a (1− a) (3.11)

where, Cn = CL cosφ+ CD sinφ is the normal force coefficient.

Similarly, equating the torque acting on the annular ring using 3.6 and (3.10) (i.e., dQT = nbdTtr)

gives the following form

nbV
2

r crCt = 8πr2ωtv◦a
′ (1− a) (3.12)

where, Ct = CL sin φ− CD cosφ is the tangential force coefficient.

Some algebraic manipulations are done for solving (3.11) and (3.12), the axial and tangential

induction factors (a and a′) are evaluated as

a =

[
4sin2φ

σr(CL cosφ+ CD sinφ)
+ 1

]−1

(3.13)

a′ =

[
4 sin φ cosφ

σr(CL sinφ− CD cosφ)
− 1

]−1

(3.14)

where, σr is the blade solidity, which is defined as the total blade area in an annular ring divided by

the total area of the annular ring at a radial distance r, i.e., σr = nbcr/2πr. Since, the inflow angle

in (3.13) and (3.14) is a function of the flow induction factors as given in (3.3), an iterative procedure

is adopted to find them, i.e., a and a′. Thus, the normal and tangential forces can be evaluated from

(3.9) and (3.10) by substituting relative velocity obtained from (3.2) using these flow induction factors.

One of the major disadvantage of the BEM theory is that, it does not account for the effect of

vortex shedding at the tip of the blade into wake. Therefore, some modifications are required in the
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formulations of BEM theory to account for various correction including tip and hub losses.

3.2.4 Loss Corrections

The inflow angle in Fig. 3.1 becomes very small for a large axial induction factor and the contri-

bution of lift force in the tangential direction also reduces. This is reflected in lower power production

due to reduced torque, which generally occurs at the tip of the blade, i.e., tip-loss. The azimuthal

variation of axial induction factor is required to incorporate this loss. Some correction factors are used

with BEM theory to address this issue.

The pioneer work of Prandtl [155] states that the behaviour of a particle in the downstream using

actuator disc model and developed an approximate solution that account for tip-loss and root-loss (or

hub-loss). This loss correction factor is given by

F =
2

π
cos−1 [exp(−froot−loss)]×

2

π
cos−1 [exp(−ftip−loss)] (3.15)

Here, at the root side, froot−loss =
nb(r −Rh)

2Rh sin φ
(3.16)

at the tip side, ftip−loss =
nb(R− r)
2r sin φ

(3.17)

where, Rh is the blade root radius, R is the turbine radius (or blade length). The tip correction

factor always varies between 0 and 1 (i.e., 0 ≤ F ≤ 1), the value at most points of blades to be unity

and near the tip of blade to the zero. Equation for root-loss (3.16) and tip-loss equation (3.17) are

used. The results calculated from the BEM theory with the root-tip loss correction factor gives perfect

agreement with practical field data for the attached flows on the blades surface.

Similarly, the thrust and torque forces in (3.5) and (3.6) are modified in the following form

dTF

dr
= 4Fπrρv2

◦a (1− a) (3.18)

dQF

dr
= 4Fπr3ρωtv◦a

′ (1− a) (3.19)

Therefore, the flow induction factors in (3.13) and (3.14) are modified in the following form

a =

[
4F sin2φ

σr(CL cosφ+ CD sin φ)
+ 1

]−1

(3.20)

a′ =

[
4F sin φ cosφ

σr(CL sinφ− CD cosφ)
− 1

]−1

(3.21)

When the axial induction factor, a > 0.4 then the original BEM theory starts to break-down and
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does not converge [156]. Buhl [47] developed a correction to the rotor thrust for a > 0.4. In the above

equation, ac ≃ 0.2, the flow induction factor using Glauert’s correction can be evaluated as

a =
1

2

[
2 + k(1− 2ac)−

√
(k(1− 2ac) + 2)2 + 4(ka2

c − 1)

]
(3.22)

In the above expression,

k =
4F sin2 φ

σr (CL sinφ+ CD cosφ)
(3.23)

This is valid for axial flow induction factor between 0.4 ≤ a ≤ 1. Similar to Glauert’s empirical

relationship, many others have proposed empirical curves to fit the same experimental data. Therefore,

this empirical curves do consider the tip and hub losses.

In addition to (3.14), Lanzafame and Messina [49] also introduced a new relationship of tangential

induction factor in terms of the axial induction factor and local tip speed ratio as

a′ =
1

2

(√
1 +

4

λ2
r

a(1− a)− 1

)
(3.24)

Hence, the magnitude of a′ is dependents on radial length, wind speed, tip speed ratio and rota-

tional speed in (3.24). In order to get accurate results, the developed algorithm takes advantage of

this theory to calculate the aerodynamics of the blades.

3.2.5 Overall Power Coefficient

Utilizing the obtained induction factors (a, a′), the general from of the local power coefficient of

the wind turbine can be written as

CP =
8

λ2

λ∫

λh

a′ (1− a)λr
3F

[
1− CD

CL
cotφ

]
dλr (3.25)

where, the value of λ is tip speed ratio, λh is tip speed ratio at the root. Note that, if CD ≈ 0, then

(3.25) is given as CP = 8
λ2

∫ λ
0 a

′(1− a)λ3
rFdλr.

Finally, the alternate expression for the power coefficient is obtained after simplification and ap-

proximating the integration by a summation. This results in approximate value of (3.25) as presented

by Manwell at el. [43]. Using the simplified value of Cp, the total power coefficient is given as (3.26):

CP =
n∑

q=1

[(
8∆λr

λ2

)
Fqsin2φq

(
cosφq − λrq sinφq

) (
sinφq + λrq cosφq

) [
1− CD

CL
cotφq

]
λ2

rq

]
(3.26)
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where, n is the number of sections across the whole blade strip, ∆λr is expressed as λrq−λr(q−1)
= λ/n,

here, q and q − 1 indicate the edges of the blade section.

3.2.6 Primarily Blade Geometry Design

The primarily blade geometry design of the wind turbine is to calculate the airfoil chord length

based on optimum rotor theory (ORT), which is written as [148]:

cr =
8πrF

nbCL(design)
× 1− λr tan φ

tan φ+ λr
× sinφ (3.27)

where, CL(design) is the design lift coefficient at optimum angle of attack, λr = λ× r/R is the local tip

speed ratio.

The local inflow angle to the plane can be determined using inflow induction factors along the

radial position and is expressed as

φ = tan−1 v◦(1− a)

rωt(1 + a′)
(3.28)

The local twist angle (or the angle of relative wind from the root) is given as

γ = φ− β − αd or Υ− β (3.29)

where, αd is the design angle of attack at which the maximum lift/drag ratio is observed.

3.2.7 Relationship Between Theoretical Coefficients

The performance index of the wind turbine is more often expressed in terms of torque coefficient

(CQ) and power coefficient (CP ) [157,158] and are articulated as

CQ =
Td

1

2
ρatv2

◦R
(3.30)

CP =
Pt

Pa
=

Tdωt

1

2
ρatv3

◦

=
Td

1

2
ρatv2

◦R

Rωt

v◦
= CQ × λ (3.31)

where, at is the swept area of the actuator disc (or rotor), Pt is the mechanical power generated, Pa

is the wind power available. Here, Td is the torque generated by the wind turbine, which is useful in

evaluating the its self starting capacity.
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3.3 Approximation of Wind Turbine Dynamics with a Second Order
Transfer Function

In this section, we propose to use an equivalent second order transfer function to model the output

generated torque by the wind turbine and is expressed as

T (s) =
ω2

nTd

s2 + 2ξωns+ ω2
n

(3.32)

The procedure for tuning the parameters of the dynamical model is explained in the subsequent

subsections.

3.3.1 Steady-state Gain

The steady-state gain of the model (kG) is

kG
∼= T (s)|s=0 = Td (3.33)

This steady state gain is estimated using the BEM theory.

3.3.2 Blade Natural Frequency

The natural frequencies ωn of the structure is to be lies between an admissible bounds [ωnLower;ωnUpper]

to avoid resonant conditions in the operating range of the rotor blade [48,159,160].

Typically the first blade rotational natural frequency (ωn1) of the blade should be larger than the

maximum rotor blade passing frequency [48,159–161], i.e.,

ωn ≥ κ(3ωt) (3.34)

≥ κ(3λv◦/R) (3.35)

where, ωn1 is the fundamental natural frequency of the horizontal blade, and κ is a suitable multipli-

cation factor which ensures a safety gap between the two frequencies. Through the several experimen-

tation, it has observed that κ varies in the range of 1.04 to 1.9 [161]. The present work has chosen a

safety gap of 1.2. The maximum rotation speed occurs at rated speed, and the factor of three came

from the number of blades in (3.34).

The fundamental natural frequency of the horizontal blades decreases with increasing the values of

the blade length. Therefore, it is obvious that ωn ∼ 1/R. In general, the relation of the fundamental
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natural frequencies between two blades are

ωn1

ωn2
=
R2

R1
(3.36)

where, R1 and R2 are the radius of two different wind turbine blades for 1 & 2.

Since, the rotor rotational speed also decreases with blade length, the tendency of the wind turbine

to excite a particular resonance condition is independent of the blade length.

3.3.3 Formulation of the Aerodynamic Damping Ratio (ξ)

The aerodynamic damping is developed due to the interaction between the blade aerodynamics and

the structural motion. Therefore, the proposed structural and aerodynamic damping model focuses

on the vibrational response of the blade aerodynamics incorporating blades tip motion.

A flexible multi-body representation is adopted to describe the dynamic behaviour of the 3-bladed

wind turbine. For a constant-speed, the aerodynamic damping model can be studied by considering

a constant wind velocity of the wind turbine. The axial force per unit length given in (3.9) can be

re-written as

dFN

dr
= nb

1

2
ρ
vt

cosφ

vr

sin φ
cr (CL cosφ+ CD sinφ) (3.37)

Considering the velocity components of the airfoil as shown in Fig. 3.2, define vt = ωtr (1 + a′) is

the tangential flow velocity and vr = v◦(1 − a) ± ẋtip is the axial flow velocity (or induced velocity

vector) at the actuator disc (or rotor plane). When blade tip experience a perturbation in the wind

direction with velocity ẋtip, the apparent outside the rotor plane velocity component of the blade

section, therefore, v◦(1− a) will be reduced by ẋtip as shown in Fig. 3.2.

Taking the following assumptions [162,163]:





• For attached flow/unstalled

• For small inflow angle

• At high tip speed ratio

: CL ≫ CD

: cosφ ≈ 1

: vt ≫ vr

The high tip speed ratio (vt ≫ vr) allows a simplified for the angle of inflow as

φ ≃ vr

vt
(3.38)
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Fig. 3.2: Aerodynamic damping effect on the wind turbine structural model.

For a constant-rotational speed of the wind turbine, the change in angle of inflow is expressed as

dφ ≃ dvr

vt
(3.39)

Slop of the life coefficient in terms of the rate of change of lift coefficient and angle of attack is

expressed by C ′
L = dCL/dα and written as

dCL = C ′
Ldφ = C ′

Ldα = C ′
L

dvr

vt
(3.40)

Here, according to (3.4), φ = α+ β + γ; here, β is considered to be zero and γ is considered as a

constant term. When the blade is not in stall, the rate of change of lift coefficient with angle of attack

(i.e., C ′
L = dCL/dα) is equal to 2π [33].

By differentiating (3.37) and its simplified form (here, considering CD ≃ 0 from the BEM theory

assumption) is given as

d

(
dFN

dr

)
= nb

1

2
ρvtvrcrdCL = nb

1

2
ρvtcrC

′
Ldvr (3.41)

From Fig. 3.3, the change in apparent axial wind velocity vr is strongly influenced due to changes

in the structural motion and wind velocity. Therefore, this wind velocity can be divided into two
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Fig. 3.3: The velocity and force diagram for vibrating the blade according to the wind turbine
structural model.

components and written as

dvr = dvr,wind + dvr,blade tip = u− ẋ (3.42)

where, u is the change in the axial wind velocity and ẋ is the structural velocity whose sign is positive

when aligned with the wind direction.

Here, the change in the axial force per unit length can be written as

T ′ = d

(
dFN

dr

)
= nb

1

2
ρωtrcrC

′
L (u− ẋ) (3.43)

Assuming the blade element as a mass-spring system with a single-degree of freedom (1−DOF),

the change is estimated using the principle equation of motion corresponding to the wind turbine

vibration and is modeled by equation maẍ + kx = T ′. Plugging the value of k and T ′, the equation

obtained is given below as

maẍ+ kx = nb
1

2
ρωtrcrC

′
L (u− ẋ) (3.44)

=⇒ maẍ+ nb
1

2
ρωtrcrC

′
Lẋ+ kx = nb

1

2
ρωtrcrC

′
Lu (3.45)
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where, ma is the modal moment of the wind turbine rotor and k is stiffness of spring. The solution of

the translational vibration is analogous to linear vibration.

The aerodynamic damping per unit length is suggested by (3.45) and expressed as

dca

dr
= nb

1

2
ρωtrcrC

′
L (3.46)

The aerodynamic damping of the wind turbine can be obtained by integration of (3.46) throughout

the horizontal blade given as

ca = nb
1

2
ρωt

∫ R

Rh

crC
′
Lrdr (3.47)

Therefore, the aerodynamic damping ratio of the wind turbine rotor for the fundamental mode of

vibration can be expressed as

ξ =
ca

2maωn
= nb

ρωt

4maωn

∫ R

Rh

crC
′
Lrdr, ξ ∈ [0, 1] (3.48)

where, ccr = 2maωn is the critical damping.

Equation (3.48) is based on the approximations and may under predict the aerodynamic damping

at higher wind velocity.

3.3.4 Overall Transfer Function

The aerodynamic model for getting torque response can be approximately represented in the form

of the second order transfer function (TF), i.e., T (s) as given below

T (s) =
Td

(
3.6λv◦

R

)2

s2 + 2

(
nb

ρωt

4maωn

∫ R

Rh

crC
′
Lrdr

)(
3.6λv◦

R

)
s+

(
3.6λv◦

R

)2
(3.49)

Here, the step signal will be applied to the second order system to get the dynamic response of

the torque generated by the turbine. The steady-state value of the torque i.e., Td is obtained through

the BEM theory.
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3.4 Algorithm Used for Design of the Blade Geometry and Imple-
mentation Procedure of the BEM Theory

In this section, an algorithm is written for the calculation of the blade geometry based on the

optimum rotor theory [113,164]. The iterative procedure is used for the calculation of optimum chord

length, and twist angle at each blade element of the wind turbine is summarized in Algorithm 1. The

preliminary blade design principle of the wind turbine is described in subsection 3.2.6. The step by

step procedure of the proposed optimum rotor theory algorithm is discussed below:

An algorithm is written to predict the aerodynamic load of the wind turbine based on the BEM

theory. Though conceptually simple, solving BEM theory with high accuracy and efficiently can be

challenging. There are several solution strategies for numerical convergence of the axial and tangential

induction factors are available in the literature [165]. These algorithms require a significant amount

of computational time to achieve convergence, else they suffer numerical instability. In this case, a

solution technique needs to be proposed to assure convergence at a super-linear rate. In this proposal,

the solution of the BEM theory is categorized into three operating regions (i.e., the momentum,

empirical and propeller break) to evaluate the optimal inflow angle as opposed to the traditional

approach for optimal induction factors for each of the elements to enhance the convergence. The step

by step procedure of the proposed BEM theory algorithm is summarized in Algorithm 1.

3.5 Selection and Design of Wind Turbine Blade Parameters

In order to design the efficient wind turbine, the most important influencing parameters need to

be study. In this section, the details of design parameters are presented below.

3.5.1 Design of Free Wind Speed, Tip Speed Ratio, and Rotational Speed

The profile of wind velocity is modeled as per the standard IEC 61400–2 [112]. An inlet wind

velocity profile commonly design for 3-blade variable-speed wind turbine should be 1.4 times the

annual mean wind speed (vamws). In this design study, the wind turbine Class III has been selected

vamws is equal to 5 m/s or below [99]; therefore, the free wind speed (v◦) is approximately equal to 7

m/s. According to the literature, the tip speed ratio (TSR) for the 3-blades wind turbine at the free

wind speed varies between 6 to 8 [148,166]. Here, the specific value of the design tip speed ratio (λd)

is chosen to be 6 for different wind turbine blade length (R1 = 5 m, R2 = 2.5 m & R3 = 1.7053 m) at
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Algorithm 1 Design procedure of the blade geometry based on optimal rotor theory algorithm.

Input: v◦, nb, ωt, R, αd, β, CL and CD

Initialize: Set an initial values to a and a′

Output: r, cr, γ

1: ℓ← 20 ⊲ Blade span divided into 18−20 number of elements

2: ∆r← R
ℓ ⊲ Width of single differential element

3: χ1 ← ∆r
R and χ2 ← 2∆r

R ⊲ Fractional radial position (dimensionless)

4: ∆χ← χ2 − χ1 ⊲ Incremental length

5: χ← χ1 + χ2 ⊲ Fractional length

6: for i = 1 : ℓ− 2 do

7: if i ≥ 2 then

8: χi ← χi−1 + ∆χ

9: else

10: χi ← χi + 0

11: end if

12: ri ← χiR ⊲ Local radial position

13: λri
← λ ri

R ⊲ χ , r
R is a dimensionless radial position (χ ∈ [0, 1] while r ∈ [0, R])

14: while ε > tolerance do

15: Start with initial guess values of the flow induction factors (a← 0 and a′ ← 0 )

16: Compute the inflow angle (φi) of each blade element using (3.3) ⊲ φ ∈ [0, π
2 ]

17: Look up the values of lift and drag coefficients (CL and CD) at optimal angle of attack (α)

18: Compute the blade loss correction factor (Fi) using (3.15), Prandtl model ⊲ F ∈ (0, 1)

19: Compute the local chord length (cri
) using 3.27

20: Compute the solidity factor (σri
) for the blade element

21: Compute the axial and tangential induction factors (a and a′) using (3.20) and (3.21)

22: Compute the local twist angle (γi) using (3.29)

23:
∣∣φiter+1 − φiter

∣∣← ε ⊲ Convergence parameter ε is set to 10−3

24: iter← iter + 1 ⊲ Iteration is repeated until the desired convergence

25: end while

26: end for

27: Compute blade geometry.
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Algorithm 2 Implementation procedure of the BEM theory algorithm.

Input: v◦, ρ, µ, nb, r, rh, R, γ, cr, αd, β, CL, CD, CL(max) and CD(max)

Initialize: Set an initial values to a, a′, α, F , P , CP , Cn and Ct

Output: CP , CQ, Pt, Td

1: λ ← [2 : 0.5 : 9]

2: n ← length(r) ⊲ Blade span divided into 18 number of elements

3: m ← length(λ), R← max(r), β ← 0

4: Compute the rotational speed and solidity factor for each blade element

5: count ← 0

6: for i = 1 : 1 : m do

7: Compute the local tip speed ratio (λri
) of each blade elements

8: Start with initial guess values of the flow induction factors are a← 0 and a′ ← 0

9: Compute the inflow angle (φi) of each blade element using (3.3)

10: Compute the relative wind velocity (Vri
) at the blade plane using (3.2)

11: Compute the Reynolds number (Rei) for each of the element using (3.52)

12: Compute the angle of attack (αi) of each blade element by substituting twist angle

from inflow angle using (3.4) as shown in Fig. 3.1
13: for j = 1 : 1 : n do

14: if αi,j ≤ 14 then

15: Compute the lift and drag coefficients (CLi,j
and CDi,j

) of each blade element corre-

sponding angle of attack found in Step 12 depend on Reynolds number by interpolation

of the airfoil database
16: else

17: Compute the lift and drag coefficients (CLi,j
and CDi,j

) of each blade element from the

airfoil database at optimum angle of attack using (3.50) and (3.51)
18: end if

19: end for

20: Start with initial guess of the change in the flow induction factors are ∆a← 1 and ∆a′ ← 1

21: while (max(∆a) ≥ 10−3 && count ≤ 1000) do

22: Compute the blade loss correction factor (Fi) using (3.15), Prandtl model

23: Update the loss correction factors as F1,i ← F2,i and Fn−1,i ← Fn,i

24: Compute the normal (Cni
) and tangential (Cti

) force coefficients of each blade elements

25: for j = 1 : 1 : n do

26: if ai,j < 0.4 then

27: Compute the axial induction factor (ai,j) using (3.20)

28: else ⊲ propeller brake region

29: ac ← 0.2

30: Compute the constant ki,j using (3.23)

31: Compute the new axial induction factor (new_ai,j) using (3.22) ⊲ if a > ac

32: end if

33: end for

34: Calculate the new tangential induction factor (new_a′
i) using (3.24)
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35:

Compute the change in axial induction factor as ∆a← |new_ai − ai| ⊲ Iterate till

reached ∆a ≤ tolerance as set to 10−3, if the conditions are satisfied, then continue

36: Otherwise, update the new inflow induction factors are ai ← new_ai, a′
i ← new_a′

i

37: Update Step 9, Step 10 and Step 11

38: for j = 1 : 1 : n do

39: if αi,j ≤ 14 then

40: Compute the lift and drag coefficients (CLi,j
and CDi,j

) of each blade element corre-

sponding angle of attack found in Step 12 depend on Reynolds number by interpolation

of the airfoil database
41: else

42: Compute the lift and drag coefficients (CLi,j
and CDi,j

) of each blade element from the

airfoil database at optimum angle of attack using (3.50) and (3.51)

43: end if

44: end for

45: count← count + 1

46: end while

47: Compute the change in tip speed ratio as ∆λri
← mean(diff(λri

))

48: Compute the power coefficient (CPi
) using (3.26) and torque coefficient (CQi

) using (3.30)

49: end for

50: Compute aerodynamic loads

the free wind velocity, which corresponds to the wind turbine rotor rotational speeds are 80.21 rpm,

160.43 rpm & 235.19 rpm, respectively. Assuming the operating wind speed varies from 5 m/s to 20

m/s, which corresponds to the change of TSR from 2.1 to 8.4 for each blade length. Generally, the

rated wind speed of the variable-speed wind turbine is not defined at this stage. Therefore, it will be

calculated through further investigation.

3.5.2 Selection of 2−D Airfoil Profile and Angle of Attack

The selection of suitable airfoil plays a vital role in design and analysis of the wind turbines that

would help to get the better efficiency.

In the design process of the wind turbine blade geometry, the necessary parameters of the blade

airfoil are the design lift coefficient (CL(design)), design drag coefficient (CD(design)), and design angle

of attack (αd). As discussed in Chapter 2, it was concluded that NACA 63-415 airfoil is better for

wind turbine application, hence, the present Chapter gets these design values from Chapter 2 for the

NACA 63-415 airfoil.
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Fig. 3.4: Geometric shape of NACA 63-415 airfoil cross-section curve [3].

Table 3.1: The design values of NACA 63-415 airfoil.

Parameter Symbol Values

Angle of attack αd 6◦

Design lift coefficient CL(design) 0.93863

Design drag coefficient CD(design) 0.00963

Max. lift/drag ratio (CL/CD)max 97.47

Max. lift coefficient CL(max) 1.3446

Max. drag coefficient CD(max) 0.0674

When the turbine begins to operate with an angle of attack more than its designed value, then

the lift and drag properties tend to become independent of detailed blade geometry such as thickness

and chord length i.e., in other ways, the airfoil behaves like a ‘flat plate, fully stalled’. Under this

condition, the calculation of the lift and drag coefficients is done using the Viterna method [167] as

shown in the equation below:

CL = 2CL(max) sinα cosα (3.50)

CD = 2CD(max)sin
2α (3.51)

where, CL(max) and CD(max) are the lift and drag coefficients at the maximum angle of attack i.e.,

CL(max) = CL|α=90◦ and CD(max) = CD|α=90◦ .
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3.5.3 Calculation of Reynolds Number and Turbulent Intensity

The wind turbine airfoils aerodynamic performance is influence by the Reynolds number (Re) and

is defined as [113]:

Re =
ρVrcr

µ
(3.52)

where, Vr is the relative wind velocity (which is defined by Vr =
√
v2

◦ + V 2
tan, where, the tangential

velocity, Vtan = ωtRmid−section = (blade tip speed)/2 ), cr is the chord of the mid-section of the blade,

and µ is the dynamic viscosity (1.778×10−5 kg/m·s) of the air.

In this study, the aerodynamic performances are calculated for different rotor radius at constant

wind speeds as shown in Table 3.2.

Table 3.2: Calculation of Reynolds number (Re) and turbulent intensity (I) at different wind speed.

v◦ (m/s)
R1 = 5 m R2 = 2.5 m R3 = 1.7053 m

Vr (m/s) Re I (%) Vr (m/s) Re I (%) Vr (m/s) Re I (%)

5 21.59 7.1×105 2.97 21.59 3.5×105 3.24 21.59 2.4×105 3.40

7 22.14 7.3×105 2.96 22.14 3.6×105 3.23 22.14 2.5×105 3.39

10 23.26 7.6×105 2.94 23.26 3.8×105 3.21 23.26 2.6×105 3.37

15 25.81 8.5×105 2.91 25.81 4.2×105 3.17 25.81 2.9×105 3.32

20 29.00 9.5×105 2.86 29.00 4.7×105 3.12 29.00 3.2×105 3.28

As shown in Table 3.2, the Reynolds number (Re) of these wind turbine (the blade length, i.e.,

R1 = 5 m, R2 = 2.5 m, and R3 = 1.7053 m, respectively) does not vary significantly, which is in the

range of 2×105 to 1×106, when the wind velocity varies from 5 m/s to 20 m/s. The present work has

chosen Re = 7.3×105 for R1, Re = 3.6×105 for R2, and Re = 2.4×105 for R3 as the Reynolds number

at v◦ = 7 m/s.

3.6 Simulation Set-up Description and Methodology for Validation
Purpose

In the current study, the computational simulations are carried out using ANSYS/Fluent standard

commercial software [114] to analyze the flow field over 3−D wind turbine and the aerodynamic

performance with different tip speed ratio (TSR).
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3.6.1 Solid Geometry Model Development

The process of building a 3−D computational domain for the wind turbine, the NACA 63-415

airfoil is used throughout the blade span by importing the coordinates of the upper and bottom

surfaces from the coordinate database [3]. Here, the airfoil has 26 coordinate points on upper surface

as well as the same number of points in bottom surface.

The geometrical parameter and operating conditions includes the blade length (i.e., rotor radius)

for different wind turbine rotors. For each blade element, the chord length (cr) is determine using

(3.27) with design lift coefficient (CL(design)) of 0.93863, design drag coefficient (CD(design)) of 0.00963,

number of blades (nb) of 3 (3–blades) to optimize cost and weight balance, design tip speed ratio (λ)

of 6, and the design angle of attack (αd) of 6◦. These design parameters are based on the maximum

lift/drag ratio at the free wind speed (v◦) of 7 m/s.

The hub radius of the wind turbines are h1 is 0.23 m for wind turbine with radius R1 (WTR1),

h2 is 0.12 m for WTR2 & h3 is 0.08 m for WTR3, respectively. Here, the blades are divided into 18

equidistant elements or sections from root to tip. The twist angle (γ) is determined using (3.29) at

each span element. The inflow angle is affected by the inflow induction factors and is calculated using

(3.28). For each blade element, the chord length and twist angle distributions are calculated based on

the optimum rotor theory as explained in Algorithm 1.

Figs. 3.5 and 3.6 shows the calculated chord length and twist angle distributions rapidly increases

close to the hub of the radial profile. The chord length (cr) taken at the middle section of the blade

length is 0.4755 m for WTR1, 0.2377 m for WTR2 & 0.1622 m for WTR3 and the twist angle is 26.02◦

at the blade root to 0.31◦ at the tip of the blade for all turbines.
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Fig. 3.5: Variation of chord length at radial position for different wind turbine.
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Fig. 3.6: Variation of twist angle at radial position for different wind turbine.

Using the above design parameters, a 3−D CAD model using Pro/ENGINEER is developed. Fig.

3.7 shows the airfoils wireframe, single blade structure, and overall the design of the wind turbine

rotor.

Fig. 3.7: A 3−D solid model of the wind turbine with NACA 63-415 profile.

3.6.2 Computational Domain Description and its Boundary Conditions

The designed 3−D CAD model of the wind turbine rotor using Pro/ENGINEER software is im-

ported into ANSYS/Fluent software design modeler workbench to analyze its flow field and aerody-

namic performance. The CFD domain uses a cylindrical domain. The wind turbine rotor is located

at 4D (i.e., four times the diameter of the turbine rotor) from the inlet-boundary, and the point of

rotation is considered as the origin. Here, the z−axis is the axis of rotation with the blades rotating
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in xy−plain.

The dimensions of the computational domain for the analysis are 5D radial span-wise direction

and 12D downstream region in which the wake expansion happens. Additionally, one more medium

cylindrical domain has been constructed inside the large cylinder to apply the body of influence

method during meshing. Its geometry consists of 2D upstream length, 5D downstream length, and

has approximately the same radial span as of the large cylinder. To investigate the proper rotational

effect of the wind turbine. The simulation method used a 3−D transient computational model with the

sliding mesh technique. The complete computational domain is then divided into two sub-domains; a

stationary stator domain and one rotor domain that rotated with respect to the stationary domain.

The faces of the small inner cylinder serve as an interface between the stationary and rotating

part of the model. Here, the ‘rotor-interface’ rotates while the ‘stator-interface’ and the large cylinder

remain static. The two sub-domains are ‘rotor-interface’ and ‘stator-interface’ has been created in

ANSYS/Fluent ‘design-modeler’ as shown in Fig. 3.8. This permit sliding of the adjacent cells at the

boundary between the two sub-domains. The front view and side view of the whole computational

domain is presented in Figs. 3.8(a) and 3.8(b).
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Fig. 3.8: Schematic diagram of the computational domain (a) Front view; (b) Side view.

The computational domain uses the boundary conditions (BC) at the velocity-inlet, symmetry,

and pressure-outlet. The BC at velocity-inlet type is based on the standard IEC 61400–2 [112] (as

discussed in Section 3.5.1). The inlet velocity profile is applied at the inlet face with a constant wind

velocity approaching to the wind turbine rotor. Here, the flow of wind is over the larger cylinder.

At the outlet face, the pressure-outlet type BC is specified with its value equal to the atmospheric

pressure (where, the gauge pressure/relative pressure is set to zero).

The cylindrical length in the computational domain is fixed in a manner to ensure that the effect
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of the BC on the flow inside the cylinder domain is negligible and reduces the convergence difficulties.

Further, the symmetry type BC is applied on the curved surface of the outer large-cylinder side. The

surfaces between two domains are interfaced using the general grid interface method. The rotor-surface

(3–blades + hub) of the wind turbine is defined as wall type BC, which is further classified as a moving

walls with wall/no-slip shear conditions. Here, the wall-function approach used to avoid the real wall

effects near these walls [114].

This near-wall treatment allows a smooth shift from low Reynolds number formulation to a wall

function formulation. Interface type BC between two sub-zones along with the sliding mesh technique

is used to keep the relative velocity of the turbine rotor and rotating cylinder as zero. The whole

cylindrical computational domain builds with specified BC is defined in ANSYS/Fluent software as

shown in Fig. 3.9. Table 3.3 shows the defined boundary conditions.

Fig. 3.9: The side view of the cylindrical computational domain layout and its boundary conditions
defined in ANSYS/Fluent software.

3.6.3 Solver Setting Details and Turbulence Model Selection

There are several previous studies that are used to model the flow around wind turbines such as

direct numerical simulation (DNS) [168], Large-eddy simulation (LES) [169], and Reynolds-averaged

Navier-stokes (RANS) method with different turbulence models [128]. The choice is generally made

based on the details of the flow and the computing resources available. The present work uses an
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Table 3.3: The boundary conditions of the 3−D wind turbines for the computational simulations.

Parameter Values

Airfoil type NACA 63-415

Simulation type Unsteady simulation

Turbulence model SST, SKE and RKE models

Fluid material Air

Temperature 10◦C

Dynamic viscosity 1.778×10−5 kg/m·s
Air density 1.225 kg/m3

Blade length R1 = 5 m, R2 = 2.5 m and R3 = 1.7053 m

Flow type Incompressible flow

Interface Sliding mesh

INLET boundary condition Flow velocity = 7 m/s

OUTLET boundary condition Gauge pressure = 0 Pa

Discretized method Finite volume method

CFD algorithm Simple (Default option)

Solution methods Pressure-velocity coupling

Least-squares cell based

Pressure (Standard)

Density (Second-order upwind)

Momentum (Second-order upwind)

Turbulent kinetic viscosity

(Second order upwind)

Specific dissipation rate

(Second-order upwind)

Solution controls Pressure; 0.5

Momentum: 0.5

Density: 1.1 kg/m3

Turbulent kinetic energy: 0.65

Boundary condition Velocity inlet (7 m/s)

Pressure outlet (Gauge pressure: 0)

Moving wall with no-slip shear condition

Number of mesh cells About 12,92,807 for R1, 8,69,854 for R2 and 4,08,823 for R3

Force monitors Torque and power coefficients

Residual convergence criteria 1×10−6

81

TH-3228_11610226



3. Evaluation of Aerodynamic Performance of Wind Turbine

unsteady RANS (URANS) equations.

The computational method uses the semi-implicit method for the pressure-linked equations (Sim-

ple) algorithm, for solving the velocity-pressure coupled URANS equations. The fluid considered in

the present model is assumed to be incompressible. The present work uses SST model for the turbu-

lence. The least-squares cell-based technique is used to find pressure gradients that solve the secondary

diffusion expressions and velocity derivatives. A second-order fully implicit temporal scheme is used

to reduce interpolation errors. The convergence criteria for the residuals is set as 1×10−6. Here, a step

size of 0.01 s is utilized for the simulation. The computational simulations are performed with approx-

imately 0.2 million to 2.5 million number of elements on Intel® Xeon® E5-2650v4 2.2 GHz Quad-Core

CPUs with 128 GB of RAM at the computer cluster of the Computer & Communication Centre,

IIT Guwahati. The typical time required for each 3−D computational solution is approximately ≈24

hours.

3.6.4 Meshing Topology and its Grid Independency Test

The cylindrical computational domain is discretized through the unstructured 3−D mesh. The

unstructured triangular mesh is generated on the wind turbine blade and hub wall region, whereas

the rest of the region employ tetrahedral meshes as shown in Fig. 3.10. Further, to enhance the mesh

quality, a zonal approach is adopted based on the body of influence between the large cylinder and

small cylinder.

Hence, the grid independence test is carried out to find the sub-optimal size of the mesh structure.

In the present study, the dense mesh is generated for the wind turbine and small cylinder domain. The

triangular mesh is implemented with the maximum element size of 0.02 m. A relatively coarser mesh

is generated for the large cylindrical domain. The tetrahedron mesh is selected with the maximum

element size of 0.1 m, moreover, the body of influence layer thickness is 0.005 m. A dense meshing

may produce a better result compare to coarse meshing, but it takes high computational time with

higher cost [170]. Hence, to find the sub-optimal size of the mesh, a suitable combination of dense

meshing and coarse meshing is utilized. This provides a mesh structure with less number of grid cells

with solution accuracy very close to that of a dense mesh. The mesh structure of the wind turbine

surface and closer view of the grid in the vicinity of the wind turbine rotor are shown in Figs. 3.10(a)

and 3.10(b).

Here, the mesh structure includes 30 rows of quadrilateral mesh with a growth rate of 1.2 to fulfill
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(a)

(b)

Fig. 3.10: Typical wireframe mesh structure around the wind turbine rotor (a) Boundary conditions
of the flow domain; (b) View of the wind turbine from axis of rotation.
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the criteria of y+ < 5 over the entire surface as required [114] (where, y+ = yuτ/ν, uτ =
√
τw/ρ, y is

the wall normal distance, τw is the wall shear stress and ν is the kinematic viscosity).

The details of the grid independency test are enumerated in Table 3.4.

Table 3.4: Discretizations of 3−D computational domain for the grid independence test on the wind
turbines.

Grid index
R1 = 5 m R2 = 2.5 m R3 = 1.7053 m

Cells CP (max) Cells CP (max) Cells CP (max)

1 606184 0.43271 562147 0.42795 287918 0.37497

2 908171 0.45932 644515 0.45122 353865 0.44161

3 1292807 0.48864 869854 0.48714 408823 0.48331

4 1643250 0.48663 1220858 0.48349 508646 0.48378

5 2261632 0.48764 1780872 0.48293 748307 0.48482

The computational simulations are initially conducted with the coarse mesh structures (with Grid

index 1) having 6,06,184 mesh cells for WTR1, 5,62,147 mesh cells for WTR2 and 2,87,918 mesh cells

for WTR3 case. The number of mesh cells is gradually increased in consecutive steps and the accuracy

in the overall estimation of the time-averaged values of power coefficient (CP (max)) of the wind turbine

is observed, i.e., in a second mesh indexed as Grid index 2 utilizes 12,92,807 number of cells for

WTR1, similarly, 8,69,854 number of cells for WTR2 and 4,08,823 number of cells for WTR3. The table

presents the quantitative values of the CP (max) = 0.48864 for WTR1, CP (max) = 0.48714 for WTR2,

and CP (max) = 0.48331 for WTR3. The table demonstrates that the values of the CP (max) are almost

constant after Grid index 3. The computational time for Grid index 5 is 3.5 times more than Grid

index 4 elements. Therefore, in this present study, Grid index 3 is used to get solutions with less

convergence time.

3.7 Results and Discussion

In this study, the aerodynamic performance of the wind turbines is analyzed. The optimal rotor

theory is used to design the blade geometry at the optimal tip speed ratio for different blade lengths

(R1 = 5 m, R2 = 2.5 m & R3 = 1.7053 m). Here, fiberglass/epoxy is considered as the material prop-

erty to design and analysis of wind turbines. The CFD simulations are implemented in ANSYS/Fluent

standard commercial software [114] using the sliding mesh technique, while a user-defined function
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(UDF) file is used for compiling, computing, and analyzing the results.

3.7.1 Validation of the Computational Simulations

The simulation uses the SST models for the modeling of the turbulent flow. The BEM theory based

on Algorithm 2 is used to calculate the steady-state aerodynamic performance using MATLAB pro-

gramming code and the aerodynamic performance is shown by CFD simulation using ANSYS/Fluent

software. It is observed that steady-state results from both methods are very close to each other, thus

verifying the results.

The CFD simulation provides torque coefficient (CQ) and power coefficient (CP ). To eliminate the

initial start-up effects, the CQ and CP values of the rotating turbine are averaged from 0.5 to 1.5 s

to obtain time-averaged values of the time-evolution solution. The average values of these coefficients

are calculated at various values of tip speed ratio i.e., λ = 2, 2.5, . . . , 9.

3.7.1.1 Case−1: The CQ − λ and CP − λ curves of the Wind Turbine with R1 (W TR1)

The variations of the CQ and CP as a function of tip speed ratio are shown in Figs. 3.11(a) and

3.11(b). The comparisons are shown between computational results (i.e., CFD results) and BEM

theory results. It is observed from Fig. 3.11 that the predicted CQ − λ and CP − λ curves of the

SST model shows an acceptable agreement with the BEM theory results. The computational results

appear to closely predict the CP value, especially at the lower tip speed ratios. For tip speed ratios

greater than 6 (up to 9), the CQ and CP obtained by CFD simulation are close with a maximum

deviation of 1.84%. In the present case, the peak performance is obtained at CQ and CP values of

0.08143 and 0.4886, respectively, corresponding to a tip speed ratio of 6.

3.7.1.2 Case−2: The CQ − λ and CP − λ curves of the Wind Turbine with R2(W TR2)

The variations of the CQ and CP as a function of tip speed ratio are shown in Figs. 3.12(a) and

3.12(b). The comparisons are shown between computational results (i.e., CFD results) and BEM

theory results. It is observed from Fig. 3.12 that the predicted CQ − λ and CP − λ curves of the

SST model shows an acceptable agreement with the BEM theory results. The computational results

appear to closely predict the CP value, especially at the lower tip speed ratios. For tip speed ratios

greater than 6 (up to 9), the CQ and CP obtained by CFD simulation are close with a maximum

deviation of 1.82%. In the present case, the peak performance is obtained at CQ and CP values of

0.08118 and 0.4871, respectively, corresponding to a tip speed ratio of 6.
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Fig. 3.11: Simulation results for R1 = 5 m blade length (a) Variation of CQ; (b) Variation of CP .
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Fig. 3.12: Simulation results for R2 = 2.5 m blade length (a) Variation of CQ; (b) Variation of CP .
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3.7.1.3 Case−3: The CQ − λ and CP − λ curves of the Wind Turbine with R3(W TR3)

The variations of the CQ and CP as a function of tip speed ratio are shown in Figs. 3.13(a) and

3.13(b). The comparisons are shown between computational results (i.e., CFD results) and BEM

theory results. It is observed from Fig. 3.13 that the predicted CQ − λ and CP − λ curves of the

SST model shows an acceptable agreement with the BEM theory results. The computational results

appear to closely predict the CP value, especially at the lower tip speed ratios. For tip speed ratios

greater than 6 (up to 9), the CQ and CP obtained by CFD simulation are close with a maximum

deviation of 1.14%. In the present case, the peak performance is obtained at CQ and CP values of

0.08055 and 0.4833, respectively, corresponding to a tip speed ratio of 6.
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Fig. 3.13: Simulation results for R3 = 1.7053 m blade length (a) Variation of CQ; (b) Variation of
CP .

The computational results of the different wind turbine rotors, the CQ − λ and CP − λ curves are

compared for SST model. The CQ − λ and CP − λ curves at a range of tip speed ratio (i.e., λ = 2,

2.5, . . . , & 9) shows a good and acceptable agreement with BEM theory data.

3.7.2 Analysis of the Torque Coefficient and Torque Response of the Wind tur-
bines

In the previous section, already CQ is estimated for a wind turbine with a different radius. In this

section using (3.30), the torque generated (T ) by the wind turbine is calculated.
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3. Evaluation of Aerodynamic Performance of Wind Turbine

3.7.2.1 Case−1: The Torque Coefficient and Generated Torque Response with R1(W TR1)

Figs. 3.14(a) and 3.14(b) shows the instantaneous generated torque by the wind turbine with

radius R1 using the computational model. It is observed that the CQ and Tc response reaches its peak

value at near 0.4 s and reaches its steady-state value in 1.2 s. In this case, the time-averaged CQ and

Tc values are 0.07997 and 942.034 N·m, respectively.
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Fig. 3.14: The time-dependent response for R1 (a) Variation of the CQ; (b) Variation of the Tc.

3.7.2.2 Case−2: The Torque Coefficient and Generated Torque Response with R2(W TR2)

Figs. 3.15(a) and 3.15(b) shows the instantaneous generated torque by the wind turbine with

radius R2 using the computational model. It is observed that the CQ and Tc response reaches its peak

value at near 0.2 s and reaches its steady-state value in 1.5 s. In this case, the time-averaged CQ and

Tc values are 0.07974 and 117.42 N·m, respectively.
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Fig. 3.15: The time-dependent response for R2 (a) Variation of the CQ; (b) Variation of the Tc.
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3.7 Results and Discussion

3.7.2.3 Case−3: The Torque Coefficient and Generated Torque Response with R3(W TR3)

Figs. 3.16(a) and 3.16(b) shows the instantaneous generated torque by the wind turbine with

radius R3 using the computational model. It is observed that the CQ and Tc response reaches its peak

value at near 0.15 s and reaches its steady-state value in 0.32 s. In this case, the time-averaged CQ

and Tc values are 0.07964 and 37.22 N·m, respectively.

0.0 0.3 0.6 0.9 1.2 1.5
0.00

0.03

0.06

0.09

To
rq

ue
 c

oe
ffi

ci
en

t (
C
Q
)

Time (s)

 BEM theory
 Computational data

Transient
   region

Steady-state region

(a)

0.0 0.3 0.6 0.9 1.2 1.5
0

17

34

51

D
yn

am
ic

 to
rq

ue
 (N

-m
)

Time (s)

 BEM theory
 Computational data

Transient
   region

Steady-state region

37.22 Quick and surge oscillation response

(b)

Fig. 3.16: The time-dependent response for R3 (a) Variation of the CQ; (b) Variation of the Tc.

In this section, the aerodynamic performance of the different rotating wind turbines has been

analysed. However, the computational technique takes significant time for obtaining the solution

i.e., takes approximately 24 h for each 3−D simulation. Therefore, there is a needs to utilize these

simulation results in developing a simple transfer function model which approximately represents the

torque response. These developed models could be used in real-time control applications.

3.7.3 Accuracy of the developed approximate transfer function to represent the
torque response

The steady-state aerodynamic response of the wind turbines can be predicted quite accurately

using the BEM theory as presented in Algorithm 2. Since, the Algorithm 2 gets implemented very

quickly, hence, it is used to provides steady-state torque, whereas the dynamic performance is modeled

as a second-order transfer function. The procedure for validating the accuracy of the developed model

is shown in Fig. 3.17.

Finally, the step response obtained from these transfer functions is compared with the CFD sim-

ulation. The values of MSE in (N·m)2 as defined in (3.53) is used to quantify the accuracy of the
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3. Evaluation of Aerodynamic Performance of Wind Turbine

Transfer Function

Computational Data

( )Lookup Table

Unit Step
Signal T

Scope

cT

dT

Proposed theoretical method

Using (3.49)

from BEM theory

Fig. 3.17: Procedure for validating the accuracy of the developed model.

proposed second-order dynamical model.

MSE =
1

n

n∑

i=1

[Tc(i)− Td(i)]2 (3.53)

where, N is the size of the sample, Tc(i) is the data points obtained from the computation simulation

results (using ANSYS/Fluent), Td(i) is the data points received from the proposed theoretical method

(which is combined BEM theory algorithm and second-order system).

The modal mass (ma) parameter is measured using Pro/ENGINEER to estimate the aerodynamic

damping ratio for Case−1, 2 & 3. The slope of the lift coefficient with angle of attack (C ′
L) equals

to 2π. Finally, the calculated damping ratios (ξ) are found to be 0.6653 for WTR1, 0.5542 for WTR2,

and 0.5129 for WTR3, respectively. These values are constant for a particular wind turbine as they

are independent of the tip speed ratio and wind velocity.

The generated torque response of the proposed theoretical method for Case−1, 2 & 3 is shown

in Figs. 3.18, 3.19 and 3.20, respectively. From the results, it is observed that the torque response

using the proposed theoretical method is very close to the torque response obtained through CFD

simulations.

These transfer functions which provide an approximate torque response are estimated for the

turbine of different radius at a particular tip speed ratio and wind velocity. Here, the proposed

second-order system parameters such as natural frequency (ωn) is presented in Tables 3.5 and 3.6.

3.8 Summary

The present work uses the optimal rotor theory to design the blade geometries such as chord

length, and twist angle along the radial span. The steady-state aerodynamic performance such as

torque and power coefficients (i.e., CQ and CP ) of the wind turbine is calculated using the blade
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Table 3.5: Calculation of natural frequency, developed torque and MSE at different tip speed ratio.

R1 = 5 m R2 = 2.5 m R3 = 1.7053 m

λ
ωn Td MSE

ωn Td MSE
ωn Td MSE

(rad/s) (N·m) (rad/s) (N·m) (rad/s) (N·m)

2 10.08 618.17 7.7696 20.16 75.70 1.3430 29.55 23.97 0.4188

2.5 12.60 712.96 6.9520 25.20 87.29 1.5379 36.94 27.64 0.3734

3 15.12 797.90 7.8301 30.24 97.38 1.8133 44.33 30.82 0.3332

3.5 17.64 865.19 7.7764 35.28 105.46 1.8452 51.72 33.37 0.5197

4 20.16 958.87 6.8913 40.32 117.00 1.5813 59.11 37.03 0.2378

4.5 22.68 996.15 6.4331 45.36 121.76 1.7014 66.50 38.54 0.5202

5 25.20 1011.22 7.8811 50.40 124.08 1.8040 73.89 39.28 0.1177

5.5 27.72 999.77 8.0907 55.44 123.50 2.0697 81.28 39.12 0.4208

6 30.24 942.51 8.3903 60.48 117.48 2.1307 88.66 37.24 0.1491

6.5 32.76 857.49 7.6053 65.52 107.57 1.2490 96.05 34.14 0.6537

7 35.28 767.04 6.7188 70.56 97.01 1.1885 103.44 30.60 0.3424

7.5 37.80 673.40 6.6699 75.60 85.94 1.9366 110.83 27.36 0.6158

8 40.32 555.11 7.5476 80.64 71.93 1.4052 118.22 22.92 0.2009

8.5 42.84 453.64 6.6967 85.68 59.64 1.6958 125.61 19.03 0.1483

9 45.36 328.07 6.0008 90.72 44.37 1.2217 133.00 14.21 0.1166
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Table 3.6: Calculation of natural frequency, generated torque and MSE at different wind velocity.

R1 = 5 m R2 = 2.5 m R3 = 1.7053 m

v◦
ωn Td MSE

ωn Td MSE
ωn Td MSE

(rad/s) (N·m) (rad/s) (N·m) (rad/s) (N·m)

3 12.96 9.11 0.1362 25.92 0.26 0.0001 38.00 0.05 0.0000

3.5 15.12 106.42 4.6281 30.24 13.50 0.3463 44.33 4.29 0.1002

4 17.28 226.70 4.0799 34.56 28.00 1.2210 50.67 8.87 0.1883

4.5 19.44 344.23 3.1934 38.88 42.21 1.3192 57.00 13.37 0.1032

5 21.60 467.83 4.6471 43.20 57.47 1.1283 63.33 18.19 0.1398

5.5 23.76 580.78 6.3146 47.52 71.79 1.1329 69.67 22.74 0.2491

6 25.92 692.46 7.7354 51.84 86.31 1.8499 76.00 27.36 0.2492

6.5 28.08 804.92 7.5632 56.16 100.81 1.7514 82.33 31.98 0.1754

7 30.24 918.79 8.3903 60.48 115.41 2.1307 88.66 36.65 0.1491

7.5 32.40 1039.27 8.4404 64.80 131.12 1.9961 95.00 41.67 0.1294

8 34.56 1172.24 8.4430 69.12 148.06 1.4830 101.33 47.06 0.2080

8.5 36.72 1302.01 7.6508 73.44 163.87 1.8997 107.66 52.12 0.3727

9 38.88 1452.57 8.1921 77.76 183.02 2.1226 114.00 58.21 0.2661

9.5 41.04 1611.62 8.2295 82.08 203.06 2.2093 120.33 64.59 0.2952

10 43.20 1772.24 7.3579 86.40 224.12 2.2645 126.66 71.27 0.4540

10.5 45.36 1942.36 8.2141 90.72 245.86 2.9057 133.00 77.93 0.6964
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Fig. 3.18: Comparison of the developed, computational and proposed torque response for Case−1.

0.0 0.3 0.6 0.9 1.2 1.5
0

50

100

150

D
yn

am
ic

 to
rq

ue
 (N

-m
)

Time (s)

 BEM theory
 Computational data
 Proposed method

Transient
   region

Steady-state region

117.42 Quick and surge oscillation response

Fig. 3.19: Comparison of the developed, computational and proposed torque response for Case−2.
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Fig. 3.20: Comparison of the developed, computational and proposed torque response for Case−3.

element momentum (BEM) theory. Further, the computational fluid dynamics (CFD) simulations

are carried out using ANSYS/Fluent to get the aerodynamic performance. It is observed that the
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3. Evaluation of Aerodynamic Performance of Wind Turbine

steady-state results obtained by the two approaches are very close to each other, thus verifies the

results obtained by these approaches.

It is observed that the BEM theory procedure provides steady-state aerodynamic performance

which is very close to the steady-state aerodynamic performance as obtained from the CFD simulations.

Since, the CFD simulations take significant computational time, hence, the present Chapter proposes a

second-order transfer function that uses BEM theory results to get parameters related to the steady-

state torque. Further, the other parameters of the model such as natural frequency and damping

ratio are calculated based on the available literature in this area. Finally, the comparison of the CFD

simulation and the torque response by the transfer function are done. It is observed that the developed

transfer function could approximately model the dynamic behavior of the wind turbine at a particular

wind speed. This developed transfer function could be quite useful in real-time control of the wind

turbine.
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4. Development of Fault Ride Through for DFIG System

Objective

Wind power generation is observing a significant use of doubly-fed induction generator (DFIG)

due to its improved efficiency, but the converter used in the configuration is sensitive to the presence

of a fault in the grid. This work presents a fault ride-through (FRT) configuration, which includes

a thyristor-based bridge-type non-superconducting fault current limiter (ThyBT-NSFCL) augmented

with a buck converter. It is observed that the proposed topology works fine under a temporary

symmetrical fault. The analytical analysis is carried out to observe the operating principle of the

proposed ThyBT-NSFCL under both normal and fault conditions. A comparative study with other

topologies such as switched impedance transformer-type non-superconducting fault current limiter

(TT-NSFCL), series dynamic breaking resistor (SDBR), and without any current limiter (WCL) have

been done to show the effectiveness of the proposed topology. The simulation results show that the

proposed ThyBT-NSFCL is a better fault current limiter as compared with other limiters like TT-

NSFCL, SDBR, and WCL. The simulation of the proposed ThyBT-NSFCL connected in series with

a DFIG system is carried out using PSCAD/EMTDC software. The performance of the proposed

topology is quite good, and it can be used as a reliable limiter for future wind energy applications.

4.1 Introduction

It is noticed that in the field of wind power production, the doubly-fed induction generator (DFIG)

is used extensively due to its lower installation cost and controllable active or reactive power outputs

[171, 172]. The DFIG-based wind energy system is observed to be sensitive to the presence of faults

in the grid. Due to this fact, the grid-connected DFIG system requires some protection mechanism

to protect it from any abnormal grid disturbances [18]. When a fault occurs in the electrical grid,

the stator current rapidly increases and thus, resulting in abrupt voltage sags at the stator terminals.

As a result, the rotor side converter (RSC) may become uncontrollable, and hence, the wind turbine

is eventually tripped out from the system [28, 173]. Therefore, there is a need to improve the fault

ride-through (FRT) capability of the wind turbine system so that it remains connected with the

grid [174,175].

Presently, several methods is suggested in the literature to improve the FRT capability of the DFIG

system such as the one given in the references [26,28,57–59,176–181]. A fuse is a self-triggering, small,

economical, and reliable protection device, which can interrupt fault currents without utilizing sensors
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and actuators, but it is a single-use device and required manual restoration [60]. In addition, the

circuit breaker (CB) is also a piece of a protective device, which can automatically or manually trip,

but the CB has high-current interrupting capabilities and the CB is an expensive electromechanical

equipment [60,61]. The primary goal of a fault current limiter (FCL) is to reduce the flow of excessive

fault current in the machine during abnormal conditions [75, 182]. One of the very widely used

techniques for limiting the fault current used in the wind energy system (WES) is the crowbar [183].

Crowbar utilizes a non-linear dynamic resistor to control the rotor fault current, and hence, it has

a fixed dynamic response to all levels of faults. Thus, to have more flexibility, several authors and

researchers have proposed different topologies and control strategies of the auxiliary devices to enhance

the transient stability of the DFIG system, such as static synchronous compensation (STACOM) has

been used to regulate the reactive power [184,185], and series dynamic breaking resistor (SDBR) [67,68]

to provide voltage protection to limit the rotor over-current but, they have limitation like it allows a

sudden rise of fault current instantaneously. In [186], a combined superconducting fault current limiter-

magnetic energy storage (SFCL-MES) based fault current limiter has been proposed, where the output

can be used to compensate the voltage dip and support critical loading under fault. However, the

SFCL-MES has relatively significant conduction losses across the multiple series devices in the high

current DC reactor circuit.

Unlike the traditional fault current limiters (FCL), the FCLs based on the solid-state devices are

classified into three major types, i.e., series switch-type, bridge-type, and resonance-type [182, 187].

In [69], authors have focused on the bridge-type fault current limiter (BTFCL), which utilizes a 1−φ

diode bridge rectifier connected to an inductor using the superconducting coil. Similarly, in [70], a

3−φ rectifier-type FCL has been reported with a superconducting coil as a DC reactor without a DC-

bias voltage source. These superconducting coil based FCL is costly and requires more maintenance.

In [74], a capacitor-based non-superconducting fault current limiter (CB-NSFCL) is proposed, which

also suffers from the disadvantage of high cost due to the presence of the voltage source and capacitor.

In [75,76], the non-superconducting fault current limiter (NSFCL) topology uses the diode bridge as a

DC-bias voltage source and non-superconducting coil with controllable switches connected across the

breaking resistor. In normal operation, the current flows through the DC reactor and switches, and

during the fault, the current flow through the fault reactor, breaking resistor and diode bridge. Since,

the fault current flows through the DC reactor and diode bridge, the current rating of them is quite
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high, thus increasing the cost of its implementation. In [77], the switched impedance transformer-type

non-superconducting fault current limiter (TT-NSFCL) topology is used to protect the DC reactor

against high fault and uses a battery for loss compensation during normal operation. The use of the

constant battery is not very effective in voltage compensation; moreover, it also increases the cost of

the system, and hence, not economically feasible.

As per the authors’ knowledge from literature, it is found that the study on the loss compensator

circuits augmented with the buck converter to compensate the forward voltage drop under the normal

operation is missing. In the previously introduced structures [77] ignored the utilization of an AC/DC

converter or DC/DC converter coupled to the voltage transformer/rectifier, which results to be expen-

sive for the power system application with the DFIG system. Therefore, a loss compensator circuit

is used as the DC voltage source in the place of a battery. The battery needs charging/replacement,

and the circuit operation may get interrupted; therefore, it reduces the lifetime of devices.

The main objective of this chapter is to develop a FCL that is more robust, efficient, and less

costly. To archive this objective, the authors tried to suggest some modification in existing NSFCL as

given in [75,77], and proposed a thyristor-based bridge-type non-superconducting fault current limiter

(ThyBT-NSFCL). The proposed ThyBT-NSFCL designed a loss compensator circuit consisting of a

DC-bias voltage source (includes voltage transformer and uncontrolled diode bridge rectifier) along

with the buck converter to effectively compensate the voltage drops across the forward voltage drops

on the semiconductor devices and the DC reactor resistance. This results in the short-circuit of the

secondary side of the transformer. Hence, the losses in the primary side are significantly reduced.

Moreover, with the use of the thyristor bridge rectifier, the losses during the normal mode are further

reduced. The analytical analysis of circuit operation is established in both normal and fault conditions.

To show the effectiveness of the proposed ThyBT-NSFCL, the simulation has been done for a sym-

metrical fault at the point of interconnection (PoI) of the system. It is observed through the simulation

results that the proposed ThyBT-NSFCL structure keeps the voltage level higher than the SDBR and

TT-NSFCL under grid fault. Here, the simulation of the system is done using PSCAD/EMTDC

software.

The rest of this chapter is structured as follows: Section 4.2 presents the controlled strategy of

the DFIG system. Section 4.3 describes the system configuration, operation, and control strategy of

the proposed ThyBT-NSFCL. The analytical analysis is presented in Section 4.4. In Section 4.5, the
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4.2 Modeling of Turbine and Control Strategy

design methodologies and estimation of parameters are presented. Section 4.6, the simulation studies

and discussion are presented. Lastly, in Section 4.7 the conclusion is presented.

4.2 Modeling of Turbine and Control Strategy

The wind turbine model with the DFIG-based grid connected wind energy system along with its

control strategy is shown in Fig. 4.1. The proposed ThyBT-NSFCL is connected between the stator

terminal of the DFIG system and the grid source. The RSC, which controls the operation of the DFIG

system, consists of an IGBT based voltage source converter.

The proposed RSC control scheme of the DFIG-based wind turbine connected with the ThyBT-

NSFCL.

G
rid

abc
dq

++

+- +-
+-

h ¢h

( )Part of Fig. 2(a)

CB

S PLL-

PI speed
controller

SPWM
controller

PI

PI

Blade

Gearbox

rq

rw

rdtwò

Using

MPPT

( )3LG
Fault

ThyBT NSFCL-

xri

yri

rAi

rBi

1 6s s-

( )e rq q- ( )( )e r m ms r drL i L iw w s- +

rw
erw

rw
*

brv*
arv*

crv*

drv*

qrv*

( )e r r qrL iw w s-

( )e rq q-

dri*

qri*

dri qri

dsv qsvdsi qsi

ABC
xy

ab dq

si b si a

sbi sai

sv b sv a

sv a

sv b

savsbv

a
b
c

eq

ab
abc

ab
abc

DFIG
CT VT

CT

dcv

position and speed
estimation

Sensorless slip

+-

Encoder

Fig. 4.1: The proposed RSC control scheme of the DFIG wind turbine connected with the ThyBT-
NSFCL.

4.2.1 Dynamic Model of Wind Turbine

The mechanical power capture from wind resources is given by the aerodynamic equation (4.1) [89]

as

Pm =
1

2
atρv

3
◦CP (λ, β) (4.1)
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4. Development of Fault Ride Through for DFIG System

where, at is the projected rotor area of the actuator disc (or rotor), ρ is air density, v◦ is free wind

velocity, CP is the power coefficient, β is blade pitch angle and λ is the tip speed ratio (TSR) (i.e.,

TSR = ωR/v◦, where R is rotor radius and ω is the angular speed of the blades).

4.2.2 Control Strategy of the RSC

The block diagram of the control algorithm implementation for the RSC is described and identified

in Fig. 4.1.

The sensed actual stator voltages (vsa and vsb) are transfered into 2−φ stationary frame using

Clarke’s transformation is given as

vsα = vsa (4.2)

vsβ =
1√
3
vsa +

2√
3
vsb (4.3)

Similarly, the sensed actual stator currents (isa and isb) are transfered into 2−φ stationary frame

(isα and isβ) and the sensed actual rotor currents (irA and irB) are transfered into 2−φ rotor frame

(ixr and iyr). Next, the α and β−axis stator voltages (vsα and vsβ) are transfered into d and q−axis

voltage as



vds

vqs


 =




cos θe sin θe

− sin θe cos θe






vsα

vsβ


 (4.4)

where, the stator voltage vector angle (θe) is calculated using the simple-phase locked loop (S–PLL),

which is used to transform the 3−φ stator voltage and current into the d−q frame [188].

The purpose of the RSC is to maintain the voltage and frequency of the stator at the variable

wind speed and varying loads. Most existing models widely used a conventional vector control based

on a stator flux orientation (SFO) [189] reference frame. So, a decoupled control of the instantaneous

stator active and reactive powers have been done by controlling d and q−axis rotor currents (idr and

iqr), respectively. The terminal voltage at the stator is controlled by controlling d−axis rotor current

(idr). Generally, the q−axis reference rotor current (i∗qr) is chosen, such that the stator reactive

power (Qs) is fixed to zero. The i∗qr is chosen for injecting the required reactive power in the DFIG

system. The d−axis reference rotor current (i∗dr) is obtained by processing the rotor speed error

(ωer) between reference and sense rotor speed (ω∗
r and ωr) through the proportional integral (PI)

speed controller [190]. However, PI controllers are highly dependent on the tuning of parameters and

100

TH-3228_11610226



4.2 Modeling of Turbine and Control Strategy

accurate tracking of angular information of stator flux/voltage. The tuning of the PI controller used

is selected based on a trial & error method [191]. The reference rotor current is expressed as

i∗dr = kpdω (ω∗
r − ωr) + kidω

∫
(ω∗

r − ωr) dt (4.5)

where, ω∗
r is set as the optimal TSR values for a particular wind speed. Here, the proportional and

integral gain constants of the speed are defined as kpdω and kidω, respectively.

Using Park’s transformation, 2−φ rotor frame currents (ixr and iyr) component are transformed

into the d and q−axis rotor currents (idr and iqr) and it is expressed as



idr

iqr


 =




cos θsl sin θsl

− sin θsl cos θsl






ixr

iyr


 (4.6)

where, the slip angle is calculated as θsl (= θe−θr) and θr is known as rotor position which is achieved

with an encoder.

The d and q−axis components are decoupled by adding compensating terms as

v∗
dr = kpdv (i∗dr − idr) + kidv

∫
(i∗dr − idr) dt

+ (ωe − ωr)σLridr

(4.7)

v∗
qr = kpqv

(
i∗qr − iqr

)
+ kiqv

∫ (
i∗qr − iqr

)
dt

− (ωe − ωr) (Lmims + σLriqr)

(4.8)

where, the leakage factor
(
σ = 1− L2

m/LsLr
)
, Lr is rotor inductance and ims = ψds/Lm is the stator

magnetizing current (the stator flux linkage, ψs = ψds as constant). The proportional and integral

gains of the d and q−axis current controllers are denoted by (kpdv and kidv) and (kpqv and kiqv),

respectively.

Moreover, the reference rotor voltages
(
v∗

dr and v∗
qr

)
are transformed into the 3–φ rotor reference

voltages (v∗
ar, v

∗
br, and v∗

cr). Thereafter, these values are compared with the triangular carrier wave

of switching frequency (fs) of 2 kHz is used for generating the sine pulse width modulation (SPWM)

signals for the converter switches (s1 − s6). Here, the wind turbine model with the DFIG system is

discussed above and used as a complete system of the wind energy system for the simulation study.
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4.3 Proposed ThyBT-NSFCL Power Circuit Configuration and its
Operating Principle

The proposed ThyBT-NSFCL circuit configuration is illustrated in Figure 4.2(a). This arrange-

ment is used to limit the transient fault current at the stator terminal and subsequently reduce the

rotor side current of the DFIG, hence improving the FRT capability of the DFIG system.

4.3.1 Proposed ThyBT-NSFCL Circuit Topology

The power circuit configuration of the proposed ThyBT-NSFCL consists of an isolation trans-

former, thyristor bridge rectifier, voltage transformer feeding a diode bridge rectifier (called a DC-bias

voltage source), buck converter, semiconductor switches, fast diodes, DC reactor, and discharging

resistor. An isolating transformer is the main part of the ThyBT-NSFCL. The stator line currents

flow through the primary side of the transformer winding, and the secondary side is connected to the

thyristor bridge rectifier. To control the fault current, a DC reactor is connected to the secondary side

of an isolation series transformer (here, three 1−φ transformers are used as a series transformer with

a turn ratio is equal to one (1 : 1)). The thyristor bridge rectifier (T1−T6) consists of six thyristors,

which convert the secondary AC side voltage (i.e., proportional to the current flowing in the stator

winding) to an equivalent DC reactor current. The voltage drops associated with the semiconductor

devices and the resistance of the inductor requires to be compensated by a compensating circuit. The

loss compensator circuit consists of a voltage transformer (step down) with a turns ratio (1 : n) and

feeds the 3−φ diode bridge rectifier (D1−D6), and the bridge rectifier via a buck converter for pro-

viding the proper DC voltage. The DC-bias voltage source has been used to compensate the voltage

drop under the normal operation stage. Further, with the use of the thyristor bridge rectifier, the

voltage drop in the DC circuit are compensate by controlling the firing angle. Here, the contribution

of a buck converter in the proposed scheme is used to provide regulated DC voltage to compensate

the voltage drop in the DC circuit in a controlled manner.

Fig. 4.2(a) provides a schematic diagram of the proposed ThyBT-NSFCL with the DFIG-based

wind turbine. During the healthy operation of the DFIG system, in the ThyBT-NSFCL, the IGBT

switch (sa) is in ON mode, and hence, the current flows through the DC reactor, IGBT switch (sa)

and loss compensation circuit (i.e., ic = iL). The buck converter, consisting of IGBT switch (sb),

fast freewheeling diode (Dbc & Dft), filter inductor (Lb) and filter capacitor (cf ) is utilized to keep
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Fig. 4.2: Specific diagram of the proposed ThyBT-NSFCL (a) configuration; (b) control logic blocks.
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the output DC voltage (vc) to a constant reference value. However, the error fed to the PI controller

for calculating the duty cycle and compared with symmetric triangle carrier wave to generate the

switching signal required to control the buck converter IGBT switch (sb). The gate signal is generated

depending on the duty cycle (D) of the PWM pulse. Here, the carrier frequency is chosen as 5 kHz.

The continuous charging and discharging process of the inductor (Lb) and the capacitor (cf ) during

ON and OFF of the IGBT switch (sb) forces DC-bias output voltage to track and follow the reference

voltage to operate at a constant voltage. The control strategy of the buck converter is given in Fig.

4.2(b)−Part-I. In this mode, the DC reactor inductor (Lc) in the circuit, and as the drop across the

semiconductor switches and DC reactor resistance is approximately compensated by the use of loss

compensator circuit. Hence, the secondary side voltage of the transformer is short-circuited, and thus

the primary side voltage drops approximately to zero i.e., vab = vbc = vca ≈ 0. This reduces the losses

in the primary side of the transformer.

During a fault condition, the DC reactor current (ic) is sensed using the sensing circuit and is

compared with a reference current (i∗c) to generate a signal to switch OFF the IGBT switch (sa).

Because of the delay associated with the sensing circuit, the control circuit and IGBT switch (sa) turn

OFF time. High current can flow through the IGBT switch (sa) and may damage it. Hence, a suitable

value of the inductor is designed to limit this sudden rise in fault current. A freewheeling circuit is also

provided across the DC reactor to prevent a sudden change in the DC reactor inductor current and,

thus to relieve the IGBT switch (sa) from any voltage stress. When the IGBT switch (sa) is turned

OFF, the diode (Db) starts conducting, and the fault energy is dissipated in the breaking resistor (rp).

Once the DC reactor is replaced in the circuit, then the use of the thyristor bridge rectifier further

augments or add towards the fine-tuning of current flowing in the DC reactor to minimize losses during

normal operation.

4.3.2 Control Strategy

The firing of controlled bridge rectifier is based on the use of phase lock loop (PLL) utilizing the

sensed line-to-line voltage (vl−l) ( i.e., vca, vab, and vbc). This angle (θp) and the reference firing angle

(α) is provided to the firing circuit to generate 6-pulse signal, i.e., Q1−Q6 for the thyristor. The

schematic of the same is provided in Part−II of Fig. 4.2(b). The output voltage across controller

bridge rectifier is denoted as vo∆ (i.e., vo∆ = 3
√

2
π vrms,l−lcosα; where, vrms,l−l is the line-to-line rms

voltage).
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The uncontrolled diode bridge rectifier output voltage is assumed to be voY . The reference voltage

(v∗
c ) for the buck converter is selected in such a way as to compensate for the various loss and to

maintain a current, which is approximately equal to the magnetizing current for the inductor. The

equation utilized [76,192] to ensure the same is expressed in the equation below

vc ≥ rcic + Lc
dic
dt

+ vsc + 2vft (4.9)

where, ic is the DC reactor current, Lc is the DC reactor inductance and rc is its internal resistance,

vft is the forward voltage drop on each of thyristors and vsc is the voltage drop across each of an

IGBT switch (sa).

Under the normal state, the IGBT switch (sa) carries rectified load current, but with the occurrence

of the fault, the IGBT switch (sa) is turned OFF, and the ic flows through the breaking resistor to

dissipate the fault energy. The DC reactor current is continuously monitored to switch the IGBT

switch using the current sensor at point ‘j’ and terminal voltage (vt) at POI place ‘h’. During normal

operation, ic is less than i∗c , and hence, the comparator ‘A’ output is a logic LOW and sensed rms

voltage vt is more than v∗
t , and hence, the comparator ‘B’ output is logic HIGH. Thus, the IGBT

switch (sa) remains to turn ON during the normal state. Similarly, during the fault condition, ic is

more than i∗c , and hence, the comparator ‘A’ output is a logic HIGH and sensed rms terminal voltage

vt is less than v∗
t . Hence, the comparator ‘B’ output is logic LOW, and thus, the turn OFF signal is

sent to the IGBT. The block diagram for the control logic is provided in Part−III of Fig. 4.2(b).

In order to make a fair comparison to observe the effectiveness of the proposed ThyBT-NSFCL

topology, the comparative analysis has been done with TT-NSFCL and SDBR. Moreover, the TT-

NSFCL and SDBR are well established, and proven technology in the literature [67,68,77,178], it has

the ability to enhance the transient stability and improve the FRT capability of the DFIG systems.

Without any current limiter (WCL) is considered as a base case system. This system is simply a DFIG-

based wind turbine system connected with the grid, and there is no fault current limiter has been

uses. In SDBR [67, 68, 178], the parallel IGBT along with the dynamic resistor is directly connected

in series with the line, and hence, the control circuit involves the sensing of the fault and turn OFF of

IGBT switch (sa), i.e., during fault the dynamic breaking resistor is connected in series with the fault.

Here, the rating of IGBT switch needs to be significantly high, and three pairs of IGBT switch along

with breaking resistor are required. In TT-NSFCL [77], a small battery with constant voltage was
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used as a DC-bias voltage source to compensate for the forward voltage drop across semiconductor

switches and DC reactor, and flows of current depending on the operating states. As the operating

point varies, a constant DC voltage may not be suitable to compensate the variable drop during the

normal operation.

4.4 Analytical Analysis of the ThyBT-NSFCL

The analytical analysis of the proposed ThyBT-NSFCL configuration has been examined in this

subsection. The analysis has been done for pre-fault and during fault conditions [74]. Fig. 4.3(a)

shows analytical analysis and simulation results for both line and DC reactor currents under pre-fault,

and during the fault condition. Similarly, the conduction modes of the thyristor (T1−T6) and the

current flowing through each thyristor are presented in Figs. 4.3(b) and 4.3(c), respectively.
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Fig. 4.3: The current conduction modes of thyristors before and during fault (a) DC reactor and line
current; (b) gate pulse of each thyristor; (c) current of each thyristor.

Fig. 4.4 shows the equivalent circuits of the thyristor bridge rectifier part for individual modes

corresponding to Fig. 4.3 are presented. The thyristors are enumerated in the order of conduction
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4.4.1 Under Normal Operating Condition

In this condition, the semiconductor IGBT switch (sa) remains to turn ON all the time, and the

DC reactor, loss compensator circuit, IGBT switch (sa), and thyristor bridge rectifier are connected

in series. During this state, the firing angle of the thyristor is kept at 60◦, so that there is a negligible

loss in the breaking resistor since, during the charging period of the DC reactor, the diode connected

in series with the breaking resistor remains turn ON. The charging or discharging of the DC reactor

depends on the polarity of the voltage applied across the DC reactor. When the voltage is positive,

the charging of the DC reactor occurs. When the voltage is negative, discharging occurs. The buck

converter tries to compensate for the drop of voltages across the thyristor switches. The governing

equation during the charging or discharging of the DC reactor during normal operation are

kvm sin(ωt+ θ) + vc = riL(t) + L
diL(t)

dt
+ vsc + 2vft (4.10)

where, kvm sin(ωt+θ) is the net line voltage induced in the secondary side of the isolation transformer

which is in series with the circuit. Here, ω is the power frequency, zs = rs + jωLs is source impedance,

zL = rL + jωLL is load impedance, r = rs + rc + rL is the equivalent resistance; in which rs, rc and rL

stands for source, DC reactor and load resistance, and L = Ls +Lc +LL is the equivalent inductance;
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in which Ls, Lc and LL stands for source, DC reactor and load inductance. The value of k, depends

on the number of thyristor conducting at that time, i.e., k =
√

3 for two thyristor conducting, whereas

k = 1.5, when 3 thyristor are conducting. Similarly, the value of θ depends on the voltages in the

series to circuit. Now, solving (4.10), the line current is described as follows:

iL(t) =

{
i◦ −

kvm

z
sin(ωt◦ − φ+ θ) +

2vft + vsc − vc

r

}

×e−( r
L )(t−t0) +

kvm

z
sin(ωt− φ+ θ) +

vc − vsc − 2vft

r

(4.11)

where, i◦ = iL(t◦), |z| =
√
r2 + (ωL)2 is the equivalent impedance, and φ = tan−1(ωL)/r is the

impedance angle. Clearly, iL(t) = ic(t), i.e., the line current is the same as the DC reactor current

under the charging state.

4.4.2 During Fault Operating Condition

The operation of the ThyBT-NSFCL circuit under fault conditions has been analyzed in two stages.

4.4.2.1 Stage−1

To sense and turn OFF the IGBT switch (sa) takes some time; hence, Stage−1 refers to the state

during fault when the IGBT switch (sa) remains ON. Under this condition, the governing equation

for fault current is given as

kvm sin(ωt + θ) + vc = rif (t) + L
dif (t)

dt
+ vsc + 2vft (4.12)

Now, solving (4.12), the DC reactor current can be calculated as follows:

if (t) =

{
i3 −

kvm

z
sin(ωt3 − φ+ θ) +

2vft + vsc − vc

r

}

×e−( r
L )(t−t3) +

kvm

z
sin(ωt− φ+ θ) +

vc − vsc − 2vft

r

(4.13)

where, i3 = i(t3), and the value of |z| and φ are given in the previous case. Here, r = rs + rc + rf ; in

which rf stands for fault resistance, and L = Ls + Lc.

4.4.2.2 Stage−2

During this state, the IGBT switch (sa) is turned OFF, and the firing angle of the thyristor is

changed to 0◦ so that a large amount of power could get dissipated across the breaking resistance. In

this mode of operation, the fault current flows through the thyristor bridge, a diode (Db), and the
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breaking resistance (rp). This stage is related to a time interval between t4 to t9, and the governing

equation is given as

kvm sin(ωt + θ) = rif (t) + L
dif (t)

dt
+ vb + 2vft (4.14)

Now, solving (4.14), the fault current is described as follows:

if (t) =

{
i4 −

kvm

z
sin(ωt4 − φ+ θ) +

2vft + vb

r

}

×e−( r
L )(t−t4) +

kvm

z
sin(ωt− φ+ θ) +

−vb − 2vft

r

(4.15)

where, i4 = i(t4), and the value of |z| and φ are given in the previous case. Here, r = rs + rp + rf ; in

which rp stands for breaking resistance, and L = Ls.

4.4.3 Power Loss Calculations of the ThyBT-NSFCL

The proposed ThyBT-NSFCL power losses under normal operation state, which includes losses

such as, the DC-bias voltage source, thyristor bridge rectifier, IGBT switches, DC reactor, and the

buck converter. While calculating the losses associated with the thyristor bridge rectifier, it assumes

that at a time, only two thyristors are conducting. Hence, the total steady-state losses per phase

under the normal state is given as follows:

ploss,T hyBT −NSF CL = ploss,T BR + pr + psc + ploss,Buck

+ ploss,DC−bias

= 2vftiavg + i2crc + 2vscic + vInic

+ 2vfdic

(4.16)

where, ploss,T hyBT −NSF CL is the ThyBT-NSFCL total power losses, ploss,T BR is the thyristor bridge

rectifier power losses, pr is the DC reactor power losses, psc is the power losses across the IGBT

switches (on-state), ploss,Buck is the buck converter losses (≈ ploss,SW + ploss,In; where, ploss,SW is the

semiconductor switch losses (neglected) and ploss,In is the normal conductor internal resistor power

losses), ploss,DC−bias is the DC-bias voltage source power losses (≈ pcore,V T + i2V T,rmsreq,V T + 2vfdic;

where, pcore,V T is the voltage transformer core loss (neglected), i2V T,rms is the rms value of the line

current of voltage transformer (neglected), req,V T is the equivalent resistance of the voltage transformer

(neglected) and vfd is the forward voltage drop on each of diodes), iavg is the average thyristor current
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in each conduction modes, and vIn is the input voltage of buck converter.

From (4.16), it can be observed that vft, rc, vsc, vfd, and vIn are marginally small. Moreover,

using the buck converter, the value of ic has a significant value. Hence, the on-state power losses can

not be ignored in practical application.

4.5 Design Methodologies and Estimation of Parameters for Pro-

posed ThyBT-NSFCL

The selection of suitable parameter values/ratings of each part is significant for the successful

operation of the DFIG system. If the parameter rating is not proper, then the system may be

reliable, but the cost will become very high. The design procedure of the circuit parameters for the

satisfactory operation of the FRT capability is presented. The estimated design parameters for the

proposed ThyBT-NSFCL are given in the subsection below.

4.5.1 Design for DC Reactor Inductance

During the fault, the high current could flow through the IGBT switch (sa), since there will be

some delay associated with turn OFF the device. These delays are mainly because of sensing delay,

control delay, and IGBT turns OFF delay. Thus, by increasing the value of the DC reactor, the fault

current passing through the IGBT switch (sa) could be limited to a safe value until the turn OFF of

the device. Thus, the minimum DC inductor required would be given by the expression

Lc ≥
√

3vm

dic,max/dt
≈
√

3vm × τd

ic,max
(4.17)

where, τd = τSensor + τControl + τIGBT,OF F ,
√

3vm is the peak voltage of the net line voltage induced

in the secondary of the isolation transformer when only two thyristors are conducting, ic,max is the

maximum safe current that can flow through the IGBT switch (sa).

For detecting the occurrence of fault by the sensing circuit used in the present work, it takes about

200 µs, which includes the time required for sensing (τSensor), control circuit processing (τControl), and

IGBT turn OFF time (τIGBT,OF F ) of 90 ns. For the minimum estimated value of inductance required,
√

3vm is taken as 539 V, which corresponds to the peak voltage of the net line voltage induced in the

secondary of an isolation transformer. Similarly, the value of ic,max ≈ 6 A is used to estimate the

inductance of the DC reactor. The estimated value of the DC reactor (Lc ≥ 18 mH) is obtained using

(4.17). The resistance of the inductor is taken to be 1 Ω.
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The DC reactor inductance value should be sufficient to suppress the rising DC current rate so

that ic does not exceed the maximum acceptable value ic,max before the DC-link of the DFIG system

becomes affected.

4.5.2 Design of Breaking Resistor

The necessary condition to be satisfied for the breaking resistor of the proposed ThyBT-NSFCL

under 3LG fault to suppress the fault current within the p times of the steady-state current is expressed.

Therefore, the necessary breaking resistor of the limiter is

rp ≥
√

2vrms,l−l(CT )

pic,max
(4.18)

where, vrms,l−l(CT ) is the net line rms voltage of the current transformer (CT).

Typically, p = 3, i.e., the fault current with a value less than 3 times of normal line current is

limited by the breaking resistor [193].

The estimated value of discharging resistance rd is calculated using (4.18) where, vrms,l−l(CT ) =

381 V, and pic,max ≈ 18 A is used to get the estimated value of rd ≥ 30 Ω.

4.5.3 Design of Buck Converter for Series Charging Supply

The buck converter supply is designed with an objective to regulate the voltage so that a minimum

required DC reactor current at the desired level could be maintained during the normal operation.

The design of the buck converter depends on several factors such as the power rating, current, and

voltage ripple [194]. The input voltage of the converter is calculated from the diode bridge rectifier

output voltage as

voY =
3
√

2

nπ
vrms,l−l(V T ) (4.19)

where, vrms,l−l(V T ) is the net line rms voltage of the voltage transformer (VT).

The buck converter voltage controls the DC-bias voltage source to fed as loss compensation. The

reference voltage value is expressed as vc = DvoY , where, D is the duty cycle of the buck converter

decided by the controller.

The output of the filter inductor is calculated as

Lb =
(1−D)vc

∆iLofs
(4.20)
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4. Development of Fault Ride Through for DFIG System

where, ∆iLo is the peak-to-peak (p−p) ripple of an inductor current (here, the internal resistance of

the filter inductor, Lb is ignored).

The output of the filter capacitor is calculated as

Cf =
∆iLo

8∆vCdfs
(4.21)

where, ∆vCd is the p−p ripple of the capacitor voltage.

The buck converter has been designed to compensate the voltage drop of vc = 8 V, which in-

cludes the forward voltage drop across the semiconductor switches and the DC reactor, isolation

transformer, and thyristor bridge rectifier. Here, the input line-to-line rms voltage to voltage trans-

former (vrms,l−l(V T ) = 415 V), the voltage transformer turns ratio of n = 40 is used in designing the

buck converter so that the value of the diode bridge rectifier output voltage, i.e., voY = 14.03 V is

calculated using (4.19). The value of the duty cycle of the buck converter, D = 0.57 is computed.

The other design parameters are ic = 2.75 A, the percentage ripple in current is taken to be 10%, i.e.,

∆iLo is 0.275 A. Similarly, the percentage ripple in voltage is taken to be 0.2%, i.e., ∆vCd is taken

to be 0.016 V. The switching frequency used in the buck converter design is 5 kHz. Using the above

design parameters, the estimated inductance of the filter inductor is Lb ≈ 2.5 mH, and the output

filter capacitor is Cf ≈ 450 µF.

4.6 Results and Discussion

A 3 HP rating of 3−φ DFIG system has been used in obtaining the simulation results, and the

appendix provides the data used in the simulation. In the present work, the DFIG system is connected

to the grid, which is considered an infinite bus with a constant voltage of 415 V, 50 Hz. To verify the

effectiveness of the proposed ThyBT-NSFCL, it is compared to different protection strategies such as

WCL, SDBR, and TT-NSFCL, for a temporary symmetrical 3−φ to ground (3LG) is applied at utility

grid ‘h′’ as shown in Fig. 4.1. The present analysis assumes that the wind turbine is operating at a

constant wind speed of 12 m/s. As discussed in the previous subsection, the calculated parameters of

the proposed ThyBT-NSFCL circuit are used in the simulation. The simulation runs for 5 s, the fault

is initiated at t = 2 s and it is cleared at t = 2.15 s (7.5 cycles) from the occurrence of the fault. The

simulation runs with a solution time step of 2 µs on PSCAD/EMTDC [195] software. The whole test

system has been simulated and analyzed using PSCAD/EMTDC [195] software.
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4.6.0.1 Characteristics of Voltage Dip

At the fault instant, the sudden voltage dips occur at the stator terminal, thus the results in a

sharp change in the stator flux. It could abruptly introduce a large transient current into the stator

as well as rotor winding, and these incremental currents may damage the RSC converter. According

to the Indian grid code IWGC (Indian Wind Grid Code), the wind turbine must resist upto 15 pu of

the nominal voltage at its terminals [196,197].
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Fig. 4.5: The voltage dip at terminal of the DFIG system.

The simulated RMS value of the voltage dip response at the DFIG-based wind turbine terminal is

shown in Fig. 4.5. It observed that

(i) In the case of WCL, the voltage dip goes to 0 pu, which is below the minimum acceptable

voltage of the grid codes. It indicates that the DFIG system will not ride-through during the

fault.

(ii) After adding the series device such as the SDBR, TT-NSFCL, and proposed ThyBT-NSFCL,

respectively. The voltage dip is improved and reaches near about 0.19 pu, 0.33 pu, and 0.55

pu, respectively, which is achieved to the acceptable range of the grid code.

As shown in Fig. 4.5, the proposed ThyBT-NSFCL quickly recovers the voltage dip at the machine

terminal. The voltage dip improvements with the ThyBT-NSFCL are nearly 100% as compared to

WCL, about 65.45% as compared to SDBR, and 40% as compared to TT-NSFCL protection device,

respectively. However, the improved terminal voltage of the DFIG system with the ThyBT-NSFCL

is acceptable for safety margin and grid codes. Therefore, the overall FRT capability of the DFIG

system has been significantly enhanced with the ThyBT-NSFCL.
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4. Development of Fault Ride Through for DFIG System

4.6.0.2 Transient Stator Current Proficiency

The quantitative evaluation of the stator current behavior of the DFIG for without and with

ThyBT-NSFCL is presented in Fig. 4.6. The first peak values of the rotor currents (isa, isb, isc) as

presented in Fig. 4.6(a) jump to about 14.13 A for a−φ, 13.47 A for b−φ, and 16.16 A for c−φ,

respectively. With the presence of the proposed ThyBT-NSFCL, the first peak values of rotor fault

current as presented in Fig. 4.6(b) is limited to 7.93 A for a − φ, 8.49 A for b − φ, and 8.50 A for

c − φ, respectively. The fault current limiting rate between the stator current without and with the

ThyBT-NSFCL are 43.87% for a− φ, 36.97% for b− φ, and 47.40% for c− φ, respectively.
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Fig. 4.6: The DFIG system stator current behaviors (a) WCL; (b) with proposed ThyBT-NSFCL.

4.6.0.3 Transient Rotor Current Proficiency

The transient rotor current behavior characteristics without and with the ThyBT-NSFCL are

presented in Fig. 4.7. The first peak values of the rotor fault currents (irA, irB , irC) as presented
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in Fig. 4.7(a) and the current jumps to about 44.13 A for a − φ, 45.72 A for b − φ, and 31.54 A

for c − φ, respectively. With the presence of the proposed ThyBT-NSFCL, the first peak value of

the rotor current is presented in Fig. 4.7(b), which is limited to 23.62 for a − φ, 18.00 A for b − φ,

and 26.03 A for c − φ, respectively. It has been observed that when the ThyBT-NSFCL is placed at

the stator terminal of the DFIG system, the rotor fault currents are reduced, thus reducing the RSC

ratings. The current limiting rate between the rotor current without and with ThyBT-NSFCL are

46.47% for a− φ, 60.63% for b − φ, and 17.47% for c− φ, respectively. However, when the proposed

ThyBT-NSFCL is placed at the stator terminal of the DFIG system, then it is observed that the rotor

fault currents are suppressed. Hence, it helps to yield the overcurrent protection for the RSC.

1.9 2.0 2.1 2.2 2.3
−50

−25

0

25

50

Time (s)

R
ot

or
 c

ur
re

nt
 (

A
)

 

 i
rA

i
rB

i
rC

(a)

1.9 2.0 2.1 2.2 2.3
−50

−25

0

25

50

Time (s)

R
ot

or
 c

ur
re

nt
 (

A
)

 

 i
rA

i
rB

i
rC

(b)

Fig. 4.7: The DFIG system rotor current behaviors (a) WCL; (b) with proposed ThyBT-NSFCL.
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4.6.0.4 DC-Link Voltage

A DC-link with a voltage of 95 V along with a DC-link capacitor of 2500 µF is utilized in the

simulation. The DC-link voltage variations with the different FCLs are shown in Fig. 4.8. From the

figure, it is observed that the DC-link voltage oscillations effectively restrained sharply in the presence

of ThyBT-NSFCL as compared with the case of WCL, SDBR, and TT-NSFCL. The observations also

show that the DC-link voltage drops to a value of 54.13 V with WCL, 65.76 V with SDBR, and 77.41

V with TT-NSFCL, and 83.38 V with proposed ThyBT-NSFCL, respectively. Therefore, the DC-

link voltage response noted that the ThyBT-NSFCL provides superior transient stability performance

compared to SDBR and TT-NSFCL under fault conditions.
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Fig. 4.8: The DC-link voltage behavior.

4.6.0.5 Electrical Torque Command

The electromagnetic torque unbalances cause a continuous and considerable amount of increment

in the rotational speed of the DFIG system. Hence, the DC-link voltage falls gradually. So, there

is a need for a passive protection device to encounter this problem. The dynamic electrical torque

response of the DFIG wind turbine with the different cases of a protection scheme is presented in

Fig. 4.9. The first peak of the electrical torque falls to 2.899 pu with WCL, 2.482 pu with SDBR,

1.943 pu with TT-NSFCL, and 1.284 pu with proposed ThyBT-NSFCL, respectively. Other than

the proposed scheme, the electromagnetic torque values exceed the mostly used safety margin for the

practical DFIG system. Therefore, the proposed ThyBT-NSFCL effectively reduces the variation of

the electrical torque during the fault and swings after the fault clearance.
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Fig. 4.9: Electrical torque behavior.

4.6.0.6 Active Power Transients

The response of the active power generated by the DFIG system with various FCLs is shown in

Fig. 4.10. From the figure, it is observed that the generated active power dropped nearly to zero in

the WCL case under fault. So, this effect not only brings oscillation in the electromechanical system

but may also cause instability in the power system. To overcome this problem, it is found that the

proposed ThyBT-NSFCL is very effective. After connecting the proposed ThyBT-NSFCL, the active

power drop is improved to 0.379 kW, whereas with other FCLs are 0.152 kW with SDBR, and 0.369

kW with TT-NSFCL, respectively. Also, it observed that the proposed ThyBT-NSFCL significantly

reduces active power fluctuation.
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Fig. 4.10: Active power response at the PCC.
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4.6.0.7 Voltage Dip at Machine Terminal Voltage

The improved voltage level under fault at the grid achieved 0.702 pu with TT-NSFCL and 0.842

pu with ThyBT-NSFCL at a breaking resistor value of 100 Ω as shown in Fig. 4.11. From the

results, it is observed that the amount of voltage level at the machine terminal significantly improved

when the breaking resistance values are increased from about 30 to 100 Ω with a step of ≈ 10 Ω.

When increasing the resistor value then, the total cost of ThyBT-NSFCL is increased. Hence, the

selected optimal breaking resistor of the limiter is the minimum to achieve compliance with Indian

and international grid codes.
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Fig. 4.11: Effects of breaking resistance at the machine terminals.

4.7 Summary

In this work, a thyristor-based bridge-type non-superconducting fault current limiter (ThyBT-

NSFCL) is designed with a buck converter to enhance its fault ride-through (FRT) capability and tested

with the doubly-fed induction generator (DFIG) system. The critical findings from the simulated

results are as follows:

• The analytical analysis of the proposed ThyBT-NSFCL circuit operation is demonstrated for

both normal and fault conditions with the symmetrical fault. The presented simulation results

show a good and acceptable agreement with the analytical analysis of circuit operation.

• The design procedure of the current limiting parameter values/ratings of the ThyBT-NSFCL

for the satisfactory operation is discussed.

• The ThyBT-NSFCL performs better under fault conditions to improve the FRT capability of the

wind energy system (WES) in various aspects, and it helps to meet the grid code requirements
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of connecting the DFIG system.

• The voltage dip at the terminal of the DFIG system is improved significantly with ThyBT-

NSFCL compared to without any current limiter (WCL), series dynamic breaking resistor

(SDBR), and switched impedance transformer-type non-superconducting fault current limiter

(TT-NSFCL) protection device.

• The ThyBT-NSFCL significantly improves the fluctuation and pulsation of generated active

power under fault conditions and circuit breaker opening instant.

• The effects of different breaking resistors at the machine terminal voltage are observed and

found satisfactory voltage dip improvement.

• Additionally, the proposed ThyBT-NSFCL has a simple structure that is efficient and econom-

ical to utilize in the power system with the DFIG system.

Finally, it manifests from comprehensive simulations and numerical analysis that the proposed

ThyBT-NSFCL is a more successful auxiliary protection device to enhance the FRT capability of the

DFIG system than the SDBR and TT-NSFCL in every aspect under the symmetrical fault in the

power system. This idea can be executed by physical experiments and hardware results to support

the claims as a future study.
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5. Impact of Integration of Wind Energy into the Micro-Grid

Objective

Renewable energy-based distributed generation (DG) plays a vital role in developing a sustainable

grid. Due to the intermittent nature of renewable energy sources, the power output poses potential

technical challenges to the grid and utilities. The technical challenges in the power system are the

power quality issues such as voltage flicker, voltage sag, or swell, and rotor angle stability of the

microgrid. To study the influence of renewable energy integration into the microgrid, the present

work has utilized a modified distribution network of IIT Guwahati (MDN-IITG). To simulate the

complete system, Siemens PTI PSS® Sincal software is used in the present steady-state and dynamic

analysis. Finally, the fault ride-through capability of the wind generator is observed with the presence

of FACTS devices in the system.

5.1 Introduction

The present focus is towards the use of more or more renewable energy sources such as wind, solar,

biogas/biomass, hydro, tidal, geothermal, fuel cells, etc., into the grid [198]. Some popular distribution

energy generation sources are shown in Fig. 5.1.

Distributed generation

Conventional energy Renewable energy

Wind Solar

Nuclear Kerosene Natural gas Tidal BiomassHydro

Coal Diesel

Fig. 5.1: The popular distributed energy generation resources.

Among the various types of wind turbines, the variable speed wind turbines along with the

doubly-fed induction generator (DFIG) is widely used in developing a wind energy conversion systems

(WECSs). It has many advantages over the fixed speed induction generators or fully-fed synchronous

generators such as variable-speed constant frequency (VSCF) operation, reduced flicker, independent

control capabilities of active and reactive powers, and relatively reduced-size converter [199]. It is im-

portant to study the effect on distribution networks such as voltage regulation, line flows, and stability

of the grid with the presence of the renewable energy (RE)-based DGs.
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From the literature, it is observed that most of the available research is carried out on the systems

primarily located in the USA and Europe. Since, the study conducted by other countries could not

be simply adopted without further research on the Indian systems. Therefore, the present study on

the modified distribution network of IIT Guwahati (MDN-IITG) tries to address some of these issues

related to the Indian system located in the North-East region of the country.

The remaining chapter is planned as follows. Section 5.2 discuss about the distribution network

used in the study. It also talks about the profile of the load. Section 5.3 provides the result and its

analysis. Finally, conclusion of work is presented in Section 5.4.

5.2 A Typical Distribution Network with Distributed Generations

The distribution system in the study is a modified Distribution System of IIT Guwahati. Here,

the network topology and line parameters are taken from the modified distribution system of IIT

Guwahati. However, the study purposes, the modified system includes some wind generation.

5.2.1 Detailed Description of Modified Distribution Network of IIT Guwahati
(MDN-IITG) System

The interconnected distribution network is designed to deliver power safely and with reliability.

The MDN-IITG has an incoming feeder from the grid to the main substation of 33 kV with a rated

capacity of 5 MVA. The main substation is connected to other substations through 11 kV feeders.

The voltage level at each 11 kV sub-feeder is further stepped down to 0.415 kV through 11/0.415 kV

distribution transformers. The major load is of four different types i.e., residential areas: RA (bus 6,

7, 18, 19, & 20), hospital areas: HA (bus 13), central library and playground areas: CLPA (bus 10 &

11).

The network topology of the MDN-IITG system is shown in Fig. 5.2. The MDN-IITG grid-

connected microgrid consists of RE-based DGs (wind) as the energy sources. The distributed gener-

ation (DG) consist of 1.3 MW DFIG-based wind turbine. A shunt capacitor bank with a 1 MVAR

rating is connected at bus 1. To further regulate the reactive power demand, a distribution static

synchronous compensator (D-STATCOM) with the rated capacity of 0.25 MVAR is connected at

bus 12. The details about the network and its parameters are given in Appendix E. Further, the

detail descriptions of major components of the distributed generation is provided in the subsequent

subsections.
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Fig. 5.2: A typical single-line layout of the MDN-IITG test system with renewable energy based DGs
and load groups.
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5.2.2 DFIG-Based Wind Turbine Power Unit

The DFIG used in the present study can operate in power factor control mode (±0.95 lag-

ging/leading) or voltage control mode. The slip of the DFIG can very within 30% to –30%. The

DFIG used in the model is an equivalent model representing several small DFIG generators connected

to a wind farm. The capacity of the DFIG used in the study has a rated capacity of 1.25 MVA. The

machine and its control parameters are given in Appendix E.1.

The wind power is integrated into the microgrid as an aggregated DFIG based WECS. Here in

the simulation, the DFIG is interfaced with the grid as a “load flow type DFIG’ i.e., DIFG with

specified PW , QW , s. The dynamic model of the DFIG utilizes controllers such as voltage regulator,

active/reactive power controller, and speed controller present in the library of Siemens PTI PSS®.

5.2.3 Distributed Static Synchronous Compensator (D-STATCOM) Model

Compared to the other flexible AC transmission system (FACTS) devices, the D-STATCOM is a

more suitable device to improve the power quality and system dynamics in the distribution network

[200]. To simulate a D-STATCOM, an advanced D-STATCOM model is used, which is connected

at bus 12. Here, a D-STATCOM is designed with the rated capacity of 250 kVAR capacitor and 50

kVAR inductive reactive power. The zero-sequence resistance and reactance are assigned as 0.567 Ω

and 0.453 Ω, respectively. Here, the D-STATCOM model as a current source (GNE-I) using graphich

model builder ( GMB) module in Siemens PTI PSS® Sincal software. The parameters associated with

the controller are provided in Appendix E.3.

5.2.4 Load Demands Curves

The load demand at buses 6, 7, 18, 19, & 20 is shown in Fig. 5.3. Similarly, Fig. 5.4 shows the

load demand at bus 13, and Fig. 5.5 shows the load demand at buses 10 and 11. These load curves

are taken from the measured data at load buses of MDN-IITG on a particular day which has been

divided into 96 data points with a time interval of 15 minutes. The data was measured at an interval

of 15 minutes, the data point 1 (data1) refers to average load demand during 00:00−00:14 h, similarly

data2 as 00:15−00:29 h, and so on.
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Fig. 5.3: The residential area load profiles.
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Fig. 5.4: The hospital area load profile.
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Fig. 5.5: The central library and play ground area load profile.
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5.2.5 Wind Generation Profile

The wind generation profile for a day in the per unit (p.u.) is shown in Fig. 5.6. The generation

schedule is updated at the interval of 15 minutse.
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Fig. 5.6: The wind turbine generation profile.

5.3 Results and Discussion

This section presents the steady-state and dynamic analysis of the MDN-IITG test system. While

doing the steady-state analysis, the load profile of a particular day is used in the simulation. Further,

how a typical wind generation pattern will affect voltage and the line flows is analysed.

The study also includes the power quality analysis of the system with the wind generation through

DFIG. Here, two cases are analysed i.e., in the first case the effect of DFIG on the network is considered,

while in the second case, the effect of DFIG with D-STATCOM is analyzed.

The test system is developed in Siemens PTI PSS®Sincal platform on Intel® Xeon® E5-2650v4

2.20 GHz Quad-Core CPUs with 8 GB of RAM.

5.3.1 Steady-State Analysis

For a steady-state analysis, two cases are considered in this work. The results of different cases

are compared in terms of voltage regulation, power flow, average voltage and voltage deviation at any

time of the day and at buses 1, 3, 6, 7, 10, 11, 12, 13 & 20 node. These two cases are defined as

follows:

• Case #1: MDN-IITG without DFIG− Only loads are connected at different buses without the

integration of distributed generators.
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• Case #2: MDN-IITG with DFIG− DFIG-based wind turbine power unit is integrated into the

distribution system.

5.3.1.1 Voltage Regulation

The load flow analysis is performed for two cases to investigate the voltage regulation at different

buses.

5.3.1.1.1 Case #1: MDN-IITG without DFIG Fig. 5.7 shows that the voltage profile of

different buses in the network. Here, bus 1 is considered as the reference bus with the per-unit (p.u.)

value of 1.03. It is observed that the node voltages dropped significantly in the middle of the day

as load demands were at the maximum values. The bus voltage dropped to the lowest level at 12:00

h, the voltage profile at buses 6, 7, 13, 18, 19, and 20 nodes dropped to approximately 1.025 p.u.;

additionally, the voltage profile at buses 10 and 11 nodes dropped to approximately 1.023 p.u. Finally,

it is observed that voltage regulation is within the acceptable limit.
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Fig. 5.7: The voltage profile without any distribution generation integration for M1 in-feeder.

5.3.1.1.2 Case #2: MDN-IITG with DFIG The voltage regulation of buses with the inte-

gration of DFIG-based wind energy system is shown in Fig. 5.8. From the figure, it is observed that

there is a significant increase in the voltage level at most of the buses, but at the same time, there is

also an increase in voltage deviation at the buses. The observed maximum voltage at the DFIG-based

wind energy system is 1.038 p.u., which does not exceed the permissible safety limit defined by the

Indian Electricity Rules.
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Fig. 5.8: The voltage profile disturbance due to DFIG-based wind turbine integration in M1 in-feeder.

The average voltage values are obtained for the two cases and their comparison is shown in Table

5.1. The equation used to find the average bus voltage (AV) is given below:

AVBUS =
1

N

N∑

i=1

[VBUS(i)] (5.1)

where, N is the number of data points, VBUS(i) is the ith data point corresponding to the voltage

magnitude at a particular bus.

Similarly, the voltage deviation (VD) obtained for different cases are compared at different buses.

The values of VD in p.u. as defined in (5.2) is used to quantify the deviation in the voltage level.

VD =
1

N

N∑

i=1

|VBUS(i)−AVBUS | (5.2)

where, AVBUS represents the average bus voltage at a bus.

From Table 5.1, it is observed that for Case #1 ( MDN-IITG without DFIG), the AVBUS values

at all buses except the reference voltage is comparatively less as compared with Case #2 (MDN-IITG

with DFIG). Similarly, it is also observed that the VD values for these two cases are comparable.

5.3.1.2 Power Flows in Different Lines or Feeders

The average power values are obtained for the two cases and their comparison is shown in Table

5.2. The equation used to find the average line power (AP) in kW is given below:
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Table 5.1: Calculated average voltage and voltage deviation values at different buses.

AVBUS Value (p.u.) VD Value (p.u.)

Buses Case #1 Case #2 Case #1 Case #2

1 1.03 1.03 Reference Reference

3 1.0294 1.0349 0.000792 0.000696

6 1.0286 1.0341 0.001069 0.000972

7 1.0288 1.0343 0.000997 0.000900

10 1.0280 1.0335 0.001313 0.001214

11 1.0279 1.0335 0.001342 0.001243

12 1.0294 1.0362 0.000806 0.000708

13 1.0288 1.0356 0.000991 0.000893

20 1.0285 1.0339 0.001090 0.000992

APLINE =
1

N

N∑

i=1

[PLINE(i)] (5.3)

where, N is the number of data points, PLINE(i) represents ith data point corresponding to active

power flow in a particular line. Whereas, APLINE represents the average power of the same line.

Similarly, the power deviation (PD) obtained for different cases are compared in different lines.

The values of PD in kW as defined as (5.4) is used to quantify the deviation in feeder active power

flow in the line.

PD =
1

N

N∑

i=1

|PLINE(i)−APLINE| (5.4)

This subsection analyses the power flow in different lines over a period of 24 h for the two cases.

Fig. 5.9 shows that the power flows in the lines without any distribution generation integration i.e.,

for Case #1. Similarly, Fig. 5.10 shows that the power flows in the lines with distribution generation

i.e., for Case #2.

From Table 5.2, it is observed that for Case #1 (MDN-IITG without DFIG), the AP values in

all lines are positive values means that power is flowing from grid or feeder to loads/costumers, but

in Case #2 (MDN-IITG with DFIG), AP values of line flow 1−2 and 3−12 has the negative values

other than the line flow 3−4, 3−8 and 3−15, because the DFIG unit generate power to supply the

customer requirement if there is any surplus power, then it is fed-back to the main grid. Similarly, it
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Fig. 5.9: The power distribution in the MDN-IITG test system for Case #1 & #2 (a) line flow 1−2;
(b) line flow 3−4; (c) line flow 3−8; (d) line flow 3−12; (e) line flow 3−15.
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Fig. 5.10: The power distribution in the MDN-IITG test system for Case #2 (a) line flow 1−2; (b)
line flow 3−4; (c) line flow 3−8; (d) line flow 3−12; (e) line flow 3−15.
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Table 5.2: Calculated average power and power deviation values in different lines.

APLINE Value (kW) PD Value (kW) Maximum Value (kW) Minimum Value (kW)

Lines Case #1 Case #2 Case #1 Case #2 Case #1 Case #2 Case #1 Case #2

1−2 735.58 -44.35 251.47 502.72 1238.49 -961.25 277.21 960.79

3−4 104.28 104.28 36.78 36.78 184.20 184.20 35.60 35.60

3−8 381.02 381.02 141.69 141.69 781.00 781.00 144.00 144.00

3−12 50.52 -779.75 17.47 251.35 95.90 -1238.17 17.50 -277.19

3−15 199.58 199.58 64.69 64.69 381.05 381.05 70.62 70.62

is also observed that the PD values of Case #1 is less than or equals as compared to Case #2.

5.3.2 Dynamic Model Evaluation

This subsection presents the dynamic analysis on a MDN-IITG test system in the presence of the

DFIG system. Here, two cases are considered, which are as shown below:

• Case #1: DFIG without fault ride through (FRT) device− Only the DFIG without any FRT

device is connected at bus 14.

• Case #2: DFIG with D-STATCOM as FRT device− DFIG-based wind turbine power unit with

D-STATCOM as FRT device is connected at bus 12.

In order to analyze the dynamic stability for the two cases, a 3−φ line-to-ground (3L-G) fault is

simulated on line 8−9 at t = 2 s, and is cleared after 150 ms (7.5 cycles).

5.3.2.1 Dynamic Stability Analysis Under Symmetrical (3L-G) Fault

Figs. 5.11 shows the dynamic response of DFIG-base wind turbine at the MDN-IITG integrated

point. The terminal voltage at buses 12 & 14, electrical torque, rotor, rotor position, rotor speed, slip,

active and reactive power generated by the DFIG are presented in the presence of 3L-G fault.

Figs. 5.11(a) and 5.11(b) shows the DFIG terminal voltage response at buses 12 & 14 under small

disturbances. Without any current limiter (WCL), the DFIG terminal voltage goes almost zero right

after a fault and continues to remain at that voltage level until the circuit breakers open. With the

presence of D-STATCOM, which is connected to the system at bus 12, it is observed that the voltage

profile improves. However, the improvement in the voltage profile of other buses is based on the

proximity of the bus to the bus where the D-STATCOM is connected i.e., the buses which are nearer
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to the bus to which D-STATCOM have more improvement in the voltage profile as compared to far

end buses.

The electromagnetic torque fluctuation causes a continuous and considerable amount of increment

in the rotational speed of the DFIG. The dynamic electrical torque response of the DFIG wind turbine

is shown in Fig. 5.11(c). The negative peak of the electrical torque falls to 0.02 N·m and the positive

peak goes to 1.3 N·m in Case #1, moreover, the negative peak of the electrical torque improves to

0.6 N·m and positive peak comes to 0.9 N·m in Case #2. Using D-STATCOM, the electromagnetic

torque values do not exceed the widely used safety margin typically specified for the practical DFIG

system.

Fig. 5.11(d) shows the response of the actual rotor position. It is observed that there are some

oscillations in the rotor position during 2−4 s. The actual rotor speed curves of the DFIG for both cases

are shown in Fig. 5.11(e). It is observed that the machine speed of the DFIG with the D-STATCOM

controller has lower oscillation compared to Case #1.

Fig. 5.11(f) shows the deviation of the slip of the DFIG under both cases. In Case #1, the slip

fluctuates up 30%, while in Case #2, the deviation of the slip value is limited to 20%, which is just

4% more than its steady-state value of DFIG.

Fig. 5.11(g) shows generated active power by the DFIG in both cases. In Case #1, the DFIG

active power goes to zero right after the fault, but with the use of D-STATCOM the generated active

power during the fault is maintained close to its pre-fault condition.

In a normal situation, the total reactive power generated by the DFIG is 0.3 p.u. While during

the fault, the generated reactive power varies from −0.5 p.u. to 1.2 p.u. However, after connecting

the D-STATCOM, the reactive power of the DFIG varies from 0.01 p.u. to 0.5 p.u., as shown in Fig.

5.11(h).

Hence, it can be said that with the presence of FRT (i.e., the D-STATCOM) the oscillations decays

much faster, thus, improving the stability of the power system.

Figs. 5.12(a)-5.12(h) shows the bus terminal voltage with and without D-STATCOM of Case #1

& 2 under a 3L-G fault. From Fig. 5.12(a), it is observed that with D-STATCOM there is much better

regulation of the voltages of the buses. Moreover, it is also observed that under fault conditions, the

D-STATCOM controller is much more effective in controlling the voltage profile of the buses which

are near to the D-STATCOM as compared to the remote buses.
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Fig. 5.11: The DFIG system with and without STATCOM device in the MDN-IITG test system
(a) terminal voltage at bus 12; (b) terminal voltage at bus 14; (c) electromagnetic torque; (d) rotor
position; (e) rotor speed; (f) DFIG slip; (g) active power; (h) reactive power.
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Fig. 5.12: The terminal voltage of the DFIG-WT in the MDN-IITG test system for Case #1 & 2 (a)
at bus 1; (b) at bus 3; (c) at bus 6; (d) at bus 7; (e) at bus 10; (f) at bus 11; (g) at bus 13; (h) at bus
20.
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Figs. 5.13(a)-5.13(e) shows the power flow in the lines under both the cases for a 3L-G fault.

From the figure, it is observed that the active power supply from the DFIG during the 3L-G fault is

significantly improved with the use of the D-STATCOM.

Therefore, it can be concluded that D-STATCOM plays an active role to suppresses both the fault

current and power fluctuation in the MDN-IITG.
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Fig. 5.13: The power flow in the MDN-IITG test system for Case #1 & #2 (a) line flow 1−2; (b) line
flow 3−4; (c) line flow 3−8; (d) line flow 3−12; (e) line flow 3−15.
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5.4 Summary

A modified distribution network of IIT Guwahati (MDN-IITG) test system is developed to inves-

tigate the potential challenges of integrating wind energy as a distributed generation into the network.

The networks combine the graphical user interface of Siemens PTI PSS®Sincal software with the

computing power of Siemens PTI PSS®NETOMAC program library. They are available as macros,

linked to a network defined in Siemens PTI PSS®Sincal. The main potential challenges are voltage

variations and poor power flow of the distribution network.

In this chapter, it is observed that integration of D-STATCOM increases the stability of the

MDN-IITG i.e., it improves voltage deviation and power regulation of the network. The dynamic

simulations are performed to analyze the impacts of DFIG with D-STATCOM integration into the

network. Moreover, the D-STATCOM device controller suppresses the fault current, compensates for

the voltage dip, smoothing the power fluctuation, and accelerate the whole recovery process for the

DFIG-based wind turbine. The outcome of the work is to be utilized as a guideline to the utilities for

integrating renewable energy based distributed generation into the distribution network.
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Objective

This chapter analyzes the impact of the integration of wind power generators. Here, a conventional

synchronous generator is replaced by a doubly-fed induction generator (DFIG) of the same power

ratings. Further, a static synchronous compensator (STATCOM) is also connected along with the

DFIG to augment the reactive power support. The system utilized for the study is the reduced North

Eastern Regional Electricity Board of 29−bus (NEREB-29) Indian power system. The simulations

are performed using the Siemens PTI PSS®Sincal software.

6.1 Introduction

Several work has been done recently to observe the impacts of large-scale integration of different

wind power generators on dynamic stability study [85,201–203]. The impact of wind generators on the

oscillation and damping has been calculated after replacing the SG from IG (either FSWT or VSWT)

[88,89]. The effects of electro-mechanical mode has been evaluated [89]. The impact due to penetration

of wind power generators on electro-mechanical and voltage state has been analyzed [204, 205]. The

limits on the voltage stability with different wind generators integration and its replacement have

been presented in [89, 206]. After fault occurrence, the load attributes are closely related to voltage

instability [207,208]. The impact of large-scale DFIG based integration into the wind parks on power

systems for dynamic stability has been studied [209]. The dynamic stability can be improved with

the use of a DFIG to some extent [85, 210], but during a fault, the DFIG behaves as a conventional

IG with an increase in rotor resistance [90], hence, losing its effectiveness in improving the stability of

the system. The large-scale wind parks connected through the long transmission line often result in

the formation of a weak grid which further reduces the stability of the system [211].

The DFIG can control its reactive power to operate at a given power factor or can be set on voltage

control mode. However, the voltage control capability of DFIG is comparatively less compared with

the synchronous generator. Thus, the stability of the power system is affected when the controller

could not control voltage to its reference value in a DFIG-based WECS [85].

The reactive power of the DFIG can be enhanced by increasing the size of the converters. However,

this solution increases the overall cost, which is one of the main advantages of DFIG over the full

power converter-based interface of the wind turbines [86]. The effect of reactive power supplied by

wind generation on the rotor angle stability is examined [87]. The study concludes that the transient
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stability could be improved, and the oscillations damped more quickly if the terminal voltage of the

wind generation is controlled. Furthermore, the synchronous generator rotor angle is influenced by

the control strategy utilized by wind generators.

The transient stability can be improved by some level when a DFIG system replaces a specified

synchronous generator [85]. However, the DFIG behaves as a conventional induction generator under

fault conditions [90]. The generator types used in wind turbines do not participate in power system

oscillations. Instead, the wind power penetration will have a damping effect due to a reduction in

the size of synchronous generators that engage in power system oscillations [89]. The increased wind

power penetration is accompanied by congestion at weak interconnection lines, leading to reduced

damping [91].

As a consequence, some transmission lines are heavily loaded and the system stability becomes a

power transfer limiting factor. With the continuous increase in wind power penetration into power

systems, power system stability becomes a very important issue which needs to be properly investi-

gated. The FACTS controllers are used for solving various power system control problems such as

enhancing power system stability and power flow control [212]. The dynamic stability is concerned

with small disturbances lasting for a long time with automatic control devices.

This chapter addresses the detailed of dynamic stability of power system when replacing a con-

ventional SG by a aggregated DFIG wind turbine of the same size. The main objective is to improve

rotor angle stability, as it maintain equilibrium between electromagnetic and mechanical power of each

generators in the power system. Integration of the wind turbine generator such as DFIG to reduced

NEREB Indian power grid. The simulation is perform under 3−φ line-to-ground (3L-G) fault on the

transmission line using Siemens PTI PSS®Sincal package [213].

The rest of this chapter is organized as follows. In this chapter, the impacts of wind power

penetration on power system dynamic stability based on NEREB of India grid in which replacing SG

with the DFIG wind turbine has been studied. Section 6.2 gives a full description of the test cases

utilized for the simulation. Simulation results and discussion are presented in the Section 6.3, and

lastly conclusions are drawn in Section 4.7.

6.1.1 Stability Evaluation Index

The typical dynamic stability studies are based on rotor angles measurement relative to a syn-

chronous rotating reference frame. It has been considered as one of the parameters to test the stability
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of the system. The extremity of a contingency of the system after a small disturbance can be assessed

by evaluating the dynamic stability index (I). The I is obtained into reduced NEREB Indian power

system using Siemens PTI PSS®Sincal software.

I =
360◦ − δm

360◦ + δm
, −100◦ < I < 100◦ (6.1)

thus, I > 0, correspond to stable condition

and I ≤ 0, correspond to unstable condition

where, δm is the maximum angle difference between any two generators in the system after fault at

same time. The main purpose of dynamic stability analysis to investigate when system is disturbed

by the small disturbance to analyze the dynamic stability. If the operating δm is initially large and

close to the stability limit index but SG at the two ends of the line may lose his synchronism with

respect to each other after fault occurs.

6.2 Description of Test Cases

To analyze the stability, the dynamic analysis is done on the reduced NEREB Indian power system.

To simulate the above systems, the authors have used the Siemens PTI PSS® Sincal software.

6.2.1 Reduced NEREB Indian Power System

A 54-synchronous machines, 232-bus NEREB of Indian grid is reduced to an equivalent 16-

synchronous machines, 29-bus system. The single line schematic diagram of reduced NEREB Indian

power system with DFIG based wind turbine is shown in Fig. 6.1. The reduced equivalent system

includes 16 unit of synchronous machines, 14 loads and 25 transmission line (i.e., all transmission lines

in this study are of similar type) with total generation of 3536.8 MW [214]. In this work, the authors

have replaced the SG plant of 165 MW, −36 MVar placed at bus 6715 with a wind power plant of

same capacity consisting of an equivalent DFIG model from library of Siemens PTI PSS® Sincal to

observe the effectiveness of wind generation into the system.

In this study, all SG are represented using a six-order model, with magnetic saturation neglected,

the test case system with governor and excitation controls has been used to initially model of gener-

ators. Here, during the faults, the generators input has been assume to be constant. The dynamic

model of SGs at buses 6145, 6146, 6504, 6506, 6509, 6636, 6640, 6643, and 6700 is a round rotor
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Fig. 6.1: One-line diagram of reduced NEREB Indian power grid with DFIG system.

generator, similarly, for buses 6300, 6301, 6709 and 6715 and at buses 6717 and 6719. The exciter

system at buses 6145, 6146, 6300, 6301, 6504, 6506, 6509, 6636, 6640, 6643, 6715, 6717 and 6719 is

IEEET1 type, while at buses 6700 and 6709 is IEEET2 type model. The turbine governor of all SGs

are modeled by a standard gas turbine model. The loads are represented by P and Q scaled type to

observe the effect of the loads dynamic characteristics. The dynamic model of a wind plant used for

the DFIG system consists of WT3G1, electrical control model is WT3E1, turbine model is WT3T1

and pitch control model is WT3P1 from dynamic model library of PSS/E for dynamic simulations.

Simulation studies have carried out to demonstrate and compared the dynamic performance of

reduced NEREB system with and without wind power integration as shown in Fig. 6.1 using Siemens

PTI PSS® Sincal software. To evaluate system dynamic stability performance, the 3L-G fault occurs

on line corresponding to buses [6757−6709] which is 132 kV on 40% distance from the bus 6757 at

t = 2 s with fault duration of 150 ms (7.5 cycles) is simulated. The selected fault impedance with

resistance of 0.5 Ω. A base case study has been carried out on the original reduced NEREB Indian

with out DFIG. This is used as an reference for the comparative studies.
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6.3 Results and Discussion

The simulation results related to the dynamic stability analysis of a reduced NEREB Indian grid

with wind power integration are presented in this section. The simulation uses DFIG with crowbar

protection for the integration of wind power into the grid. The parameters of the DFIG are taken

from [215] and are presented in Appendix F. Three cases are used to study the dynamic analysis,

which are presented as given below:

i) Case #1: It represent a case with conventional synchronous generators (SGs). It acts as a

base case to observe the impact of wind energy integration.

ii) Case #2: The system with wind power penetration i.e., replacing a conventional SG by

aggregated DFIG based WECS.

iii) Case #3: The system with wind power penetration i.e, replacing a conventional SG by

aggregated DFIG based WECS along with a STATCOM.

6.3.1 Dynamic Stability on Reduced NEREB Indian Power System

On bus 6715, a DFIG is placed as a “load flow type” with a rated active power of 165 MW and a

rated reactive power of 36 MVAR at a slip of −16%. For dynamic simulation, a 3L-G fault is applied

on the 132 kV line [6757−6709] and is cleared after 7.5 cycles.

6.3.1.1 Terminal Voltage of Generators

Fig. 6.2 shows the terminal voltages of 15 numbers of synchronous generators connected in a

reduced NEREB Indian power system. It is observed that the generators which are close to bus

6715 (i.e., the bus to which DFIG is placed) such as buses 6506, 6145, 6146, 6700, 6717, and 6719

show significant improvement in terminal voltage profile during fault for Case #3 i.e., the one with

STATCOM. Further, the terminal voltage of generator falls to 0.84 p.u. in Case #1 at bus 6145 during

the fault and recovered quickly to its normal value after fault is cleared. However, in Case #2, the

terminal voltage falls to about 0.8 p.u. during fault. However, the DFIG with STATCOM i.e., Case

#3, the terminal voltage rise to about 0.92 p.u. during the fault. Hence, it may be concluded that

STATCOM may play a significant role in improving the voltage stability of the system.
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Fig. 6.2: The terminal voltage of generators at different buses into reduced NEREB Indian power
system for Case #1, #2 & #3
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6.3.1.2 Rotor Angle of Generators

Fig . 6.3 shows the oscillations of the rotor angles of SG connected in the reduced NEREB Indian

system. The rotor angle of the generator deviates from 36.9◦ to 39.2◦ in Case #1 at bus 6145 during

the fault and recovered to its normal value after the fault is cleared. However, in Case #2, the rotor

angle deviates from 36.4◦ to 40.2◦ during the fault. In Case #3, the rotor angle deviates from about

37.2◦ to 38.9◦ during the fault. The magnitude of deviation of the rotor angle in Case #1 & #3 is

slightly lower compared to Case #2. It is further observed that the deviation of the rotor angle of

the synchronous generator is minimum for Case #3 i.e., the DFIG with STATCOM. Hence, it may

be said that the STATCOM significantly improves the stability of the system.

6.3.1.3 Rotor Speed of Generators

Fig. 6.4 shows the rotor speed of the synchronous generators. The rotor speed of the generator

deviates from 0.9996 p.u. to 1.0007 p.u in Case #1 at bus 6145 during the fault and recovers to its

normal value after the fault is cleared. However, in Case #2, the rotor speed of the generator deviates

from 0.999 p.u. to 1.0015 p.u during the fault. In Case #3, the rotor speed of the generator deviates

from about 0.9998 p.u. to 1.0004 p.u during the fault. From the figure, it is observed that rotor

speed oscillations of the synchronous generator settle down in 3 s in Case #3. This is mainly due to

the STATCOM dynamic reactive power support, which suppresses the rotor speed oscillations of the

synchronous generators. From the figure, it can be observed that rotor speed oscillations settle down

to the pre-fault steady-state value of 1.001 p.u. and stabilized with a settling time of 1 s. Hence, it

can be concluded that STATCOM help in reducing the speed deviation by providing proper reactive

power support.
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Fig. 6.3: The rotor angle of synchronous machine at different buses of the NEREB test system for
Case #1, #2 & #3
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Fig. 6.4: The rotor speed of synchronous machine at different buses of the NEREB test system for
Case #1, #2 & #3
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6.3 Results and Discussion

Table 6.1: Stability index at different buses.

Bus
Number

Case #1 Case #2 Case #3

Pre During Post Pre During Post Pre During Post

6145 0.7265 0.5579 0.721 0.7255 0.5114 0.7111 0.7301 0.6339 0.7313

6146 0.8317 0.5518 0.8711 0.8314 0.5019 0.8617 0.8329 0.6629 0.8878

6300 0.7081 0.3406 0.7558 0.6834 0.2926 0.7214 0.7484 0.4369 0.7941

6301 0.5527 0.0718 0.5666 0.5516 0.0674 0.5662 0.5589 0.0817 0.5678

6506 0.0098 0.1103 0.1681 0.0087 0.0725 0.1282 0.0186 0.1214 0.1853

6604 0.8011 0.0448 0.8732 0.8010 0.0313 0.8186 0.8197 0.0571 0.8809

6609 0.8377 0.4701 0.8863 0.8371 0.4546 0.8768 0.8381 0.4993 0.8893

6636 0.6692 0.0026 0.6786 0.6624 0.0032 0.6633 0.6755 0.0035 0.6849

6640 0.8515 0.0152 0.8575 0.8486 0.0111 0.8566 0.8546 0.0318 0.8588

6643 0.7399 0.0398 0.7399 0.7382 0.0321 0.7351 0.7460 0.0510 0.7530

6700 0.9262 0.8399 0.9358 0.9252 0.8228 0.9139 0.9291 0.9075 0.9418

6709 0.5499 0.9948 0.9963 0.5338 0.9938 0.9945 0.5548 0.9952 0.9971

6715∗ 0.7905 0.1073 0.8044 — — — — — —

6717 0.6888 0.1502 0.6933 0.6855 0.0584 0.6837 0.7208 0.5421 0.7219

6719 0.5782 0.2626 0.5906 0.5204 0.1634 0.5297 0.6450 0.5277 0.6456

6758 0.8198 0.1854 0.8989 0.7558 0.1588 0.8977 0.8568 0.1901 0.9180
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6.4 Summary

This chapter presents, the impact of wind power integration in a reduced NEREB Indian power

grid. From the dynamic simulation, it is observed that for Case #2 (i.e., replacing a conventional

synchronous generator (SG) by aggregated DFIG based WECS) there is a significant deviation in the

terminal voltages of synchronous generators during fault as compared with Case #1 (i.e., without

any wind generator). Similarly, more deviation in the rotor angle and speed of the SGs are observed

for Case #2 as compared with Case #1. But with the use of STATCOM with DFIG i.e., in Case

#3, there is a significant improvement in voltage deviation at the terminal of SGs. Similarly, much

less deviation in the rotor angle and speed of the SGs are observed in Case #3. Hence, it may be

concluded that DFIG with STATCOM may be a suitable choice for wind power integration.
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7. Summary and Conclusions

Objective

This chapter provides the important findings of the present work. It also summarizes the important

contribution of the thesis and finally discuss the future scope of the work.

7.1 Important Findings

In Chapter 2, a computational fluid dynamics (CFD) model (2−D) is developed to study the

aerodynamic efficiency of NACA 63-415 and NACA 63-412 airfoils at a different angle of attack. For

computational analysis, the Reynolds-averaged Navier-Stokes (RANS) equations with three different

turbulence models such as shear stress transport k−ω (SST), realizable k−ǫ (RKE), and standard k−ǫ

(SKE) models are used to analyze the fluid flow over the airfoils. The simulation results for NACA

63-412 airfoil obtained from different turbulence models are compared with Xfoil solver, whereas the

simulation results obtained for NACA 63-415 airfoil are compared with the experimental data available

in the literature. From the present computational analysis, the following significant findings are drawn:

(i) The computational fluid dynamic analysis shows that the SST model provides results that are

closer to the Xfoil solver and experimental data. Therefore, the SST model is used to for finding

the optimum angle of attack.

(ii) With the increase of angle of attack, initially, the lift coefficients increase, but this increase is

till the angle of attack of 14◦ for NACA 63-415, whereas for NACA 63-412 it increases till 13◦.

After these angles, the lift coefficient decreases. Regarding the drag coefficients, it increases

linearly till the angle of attack is approximately equal to 5◦. However, after this angle, there is

an exponential rise in the drag coefficient.

(iii) The optimum angle of attack which corresponds to maxima of sliding ratio is observed at an

angle of attack of α ≃ 6◦ for NACA 63-415 airfoil, and at α ≃ 5◦ for NACA 63-412 airfoil with

the wind speed of v◦ = 7 m/s.

(iv) From the pressure coefficient (Cp) distribution curves, it is observed that the difference of

pressure coefficient increases as the angle of attack increases up to the optimum angle of attack,

and it is significantly higher on the leading edge than trailing edge.

(v) The computational results of the velocity gradient and pressure contours for different turbulence

models are compared.

Chapter 3 uses the optimal rotor theory to design the blade geometries such as chord length, and
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twist angle along the radial span. The steady-state aerodynamic performance such as torque and power

coefficients (i.e., CQ and CP ) of the wind turbine is calculated using the blade element momentum

(BEM) theory. Further, the computational fluid dynamics (CFD) simulations are carried out using

ANSYS/Fluent to get the aerodynamic performance. Since, the CFD simulations take significant

computational time, hence, the Chapter 3 proposes a second-order transfer function that uses BEM

theory results to get parameters related to the steady-state torque. Further, the other parameters of

the model such as natural frequency and damping ratio are calculated based on the available literature

in this area. Finally, the comparison of the CFD simulation and the torque response by the transfer

function are compared. It is observed that the developed transfer function could approximately model

the dynamic behavior of the wind turbine at a particular wind speed.

In Chapter 4, a thyristor-based bridge-type non-superconducting fault current limiter (ThyBT-

NSFCL) is designed with a buck converter to enhance its fault ride-through (FRT) capability and tested

with the doubly-fed induction generator (DFIG) system. The critical findings from the simulated

results are as follows:

• The analytical analysis of the proposed ThyBT-NSFCL circuit operation is demonstrated for

both normal and fault conditions with the symmetrical fault. The presented simulation results

show a good and acceptable agreement with the analytical analysis of circuit operation.

• The design procedure of the current limiting parameter values/ratings of the ThyBT-NSFCL

for the satisfactory operation is discussed.

• The ThyBT-NSFCL performs better under fault conditions to improve the FRT capability of the

wind energy system (WES) in various aspects, and it helps to meet the grid code requirements

of connecting the DFIG system.

• The voltage dip at the terminal of the DFIG system is improved significantly with ThyBT-

NSFCL compared to without any current limiter (WCL), series dynamic breaking resistor

(SDBR), and switched impedance transformer-type non-superconducting fault current limiter

(TT-NSFCL) protection device.

• The ThyBT-NSFCL significantly improves the fluctuation and pulsation of generated active

power under fault conditions and circuit breaker opening instant.

• The effects of different breaking resistors at the machine terminal voltage are observed and

found satisfactory voltage dip improvement.
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• Additionally, the proposed ThyBT-NSFCL has a simple structure that is efficient and econom-

ical to utilize in the power system with the DFIG system.

In Chapter 5, a modified distribution network of IIT Guwahati (MDN-IITG) test system is devel-

oped to investigate the potential challenges of integrating wind energy as a distributed generation into

the network. The networks combine the graphical user interface of Siemens PTI PSS®Sincal software

with the computing power of Siemens PTI PSS®NETOMAC program library. They are available as

macros, linked to a network defined in Siemens PTI PSS®Sincal. The main potential challenges are

voltage variations and poor power flow of the distribution network. It is further observed that integra-

tion of D-STATCOM increases the stability of the MDN-IITG i.e., it improves voltage deviation and

power regulation of the network. The dynamic simulations are performed to analyze the impacts of

DFIG with D-STATCOM integration into the network. Moreover, the D-STATCOM device controller

suppresses the fault current, compensates for the voltage dip, smoothing the power fluctuation, and

accelerate the whole recovery process for the DFIG-based wind turbine. This work may be utilized

that the outcome of the work is to be utilized as a guideline to the utilities for integrating RE-based

distributed generation into the distribution network.

In Chapter 6, the impact of wind power integration in a reduced NEREB Indian power grid. From

the dynamic simulation, it is observed that for Case #2 (i.e., replacing a conventional synchronous

generator (SG) by aggregated DFIG based WECS.) there is a significant deviation in the terminal

voltages of synchronous generators during fault as compared with Case #1 (i.e., without any wind

generator). Similarly, more deviation in the rotor angle and speed of the SGs are observed for Case

#2 as compared with Case #1. But with the use of STATCOM with DFIG i.e., in Case #3, there is

a significant improvement in voltage deviation at the terminal of SGs. Similarly, much less deviation

in the rotor angle and speed of the SGs are observed in Case #3. Hence, it may be concluded that

DFIG with STATCOM may be a suitable choice for wind power integration.

7.2 Contributions

The major contributions of the research work reported in this thesis includes as follows:

• The aerodynamic loads and the flow physics over a particular blade profile are examined in

detail to calculate the optimum angle of attack.

• The primary blade design, such as the optimum chord length and twist angle of the HAWT
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blade, are calculated using optimal rotor theory.

• The numerical computational results are validated with the BEM theory for different airfoil

profile-based wind turbines at various rotating conditions. This numerical technique takes too

much computational resources and time, hence, an equivalent second-order transfer function

model of HAWT is developed to estimate aerodynamic performance.

• The thesis includes the development of a cost-effective and efficient fault ride-through (FRT)

technique. The proposed configuration effectively reduces the DC reactor conduction losses,

thus, increasing its effectiveness.

• It includes a study on the impact of wind power generation on the stability of a microgrid.

The network utilized for the analysis is the modified distribution network of IIT Guwahati

(MDN-IITG). For the interface of wind power, a DFIG is used along with the D-STATCOM

device.

• A study has been conducted to analyze the power system stability when the wind power is

integrated into a reduced North Eastern Region Electricity Board (NEREB) 29-bus Indian

power system. Further, the study includes the impact of integrating a STATCOM along with

the DFIG in the system.

7.3 Future work

Based on the outcome of this thesis work, this section suggest some of the possible future research

works.

• While finding the optimal angle of attack, the surface roughness of the blade can be also be

included in subsequent studies i.e., the study of flow patterns and how it influences the optimum

angle of attack for different airfoil profiles.

• The CFD simulation in the present work used the Reynolds-averaged Navier–Stokes (RANS)

equations, but the present work can be extended with Direct numerical simulation (DNS) for

better resolution.

• In Chapter 3, an equivalent second-order transfer function model of HAWT is developed to

estimate aerodynamic performance which even utilizes BEM theory to get the torque response.

The work can be extended with the development of the artificial intelligence-based model.

• The work on the proposed fault ride-through (FRT) techniques may be extended with its
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experimental validation.

• Chapters 5 and 6, include the stability analysis of the integration of wind energy on a microgrid

and a reduced NEREB 29-bus Indian power system, respectively. The analysis may further

include harmonic and other power quality issues.
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A. Airfoil Data

A.1 Airfoil Coordinates Data

Coordinates are shown in Tables A.2 and A.1 named airfoils specification of NACA 63-412 and

NACA 63-415, respectively.

A.1.1 Profile of NACA 63-415 Airfoil Geometry Data for 2–D Simulation Mod-
eling

The normalized coordinates of the NACA 63-412 and NACA 63-415 airfoils [3] are listed in Tables

A.1 and A.1. The chord-wise dimensions (x) and thickness dimensions (y) are normalized by the chord

length (cr).

Table A.1: Coordinates of NACA 63-415 airfoil section.

Upper surface Lower surface

Coordinate x/cr y/cr Coordinate x/cr y/cr

1 0.00000 0.00000 27 0.00000 0.0000
2 0.00300 0.00700 28 0.01287 -0.01087
3 0.00525 0.00975 29 0.01585 -0.01305
4 0.00991 0.01509 30 0.02074 -0.01646
5 0.02198 0.02802 31 0.02964 -0.02220
6 0.04660 0.05340 32 0.04264 -0.03000
7 0.07147 0.07853 33 0.05261 -0.03565
8 0.09647 0.10353 34 0.06077 -0.04009
9 0.14669 0.15331 35 0.07348 -0.04656
10 0.19705 0.20295 36 0.08279 -0.05095
11 0.24750 0.25250 37 0.08941 -0.05361
12 0.29800 0.30200 38 0.09362 -0.05474
13 0.34852 0.35148 39 0.09559 -0.05439
14 0.39905 0.40095 40 0.09527 -0.05243
15 0.44955 0.45045 41 0.09289 -0.04909
16 0.50000 0.50000 42 0.08871 -0.04459
17 0.55039 0.54961 43 0.08298 -0.03918
18 0.60070 0.59930 44 0.07595 -0.03311
19 0.65093 0.64907 45 0.06780 -0.02660
20 0.70106 0.69894 46 0.05877 -0.01989
21 0.75109 0.74891 47 0.04907 -0.01327
22 0.80102 0.79989 48 0.03900 -0.00716
23 0.85085 0.84915 49 0.02885 -0.00193
24 0.90059 0.89941 50 0.01884 0.00184
25 0.95028 0.94972 51 0.00931 0.00333
26 1.00000 1.00000 52 0.00000 0.00000
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A.2 Boundary Conditions of Airfoil for the Numerical Simulations.

Figs. A.1 and A.2 shows the section geometric shapes.
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Fig. A.1: Geometric shape of NACA 63-412 airfoil section [3].
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Fig. A.2: Geometric shape of NACA 63-415 airfoil section [3].

A.2 Boundary Conditions of Airfoil for the Numerical Simulations.

The whole computational domain builds with specified BCs as shown in Fig. 2.6. Some initial

inputs and computational conditions for the problems are chosen as given in Table A.3.
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Table A.2: Coordinates of NACA 63-412 airfoil sections.

Upper surface Lower surface

Coordinate x/cr y/cr Coordinate x/cr y/cr

1 0.00000 0.00000 27 0.00000 0.0000

2 0.00336 0.01071 28 0.00664 -0.00871

3 0.00567 0.01320 29 0.00933 -0.01040

4 0.01041 0.01719 30 0.01459 -0.01291

5 0.02257 0.02460 31 0.02743 -0.01716

6 0.04727 0.03544 32 0.05273 -0.02280

7 0.07218 0.04379 33 0.07782 -0.02685

8 0.09718 0.05063 34 0.10282 -0.02995

9 0.14735 0.06138 35 0.15265 -0.03446

10 0.19765 0.06929 36 0.20235 -0.03745

11 0.24800 0.07499 37 0.25200 -0.03919

12 0.29840 0.07872 38 0.30160 -0.03984

13 0.34882 0.08059 39 0.35112 -0.03939

14 0.39924 0.08062 40 0.40076 -0.03778

15 0.44964 0.07894 41 0.45035 -0.03514

16 0.50000 0.07567 42 0.50000 -0.03164

17 0.55031 0.07125 43 0.54969 -0.02745

18 0.60057 0.06562 44 0.59943 -0.02278

19 0.65076 0.05899 45 0.64924 -0.01799

20 0.70087 0.05153 46 0.69913 -0.01265

21 0.75089 0.04344 47 0.74911 -0.00764

22 0.80084 0.03492 48 0.79916 -0.00308

23 0.85070 0.02618 49 0.84930 0.00074

24 0.90049 0.01739 50 0.89951 0.00329

25 0.95023 0.00881 51 0.94977 0.00330

26 1.00000 0.00000 52 1.00000 0.00000

160

TH-3228_11610226



A.2 Boundary Conditions of Airfoil for the Numerical Simulations.

Table A.3: The boundary conditions of the 2−D airfoils for the numerical simulations [ANSYS USER
GUIDE].

Parameter Values

Airfoil NACA 63-412 and NACA 63-415

Simulation type Steady simulation

Turbulence model SST, SKE and RKE

Fluid material Air

Temperature 25◦C

Dynamic viscosity 1.789×10−5 kg/m·s
Air density 1.225 kg/m3

Flow type Incompressible flow

INLET boundary condition Flow velocity = 5, 7, 10, 15 & 20 m/s

OUTLET boundary condition Gauge pressure = 0 Pa

CFD algorithm Simple (Default option)

Interpolating scheme Pressure-velocity coupling

Least-squares cell based

Pressure (Standard)

Density (Second-order upwind)

Momentum (Second-order upwind)

Turbulent kinetic viscosity

(Second order upwind)

Specific dissipation rate

(Second-order upwind)

Solution controls Pressure; 0.55

Momentum: 0.52

Density: 1.2 kg/m3

Turbulent kinetic energy: 0.65

Boundary condition Velocity inlet (7 m/s)

Pressure outlet (Gauge pressure: 0)

Stationary wall with

no-slip shear condition

Number of mesh cells About 3,25,290 and 3,26,594

Force monitors Lift and drag coefficients

Residual convergence value 1×10−6
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B. Turbulence Models Derivation

B.1 Turbulence Model Derivations

In the present study, a brief theoretical overview of the turbulence flow models are characterized

to solve the flow governing equations are as follow:

• Standard k − ǫ Model

• Realizable k − ǫ Model

• Shear-stress transport k − ω Model

B.1.1 Standard k − ǫ Model

The standard k − ǫ turbulence model is semi-empirical model based on model transport equation

has been defined for the two−parameters that are being solved, the first is the turbulent kinetic

energy (k) and second is the turbulent dissipation rate (ǫ) [216]. The model transport equation for k is

derived from the exact equation, while the model transport equation for ǫ is obtained using the physical

reasoning and bears little resemblance to its mathematically exact counterpart. The standard k−ǫ has

become the workhorse of practical engineering flow calculations [217]. It is simplest of two−equation

turbulence model in which the solution of 2-separate transport equation. Robustness, economy, and

reasonable accuracy for a wide range of turbulent flows explain its popularity in industrial flow and

heat transfer simulations. It is a semi-empirical model, and the derivation of the model equation relies

on phenomenology considerations and empiricism.

In the derivation of the k − ǫ model, the assumption is that the flow is fully turbulent, and the

effects of molecular viscosity are negligible. The standard k − ǫ model is therefore valid only for fully

turbulent flows. The standard k − ǫ transport equations [218] are obtained as follow:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ+

µt

σk

)
∂k

∂xj

]
+Gk +Gb − ρε− YM + Sk (B.1)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ+

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (B.2)

In (B.1) and (B.2), Gk represents the generation of turbulence kinetic energy due to the means

velocity gradients, Gb represents the generation of turbulence kinetic energy due to buoyancy, YM rep-

resents the contribution of the fluctuating dilatation in compressible turbulence to all over dissipation

rate, C1ǫ, C2ǫ, and C3ǫ are constants. σk and σǫ are user-defined source terms.
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B.1 Turbulence Model Derivations

The turbulence (or eddy) viscosity, µ, is computed by combining for k and ǫ as follows:

µt = ρCµ
k2

ε
(B.3)

where, Cµ is a constant.

The model constants: C1ǫ = 1.44, C2ǫ = 1.92, Cµ = 0.09, σk = 1.0, σǫ = 1.3

Gk = −ρu′
iu′

j
∂uj

∂xi
(B.4)

C3ε = tanh

∣∣∣∣
v

u

∣∣∣∣ (B.5)

where, v is the component of the flow velocity parallel to the gravitational vector and u is the com-

ponent of the flow velocity perpendicular to the gravitational vector.

YM = 2ρεM2
t (B.6)

where, Mt is the turbulence Mach number, defined as:

Mt =

√
k

a2
=

√
k

vRT
(B.7)

B.1.2 Realizable k − ǫ Model

The realizable k−ǫ model (1995) differs from the standard k−ǫ model in the following two ways:

• The realizable k−ǫ model contains a new formulation for the turbulence viscosity.

• A new transport equation for the dissipation rate, ǫ, has been derived from an exact equation

for the transport of the mean-square vorticity fluctuation.

The term “realization” means that the model satisfies certain mathematical constraints on the

Reynolds stresses, consistent with the physics of turbulent flows. An immediate benefit of the realizable

k−ǫ model is that it more accurately predicts the spreading rate of both planar and round jets. It is

also likely to provide superior performance for flows involving rotation, boundary layers under strong

adverse pressure gradients, separation, and recirculation.

The realizable k−ǫ model proposed by [121] was intended to address these deficiencies of traditional

k−ǫ models. One limitation of this model is that it produces non-physical turbulent viscosities in

situations when the computational domain contains both rotating and stationary fluid zeros. This

is due to the fact that the k−ǫ model includes the effect of mean rotation in the definition of the
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B. Turbulence Models Derivation

turbulent viscosity.

The modeled transport equations for k and ǫ in the realizable k−ǫ model are:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj

[(
µ+

µt

σk

)
∂k

∂xj

]
+Gk +Gb − ρε− YM + Sk (B.8)

∂

∂t
(ρε) +

∂

∂xj
(ρεuj) =

∂

∂xj

[(
µ+

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√
νε

+ C1ε
ε

k
C3εGb + Sε (B.9)

where, C1 = max
[
0.43, η

η+5

]
, η = S k

ε , S =
√

2SijSij

The difference between the realizable k−ǫ model and standard k−ǫ model is that Cµ is no longer

constant. It is computed from

Cµ =
1

Ao +As
kU∗

ε

(B.10)

U∗ =
√
SijSij + Ω̃ijΩ̃ij (B.11)

Ω̃ij = Ωij − 2εijkωk (B.12)

Ωij = Ωij − εijkωk (B.13)

where, Ωij is the mean rate of rotation tensor in a rotating frame with the angular velocity ωk.

The model constants, Ao = 4.04, As =
√

6cosφ, φ = 1
3cos−1

(√
6

SijSjkSki

S̃3

)
, S̃ =

√
SijSij, Sij =

1
2

(
∂uj

∂xi
+ ∂ui

∂xj

)

B.1.3 Shear-stress Transport k − ω Model

The shear-stress transport k−ω (SST) model was developed by [128] to effectively blend the robust

and accurate formulation of the k − ω model in the near wall region with free-stream independent of

the k − ǫ model in the far field. To achieve this, the k − ǫ model is converted into a k − ω formation.

The SST k− ω model is similar to standard k− ω model, however includes the following refinements:

• The standard k − ω model and transfered k − ǫ model are both multiplied by a blending

function and both are added together. The blending function is designed to be one in the near

wall region, which activates the standard k − ω model, and zero away from the surface, which

activates the transformation k − ǫ model.

• The SST k − ω model incorporates a damped cross diffusion across diffusion derivative terms

in the ω equation.

• The definition of the turbulent viscosity is modified to account for the transport of the turbulent

166

TH-3228_11610226



B.1 Turbulence Model Derivations

shear stress.

• The modeling constant are different.

These features make the SST k − ω model more accurate and reliable for wide class of flows (e.g.

adverse pressure gradient, flow over airfoils, shock waves, rotating flows etc.) than the standard k−ω

model.

The SST k− ω model has a similar from to the standard k− ω model turbulent kinetic energy, k,

and the specific rate, ω, are obtained from the following transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[
Γk

∂k

∂xj

]
+ G̃k − YM + Sk (B.14)

and
∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[
Γω

∂ω

∂xj

]
+Gω − Yω +Dω + Sω (B.15)

where, Dω represents the cross-diffusion term.

The effective diffusivities for the k − ω model are given by

Γk = µ+
µt

σk
(B.16)

Γω = µ+
µt

σω
(B.17)

The equation for Γk and Γω are same as used in the standard k−ω model ((B.16) and (B.17)).

However, the turbulent viscosity, µt, the turbulent Prandtl numbers σk and σω are computed as

follows:

µt =
ρk

ω

1

max
[

1
α∗
, SF

α1ω

] (B.18)

where, S is the strain rate magnitude and

σk =
1

(F1/σk,1) + ((1 − F1)/σk,2)
(B.19)

σω =
1

(F1/σω,1) + ((1− F1)/σω,2)
(B.20)

The blending functions, F1 and F2 are given by:

F1 = tanh(ϕ4
1) (B.21)

ϕ1 = min

[
max

( √
k

0.09ωy
,

500µ

0.09ωy

)
,

4ρk

σω,2D
+
ω y2

]
(B.22)
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D+
ω = max

[
2ρ

1

σω,2

1

ω

∂k

∂xi

∂ω

∂xj
, 10−10

]
(B.23)

F2 = tanh(ϕ2
2) (B.24)

ϕ2 = max

[
2

√
k

0.09ωy
,

500µ

ρy2ω

]
(B.25)

where, y is the distance to the next surface, α = 0.31, σk,1 = 1.176, σk,2 = 1, σω,1 = 2, σω,2 = 1.168,

Yk = ρβ1ω
2 (B.26)

Instead of having a constant value of βi, in this model it is given by:

β1 = F1βi,1 + (1− F1)βi,2 (B.27)

where, βi,1 = 0.075, βi,2 = 0.0828

The cross-diffusion term Dω is given by:

Dω = 2(1 − F1)ρσω,2
1

ω

∂k

∂xj

∂ω

∂xj
(B.28)
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C. Wind Turbine Parameters

C.1 Wind Turbine Blade Design Calculation

C.1.1 Sectional Geometry Data of Optimum Blades Design for 3−D Simulation
Modeling (For Optimum Chord Distribution)

The wind turbine blade span is divided into 18 number of elements and force coefficient data of

NACA 63-415 is applied along the span. To model optimum blades design, the airfoil coordinates

from Appendix A.1 is acquired. The blade consists of airfoil with various chord length and twist angle

distributions (preliminary blade design) at each radial position. The blade geometry specifications are

detailed in Table C.1.

Table C.1: Geometry of the blade made of the wind turbine.

Blade
elements
number

Sectional
radius, r

(m) r/R

Twist
angle, γ

( ◦)

Chord
length, cr

(m) cr/R

Sectional
TSR, λr

(–)

1 0.75 0.15 22.52 0.7641 0.15282 1.125

2 1.0 0.20 17.22 0.6717 0.13434 1.500

3 1.25 0.25 13.47 0.5852 0.11704 1.875

4 1.50 0.30 10.73 0.5129 0.10258 2.250

5 1.75 0.35 8.66 0.4540 0.0908 2.625

6 2.0 0.40 7.05 0.4059 0.08118 3.000

7 2.25 0.45 5.76 0.3662 0.07324 3.375

8 2.50 0.50 4.71 0.3333 0.06666 3.750

9 2.75 0.55 3.84 0.3055 0.06110 4.125

10 3.0 0.60 3.11 0.2818 0.05636 4.500

11 3.25 0.65 2.48 0.2614 0.05228 4.875

12 3.50 0.70 1.94 0.2437 0.04874 5.250

13 3.75 0.75 1.47 0.2282 0.04564 5.625

14 4.0 0.80 1.06 0.2145 0.0429 6.000

15 4.25 0.85 0.69 0.2023 0.04046 6.375

16 4.50 0.90 0.37 0.1914 0.03828 6.750

17 4.75 0.95 0.07 0.1779 0.03558 7.125

18 5.0 1 0 0.1752 0.03504 7.500

C.1.2 Adopted Blade Design (For Linearised Chord Distribution)

Based on the the analytic procedure outlined in Section 3.2.3, the optimal chord length and twist

angle distributions of the turbine model is presented in Table C.2

The airfoil selections were set to NACA 63-415 to simplify the model being used. The values of
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C.1 Wind Turbine Blade Design Calculation

Table C.2: Adopted blade design calculation.

Blade
elements
number

Sectional
radius, r

(m) r/R

Twist
angle, γ

( ◦)

Chord
length, cr

(m) cr/R

Sectional
TSR, λr

(–)

1 0.75 0.15 22.52 0.7641 0.15282 1.125

Table C.3: The specifications of the wind turbine characteristics.

Rotor characteristics Specification Units

Wind turbine type SS-HAWT —

Rotor orientation Upwind —

Rated power, P 22 kW

Blade length, R 5 m

Hub diameter, r′
h 0.1 m

Number of blades, nb 3 —

Rated wind speed, vo 10 m/s

Cut-IN speed, υci 4 m/s

Cut-OUT speed, υco 25 m/s

Air density, ρ 1.225 kg/m3

Rotational speed 72 rev/min

Blade profile NACA 63-415 —

Number of blade, nb 3 —

Rotor orientation Upwind —

Windmill brake state Advanced brake —

model state model —

Tip loss model Prandtl —

Type of blade Varied chord —

and twisted blade

Section pitch angle 0, uniform ◦
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C. Wind Turbine Parameters

AoA, lift coefficients and drag coefficient was selected on the basis of giving the maximum lift/drag

(i.e., γ) ratio as shown in Table C.5.

Table C.4: Maximum glide ratio used for optimal calculation.

Design parameters Value

Design AoA, α 5.25◦

Lift coefficient, CL 0.9461

Drag coefficient, CD 0.00797

Glide ratio, γ 118.71

Table C.5: Wind turbine material properties.

Design parameters Value

Young Modulus 3 GPa

Poisson Ratio 0.37

Density 1.3×103 kg/m3

Damping 4.54728409×10−3 s

Table C.6: Technical properties of the wind turbine.

Property R1 R2 R3 Units

Rotor radius 5 2.5 1.7053 m

Wind speed 7 7 7 m/s

Hub radius 0.23 0.12 0.08 m

C.2 Boundary Conditions of Wind Turbine for the Numerical Sim-
ulations.

The whole computational domain builds with specified BCs as shown in Fig. 2.6. Some initial

inputs and computational conditions for the problems are chosen as given in Table C.7.
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C.2 Boundary Conditions of Wind Turbine for the Numerical Simulations.

Table C.7: The boundary conditions of the 2−D airfoils for the numerical simulations [ANSYS USER
GUIDE].

Parameter Values

Airfoil NACA 63-415

Simulation type Unsteady simulation

Turbulence model SST, SKE and RKE

Fluid material Air

Temperature 10◦C

Dynamic viscosity 1.778×10−5 kg/m·s
Air density 1.225 kg/m3

Blade length R1 = 5 m, R2 = 2.5 m and R3 = 1.70345 m

Flow type Incompressible flow

INLET boundary condition Flow velocity = 7 m/s

OUTLET boundary condition Gauge pressure = 0 Pa

Discretized method Finite volume method

CFD algorithm Simple (Default option)

Interpolating scheme Pressure-velocity coupling

Least-squares cell based

Pressure (Standard)

Density (Second-order upwind)

Momentum (Second-order upwind)

Turbulent kinetic viscosity

(Second order upwind)

Specific dissipation rate

(Second-order upwind)

Solution controls Pressure; 0.55

Momentum: 0.52

Density: 1.2 kg/m3

Turbulent kinetic energy: 0.65

Boundary condition Velocity inlet (7 m/s)

Pressure outlet (Gauge pressure: 0)

Stationary wall with

no-slip shear condition

Number of mesh cells About 4,19,911 and 4,16,296

Force monitors Torque and power coefficients

Residual convergence criteria 1×10−6
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D. Parameters of DFIG System

D.1 Appendices

Appendix A. Parameters of DFIG System

D.2 Parameters of DFIG System

A 3 HP, 415 V, 50 Hz, 4 pole, 3-φ DFIG system has been simulated using PSCAD/EMTDC

software.

Stator: 415 V, Y−connected, 4.7 A

Rotor: 200 V, Y−connected, 7.8 A

where, stator resistance (rs), rotor resistance (rr), stator inductance (Ls), rotor inductance (Lr) and

magnetizing inductance (Lm) are 10.26 Ω, 1.46 Ω, 10.11 mH, 10.11 mH and 365 mH, respectively.

The switching frequency (fs) of the RSC converter is 2 kHz.
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E. Data for MDN-IITG System

E.1 IIT Guwahati Parameter

One-line diagram of the 20-bus modified distribution network of IIT Guwahati (MDN-IITG) test

system is given in Fig. 5.2. There are 1-generator, 9 transmission lines and 8 loads. The following

parameters are used for simulation of MDN-IITG test system by Siemens PTI PSS®Sincal software in

Chapter 5. Tables E.1, E.2, E.3, E.4 and E.5 show the line, bus, transformer, distributed generation

source and fixed shunt data.

Table E.1: Details of transmission line data of the MDN-IITG test system.

Buses Voltage level Length R X C

From To (kV) (km) (Ω) (Ω) (nF)

1 2 33 0.01 0.00063 0.00101 2.75

3 4 11 0.86 0.08479 0.07826 391.3

3 8 11 0.85 0.08381 0.07735 386.8

3 12 11 0.90 0.08874 0.08190 409.5

3 15 11 0.01 0.00986 0.00091 4.55

4 5 11 0.77 0.07592 0.07007 350.4

8 9 11 0.44 0.04338 0.04004 200.2

15 16 11 0.92 0.09071 0.08372 418.6

16 17 11 1.00 0.09860 0.09100 455.0

Table E.2: Details of load groups data.

Bus
number

P
(MW)

Q
(MVAR)

6 0.100 0.01811

7 0.100 0.01811

10 0.500 0.09053

11 0.500 0.09053

13 0.100 0.01811

18 0.133 0.02408

19 0.133 0.02408

20 0.133 0.02408

Table E.3: Details of fixed shunt data.

Bus
number

Voltage level
(kV)

P
(MW)

Q
(MVAR)

1 33 0 2
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Table E.4: Details of distributed generation sources and load groups.

Elements
type

Operating
p.f.

Capacity
(MW)

Bus
number

Wind turbine 0.90 1.3 14

Load 0.95 1.7 6, 7, 10, 11, 13, 18, 19 & 20
p.f.:Power factor.

Table E.5: Details of transformer data for the distribution network.

Transformer
Capacity Voltage ratio

Tap ratio
Z

(MVA) (kV) (%)

T1 5 33/11 1 8

T2 0.50 11/0.415 1 4

T3 0.75 11/0.415 1 4

T4 0.63 11/0.415 1 4

T5 1.25 11/0.415 1 4

T6 0.63 11/0.415 1 4

T7 1.25 11/0.690 1 4

T8 0.50 11/0.415 1 4

T9 0.75 11/0.415 1 4

T10 0.50 11/0.415 1 4
Z:Short circuit voltage.
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E.2 DFIG-based System Parameter

To simulate the behavior of the doubly fed induction generator (DFIG) type system, Siemens PTI

PSSőSincal model offers the possibility of adapting all relevant parameters such as time constants and

reactance. The DFIG type model is considered as wind machine in this works wind following dynamic

model parameters are used for simulation. The parameters are also based on the findings of work and

summarized in Table E.6.

Table E.6: DFIG-based wind turbine parameters.

Parameters Values Units

Machine data

Rated Act. Power (Mech.) (Pn) 1.5 MW

Rated voltage (Vn) 0.69 kV

Rated speed (Nn) 1750 1/min

Pole-pair number (p) 2 —

Rated power factor (cosφ) 0.95 —

Rated efficiency (ηn) 0.958 pu

Current ratio at start-up (Ia/In) 5 pu

Resistance/Reactance (R/X) 0.15 pu

Operating state

Active power (P ) 1.3 MW

Reactive power (Q) 0.427 MVAR

Slip (s) -16.67 %

Equivalent circuit

Direct current time constant (Tg) 0.1129 s

Armature resistance (RA) 0.008349 pu

Armature leakage reactance (XA) 0.167 pu

Dynamic parameters

Rotor resistance at normal slip (R2) 0.008286 pu

Rotor stray reactance at normal slip (X2s) 0.1323 pu

Converter reactance power (Qconv) 0.001 MVAR

No load current (i◦) 0.0132 pu

Rotor time constant (Trotor) 2.13254 s

Reinforcement pilot controller (Vpc) 0.03 —

Crowbar resistance (Rk) 0.15 pu

Internal resistance voltage converter (ri) 0.001 pu

The DFIG type model is considered as wind machine in this works wind following dynamic model
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parameters are used for simulation. The parameters are also based on the findings of work and

summarized in Table E.6.

Table E.7: Voltage controller parameters.

Parameters Values Units

Armature resistance (RA) 0.008349 pu

Armature stray reactance (XA) 0.167 pu

Rotor resistance (R2) 0.008286 pu

Rotor stray reactance (X2) 0.1323 pu

No load current (ILEER) 0.13246 pu

Converter reactive power (QC) 0 MVAR

Start-up time (TA) 2.1637 s

Reinforcement of the pilot control (VST ) 0.03 pu

Crowbar short circuit resistance (RK) 0.03 pu

Crowbar replacement time (TCROW ) 0.015 s

Internal resistance voltage converter (RI) 0.001 pu

PI integral time constant (PI) 2.5 s

PI reinforcement factor (PV ) 0.04 pu

Pitch control (0 : OFF, 1 : ON) (PITCH) 0 —

Voltage correction (0 : OFF, 1 : ON) (UCORR) 1 —

E.3 D-STATCOM Parameter

To illustrate further the great modeling flexibility afforded by the D-STATCOM model. The 3−φ

STATCOM is located in the same location in the network presented in Fig. 5.2. The consumed

active power and the reactive power delivered to the grid stand at 250 kVAR capacitive and 50 kVAR

inductive reactive power, respectively.
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Table E.8: Speed controller parameters.

Parameters Values Units

fcut (fcut) 0.002 —

KS constant value (KS) 21.6 —

KLS (KLS) 0.1 —

KG (KG) 3 —

KP amplification K (KP ) 1 —

TN , Ti or Tn (TN ) 1 s

KD amplification K (KD) 1 —

TD lag time constant T (TD) 5 s

T4 lag time constant T (T4) 0.16 s

K2 amplification K (K2) 5 —

T5 lag time constant T (T5) 12 s

K3 amplification K (K3) 0.5 —

T6 lag time constant T (T6) 0.7 s

T1 lag time constant T (T1) 0.05 s

SWITCH (SWITCH) 1 —

Pmax upper limit (Pmax) 1 —

Pmin lower limit (Pmin) 0 —

Table E.9: Information on D-STATCOM.

Parameters Values Units

Capacitive reactive power (Qc) 250 kVAR

Inductive reactive power (Qi) 50 kVAR

Zero sequence resistance (R◦) 0.567 Ω

Zero sequence reactance (X◦) 0.435 Ω

Upper voltage limits (Vul) 103 %

Lower voltage limits (Vll) 97 %
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F. Data for Reduced NEREB Indian Power System

F.1 Data for 29-bus NEREB Indian Power System

One-line diagram of the 29-bus North Eastern Regional Electricity Board (NEREB) Indian power

system is given in Fig. 6.1. There are total 16-synchronous machine, 25 transmission lines and 14

dynamic loads. The following parameters are used for simulation of NEREB Indian power system

by Siemens PTI PSS®Sincal software in Chapter 6. Tables F.1, F.2 and F.3 shows the bus, line

and transformer data in p.u. at 100 MVA base, respectively. Fixed shunt is given in Table F.4.

Synchronous machine, exciter and governor data are shown in Tables F.5, F.6, F.7 and F.8 [219,220].

To simulate the behavior of the synchronous generator, Siemens PTI PSS®Sincal model offers the

possibility of adapting all relevant parameters such as time constants and reactance. The parameters

are also based on the findings of work and summarized in Table F.5.

where, ∗ denotes the wind machine i.e., the doubly fed induction generator (DFIG) type system.

The Siemens PTI PSS®Sincal library model. The DFIG type model is considered as wind machine

in this works wind following dynamic model parameters are used for simulations are given in the

subsequent subsection.

F.2 DFIG-Based System Parameter

To simulate the behavior of the doubly fed induction generator (DFIG) type system, Siemens PTI

PSSőSincal model offers the possibility of adapting all relevant parameters such as time constants and

reactance. The DFIG type model is considered as wind machine in this works wind following dynamic

model parameters are used for simulation. The parameters are also based on the findings of work and

summarized in Table F.9.

The DFIG type model is considered as wind machine in this works wind following dynamic model

parameters are used for simulation. The parameters are also based on the findings of work and

summarized in Table F.9.

F.3 D-STATCOM Parameter

To illustrate further the great modeling flexibility afforded by the D-STATCOM model. The 3−φ

STATCOM is located in the same location in the network presented in Fig. 6.1. The consumed

active power and the reactive power delivered to the grid stand at 250 kVAR capacitive and 50 kVAR

inductive reactive power, respectively.
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Table F.1: Details of bus data.

Bus
number

Voltage level
(kV)

PG

(MW)
PL

(MW)
QG

(MVAR)
QL

(MVAR)
QG(max)

(MVAR)
QG(min)

(MVAR)

6100 220 0 0 0 0 0 0

6102 220 0 271.99 0 80.76 0 0

6127 220 0 0 0 20.12 0 0

6145 132 120.0 16.00 60.0 2.32 60.0 –28.0

6146 132 68.0 118.00 –13.1 22.06 47.0 –23.5

6300 132 26.0 9.02 18.0 2.25 18.0 2.4

6301 132 62.6 98.66 51.5 29.88 51.5 –15.0

6327 132 0 54.12 0 15.68 0 0

6329 220 0 0 0 0 0 0

6506 132 12.0 160.82 8.0 35.73 8.0 2.0

6604 132 18.0 26.50 10.0 5.30 10.0 –4.0

6609 132 76.0 67.17 24.0 13.43 32.0 4.0

6636 66 36.0 54.11 20.0 10.82 20.0 –8.0

6640 66 6.6 0 6.0 0 6.0 –2.0

6643 66 34.1 10.43 17.5 2.08 20.0 –8.0

6700 220 91.1 7.16 13.5 2.04 28.8 13.6

6702 220 0 129.68 0 39.74 0 0

6703 400 0 64.59 0 17.79 0 0

6705 220 0 0 0 0 0 0

6709 132 70.0 107.12 20.4 20.40 20.0 –15.0

6714 132 0 4.03 0 1.10 0 0

6715 220 165.0 0 36.0 0 36.0 –24.0

6717 400 188.0 0 160.0 0 160.0 –160.0

6719 220 230.9 0 100.0 0 100.0 –100.0

6721 132 0 0 0 0 0 0

6756 400 0 0 0 0 0 0

6757 132 0 61.94 0 16.90 0 0

6758 400 440 0 0 0 0 0

6759 132 0 0 0 0 0 0
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Table F.2: Details of transmission line data.

Buses Voltage level Length R X BSH

From To (kV) (km) (p.u.) (p.u.) (p.u.)

6100 6102 220 62 0.00967 0.05156 0.08875

6100 6719 220 2.7 0.00039 0.00222 0.00381

6102 6702 220 130 0.02011 0.10724 0.18460

6127 6700 220 162 0.00969 0.10353 0.29658

6127 6702 220 220 0.01309 0.13985 0.40063

6145 6146 132 60 0.05586 0.13296 0.03060

6145 6506 132 80 0.07448 0.17728 0.04080

6146 6506 132 74 0.27558 0.65594 0.00947

6300 6301 132 17.54 0.01633 0.03807 0.00894

6300 6327 132 0.7 0.00065 0.00155 0.00036

6329 6702 220 113.41 0.01633 0.09322 0.15991

6604 6609 132 35 0.03259 0.07756 0.01785

6604 6759 132 6 0.00559 0.01330 0.00306

6609 6709 132 132.9 0.01237 0.29541 0.06778

6609 6721 132 118.51 0.11034 0.26262 0.06044

6609 6757 132 29 0.02700 0.06400 0.01479

6609 6759 132 37 0.00615 0.06569 0.02439

6636 6643 66 25 0.09310 0.22160 0.00320

6700 6702 220 383.22 0.01325 0.14156 0.40552

6702 6705 220 123.52 0.01779 0.10153 0.17416

6702 6715 220 72.79 0.01048 0.05983 0.10264

6703 6717 400 289.72 0.00521 0.05571 1.74412

6709 6714 132 100.63 0.09369 0.22300 0.05132

6709 6757 132 15 0.01397 0.03324 0.00765

6756 6758 400 247 0.00445 0.04750 1.48694
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Table F.3: Details of transformers data.

Buses Capacity
Voltage ratio Tap ratio

R X

From To (MVA) (p.u.) (p.u.)

6127 6506 100 220 kV/132 kV 1 0.00625 0.12500

6146 6700 45 132 kV/220 kV 1 0.01250 0.25000

6327 6329 144 132 kV/220 kV 1 0.00391 0.07813

6329 6756 284 220 kV/400 kV 1 0.00198 0.03968

6506 6705 100 132 kV/220 kV 1 0.00625 0.37420

6604 6636 27 132 kV/66 kV 1 0.02083 0.41667

6604 6640 14 132 kV/66 kV 1 0.06250 0.12500

6609 6643 27 132 kV/66 kV 1 0.02083 0.41667

6702 6703 203 220 kV/400 kV 1 0.00198 0.03968

6714 6715 144 132 kV/220 kV 1 0.00391 0.07813

6717 6719 284 400 kV/220 kV 1 0.00198 0.03968

6756 6357 180 400 kV/132 kV 1 0.00313 0.06250

6758 6759 100 400 kV/132 kV 1 0.00500 0.10000

Table F.4: Details of fixed shunt data.

Bus
Voltage level

(kV)
G

(MW)
B

(MVAR)

6127 220 0 –20

6327 132 0 12.6

6609 132 0 –21

6702 220 0 –37

6703 400 0 –225

6709 132 0 –34

187

TH-3228_11610226



F. Data for Reduced NEREB Indian Power System

Table F.5: Synchronous machines data with inertia and governor models.

Generator
number

Bus
number

Rating
(MVA)

x′′
d, x′′

q

(p.u.)
x′

d, x′
q

(p.u.)
xd, xq

(p.u.)
T ′′

d , T ′′
q

(s)
T ′

d, T ′
q

(s)
J

(kg·m2)

1 6145 187.5 0.13, 0.13 0.327, 0.49 1.97, 1.89 0.021, 0.013 1.05, 0.26 12.7

2 6146 131.09 0.105, 0.105 0.327, 0.49 1.97, 1.89 0.017, 0.011 1.051, 0.259 9.75

3 6300 49 0.12, 0.12 0.28, 0.42 1.09, 0.82 0.021, 0.073 2.02 0.5 12.7

4 6301 120.6 0.202, 0.202 0.28, 0.42 1.09, 0.42 0.036, 0.012 2.02, 0.5 9.75

5 6506 21.2 0.202, 0.205 0.327, 0.49 1.97, 1.89 0.033, 0.021 1.051, 0.26 12.7

6 6604 30 0.135, 0.135 0.327, 0.49 1.97, 1.89 0.022, 0.014 1.05, 0.26 9.75

7 6609 115.84 0.165, 0.165 0.21, 0.4 1.94, 1.8 0.03, 0.06 0.73, 0.33 12.7

8 6636 60 0.135, 0.135 0.327, 0.49 1.97, 1.89 0.022, 0.014 1.05, 0.26 9.75

9 6640 11.76 0.26, 0.26 0.327, 0.49 1.97, 1.89 0.043, 0.027 1.05, 0.26 12.7

10 6643 56 0.135, 0.135 0.327, 0.49 1.97, 1.89 0.022, 0.013 1.05, 0.26 9.75

11 6700 380.1 0.21, 0.21 0.28, 0.495 2.17, 2.09 0.043, 0.042 0.76, 0.15 12.7

12 6709 88 0.14, 0.14 0.31, 0.85 1.1, 0.85 0.032, 0.012 2.25, 0.5 9.75

13 6715∗ 168 0.12, 0.12 0.176, 0.46 0.614, 0.46 0.034, 0.013 2.64, 0.5 9.75

14 6717 400 0.11, 0.10 0.2, 0.2 1.2, 1.2 0.033, 0.015 1.5, 1.5 9.75

15 6719 200 0.236, 0.236 0.327, 0.49 1.1, 1.08 0.035, 0.035 1.1, 1.1 12.7

16 6758 856 0.11, 0.15 0.23, 1.23 3.18, 1.8 0.05, 0.019 0.66, 0.6 9.75

x′′

d , x′′

q →Subtransient reactance, x′

d, x′

q →Transient reactance, xd, xq →Synchronous reactance, T ′′

d ,
T ′′

q →Subtransient SC time constant, T ′

d, T ′

q →Transient SC time constant and J →Inertia constant.

Table F.6: Parameters of the generator exciters (IEEET1 voltage controllers).

Generator
Number

Bus
number

TR

(s)
KA

(p.u.)
TA

(s)
VRMAX

(p.u.)
VRMIN

(p.u.)
KE

(p.u.)
TE

(s)
KF

(p.u.)
TF

(s)
E1

(p.u.)
SE(E1)
(p.u.)

E2

(p.u.)
SE(E2)
(p.u.)

1 6145 0.01 510 0.02 2.3 –2.3 0.0 30.0 0.6 1.2 3.5 2.0 4.1 0.428

2 6146 0.06 40 0.81 4.0 –4.0 2.2 0.4 0.15 2.5 3.23 0.9 2.3 0.368

3 6300 0.06 70 0.1 2.15 –2.15 0.0 1.8 0.8 4.5 2.48 1.12 0.13 0.535

4 6301 0.05 100 0.02 3.8 –3.8 1.0 0.1 0.3 1.0 2.9 0.65 3.9 0.86

5 6506 0.05 100 0.02 10.3 –10.3 0.0 5.9 0.9 1.0 2.9 0.5 3.9 0.3

6 6604 0.05 200 0.2 3.1 –3.1 1.0 0.3 0.7 1.2 2.9 0.5 3.9 0.86

7 6609 0.04 200 0.02 4.3 –4.3 1.2 1.0 0.5 2.3 1.9 0.5 0.9 1.86

8 6636 0.05 100 0.2 3.3 –3.3 1.0 0.3 0.3 4.0 2.9 0.5 3.9 0.86

9 6640 0.05 100 0.2 2.9 –2.9 2.0 0.3 0.2 1.6 3.2 0.5 4.6 0.986

10 6643 0.05 40 0.02 3.2 –3.2 0.0 0.8 0.32 1.5 3.9 0.5 4.9 0.86

12 6709 0.05 10 0.2 5.3 -5.3 1.5 0.1 0.03 1.0 2.9 0.5 3.9 0.86

13 6715∗ 0.06 40 0.1 1.0 –1.0 0 0.9 0.9 1.0 1.65 0.12 2.2 0.535

14 6717 0.004 310 0.02 20.3 –20.3 1.0 0.1 0.3 0.82 2.9 0.5 4.1 0.42

15 6719 0.06 40 0.1 1.0 –1.0 0 0.9 0.9 1.0 1.65 0.12 2.2 0.535

16 6758 0.5 200 0.05 2.3 –2.3 0.0 1.5 0.7 0.5 3.9 1.5 2.9 0.86

TR →Voltage input time constant, KA →AVR gain, TA →AVR time constant, VRMAX →Maximum AVR
output, VRMIN →Minimum AVR output, KE →Exciter field gain, TE →Exciter time constant, KF →Rate
feedback gain, TF →Rate feedback time constant, E1 →Exciter saturation point 1, SE(E1) →Saturation at
E1 →Exciter saturation point 2, E2 →Saturation at E2 and SE(E2)→Saturation at E2.
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Table F.7: Parameters of the generator exciters (IEEET2 voltage controllers).

Generator
Number

Bus
number

TR

(s)
KA

(p.u.)
TA

(s)
VRMAX

(p.u.)
VRMIN

(p.u.)
KE

(p.u.)
TE

(s)
KF

(p.u.)
TF 1

(s)
TF 2

(s)
E1

(p.u.)
SE(E1)
(p.u.)

E2

(p.u.)
SE(E2)
(p.u.)

11 6700 0.05 42 0.2 4.0 –4.0 0.0 0.08 8.9 0.05 0.02 1.02 0.14 1.2 0.51

TR →Voltage input time constant, KA →AVR gain, TA →AVR time constant, VRMAX →Maximum AVR
output, VRMIN →Minimum AVR output, KE →Exciter field gain, TE →Exciter time constant, KF →Rate
feedback gain, TF 1 →Rate feedback time constant 1, TF 2 →Rate feedback time constant 2, E1 →Exciter
saturation point 1, SE(E1) →Saturation at E1 →Exciter saturation point 2, E2 →Saturation at E2 and
SE(E2)→Saturation at E2.

Table F.8: Parameters of the governor model (TGOV1 governor model).

Generator
number

Bus
number

R
(p.u.)

T1

(s)
T2

(s)
T3

(s)
VRMAX

(p.u.)
VRMIN

(p.u.)
Dt

1 6145 0.005 0.1 0.1 0.2 1.0 0.0 0.0

2 6146 0.005 0.1 0.1 0.2 1.0 0.0 0.0

3 6300 0.005 0.1 0.1 0.2 1.0 0.0 0.0

4 6301 0.005 0.1 0.1 0.2 1.0 0.0 0.0

5 6506 0.005 0.1 0.1 0.2 1.0 0.0 0.0

6 6604 0.005 0.1 0.1 0.2 1.0 0.0 0.0

7 6609 0.005 0.1 0.1 0.2 1.0 0.0 0.0

8 6636 0.005 0.1 0.1 0.2 1.0 0.0 0.0

9 6640 0.005 0.1 0.1 0.2 1.0 0.0 0.0

10 6643 0.005 0.1 0.1 0.2 1.0 0.0 0.0

11 6700 0.005 0.1 0.1 0.2 1.0 0.0 0.0

12 6709 0.005 0.1 0.1 0.2 1.0 0.0 0.0

13 6715∗ 0.005 0.1 0.1 0.2 1.0 0.0 0.0

14 6717 0.005 0.1 0.1 0.2 1.0 0.0 0.0

15 6719 0.005 0.1 0.1 0.2 1.0 0.0 0.0

16 6758 0.005 0.1 0.1 0.2 1.0 0.0 0.0

R →Permanent droop, T1 →Time constant 1, T2 →Time constant 2, T3 →Time constant 3,
VRMAX →Maximum valve position, VRMIN →Minimum valve position, Dt →Turbine damping coefficient.
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Table F.9: DFIG-based wind turbine parameters.

Parameters Values Units

Machine data

Rated Act. Power (Mech.) (Pn) 190 MW

Rated voltage (Vn) 220 kV

Rated speed (Nn) 1750 1/min

Pole-pair number (p) 2 —

Rated power factor (cos φ) 0.95 —

Rated efficiency (ηn) 0.958 p.u.

Current ratio at start-up (Ia/In) 5 p.u.

Resistance/Reactance (R/X) 0.15 p.u.

Operating state

Active power (P ) 165 MW

Reactive power (Q) 36 MVAR

Slip (s) -16.67 %

Equivalent circuit

Direct current time constant (Tg) 5 s

Armature resistance (RA) 0.25 p.u.

Armature leakage reactance (XA) 0.25 p.u.

Dynamic parameters

Rotor resistance at normal slip (R2) 0.25 p.u.

Rotor stray reactance at normal slip (X2s) 0.1 p.u.

Converter reactance power (Qconv) 0.001 MVAR

No load current (i◦) 0.01 p.u.

Rotor time constant (Trotor) 2.04 s

Reinforcement pilot controller (Vpc) 0.03 —

Crowbar resistance (Rk) 0.15 p.u.

Internal resistance voltage converter (ri) 0.001 p.u.
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Table F.10: Voltage controller parameters.

Parameters Values Units

Armature resistance (RA) 0.0047 p.u.

Armature stray reactance (XA) 0.1 p.u.

Rotor resistance (R2) 0.008 p.u.

Rotor stray reactance (X2) 0.08 p.u.

No load current (ILEER) 0.32 p.u.

Converter reactive power (QC) 0 MVAR

Start-up time (TA) 10 s

Reinforcement of the pilot control (VST ) 0.03 p.u.

Crowbar short circuit resistance (RK) 0.03 p.u.

Crowbar replacement time (TCROW ) 0.3 s

Internal resistance voltage converter (RI) 0.001 p.u.

PI integral time constant (PI) 8 s

PI reinforcement factor (PV ) 0.05 p.u.

Pitch control (0 : OFF, 1 : ON) (PITCH) 0 —

Voltage correction (0 : OFF, 1 : ON) (UCORR) 1 —

Table F.11: Speed controller parameters.

Parameters Values Units

fcut (fcut) 0.002 —

KS constant value (KS) 21.6 —

KLS (KLS) 0.1 —

KG (KG) 3 —

KP amplification K (KP ) 1 —

TN , Ti or Tn (TN ) 1 s

KD amplification K (KD) 1 —

TD lag time constant T (TD) 5 s

T4 lag time constant T (T4) 0.16 s

K2 amplification K (K2) 5 —

T5 lag time constant T (T5) 12 s

K3 amplification K (K3) 0.5 —

T6 lag time constant T (T6) 0.7 s

T1 lag time constant T (T1) 0.05 s

SWITCH (SWITCH) 1 —

Pmax upper limit (Pmax) 1 —

Pmin lower limit (Pmin) 0 —
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Table F.12: Details on STATCOM.

Parameters Values Units

Capacitive reactive power (Qc) 250 kVAR

Inductive reactive power (Qi) 50 kVAR

Zero sequence resistance (R◦) 0.567 Ω

Zero sequence reactance (X◦) 0.435 Ω

Upper voltage limits (Vul) 103 %

Lower voltage limits (Vll) 97 %
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