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1 Introduction

This paper deals with the task, to develop and describe a model for statistical
simulation, to be used in combination with the simulation program described in /1/.
The work is based on measurements according to /2/. The measurements were
performed during a period of totally 5 years, from 2008 to 2012. Measurement
location was HOno outside Goteborg, Sweden.

2 Shortly about the measurements

e Location: H6no6 outside Goteborg, Sweden.
e Measurement period: 2008 — 2012.
e Level over sea: 18.5 m.
e Used sample frequency: 10 minutes
3 Analysis.

3.1 Low frequency respectively high frequency wind speed components.
The following analysis divides the wind speed into two components:

e Low frequency component (base component)
e High frequency component (noise component)

The low frequency component intends the mean wind speed during time intervals of
about 24 hours. While the high frequency component intends the wind turbulence
(noise) that affect the wind speed during time intervals in the region of minutes.
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Equ. 1:

V=Vg+Vy

Equ. 2:

VN =Vg X Cyw

Where:

V: Total wind speed

Vg: Low frequency component (base component)
Vn: High frequency component (noise component)
Cw: Constant. See section 3.3.

3.2 Low frequency component of wind speed.

3.2.1 Basic principle

Regarding the low frequency component of wind speed, focus has been to study the
Weibull distribution function. This is defined according to:

Equ. 3:
W(A,C) :c[ij“e—(V:)
AL A

Where: Vg: Low frequency component of wind speed
A,C: Weibull parameters

The Weibull parameters have been investigated based on the measurement results
for the four seasons winter, spring summer and autumn and for the total
year (all seasons).

3.2.2 Weibull parameters. Winter.

Fig. 1 - Fig. 6 illustrate comparisons between measurements of wind speed and
varied choice of Weibull parameters. The following parameter combination have been
tested:

Table I. Choice of Weibull parameters.

A C
5.9 1.8
5.9 1.9
6.0 1.8
6.0 1.9
6.1 1.8
6.1 1.9
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Winter. A=59. C=1.8.
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Fig. 1. Comparison between measurement and Weibull distribution with A =5.9, C = 1.8.
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Fig. 2. Comparison between measurement and Weibull distribution with A = 5.9, C = 1.9.
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Winter. A=6.0. C=1.8.
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Fig. 3. Comparison between measurement and Weibull distribution with A =6.0, C = 1.8.
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Fig. 4. Comparison between measurement and Weibull distribution with A= 6.0, C = 1.9.
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Fig. 5. Comparison between measurement and Weibull distribution with A=6.1, C = 1.8.
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Fig. 6. Comparison between measurement and Weibull distribution with A= 6.1, C = 1.9.



Page 8 of 70

3.2.3 Weibull parameters. Spring.

Fig. 7 Fig. 12 illustrate comparisons between measurements of wind speed and
varied choice of Weibull parameters. The following parameter combination have been
tested:

Table Il. Choice of Weibull parameters.

A C
5.6 2.0
5.6 2.1
57 2.0
5.7 2.1
5.8 2.0
5.8 2.1
Spring. A=5.6. C=20.
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Fig. 7. Comparison between measurement and Weibull distribution with A = 5.6, C = 2.0.
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Spring. A=56. C=21.
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Fig. 8. Comparison between measurement and Weibull distribution with A = 5.6, C = 2.1.

Spring. A=5.7. C=20.
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Fig. 9. Comparison between measurement and Weibull distribution with A = 5.7, C = 2.0.
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Spring. A=57. C=21.
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Fig. 10. Comparison between measurement and Weibull distribution with A =5.7, C = 2.1.
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Fig. 11. Comparison between measurement and Weibull distribution with A =5.8, C = 2.0.
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Fig. 12. Comparison between measurement and Weibull distribution with A = 5.8, C = 2.1.

3.2.4 Weibull parameters. Summer.

Fig. 13 - Fig. 18 illustrate comparisons between measurements of wind speed and
varied choice of Weibull parameters. The following parameter combination have been
tested:

Table lll. Choice of Weibull parameters.
A C
5.8 2.0
5.8 2.1
5.9 2.0
5.9 2.1
6.0 2.0
6.0 2.1
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Summer. A=58. C=20.
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Fig. 13. Comparison between measurement and Weibull distribution with A = 5.8, C = 2.0.
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Fig. 14. Comparison between measurement and Weibull distribution with A = 5.8, C = 2.1.
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Summer. A=5.9. C=20.
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Fig. 15. Comparison between measurement and Weibull distribution with A =5.9, C = 2.0.
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Fig. 16. Comparison between measurement and Weibull distribution with A =5.9, C = 2.1.
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Summer. A=6.0. C=2.0.
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Fig. 17. Comparison between measurement and Weibull distribution with A = 6.0, C = 2.0.
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Fig. 18. Comparison between measurement and Weibull distribution with A = 6.0, C = 2.1.



3.2.5 Weibull parameters. Autumn.

Fig. 19 - Fig. 24 illustrate comparisons between measurements of wind speed and
varied choice of Weibull parameters. The following parameter combination have been

tested:

Table IV. Choice of Weibull parameters.

Distribution (%) per 0.1 m/s

Fig. 19.
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A C
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Comparison between measurement and Weibull distribution with A=7.5, C = 1.9.
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Autumn. A=75. C=20.
1.4

1.2

Distribution (%) per 0.1 m/s
o
(0]
—

N,

0 2 4 6 8 10 12 14 16 18 20
Wind speed (m/s)

Fig. 20. Comparison between measurement and Weibull distribution with A =7.5, C = 2.0.

Autumn. A=7.6. C=109.
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Fig. 21. Comparison between measurement and Weibull distribution with A =7.6, C = 1.9.
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Autumn. A=7.6. C=2.0.
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Fig. 22. Comparison between measurement and Weibull distribution with A = 7.6, C = 2.0.
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Fig. 23. Comparison between measurement and Weibull distribution with A =7.7, C = 1.9.
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Autumn. A=7.7. C=2.0.
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Fig. 24. Comparison between measurement and Weibull distribution with A =7.7, C = 2.0.

3.2.6 Weibull parameters. Total year (all seasons).

Fig. 25 - Fig. 30 illustrate comparisons between measurements of wind speed and
varied choice of Weibull parameters for all seasons. The following parameter
combination have been tested:

Table V. Choice of Weibull parameters.

A C
6.1 1.9
6.1 2.0
6.2 1.9
6.2 2.0
6.3 1.9
6.3 2.0
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Totally. A=6.1. C=1.9.
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Fig. 25. Comparison between measurement and Weibull distribution with A = 6.1, C = 1.9.
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Fig. 26. Comparison between measurement and Weibull distribution with A = 6.1, C = 2.0.
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Totally. A=6.2. C=1.9.
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Fig. 27. Comparison between measurement and Weibull distribution with A = 6.2, C = 1.9.
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Fig. 28. Comparison between measurement and Weibull distribution with A = 6.2, C = 2.0.
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Totally. A=6.3. C=1.9.

\

Distribution (%) per 0.1 m/s

f“ \
0.2 7/ \\%\

0 2 4 6 8 10 12 14 16 18 20
Wind speed (m/s)

Fig. 29. Comparison between measurement and Weibull distribution with A = 6.3, C = 1.9.
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Fig. 30. Comparison between measurement and Weibull distribution with A = 6.3, C = 2.0.
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3.2.7 Choice of Weibull parameters

After comparisons of statistical distribution between measured wind speeds and
Weibull distribution, the parameters according to Table VI is recommended. These
values result in a good agreement to the measured values over the total speed
region in question.

Table VI. Weibull parameters for seasons and total year.

Season and Weibull parameter
Total year A C
Winter 5.9 1.8
Spring 5.7 2.0
Summer 5.9 2.0
Autumn 7.7 2.0
Total year 6.3 1.9

3.3 High frequency component of wind speed
3.3.1 Basic principle
According to section 3, the following relationship is defined:

V:VB+VN

VN =V x Cyw=Vpg X (1+Cw)

Where:

V: Total wind speed

Vg: Low frequency component (base component)
Vn: High frequency component (noise component)
Cw: Constant (positive or negative)

Regarding CW, focus has in this study been to study and use the Laplace distribution
function. This function is defined according to:

Equ. 4:
p() = ;5 xexp (-52)
Where. @ and 0 are Laplace parameters.

0 is the mean value and is put to zero. Fig. 31 gives an example of a Laplace
distribution.
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Example of a Laplace distribution
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Fig. 31. Example of a Laplace distribution with g = 0.1 and 8 = 0.

The best value of g, to get an adaptation of the Laplace distribution related to the
measured wind speed values is according to:

Equ. 5:
g =0(G) W2 See e.g. /3/.
Where:

G: Vector with relative gradients of measured wind speeds
o(9): Standard deviation of vector G

The relative gradients are here defined according to:

Equ. 6:
V(n) -V(n+1
o) = L) = V+D)
V(n)
Where:
n: Measure sample. 1 <n<N-1
N: Number of measure samples

V(n): Wind rate measure for sample n
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3.3.2 Laplace parameters

The values for seasons and total year (all seasons) regarding o(g) and g are
presented in Table VII. g is calculated according to (5) and (6).

Table VII. o(g) and g for seasons and total year.

Season and Total year | 0o(Q) [}
Winter 0.2398 | 0.1696
Spring 0.2067 | 0.1462
Summer 0.1908 | 0.1349
Autumn 0.1879 | 0.1329
Total year 0.2062 | 0.1458

Fig. 32 - Fig. 36 illustrate comparisons between the distribution of measured
gradients and the Laplace distribution with g-values according to Table VII.
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Fig. 32. Comparison between measurement and Laplace distribution with g = 0.1696.
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Fig. 33. Comparison between measurement and Laplace distribution with g = 0.1462.
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Fig. 34. Comparison between measurement and Laplace distribution with g = 0.1349.



Page 26 of 70

Autumn
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Fig. 35. Comparison between measurement and Laplace distribution with g = 0.1329.
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Fig. 36. Comparison between measurement and Laplace distribution with g = 0.1458.
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4  Simulation model

4.1 Input data
The following input parameters are used:

e Time resolution (step time)

e Number of simulation steps

e Number of times to update the low frequency component. See section 4.2.
e Weibull parameters, A and C.

e Laplace parameter g. (Parameter 0 is always zero.)

4.2 Statistical significance and simulation process

To get a good statistical confidence of the simulation result, the low frequency
component shall be updated a number of times. According to /1/, this is done 10
times during a total simulation. The process is shown in Fig. 37.

Start simulation
Update low- and high Update low frequency
frequency component component

}

Update high frequency
component
each simulation step

Fig. 37. Simulation process.

4.3 Simulation example

Fig. 38 shows an example of simulated wind speed with the following input parameter
values:

e Time resolution: 10 min

e Number of simulation steps: 1440 (equivalent to 10 days)

e Number of times to update the low frequency component: 10
e A=6.3,C=19

e 9 =0.1458
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Wind speed vs Time
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Fig. 38. An example of simulated wind speed.

5 Validation

5.1 Basic principle at validation

In order to test the simulation model, a validation process has been performed. This
is based on comparisons with measured wind speeds with corresponding wind
speeds, that were obtained at simulations based on the Weibull parameters and
Laplace parameters which became the results of the measurement data analysis
according to section 3. Comparisons according section 5.1.1.1 - 5.1.1.8 were done.
The results are plotted. Generally conditions were:

e Number of simulation cycles = 100

e Time resolution: 10 min

e Number of simulation steps: 1440 (equivalent to 10 days per simulation cycle)

¢ Number of times to update the low frequency component: 10 (per simulation
cycle)

5.1.1.1 Comparison 1

Mean value of simulation result per simulation cycle presented together with mean
value of reference measurement.
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5.1.1.2 Comparison 2

Standard deviation of simulation result per simulation cycle presented together with
standard deviation of reference measurement.

5.1.1.3 Comparison 3

Maximum value of simulation result per simulation cycle presented together with
maximum value of reference measurement.

5.1.1.4 Comparison 4

Minimum value of simulation result per simulation cycle presented together with
minimum value of reference measurement.

5.1.1.5 Comparison 5

The relation according to:
“Mean value of simulation result / Mean value of reference measurement” per
simulation cycle.

5.1.1.6 Comparison 6

The relation according to:
“Standard deviation of simulation result / Standard deviation of reference
measurement” per simulation cycle.

5.1.1.7 Comparison 7

The relation according to:
“Maximum value of simulation result / Maximum value of reference measurement”

per simulation cycle.

5.1.1.8 Comparison 8

The relation according to:
“Minimum value of simulation result / Minimum value of reference measurement” per
simulation cycle.

5.1.2 Testcasel

e Reference: Total year
e Simulation parameters: A =6.3, C =1.9, g = 0.1458 (according to Table VI
and Table VII)
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5.1.2.2 Comparison 2

Wind speed. Standard deviation.
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Fig. 40. Standard deviation of simulation result per simulation cycle presented together with standard
deviation of reference measurement (red dashed line).

Mean value for all simulated standard deviations = 2.9 m/s.

Reference value = 3.1 m/s.
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5.1.2.3 Comparison 3
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Fig. 41. Maximum value of simulation result per simulation cycle presented together with maximum
value of reference measurement (red dashed line).

Mean value for all simulated max values = 15.6 m/s.

Reference value = 25.9 m/s.
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5.1.2.4 Comparison
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5.1.2.6 Comparison 6

Wind speed. Standard deviation. Relation to measurements.
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Fig. 44. The relation according to:
“Standard deviation of simulation result / Standard deviation of reference measurement” per simulation

cycle.

Mean value over all cycles = 0.9.
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5.1.2.7 Comparison 7

Wind speed. Max value. Relation to measurements.
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Fig. 45. The relation according to:
“Maximum value of simulation result / Maximum value of reference measurement” per simulation

cycle.

Mean value for all relations = 0.6.
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Simulation cycle

Fig. 46. The relation according to:

5.1.3 Testcase 2

e Reference: Winter
e Simulation parameters: A=5.9, C =1.8, g = 0.1696 (according to Table VI
and Table VII)
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5.1.3.3 Comparison 3

Wind speed. Max value.
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Fig. 49. Maximum value of simulation result per simulation cycle presented together with maximum
value of reference measurement (red dashed line).

Mean value for all simulated max values = 16.1 m/s.

Reference value = 24.8 m/s.
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5.1.3.6 Comparison 6

Wind speed. Standard deviation. Relation to measurements.
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Fig. 52. The relation according to:
“Standard deviation of simulation result / Standard deviation of reference measurement” per simulation

cycle.

Mean value over all cycles = 1.0.
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Simulation cycle

Mean value for all relations = 5.0.

5.1.4 Testcase 3

e Reference: Spring
e Simulation parameters: A=5.7, C = 2.0, g = 0.1462 (according to Table VI
and Table VII)
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5.1.4.1 Comparison 1
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Fig. 55. Mean value of simulation result per simulation cycle presented together with mean value of
reference measurement (red dashed line).

Mean value for all simulated mean values = 5.1m/s.

Reference value = 5.1 m/s.
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5.1.4.2 Comparison 2

Wind speed. Standard deviation.
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Fig. 56. Standard deviation of simulation result per simulation cycle presented together with standard
deviation of reference measurement (red dashed line).

Mean value for all simulated standard deviations = 2.7 m/s.

Reference value = 2.8 m/s.
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5.1.4.6 Comparison 6

Wind speed. Standard deviation. Relation to measurements.
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Fig. 60. The relation according to:
“Standard deviation of simulation result / Standard deviation of reference measurement” per simulation

cycle.

Mean value over all cycles = 0.9.
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5.1.4.8 Comparison 8

Wind speed. Min value. Relation to measurements.
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Fig. 62. The relation according to:
“Minimum value of simulation result / Minimum value of reference measurement” per simulation cycle.

Mean value for all relations = 5.5.

5.1.5 Testcase 4

e Reference: Summer
e Simulation parameters: A=5.9, C = 2.0, g = 0.1349 (according to Table VI
and Table VII)
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5.1.6.3 Comparison
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5.1.6.7 Comparison 7

Wind speed. Max value. Relation to measurements.
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Fig. 77. The relation according to:
“Maximum value of simulation result / Maximum value of reference measurement” per simulation

cycle.

Mean value over all cycles = 0.7.
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5.1.6.8 Comparison 8

Wind speed. Min value. Relation to measurements.
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Fig. 78. The relation according to:
“Minimum value of simulation result / Minimum value of reference measurement” per simulation cycle.

Mean value over all cycles = 6.8.

5.2 Summary of validation
The validation shows the following

e The correlation between measured and simulated results are not good
regarding maximum or minimum values. These extremes are in the intended
application not important. The lack of accuracy in respect of these cases, can
therefore be accepted.

e The correlation between measured and simulated results are very good
regarding mean values and standard deviations. See Table VIII.
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Table VIII. Comparison between measurement and simulation regarding mean value and standard
deviation.

Case Mean over all cycles Mean over all cycles
regarding the relation: “Mean regarding the relation:
value of simulation result / Mean “Standard deviation of

value of reference simulation result / Standard
measurement” deviation of reference
measurement”

Total year 1 0.9

Winter 1 1

Spring 1 0.9

Summer 1 1

Autumn 1 1

6 Conclusion

This paper presents a model for statistical simulation regarding wind speed. It has
been developed to be used as a module in the system that is described in /1/. Itis a
result of measurements performed during a time period of five years. The
investigation is focused on five special cases:

Winter
Spring
Summer
Autumn
Total year

The model is validated and meets needed specifications on accuracy.
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