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Abstract. wind Energy is a clean and economic energy
resource from which, thanks to the technological advances
achieved in the last decades, we can derive many benefits in an
increasingly efficient way. In line with this advance in the
different systems of wind generation, new models that alow to
simulate the operation with a greater accuracy should be
developed. Therefore it is necessary to thoroughly study an
essential factor in the operation of thistype of facilitiesasit isthe
wind behaviour.

This paper explain the design, implementation and simulation of a
model that represents the possible conditions of wind that can
occur inagiven wind installation.
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1. Introduction

Wind energy is growing quickly and having a spectacular
development around the world, since it constitutes a clean
and economic source of energy. Moreover, the remarkable
increment of distributed generation, both of wind energy
and other independent producers, causes concern about the
reliability of the electric supply and particularly about its
influence in the stability of the distribution network. In this
context, the integration of a new wind energy facility,
makes necessary to analyze the impact that it can cause in
the reliability of the power network to which it is
connected.

The transitory behavior of wind farms, as a result of the
dependence of the injected power on the wind speed, can
be accurately reproduced if the wind dynamics is well

known and appropriate models for the system components
are used.
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Most of the studies carried out about dynamic stability of
wind turbines are not adapted to conventional power
system analysis computer software or, at best, use static
aerodynamic models, without considering the effects
caused by the blades turn in the power absorption.

In this paper a new fixed speed wind turbine model is
presented. The model includes the wind effect on the rotor
blades and considers stall regulation of power. This model

is appropriate for dynamic stability studies of wind farms
located in distribution networks.

2. Global system description

A. Distribution system

The distribution system model is developed specifying the
system topology, the location and size of loads and the
location, size and type of generators.

The characterigtics of the distribution system are specified
in Appendix. Fig 1 shows the system topology.
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Fig 1. 30 busradia distribution system
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B. Wind energy conversion system

Fig. 2 shows the wind energy conversion system
configuration whose data are specified in Appendix. The
system consists of the following items:

1) A horizontal-axis, three blades turbine, connected
to the generator by means of a gearbox.

2) Thethree-phase squirrel inductiongenerator.

3) A capacitor bank to supply reactive power to the
induction machine.
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Fig. 2. Wind Energy Conversion System

3. Wind model
A. Wind turbine model

The output mechanical power of the wind turbine can be
expressed as:

P = =AV2,C, (e

wind

Nl

where A isthe swept area by the blades, r isthe air density
and G, is the power transmission coefficient which depends
on the blades design and also on the tip speed ratio |, this
is the ratio of linear speed at the tip of blades to the wind
speed.

| = WbladeRnlade

Visind

(2)

The C,=F() relation it is usually ignored, however, the

wind turbine manufacturers provide the stationary power-
wind characteristic. Fig. A.1 in Appendix shows the
characteristic of thewind turbine used in this analysis.

Starting from this curve and being known R __, r and
Wy age (note that in steady state, the blade speed variations

ae very small, of the same order that the slip variations),
by means of the previous equations the points of the curve
C, (1) canbecalculated.

Fig. 3 shows power coefficient curve as a function of |.
The higher wind values correspond to the lower | values,
and vice versa.
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Fig. 3. Power coefficient curve as a function of |
B. Wind torques

The model for the wind torques calculation is based
substantially on the work in [1], which specifically
developed a model to be used for dynamic studies of wind

turbine applications.

Fig. 4 shows the model that reflects the wind behavior and
the output mechanical torgue transmitted to the generator.
The torque produced by the wind on each turbine blade is
calculated starting from the wind speed by means of the
process that is described below.

Fig. 4. Wind torque modules

Blade positions. The angle g that each blade forns with
the horizontal axisis obtained integrating the turbine speed.

Wind speed at blade tips. The wind speed value at each
blade tip is calculated from their speed and position by
means of the following equations. Fig. 5 illustrates this
approach.

Fig. 5. Wind speed and blade positions
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Fig 6. Wind speed dynamic model

The height of each blade tip is obtained by means of the
following relationships:

h = h, + R*sen(q,)
h2 :ho - R* Ser(qz)
h, =h, +R*Sen(q3)

(3)
Wind speed at a certain height is expressed by the
following terms:

voy2hd
&

being v, the wind speed at the tower axis height and n a
parameter that is function of the land roughness (n=0,168).

(4)

Therefore, wind speed in each bladetip can be expressed as
follows:

e Mo

¢ R o' (5)
V, =Voél- h—sen( 2)a

e 0 u

¢ R o’
Vs =Voé-+_sen(qs)g

e |'b u

Tip speed ratios. The instantaneous value of the tip speed
ratio | in each blade is calculated by:

| = blade speed
wind speed

(6)

Both speeds measured at the blade tips.
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Power coefficients Cp. The power coefficient is obtained
using the following expression, represented in fig. 3.

$(| i - 16)9

C, =044send ™
e 15 o

Wind torques. Finally, the value of the torque acting on
each blade is calculated substituting the respective values
of Cpinthefollowing expression:

72 1PRTVEC,

2 8)

w

Fig. 6illustrates t he result of all this process.

Final torque. Once the torque that produces the wind in
the turbine blades has been calculated, it is necessary to
refer thisvalue to the generator shaft whereit is going to be
applied. This is made by means of the gearbox ratio and
considering other concepts like the efficiency.

Due to the regulation of the wind turbine it is necessary to
make a last transformation. In this paper a new fixed speed
wind turbine model is presented. The model considers stall
regulation of power. This means that over the nominal
speed, stall regulation limits the output power. Therefore,
to be able to implement this model it is necessary to limit
the generator shaft torque, asis shown infig.7

C. Wind behaviour
In this wind model, step changes of wind speed values can

be introduced. They would be represented by means of a
step block, in which wind values and the moment when the
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transition from one value to another one takes place, can be
fixed.
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Final

Froductz

Fig. 7. Torque at generator shaft

Wind gusts are another habitual situation for any wind
energy conversion system. This wind gusts can be

represented using the following approach. Figure 8 shows
the model representation.
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Fig 8. Wind gusts model
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4. Simulation results
A. Constant nominal valueof wind speed

In this first simulation a constant wind speed of nominal
value (16 m/s) a the turbine rotor height will be
considered. This will be the speed for which the wind
generator produces its nominal power. However, at blade
tips, the wind speed value does not stay constant, as figure
10 shows. Depending on the blades position the wind speed
oscillates between 14.3 and 17.1 m/s.

Another data that figure 11 shows at first, is the fact that
torques are not sinusoidal waveforms. To explain this, the
waveform of the wind torgue at one of the blades and the
position angle of this blade have been superposed. The
lower values of the torque correspond to the lower
positions of the blade, i.e, between p and 2p radians. This
is obvious since the speeds distribution of figure 5 is being
considered, where the speed, and therefore the torque, are
smaller in the lower semicircle. Finally figure 12 shows the
final torque appliedto the generator shaft.
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Fig. 12. Final torque applied tothe generator shaft

B. Wind gusts

Next, the results obtained considering the more unfavorable
case that can occur in the studied system, are showed in the
following figures. This case consists of the connection of
fifteen wind generators at the most distant remote bus from
the 20 kV substation (Bus 14).

The amplitude and frequency of the gust take the values
A=40% and f=0.2 Hz, i.e, a complete cycle takes five
seconds. If equation (9 is used with k=0,4 and w=0,4p,
the wind passes from the peak value to the lower value, in
2,5 seconds, seefigure 13.
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The average value of the wind speed at the blade tips, that
took a constant value in the previous example, becomes
variable due to the effect of the wind gusts, as it can be
observed in figure 14.

The stall regulation effect in the final torque can be seenin
figure 15. Once reached the nominal torque, this one
remains constant instead of continuing increasing until the
maximum value that the wind speed would provide. This
figure shows the final waveform that would have this
mechanical wind torque applied to the shaft.

Figures 16 and 17 show the rotor speed of a wind generator
and total active power generated by the wind farm
respectively.
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Fig. 13. Wind gusts around the nominal speed value
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Fig. 14. Wind speeds values at each blade tip
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Fig 15. Final torque applied to the generator shaft
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Fig. 16. Induction generator rotor speed
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Fig 19. Voltage at 20 kV connection point.
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Fig 20. Frequency deviation at 20 kV bus bar
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Fig 21. Frequency deviation at 20 kV connection point
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Fig. 22. Frequency deviation at most representative buses

Figures 18 and 19 show per unit voltage at connection
point and per unit voltage at 132 kV bus bar. Figures 20 to
22 illustrates frequency deviation at some of the system
buses.

The last figure compares all deviations, which become
smaller as we moved away from the connection point. In
spite of these deviations the local system remains stable
under the specified operating conditions.

C. Sability analysis

The next two examples explore the possibility of
distributed generators causing frequency instability in a
radial distribution system. Two new situations in the
studied system have been simulated to demonstrate that the
stability depends on the number of distributed generators
connected into the system

The first represents the case in which 25 wind generators
are connected & the same bus & in the previous case (Bus
14) and under the same operating conditions.

The obtained results for the behavior of the system
frequency arethefollowing ones.
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Fig 23. Frequency deviation at 20 kV connection point
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Fig 24. Frequency deviation at 20 kV bus bar

Figure 23 shows that the local system frequency drifts from
its nominal value. The highest allowed frequency deviation
is 0,5 Hz and this value is widely exceeded at the
connection point. Since in this case it does not exist any
control system that returns the frequency to the value of 50
Hz the system becomes unstable. Figure 24 shows the
frequency deviation at 20 kV bus bar.

The other case exposed is identical to the previous one but
with 30 wind generators connected at the most distant
remote bus from the 20 kV bus bar. The results are still
more representative in the case of 30 wind generators
connected into the system. The frequency drifts from its
nomina value of 50 Hz more than in the previous case.
Figures 25 and 26 show the results from this last
simulation.

®

o

~

N

Frequency Deviation (Hz)

=3

|
N

05 1 .15
Time (s)
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5. Conclusions

It has been possible to design a model that simulates in a
reliable way the wind dynamic behavior in wind farms,
considering its interaction with the turbine blades. This
model represents habitual situations in this kind of
facilities, as they can be step changes of wind speed or the
appearance of wind gusts.
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A fixed speed asynchronous generator with stall regulation
of power has been considered and the design of a model
that represents it has been developed. Also, adistribution
network model has been designed starting from the data of
a standard system used in similar studies of distributed
generation.

All the designs have been implemented in MatLab-
Simulink and once constituted the global distribution
system its simulation has been carried out. The obtained
results allow us to analyze in a precise way the behavior of
this kind of facilities embedded into electric distribution
networks and their impact on the same ones, under
different operating conditions.

The simulations of this system in which several wind
generators have been connected at some of their buses,
operating under different wind conditions, have given rise
to the results that have been exposed.

Obviously, the operation of the distribution system is
affected by the integration of distributed wind generators,
showing considerable voltage fluctuations at the network
buses. These fluctuations are more important when the
operating conditions are worse, i.e, the more unstable is
the wind behavior.

The simulation results for several wind generators
connection show a frequency deviation from the
equilibrium point for this system. The behavior
demonstrated by the system is the expected behavior, given
that there is not any control system that returns the system
frequency to its nominal value of 50 Hz. The simulation is
allowed to run without any control action in order to show
the nature of the dynamic behavior for the system, and, all
the time, the system operates under stable conditions.

However, when the number of connected wind generators
is increased excessively the system becomes unstable. The
system frequency drifts excessively from the nominal,

desired value as a result of the wind speed disturbances and
the system becomes unstable. This indicates that frequency
stability is loosely a function of the number of distributed
generators connected into the system.

Appendix

A. Technical characteristics of the generator

The specific values for the parameters in the generator
model, which are used in the system simulations in this

paper, are the following ones.

Operating parameters

Nominal output 750 kW
Power regulation Stall
Nominal wind speed 16 m/s
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Cut-in 4m/s
Cut-out 25 m/s
Rotor
Rotor diameter 48,2 m
Rotor swept area 1824 n?
Number of blades 3
Rotor revolutions 22/15r.p.m.
Hub height 45/55m
Drivetrain
Gear type Planetary -parallel axes
Ratio 1.68,2
Generator
Type Asynchronous, 4/6 pole
Nominal voltage 690V
Nominal frequency 50 Hz
Name platerating 750/ 200 kW
Power transformer
High-voltage windinc 20.000 V
L ow-voltage windinc 690 V
Nominal power 1000 kVA
Connection group Ynd11
Nominal frequency 50 Hz
kW
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Fig A.1 Wind turbine power curve

B. Distribution System Data

The data for the distribution test system that is used for the
simulations in thispaper are presented in Table A.1 and can
be found in [2]. The topology of the system is shown in
Figure 1.

The distribution system that is going to be analyzed
throughout the successive simulations is a 30 bus radial
distribution system. The rated voltage of the system is 20
kV.
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TaBLE A.1. 30 Bus Radial Distribution Test System Data

Branch Impedance Maxim Load & Busj
Busi | Busj i
J ReRsi;j s[tgl}ce I ngﬁcfgn]ce PIKW]  Q[KW]

0 1 0,5096 1,7030 - -

1 2 0,2191 0,0118 522 174
2 3 0,3485 0,3446 - -

3 4 1,1750 1,0214 936 312
4 5 0,5530 0,4806 - -

5 6 1,6625 0,9365 - -

6 7 1,3506 0,7608 - -

7 8 1,3506 0,7608 - -

8 9 1,3259 0,7469 189 63
9 10 1,3259 0,7469 - -

10 11 3,9709 2,2369 336 112
11 12 1,8549 1,0449 657 219
12 13 0,7557 0,4257 783 261
13 14 1,5389 0,8669 729 243
8 15 0,4752 0,4131 477 159
15 16 0,7282 0,4102 549 183
16 17 1,3053 0,7353 477 159
6 18 0,4838 0,4206 432 144
18 19 1,5898 1,3818 672 224
19 20 1,5389 0,8669 495 165
6 21 0,6048 0,5257 207 69
4 22 0,5639 0,5575 522 174
22 23 0,3432 0,3393 1917 639
23 24 0,5728 0,4979 - -

24 25 1,4602 1,2692 1116 372
25 26 1,0627 0,9237 549 183
26 27 1,5114 0,8514 792 264
1 28 0,4659 0,051 82 294
28 29 1,6351 0,9211 882 294
29 30 1,1143 0,6277 882 294
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