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Abstract

This paper presents a neural network controller of a grid-connected wind energy conversion system for
extracting maximum power from wind and a power controller to transfer the maximum power extracted into a
utility grid It discusses the modeling and simulation of the wind energy conversion system with the
controllers, which consists of an induction generator, a transformer, a link of a rectifier, and an inverter. The
paper describes the drive train model, induction generator model and grid-interface model for dynamics
analysis. Maximum power extraction is achieved by controlling the pitch angle of the rotor blades by a neural
network controller. Pitch control method is mechanically complicated, but the control performance is better than
that of the stall regulation. The simulation results performed on MATLAB show the variation of the generator
torque, the generator rotor speed, the pitch angle, and real/reactive power injected into the grid, etc. Based on
the simulation resuits, the effectiveness of the proposed controllers is verified.
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becomes cost-competitive compared to the
conventional power generations. The WECS is a
system converting the wind turbine’s mechanical
energy obtained from wind into an electrical
energy through a generator and can be categorized
by the types of generators used, power control
methods, constant or variable speed operation, and
methods of interconnecting to the grid. Variable
speed operation of a wind turbine is generally
more advantageous over constant speed one since
variable speed operation is able to trace the
maximum power of the wind turbine with wind
speed changes.

Many research results have recently been
reported on the control of wind turbine generators.
A study of the application of induction generators
to wind power generation was given in [1] where
the effect of induction generator parameters and
voltage support requirements for stability under
disturbance conditions were studied. Steinbuch
applied a linear quadratic optimal control technique
to a 310kW horizontal axis WECS with a
synchronous generator and DC link [2]. Leithead
et al. examined the choice of control objectives
together with the influence of the controller on the
dynamics of the wind turbine and investigated the
requirement of variable pitch control to regulate
power generation [3]. Muliadi and Butterfield
presented the operation of variable-speed wind
turbines with pitch control [4]. Variable speed
control has been added to pitch-angle controlled
design in order to improve the performance of the
system, but the claim that the target power is
proportional to the cube of rotor speed is not
correct when a pitch angle control is adopted A
fuzzy logic control approach is presented in (5]
where the input variables of the control system are
the variations of the output power and actual
speed of the generator. Based on the generator
speed and power output, the fuzzy logic controller
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adjusts the torque on the shaft to drive the turbine
to the desired speed. Chedid et al. presented a
model capable of simulating the dynamics of a
WECS and compared four control techniques
based on conventional and intelligent control
schemes [6]. A commplete fuzzy logic control based
wind generation system is described in [7] where
fuzzy logic principles are used for efficiency
optimization and performance enhancement
control.

This paper focuses on the controller design and
dynamics modeling for a horizontal axis wind
turbine with an induction generator and an
ac/de/ac link to a grid. A neural network pitch
controller and a power controller are introduced to
extract maximum power from wind and transfer
the maximum power extracted into the grid. This
is achieved by controlling a pitch angle of the rotor
Hlade and firing angles of the inverter switches.
Based on the simulation results of the generator
torque, the generator rotor speed, the pitch angle,
and real/reactive power injected into the grid, etc.
for wind speed variations, the effectiveness of the
proposed controllers will be verified.

2. Aerodynamic Characteristics

The energy conversion in a wind turbine can be
described by the nonfinear equation of (1).

P=

m

pav>C, (4, ) W

N =

where P»[# ] is the power captured from wind
by the wind turbine, »i% /=1 is the air density,
4{m *1 is the cross-sectional area of the wind
turbine rotor, vim/sec) s the wind speed, €» is the
power coefficient of the wind turbine, and # is the
pitch angle of the rotor blade And 4 is the
tip—speed ratio, which is defined by the following
equation.
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where @nlrad/sec] s the rotational speed of the
rotor, and RIm] is the radius of the rotor blades.
The power captured by the wind turbine
depends highly on the €, for a given wind speed,
and the relationship of €» with 4 represents
output characteristics of the wind turbine. Fig. 1
illustrates an example of €»-4 characteristic
curves for different pitch angles, and the curves
were drawn using the following equation (8]
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Fig. 1. Characteristic curves of wind turbine for
difernt pitch angles

The figure shows power coefficient changes
with tip—speed ratio variations for a specified pitch
angle and there is one 4 value for which the
corresponding €» value is maximized. When the

pitch angle increases, the €» value is reduced, but
overall trend of the curve is maintained.

In practice, there exist limits on the wind
turbine operation for wind speed variations due to
the system’s mechanical or electrical limitations.
This gives rise to the rotor speed control
requirement in order to capture maximum
available wind power as well as to protect the

®

rotor and generator facilities from mechanically or
electrically overloading at high wind speeds. With
taking these limitations into account, Fig. 2 shows
the speed control requirement without having the
pitch angle adjustments involved. The figure
displays the relationships between the rotor power
and the wind speed, where vci is the cut-in wind
speed [4 nvs], vr is the rated wind speed [13 nv's),
and vco is the cut-out wind speed [24 nys).

P {MW]
15 Constant power

Maximum Cp,

V {m/s]

Vci

v, v,

co

Fig. 2. Power curve of wind turbine considering
limitations

3. System configuration and
Modeling

Fig. 3 illustrates the block diagram of the wind
energy conversion system including two control
loops of a neural network (NN) pitch controller
and a power controller. The wind turbine’s torque
is transferred through a gearbox to an induction
generator, which is rated with 6-pole, 3.77 [kV]
and 15 [MW]. An IGBT bridge rectifier rectifies
the output power of the induction generator to dc,
which is then inverted to 60Hz ac by an inverter
and fed to a utility grid through a transformer.

Grid

NoX

OC D/A
rectifier link inverter

Ve Y Vi Vao
¢ Vo
NN Pitch Power P
Controfler | v Controfler fe_"

Fig. 3. Configuration of a grid-connected wind
energy conversion system
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3.1 Drive Train Model

A typical drive train model, as illustrated in Fig
4, primarily consists of a wind turbine, a gearbox,
and a generator. The drive train converts the input
wind torque into the torque on the low-speed shaft
that is scaled down through the gearbox to induce
a torque on the high-speed shaft. The dynamics of
the rotational system can be simplified by the
following equation (5].

J, dwg T, D

L )—E = (L= )~ (=L + D, )w

Cortle) g =T O+ Dwe o
where, "¢ is the generator rotor speed {rad/s),

7 s the gear box turn ratio, 7, is the mechanical

input torque to the wind turbine (Nm), 7. is the
electromagnetic torque applied on generator shaft

(Nm), /. is the moment of inertia of the wind
turbine (kg m”), Y is the moment of inertia of
the generator (kg m?>), P, is the turbine friction

coefficient (Nmv/rad), and Ps is the generator
friction coefficient (Nm/rad).

J, n J.

Turbine Gearbox

Generator
Fig. 4. Schematic diagram of drive train mode!

3.2 Electrical Generator Model

Recent wind turbines are generally equipped
with induction generators because of low costs
and simple operation. Because of its rugged
construction, the induction generator is inherently
a low maintenance machine and has higher
expected reliability compared to the synchronous
machine.
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The modeling of induction generators is
expressed with respect to the reference frames
that are the axes rotating at synchronous speed
[91. For representation in dynamics study, the
stator transients are usually neglected since they
are far faster than the rotor ones. Then the stator
equations are derived in the algebraic form as
follows.

Vgs = _stds +XS l.qs +Vd (6)

Vgs = _Rsiqs - X: ids + Vq (7

where Vds is the d-axis component of stator
voltage, Yo is the g-axis component of stator
voltage, Rs is the stator resistance, s is the
d-axis component of stator current, Igs is the
q-axis component of stator current, va is the
d-axis voltage behind transient impedance, ¥4 is
the g-axis voltage behind transient impedance,

X, represents the transient reactance of the
induction generator.

And the dynamic equations for the rotor
windings are described as

dv ' 1 N N (W:—W )

dtd =—;‘;,-[Vd —(XS—‘XS )lqs]+——:—£—vq
®

dv, 1. W (wo—w,)

d;’ =~T—0,[vq (X, - X, )ld,]———rg—vd
9

where To is the transient open—circuit time
constant of the induction generator, Xs is the
stator reactance, s is the synchronous speed and

"g is the rotor speed.
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3.3 Coupling with Grid

As shown in Fig. 3, in order for the induction
generator to be interconnected with a utility grid,
it is necessary to use an ac—dc-ac conversion
scheme since the generator produces a terminal
voltage of variable-magnitude and variable~
frequency. A three~phase IGBT bridge rectifier
converts the terminal voltage to a dc voltage Vec
which can be expressed as follows.

v, 342

2
e = TV' cos a (10)

where ¥ is the generator terminal voltage and
@ is the firing delay angle in the switching of
the rectifier. In the paper, the rectifier is not
controlled, so the firing angle is assumed to be
Zero.

Parallel three-phase bridge inverters are used to
convert the dc voltage into a 60Hz ac voltage in
order to reduce harmonics involved in the inverter
output voltage. The magnitude of the inverter

output voltage Vu is given by the equation (11),

232
Vy =

s
cos( Z)V,- cos & 11)

where Vi is the dc link output voltage and ¢ is
the angle at which the inverter switch is on from
zero state, thus it can control the magnitude of the
inverter output voltage.

The inverter output voltage is raised to the grid
level by a pad-mounted transformer. The real
power supplied to the grid can be computed as

P - VVac ||V oo |sin 8
ac X, 12

where Vac is the ac voltage behind the

@

transformer, V'« is the reference grid voltage, X:
represents the interconnecting line reactance, and

¢ determines the phase angle between the ac
voltage behind the transformer and the reference
grid voltage.

4. Models of controllers

4.1 Neural Network Pitch Controller

The purpose of this controller is to capture the
wind energy as much as possible below the rated
wind speed and to maintain the rated power above
the rated wind speed by adjusting the pitch angle
of the rotor blades. According to Fig. 1, the power
coefficient and the turbine's tip-speed ratio are
strongly influenced by the blade pitch angle and
their relationships are nonlinear.

Variable pitch control on wind turbines is
introduced to prevent overload as the wind speed
rises above the rated, which causes the turbine
regulated to spill the excess power in the wind.
Adjusting the blade pitches provides fast
medification of the turbine power by capturing
less power from the wind at higher wind speed
than the rated.

—-4 Wind TurbMing Equatiorﬂ——
B

1 B s
1+Tys

Pitch actuator

Neural Network

Fig. 5. Model for neural network pitch controller

Fig. 5 illustrates a model of such a pitch
controller that iIncorporates a multi-layer
perceptron-type neural network. Highly nonlinear
characteristics of Fig. 1 match very well to neural
network applications. The neural network has two
mputs, 38 neurons in a hidden layer and one
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output. The number of neurons in the hidden
layer was determined by trial and error to
minimize the training error. The neural network,

using wind speed V' and rotor speed Wn  as

inputs, generates the desired pitch angle 4.

The back-propagation leaming algorithm is
used since the back-propagation algorithm offers
an effective approach to the computaton of
gradients and hence a relatively efficient training
of multi-layer NNs, The wind speed values range
from 4m/sec to 24nvsec and the rotor speeds
range from 097%rad/sec to 1.935rad/sec. The
neural network so designed is able fo produce a
pitch angle for any value of wind speed and rotor
speed in the range [vai « veol.

When the incoming wind speed exceeds the
rated, the turbine power should be controlled to its
rated power by adjusting the turbine blade’s pitch
angle B. This mechanism can be accomplished
by an electro-mechanical actuator, which can be
modeled as follows.

B _1 5

dt (13)

where 17 is the actuator’'s time constant,

4.2 Power Controlier

The aobjective of the power controller is to
control the inverter in order to transfer the
maximum power extracted from wind into the
grid. Fig. 6 illustrates a model of the power
controller using a PI controller for inverter
switching control.

The power controller adjusts the angle % in
eguation (12) so that the inverter output power
follows the generator output power, which is the
power extracted from the wind 9s much as

LY - UMNEBYQ=FT) H18F M2, 20041 39

possible by the NN pitch controller. From Fig. 6,
the dynamics of the power controller can be
described as following.

dAc

= Kip (AP ~ AP,) (14)
dAV¢ 1

Tt_zT—¢[K¢(AC+KPbAPref "KPbAPac)_AVqﬁ]

(15)

Fig. 6. Model of power controller for inverter
swiching

5. Simulajion and Discussions

The models of the wind energy conversion
system and the controllers presented in the
previous two sections are given in the forms of
differential and algebraic equations. This section
verifies the performance of the proposed
controllers by looking into the response of the
closed-loop system to a wind speed variation.
Randomly varying wind speed data are shown in
Fig. 7, where the wind turbine is subject to wind
speeds above the raved (13mVsec) up to about 25
seconds. Data about the WECS used in this work
are given in the Appendix.

For a continuously varying wind speed, the
power output of the wind turbine generator will be
changing accordingly. The variations of the
generator torque, generator rotor speed, generator
terminal voltage, pitch angle, power coefficient,
and real and reactive power injected to the grid
are illustrated from Fig. 8 to Fig. 14, respectively.
At wind speeds above the rated, those variables

@



WEAW SFLTUNLHY NUSHMOIE /Y MFA=Y Moo ZPr A+

are kept around the rated values owing to the
pitch angle controller as shown in Fig. 11. Then
the power coefficient reduces to reject the excess
energy in the wind and that is shown in Fig. 12.

On the other hand, at wind speeds below the
rated, those variables follow the trend of the wind
speed to produce the optimal power. Fig. 9 shows
a relatively smooth variation since the large inertia
of the mechanical system prevents the system
from following the high wind speed fluctuations.
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Fig. 14. Variation of reactive power injected to
the grid

Fig. 10 shows the variations of the generator
terminal voltage, which is not maintained at
constant value due to the adoption of an induction
generator. The simulation results show that the
neural network pitch controller and the power
controller work well in the whole region of wind
speed. And the proposed controllers achieve the
following two goals;

a) During low wind speeds, the wind turbine
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generator is operated at constant power coefficient.
b) At high wind speeds, the controllers operate
the wind turbine to produce constant power.

6. Conclusion

Since wind speed varies over a large range, a
variable speed wind power generation system is
useful in maximizing the power extraction of a
wind turbine. This paper presents a modeling and
simulation of a variable speed wind energy
conversion systemm and controllers. A neural
network is adopted to control the pitch angle of
rotor blades since the Cp-4 characteristics with
respect to pitch angle varations are highly
nonlinear. A power controller is to transfer the
maximum power generated to the utility grid.
Examining the operational characteristics of the
wind turbine, the advantages of the variable speed
mode of operation were highlighted. Based on the
simulation results, we came to the following
conclusions:

1) In the lower wind speed region, maximum
power coefficient operating mode is adapted.

2) In the higher wind speed region, the power
coefficient was kept at a lower value to reject the
excess energy in the wind and the output power is
kept nearly constant.
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Appendix
Wind turbine rating 1.5 (MW)
Maximum power coefficient 041
Radius of the rotor 32 (m)
Rated wind speed 13 (vs)
Cut-in wind speed 4 [nvs)
Cut-out wind speed 24 (s}
Cenerator pole nurmber 6
Air density 1.035 (kg/m3)
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