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Figure 10. Turbine cross section [37]

Turbine blades: Blades are the airfoils in the modern day wind turbines that actually
receive the kinetic energy. Therefore blade diameter is a clear indicator of a wind turbine
power production capacity. Also the design and material used in it play the key role.
Fiberglass reinforced with polyester and wood epoxy are popular material for blade
construction. Blade rotation speed reduces with the increase of blade diameter and
typically ranges from 3-30 rpm which can be fixed or variable speed. the tendency of
placing wind turbines to offshore is also increasing with increase in blade diameter as

shown in Figure 11 [36].
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Figure 11. Wind turbine size: past, present and future [38].

Turbine hub: Turbine hub is the point where all the blades are connected. It also carries
the pitch control system.

Shaft: Turbine hub is connected to the gear box or the direct drive system through a
mechanical shaft.

Gear box: This is the arrangement that converts the low blade rotation speed into high
generator rotor speed. It also actively takes part in maintaining desired speed of the
generator rotor shaft.

Direct drive: As the gear box system is costly and requires frequent maintenance, some
manufacturers directly couples the shaft into the generator rotor. Drive train types are

shown in Figure 12.
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Figure 17. (a) Up-wind (b) Down-wind turbine [46]

Figure 18. Up-wind and Down-wind hybrid Twin rotor turbine [47]

C. Drive Train System
In literature, few types of models for the wind turbine drive train are available [48].
They are given below:
—  Six-mass drive train model
— Three-mass drive train model
— Two-mass shaft model

— One-mass or lumped model
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1) Six-Mass Drive Train Model

The basic six-mass drive train model is presented in Figure 19. This is the most detail
system and it captures almost all the dynamics of the mechanical system. This model is
suitable for elaborative studies where the turbine performance with wind speed variation
is of importance. It consists of six inertias: the three blade inertias (Jg1, Jg2 and Jgs), hub
inertia Jy, gearbox inertia Jgg and generator inertia Jg. Other secondary drive train
elements inertia like axes, disc brakes, etc. is lumped into them. Angular positions of the
blades, hub, gearbox and generator are given by ©g1, Og,, Ogs, O, Ocs and Og
respectively. wgi, ®g2, g3, ®H, ®cs and wg represent the rotational velocities of the
blades, hub, gearbox and generator. The mutual damping between nearby masses is
expressed by dng1, dus2, dues, dues and degs. The elasticity between neighboring masses
is expressed by the spring constants Kyg1, Kns2, Kuss, Knes and Kgge. Individual masses
cause some torque losses represented by Dg;, Dgy, Dg3, Dn, Deg and Dg. The turbine
torque is the sum of the individual blade torques Twr. The generator torque is Tg and
three individual aerodynamic torques Tgi1, Tg2 and Tgzare acting on the three blades. The

aerodynamic torques acting on the hub and gearbox are assumed to be zero.

®g3,0p3
Dg2 Tgo diss Dp Jas

Figure 19. Six mass drive train model [49]
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2) Three-Mass Drive Train Model

In three-mass drive train mode it is assumed for simplicity that the three-blade turbine
has same weight. The turbine torque Twr, is assumed as the sum of the torques on the
three blades. So the turbine hub and blade mass can be lumped into a single mass and the
Six mass system is reduced to a three mass system as shown in Figure 20. Also the two
separate masses of the gearbox can be thought of a single mass. This model is called

transformed tree mass model as in Figure 20.

3) Two-Mass Shaft Model

The three-mass system can be converted into a two-mass system by adding the
gearbox mass either with the turbine mass or the generator mass as shown in Figure 21.
In this model the shaft has a uniform stiffness. Three mass or two mass drive train model
is suitable for studies that investigate steady state and longtime performance of a turbine.
The six mass system is very detail and hard to model. It takes long time to simulate a six
mass system. It is reported that two or three mass model gives good result without loss of

that much accuracy [48].

Khes

TWT

J WT

J{}B= ng“. ngg JG

Figure 20. Three mass drive train model [50]
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4) One-Mass or Lumped Model

The most simple of all drive train models is the one mass or lumped mass model as
shown in Figure 22. Here all the masses are lumped into a single mass. This single mass
system is suitable for transient stability studies where the time duration of interest is
small, for example fault studies.
D. Speed and Torque Regulation of Wind Turbines
The turbine speed and torque control mechanism is a speed regulation technique for
overspeed control as well as the rotors to be slowed down or stopped. Its purpose is to

— Make maintenance possible

— Reduce noise pollution

T wr
Method1l Method2
Figure 21. Two mass drive train model [49]
J"wr Wind Turbine
> Generator Rotor

Figure 22. One-mass or lumped model [48]
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— Tune aerodynamic efficiency

Retain the generator with its torque and speed limits

To keep the rotor and the tower within their mechanical strength limits.

There are three popular methods to do it. (1) Stall control, (2) Pitch control and (3)

Furling [46]. Their functions, principles and relative comparison of stall and pitch are

given in Table 6. Figure 23 shows the power curve for stall and pitch control.

Table 6. Relative comparison of the stall and the pitch control

Stall control

Pitch control

Angle of incidence of wind is increased
causing decrease in lift-to-drag ratio.
Blades designed in a way that at high
wind speeds, the rotational speed or the
aerodynamic torque reduces, and thus
the power production decreases with
increasing wind speed above a certain
value.

Limited capital cost of the turbine
Lower maintenance

Increasing power up until the rated
wind speed, beyond which it sees lower
power than rated power until the cut—
out speed

Higher vibration and noise.

Wind ;

0
J
€5
3

Stalling

— Decrement in angle of incidence of wind
causes decrease in lift-to-drag ratio.

— Equipped with an active control system
that can vary the pitch angle (turn the
blade around its own axis) of the turbine
blades to decrease the torque produced
by the blades in a fixed-speed turbine
and to decrease the rotational speed in
variable-speed turbines.

— Higher maintenance and capital cost

— Usually employed for high wind speeds
only (usually above the rated speed)

— Increasing power up until the rated wind
speed beyond which it sees constant
power until the cut—out speed

— Lower vibration and noise

\

¥
Pitch Contral )
1
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Figure 23. Typical power curves for a fixed speed, stall controlled (dashed) and variable
speed, pitch controlled (solid) wind turbines [34]

To accommodate the advantages from the stall and the pitch control mechanism, there
is a solution called active stall control where along with the aerodynamic design; blades
are furnished with motor to pitch themselves.

Another principle of speed and torque control is furling. It involves aligning the blade
rotation plane at some angle to the direction of wind. This can be done along vertical axis
as in Figure 10 or horizontal axis as in Figure 24.

E. Generator Types Used in WECS

Traditionally, the SCIGs, the synchronous generators and the dc generators have been
used for small scale power generation. The DFIG is currently the most dominant
technology for medium and large wind turbines, while the PMSG, the switched
reluctance (SR) and the high temperature superconducting (HTS) generators all are
extensively researched and developed over the years.

Figure 25 gives a classification of the generators used in the WECS, and their relative

comparison is given in Table 7.
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Figure 24. Vertical furling control [46]
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Figure 25. Generators used in the WECS
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Table 7. Relative comparison of the wind generators used in WECS [51]

Induction
Synchronous generators
Performance | DC generators
indicator enerator -
J FSIG | DFIG |E®U% | pyvisG [Reluctance]  HTS
magnet
Speed Variable | Fixed |Variable|Variable|Variable| Variable | Variable
i . Via Totally | Totally .| Totally
Directly |Directly to| stator . . Totally via )
Power supply . . via via via
to grid grid and converter
convertericonverter converter
converter
Voltage . . i
fluctuation High High Low Low Low | Medium |Very low
Converter scale] 100% | 0% ég& 100% | 100% | 100% | 100%
- Very
Controllability| Poor Poor Good | Good | Good Good Good
Real and
reactive power No |Dependent|Separate | Separate | Separate| Separate | Separate
control
Grid su_pport Low Low High |Medium Vgry Medium High
capability high
Efficiency | Low | Low | High | High | V&Y | Medium [FXremely
y g 9% | high high
Reliability Poor Medium | High High High | Veryhigh| High
Fault response | Slow Slow High High High High  [Very high
Cost Low Low |Medium|Medium| High | Medium [Very high
: . . Very Extremely|
Mass saving Low Low High |Medium high Low high
Direct Large
Low Medium-| Small- | drive g
ower Small large |medium | small- wind
Suitability PO, wind 9 : : Early stage| turbine
residential aoolication wind wind | medium earl
turbine [P turbines | turbines | wind y
. stage
turbine
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F. Power Electronics in WECS

The VSWT technology is actually based on the power electronics. With the
advancement in semiconductor fabrication technology along with their modular design,
has facilitated the use of power electronic devices in high voltage and high power level
with high switching frequency. Table 8 shows the comparison of ratings among the basic
power electronic units like GTO, IGCT, BJT, MOSFET and IGBT. The Rectifiers,
inverters and frequency converters are made of these units. These days IGBT is the most
popular choice for its high frequency operation that enables better control. IGBT is used
to form self-commutated power converters. They can work on controlling the current or
voltage. These converters are named according to the parameter they are controlling.

Figure 26 shows current source converter (CSC) and voltage source converter (VSC).

Table 8. Rating comparison of the power electronic components [52]

Switch types
GTO IGCT BJT MOSFET IGBT
Voltage® (V) 6000 6000 1700 1000 6000
Current” (A) 4000 2000 1000 28 1200
Switching frequency® (kHz) 0.2-1 1-3 0.5-5 5-100 2-20
Drive requirement High Low Medium Low Low

1. Maximum output rating

2. Operational range

As per the converter requirement, the VSWTSs are divided into two types, namely, a)

full scale converter and b) partial scale converter. They are described in brief below,
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Figure 26. Types of self-commutated power converters for wind turbines: (a) a current
source converter and (b) a voltage source converter [52]

Full scale converter: In this type of arrangement, the total generated power is
conditioned and it is passed through converters. This gives a full speed range of operation
and complete control over real and reactive power. Gear box can be avoided by using
direct drive system with the full scale converter. This will enhance efficiency and reduce
the cost. The drawbacks are the higher cost of converter and their associated losses. If
there is any problem with the converter then the power delivery is fully hampered.
WEFSG, PMSG, switched reluctance (SR) generator and sometimes SCIG need full scale
converter for their operation. Figure 27 shows a diagram for a full scale converter
topology for WECS.

Partial scale converter: The Induction generator comes with the advantage of slip

power recovery. Which means the rotor can be connected to external circuit to extract
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power from it. As the power is fed from the rotor as well as stator, this kind of generator
is called doubly fed induction generator (DFIG). The stator is directly connected to the
grid but the power through the rotor is conditioned through converters to gain control
over voltage, frequency and output power. Most of the power is transferred to the grid via
stator and only +30% of the nominal power is handled by rotor circuit. So only a partially
rated converter is enough for its operation. This essentially slashes down the power
converter cost and loss associated with converter switching. Brushless DFIG (BDFIG)
and cascaded DFIG, the two variant of DFIG, also use partially rated converter. Figure 28
shows a partially rated converter topology.

Frequency converters: The VSWT generators produce a frequency which doesn’t
match with the grid frequency. To connect the wind turbines to the grid, frequency
matching is required. This job is executed by frequency converters. There are a few types
of converters available. They are listed below,

e Back-to-back converters;
e Multilevel converters;

e Tandem converters;

e Matrix converters;

e Resonant converters

Some frequency converters are shown in Figure 29.

Back to back converter is very popular. But other converters like multilevel and matrix
converters are gaining popularity. Extensive research is going on with designing low cost

high efficiency converter topology.
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Figure 27. Full scale converter WECS [53]
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Figure 28. Partially rated converter WECS [53]
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Figure 29. Frequency converters [51]
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CHAPTER Il

FIXED SPEED WIND TURBINE (FSWT) MODELING

To match with the grid frequency, the SCIG based WECS are made to rotate at a
constant speed irrespective of the wind speed variation by some mechanical arrangement
like pitch control and yaw drive system. The SCIG’s rugged and simple construction,
mechanical robustness, reliable operation with low maintenance cost and longer lifetime
are the reasons for their popularity.

A. Wind Turbine Modeling

The modeling of wind turbine depends on various physical and geometrical aspects.
For detailed modeling of wind turbine mechanical system 6 mass drive train [54]
representation [54] is used along with equivalent three and two mass drive train system
[49]. In this work, the main objective is to analyze system transient behavior at the event
of fault. Therefore to keep things simple and focused to objective, a single mass system is
considered.

To model rotor aerodynamics, the popular aerodynamic power coefficient or the C,
versus 4 method is considered. There are a few models to characterize C,- 4 relation. In
this work, the wind turbine MOD-2 model [11], [55] is considered, which is represented

by equation (1) and (2)

A=t (1)

-0.174

C Ak h)= %(z ~0.0223 - 5.6)¢ 2)
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where A -tip speed ratio

oy - the angular mechanical speed

R - blade radius

Vi - wind velocity

C, - power coefficient or Betz coefficient
S - Dblade pitch angle.

The relationship between C, and 4 is shown in Figure 30 for different values of S.
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Figure 30. Cp- A curves for different blade pitch angles (used in FSWT)

The commonly used mathematical relation for the mechanical power harnessed from

the wind can be expressed as follows [56],

w

P — = 2R

NP

C _(1./) 3)

2
o
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