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ABSTRACT For mechanical load testing of wind turbines, capture matrix is constructed for various range of wind speeds according
to the international standard IEC 61400-13. The conventional method wastes considerable amount of data by its invalid data policy
-segment data into 10 minutes then remove invalid ones. Previously, we have suggested an alternative way to save the total amount
of data to build a capture matrix, but the efficient selection of data has been still under question. The paper introduces optimization
algorithms to construct capture matrix with less data. Heuristic algorithm (simple stacking and lowest frequency first), population
method (particle swarm optimization) and Q-Learning accompanied with epsilon-greedy exploration are compared. All algorithms
show better performance than the conventional way, where the distribution of enhancement was quite diverse. Among the
algorithms, the best performance was achieved by heuristic method (lowest frequency first), and similarly by particle swarm
optimization: Approximately 28% of data reduction in average and more than 40% in maximum. On the other hand, unexpectedly,
the worst performance was achieved by Q-Learning, which was a promising candidate at the beginning. This study is helpful for not
only wind turbine evaluation particularly the viewpoint of cost, but also understanding nature of wind speed data.

Keywords Wind power(3 2}), Wind turbine(3 2} ¥4 7]), Wind speed(3<;), Optimization(Z] 2] 3}), Artificial intelligence($1-&
A)-5), Algorithm(& 11 2] &)

Nomenclature Subscript
Vin : cut-in wind speed, m/s SS  : simple stacking
v: :rated wind speed, m/s PSO : particle swarm optimization
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Fig. 1. Example of capture matrix construction with (a) given
wind speed data, including invalid ones (x). Rules for
data collection by (b) conventional method and (c)
our previous suggestions are marked as blue boxes.
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Table 1. Wind turbine specification

Rated power 5.5 MW

Rated rotational speed 11,75 rpm
Rotor diameter 139 m
Hub height 100 m
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Fig. 2. Residual wind speed data after various data screenings.
(a) As received, filtered only by (b) wind direction,
(c) generated power and (d) wind speed. (e) Applying
all together, compared with (f) by conventional method.
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Fig. 3. Delay gain with respect to conventional method.
Numbers of reduced data attached on top.
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Table 2. Capture matrix

Wind speed| 45 | 5.6 13 ~ 14|14 ~ 15|15 ~ 16
(m/s)
Counts | 20 | 20 | ~ | 20 | 10 10

Table 3. Completed capture matrix, construction started
from 18" Jan. 00:00

Wind speed ?
(m/s) o

9~ G
L ~9
o~ 0l
¢k ~ |
gl ~ ¢l
L ~ €l
Sl ~ vl
9l ~ Gl

~|
2|
® | ©

Ol ~ 6

Counts 20| 55| 60(101) 95| 99| 85| 32| 45| 65| 2

—
—
3

18 AxHollX|

Table 4. Initial and final time of capture matrix construction,
with duration of conventional method

Initial Final Capture matrix

Time i construction duration

Date (actual) Date and time (minutes)
01/18 | 17:00 02/08 16:10 20 days 57 hr, 22 min,
01/19 11:40 02/08 17:10 20 days 13 hr, 18 min,
01/21 | 08:30 02/08 23:30 18 days 37 hr, 12 min,
01/22 | 09:00 02/08 23:30 17 days 36 hr. 06 min,
01/23 | 17:00 02/08 23:30 16 days 16 hr, 06 min,
01/24 | 00:00 02/08 23:30 15 days 58 hr, 18 min,
01/25 | 01:10 02/08 23:30 14 days 55 hr, 20 min,
01/26 | 08:30 02/08 23:30 13 days 37 hr, 12 min,
01/27 | 00:00 02/08 23:30 12 days 58 hr, 18 min,
01/28 | 14:10 02/08 23:30 11 days 23 hr, 08 min,
01/29 | 00:00 02/08 23:30 10 days 58 hr, 18 min,
01/30 | 04:00 02/10 14:50 11 days 27 hr, 02 min,
01/31 | 00:40 02/10 18:50 10 days 45 hr, 10 min,
Average 15 days 1 hr, 27 min,
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Table 5. An example of capture matrix construction by Heuristic methods, for 18" Jan

(a) Capture matrix under construction

Data No, Time stamp Time index | Wind speed Capture matrix
(Seq.) (acc. min.) (m/s) |20 (20|20 |20 |20 (20|20 (20|20 |20/ 10 | 10
1 2019-01-18 16:53:00 1013 5.171 ol1|lo]loflofloloflololo]o]|oO
2 2019-01-18 17:03:00 1023 4,680 itl1]|oflojolojojlolo|lolo]o
3 2019-01-18 19:04:00 1144 4,089 2/1lo]lolojo|loflo]jolo]oloO
4 2019-01-19 10:54:00 2094 4,546 s3|1lolojlojo|loflo]o|lo]o]|oO
5 2019-01-19 11:07:00 2107 4,587 4l1lojojlojoloflo]olo]oloO
6 2019-01-19 11:17:00 2117 4,305 5/1lo0lo|lojo|loflo]o|lo]ol]oO

(b) Candidates for next capture matrix element

Cand, ) Time index | Wind speed Additional capture matrix
Data No. VLD S (acc. min,) (m/s) 20 |20 [20 |20 |20 [ 20|20 |20 | 20 | 20 | 10 | 10
- 2019-01-19 11:18:00 2118 4,268 olololo|lo|lolo|o|lo|o]|o]oO
- 2019-01-19 11:19:00 2119 4176 olololo|o|lolo|o|lo|o]|o]oO
- 2019-01-19 11:20:00 2120 4,140 olololo|lo|lolo|o|lo|o]|o]oO
— 2019-01-19 11:21:00 2121 4117 olololo|o|lolo|o|lo|o]|o]o
— 2019-01-19 11:22:00 2122 4,017 olololo|o|lolo|lo|lo|lo]|o]o
- 2019-01-19 11:23:00 2123 4,076 olololo|o|lolo|o|lo|o]|o]o
— 2019-01-19 11:24:00 2124 4,156 olololo|o|lolo|lo|lo|lo]|o]o
1 2019-01-19 11:32:00 2132 5.047 o|+lojlof|olojlo|olo]|o]|o]o
2 2019-01-19 11:33:00 2133 5.022 ol+tlojojololo]lolo]lo|o]o
_ 3 Jeowormwmseoo [ asa [ 4ws [w] | [ [ [ [ [ [ [ [ [
4 2019-01-19 11:35:00 2135 4,998 #lolojoflololo|lolo|o]|o]o
5 2019-01-19 11:36:00 2136 4,961 #lolojoflololo|lolo|o]|o]o
6 2019-01-19 11:37:00 2137 4,887 #lolojoflololo|lolo|o]|o]o
7 2019-01-19 11:38:00 2138 4,754 #lolojoflololololo|o]|o]o
8 2019-01-19 11:39:00 2139 4.635 #lololoflololo|lolo|o]|o]o
9 2019-01-19 11:40:00 2140 4,518 “Alolojo|oflolo|olo|o]|o]o
10 2019-01-19 11:41:00 2141 4,287 “Alolojofololo|olo|o]|o]o
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Table 6. Initial and final time of capture matrix construction
by Simple stacking, with time reduction w.r.t, IEC

61400-13
Initial Final Capture matrix
Time ) construction time

Date | (,ctua)) | Date and time reduction (minutes)
01/18 16:53 02/01 07:24 7 days 21 hr, 12 min,
01/19 10:54 02/01 07:24 6 days 11 hr, 12 min,
01/21 08:28 02/02 12:55 4 days 20 hr, 15 min,
01/22 08:34 02/04 07:48 4 days 20 hr, 15 min,
01/23 16:22 02/04 07:48 4 days 20 hr, 15 min,
01/24 00:00 02/07 14:03 1 days 23 hr, 05 min,
01/25 01:04 02/07 14:03 1 days 23 hr, 05 min,
01/26 00:28 02/07 21:04 1 days 05 hr, 16 min,
01/27 00:00 02/07 21:54 1 days 03 hr, 14 min,
01/28 14:06 02/07 21:54 1 days 03 hr, 14 min,
01/29 00:00 02/07 22:34 1 days O1 hr, 22 min,
01/30 00:00 02/08 08:16 2 days 16 hr, 10 min,
01/31 00:34 02/08 08:46 2 days 24 hr, 18 min,

Average 2 day 22 hr, 41 min,
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Table 7. Initial and final time of capture matrix construction
by least frequency method, with time reduction
w.r.t. conventional method

Initial Final Capture matrix
Time ) construction time
Date | (;otua) | DA€ and time | reqyction (minutes)
01/18 16:53 01/31 15:10 8 days 02 hr, 12 min,
01/19 10:54 01/31 15:10 8 days 05 hr, 00 min,
01/21 08:28 02/02 13:03 6 days 26 hr, 03 min,
01/22 08:34 02/02 13:03 6 days 26 hr, 03 min,
01/23 16:22 02/02 13:03 6 days 26 hr, 03 min,
01/24 | 00:00 02/04 07:50 | 4 days 39 hr, 04 min,
01/25 01:04 02/04 07:50 | 4 days 39 hr, 04 min,
01/26 | 00:28 02/07 10:37 1 days 32 hr. 05 min,
01/27 | 00:00 02/07 11:56 1 days 28 hr, 22 min,
01/28 14:06 02/07 11:56 1 days 28 hr, 22 min,
01/29 | 00:00 02/07 21:05 1 days 06 hr. 01 min,
01/30 | 00:00 02/08 00:28 | 2 days 35 hr, 22 min,
01/31 | 00:34 02/08 00:28 | 2 days 45 hr, 22 min,
Average 4 days 6 hr, 50 min,
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Fig. 4. Process of Q-Learning, starting from 26" Jan. (a) Time
index when capture matrix construction is finalized,
(b) number of total data for capture matrix con—
struction, and (c) occupation rate of Q(s, a) matrix.
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Table 8. Initial and final time of capture matrix construction by
Q—Learning, with time reduction w.r.t. conventional

method
Initial Final Capture matrix
Time _ construction time

Date | (cqua)) | Date @nd time reduction (minutes)
01/18 16:53 02/01 18:00 6 days 55 hr, 10 min,
01/19 10:54 02/02 13:31 6 days 09 hr, 03 min,
01/21 08:28 02/04 18:58 4 days 11 hr, 08 min,
01/22 08:34 02/07 06:13 1 days 43 hr, 05 min,
01/23 16:22 02/07 06:12 1 days 43 hr, 06 min,
01/24 00:00 02/07 11:48 1 days 29 hr., 06 min,
01/25 01:04 02/07 11:57 1 days 28 hr, 21 min,
01/26 00:28 02/07 17:43 1 days 14 hr, 11 min,
01/27 00:00 02/07 21:07 1 days 05 hr, 23 min,
01/28 14:06 02/07 21:30 1 days 05 hr, 00 min,
01/29 00:00 02/07 22:47 1 days O1 hr. 19 min,
01/30 00:00 02/08 12:02 2 days 07 hr, 00 min,
01/31 00:34 02/08 12:52 2 days 14 hr, 22 min,

Average 2 day 11 hr, 59 min,
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gram with kernel density estimation (solid line), as
the ticks denote each data
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Table 9. Initial and final time of capture matrix construction
by particle swarm, with time reduction w.r.t. con—
ventional method

i) Final Capture matrix

Time . construction time
Date (- Date and time reduction (minutes)
01/18 16:53 01/31 15:23 8 days O1 hr, 23 min,

01/19 10:54 02/01 07:34 7 days 24 hr, 00 min,
01/21 08:28 02/02 13:32 6 days 24 hr, 22 min,
01/22 08:34 02/04 07:53 4 days 39 hr, 01 min,
01/23 16:22 02/04 07:55 4 days 38 hr, 23 min,
01/24 00:00 02/07 10:18 1 days 33 hr. 00 min,
01/25 01:04 02/07 10:17 1 days 33 hr. 01 min,
01/26 00:28 02/07 11:56 1 days 28 hr, 22 min,
01/27 00:00 02/07 14:25 1 days 22 hr, 17 min,
01/28 14:06 02/07 20:44 1 days 06 hr, 22 min,
01/29 00:00 02/07 21:27 1 days 05 hr, 03 min.
01/30 00:00 02/07 23:54 2 days 37 hr. 08 min,
01/31 00:34 02/08 02:05 2 days 41 hr, 21 min,

Average 3 days 10 hr, 24 min,
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g. 8. Distribution of data amount required for capture matrix
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9. Gain of each algorithms w.r.t, the conventional method.
The border line at gain = 0 is marked with dotted line,
The bar and ticks denote histogram and each data,

respectively,
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