a OPEN ACCESS

Journal of the Korean Solar Energy Society
Vol.38, No.5, pp.11-25, October 2018
https://doi.org/10.7836/kses.2018.38.5.011

pISSN & 1598-6411
elSSN : 2508-3562

Received: 30 May 2018
Revised: 3 September 2018

Accepted: 30 October 2018

Copyright © Korean Solar Energy Society

This is an Open-Access article distributed under
the terms of the Creative Commons Attribution
NonCommercial License which permits unrestricted
non-commercial use, distribution, and reproduction
in any medium, provided the original work is
properly cited.

ARTICLE

oi0lE S5 =X IR0|E =S flet
Ln-least ‘2| 2t AIR|Z] A&

HECHSD CfetY EHSMSHE I, YAl
HEoHstn cfstel EBeie, s

An Application of the Probability Plotting
Positions for the Ln-least Method for Estimating
the Parameters of Weibull Wind Speed
Distribution

Kang Dong-Bum® + Ko Kyung-Nam™**

*Multidisciplinary Graduate School Program for Wind Energy, Graduate School, Jeju National
University, Ph.D Student
“Faculty of Wind Energy Engineering, Graduate School, Jeju National University, Associate Professor

c orresponding author: gnkor2@jejunu.ac.kr

Abstract

The Ln-least method is commonly used to estimate the Weibull parameters from the observed
wind speed data. In previous studies, the bin method has been used to calculate the cumulative
frequency distribution for the Ln-least method. The purpose of this study is to obtain better
performance in the Ln-least method by applying probability plotting position(PPP) instead of
the bin method. Two types of the wind speed data were used for the analysis. One was the
observed wind speed data taken from three sites with different topographical conditions. The
other was the virtual wind speed data which were statistically generated by a random variable
with known Weibull parameters. Also, ten types of PPP formulas were applied which were
Hazen, California, Weibull, Blom, Gringorten, Chegodayev, Cunnane, Tukey, Beard and
Median. In addition, in order to suggest the most suitable PPP formula for estimating Weibull
parameters, two accuracy tests, the root mean square errof(RMSE) and R’ tests, were
performed. As a result, all of PPPs showed better performances than the bin method and the best
PPP was the Hazen formula. In the RMSE test, compared with the bin method, the Hazen
formula increased estimation performance by 38.2% for the observed wind speed data and by
37.0% for the virtual wind speed data. For the R’ test, the Hazen formula improved the
performance by 1.2% and 2.7%, respectively. In addition, the performance of the PPP depended
on the frequency of low wind speeds and wind speed variability.

Keywords: F2oZ](Wind energy), BIE Hlo]E|(Wind data), 2tol& EZE(Weibull
distribution), Ln-least ¥ (Ln-least method), & &= A] 9] 2] (Probability plotting position)
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Jiek ojul, F4 ARTASE AN GJ5te] BE ¥ 59 (bin method) Bo] AHGTLFY. shxjgt ¥l

W olelole FARELTE F5T 4 e WHlol loH ol vtz FE=AIFIXI(PPP: probability

£ A}g81o] F41 ARIAEES ARSI, o] Ln - least Wlol H431ct 2 A7) BHe SBE
AISIAIE Ln - least WHol] 283 v 7|20 ¥ upict ojol netnle o2 Hsher} dnh} gabee]
A5 v @ahs Zole}, o] Sla) 71e] ATHR okt $70] SEEAIA A Tefsiela, A
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2. 2Jo|= & (Weibull distribution)
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3. S5 HolH
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3l 21990 HiehS ZASHArE AP AllE AR W 27 AZHE Table 17} 2} 27 A7) Ao|2 M2
Aolaht 2% 7Rk BE 190 Fastet 12 Hlole 1555 uuE $18) 54 ol (0me 5

sileH, dlole Batel ARE2 10i20]t). 9 BhF42 5 8.68m/s, ?FE 7.34m/s, A4 6.46m/s <=2

Cheongsoo

10 km 20 km 30 km Jeju Island

Fig. 1 The location of measurement sites.

Table 1 Sites and measurement conditions

Sites Udo Handong Cheongsoo
Location 33°31'7"N 33°32'15"N 33°18'18"N
126°57'14"E 126°50'5"E 126°16'1"E
Altitude [m] 20 5 130
Measurement period Jan 12011 — Jan 12012 — Jan 12007 —
Dec 312011 Dec 312012 Dec 31 2007
Measurement height [m] 60 60 60
Recovery rate [%o] 100 100 99.8
Average wind speed [m/s] 8.68 7.34 6.46
RIX [%)] 0.23 0.20 0.36
Topographical condition Islet Coast Inland

ol Ato]EQ] 2] B E(terrain complexity)= WAsP(Wind Atlas Analysis and Application Program)
S/We] A1FEA]4= RIX (Ruggedness Index) £4 ATE AASI 11 A7 1S A1FS H4710.36%2

A 21891 = 0.23%, SRS 2 0.20%E g 02 122 Ay BHTE Bk 9, “gell

%‘
I
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A SEARE Al Al E BT Y NRG #40 SEA| 2 AR AlF Al Table 291 2.

AR TEAE A om o Ao Bl w2 < A (threshold) gk 28 Qick. 122 s Y §5
Al ofs) S5 B4 lole] e 25 b BEE 4TS T BEE ol AT} UG B
=7 =2 = Qlek. 1B ofof iRt ke Ee17] fsh 0.5 m/s RITHe] B HlolEl = Aol ARESHA]
2UTE. AAH 0.5m/s AlFHe] F<5 Hlo|g HlE-2 $k= 0.57%, He- 1.74%, 34+= 1.17%°|tt.

Table 2 Anemometer specifications
Items Specification

Model NRG #40

Measuring range [m/s] 1~96

Threshold [m/s] 0.78

Accuracy 5~25m/s: <0.1 m/s
Operational temperature [ C] -55~60

Type 3-cup
. . Class 2.4 A
Classification Class 7.7 B

3.2 71 34 H|0|E]

7V ¥4 HolE e WaE ARt SAA o= &SI teee SR AU HlE B Al A
e dH0) 2SS ongtt). AR S == R Hflol At ARt 3 (uniform distribution) & 2=
AN F2H S oulRith 2 Aol Here AT 107 1AFo]) ol M ot et ZiEs uhe
o, A des Alele] E34e ARs doFor AAstpon, W A W= oEH
(congruential method)-& AF&SIHT. Fale S5H-2 7P d] A= W AW 5 shit=e 27] gl
Zof AR A1 WHEALe] Ofsh A (g MK Hik v AL 4] (33 Zep

X, = (397204094 X,_,)mod(2*' — 1) 3
714 modi= modulus®] FAA=A ol AAE SAHE Flofl AR A= Ui WA S UHALE: ofulRict.
%, amod b= a2 b= Uhs W YMA| groleh. Z12]Al 7Hde] 4 Hlo[ElE &7] f1dl elelE FalR kA,
4 Q)2 MR A W gtk

1 1/k
v==c [ln (1_—M ] (4)
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A71A vz B&Im/s], c= 2elE AeAlrm/s]olH, k= F/8AI unitless]o]th. A(3)& &l AL
£ olE o] AR ARSSIGL, ffolE s H(H A B @9A & B 548 de= 7t
“goto] 7Vde] 5 HlolHE A/dslSirt. 2 Aol flolE miehre glo] A= thg & 8714] Alo]29
71 vl glolelE AAdst.oH, Tof| tigh A8 Table 37 it} FAAIGE 1.5, 2.0 =519, 2%
A= 2.0, 5.0, 10.0, 15.0 m/sE A5ttt 7 3<% HolE 9] Hlol| = dollA det 574 4
o1 o] 37171 182 Ar2fsto] 102 Hlele 9] 1| TH glol 7l 52,5967l (= 365.25 days/year X 24
hours/day X 6 times/hour)& J=f5}3]ct.

Table 3 Description of the virtual wind speed data

Weibull parameter values Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Shape parameter (k) [unitless] 1.5 1.5 1.5 1.5 2.0 2.0 2.0 2.0
Scale parameter (c) [m/s] 2.0 5.0 10.0 15.0 2.0 5.0 10.0 15.0
Average wind speed [m/s] 1.80 4.49 8.98 13.47 1.77 442 8.83 13.25
4, BETAQIZ| 32| Ln-least W X2

4.1 Ln-least ¥H(Ln-least method)

olo| 2 uleulE] S 345 o) Wo] ARgE]= v 2 SRt Ln - least HHHOIT) Ln - least B2 4 o]
BIE 21 AAYE B & ARl ARAS Bl g7 elols meiHE 4 4 alrke o] glon,

2 2 ERAE ¥, o=y 5ol v]s) st Wojtirks wdo] e,

Ln - least "1 E-8517] flois= -4 B4 HlolH =58 A9 21 A4S Fdliof gitt. o= Sl £}o]

FARELT SR A (0] olF AAAZRTIE FIokL, & W= oSt A (5ot Z2 A4 Y=

=

=

A0 10]112)
Fa 11j|—

S

In{—1n[1—Fw)] }=kin(v)— kin(c) ®)

A7 In(0)Z x50 B3 Inf~Inl1-FWJF2 y%e] o] THEE Teim, 49 THEE 2L 4 gy o]
o, 2410] 7187] Zho] AEAL: &7 wm, 2410] y—H 3k kin @ RE AEAG oS §53 4 Ik 4] (5)
£ 48517] S B FAREAGS] F1)Z Aslolok stk Ak B U1 HS ALgst] 2 B4
1ol thek S ARES FAH 0 2 Aslel A Bzt o] u) 8l Hpelst Ak HlolEHE Hl(hin) o2t 2

£ E4 77008 Uiro] BRale AL olujgict Table 45 S0l 24 HieidolEiE ¥ M2 ol 8

ARIRE Ao, Hl Alo] 2= 1m/sE 712 = SI3
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Table 4 The sample data set (site: Udo)

Wind speed bin [m/s] Frequency [%] Cumulative frequency [%]
0.5-1.5 1.76 1.76
1.5-2.5 3.58 5.34
2.5-3.5 5.04 10.38
3.5-4.5 6.23 16.61
4.5-5.5 6.96 23.57
5.5-6.5 8.33 31.90
6.5-7.5 9.29 41.18
7.5-8.5 9.29 50.47
8.5-9.5 8.87 59.34

9.5-10.5 8.93 68.27
=10.5 31.73 100

4.2 == A|2|2|(PPP: probability plotting position) &419| 212
SLEEASIA BB SAANE HO BAlsle] Qe ARH S RES nlsled, o]u] ofe] AT E 5
o cheket SRR FAlo] AP v} ik E A0] B BEEAIK BAE Ln - least WHlol 2 85}o]

710] ¥l M-S 83 Ln - least 7} H] sl 2fo} mtnlele] & A8he S ol Aolth & A7
o AHE SEEAISIA] BAL A BE-L o} a1, o] $Ia] FEel] A7E F 10712] 4 ek

Table 5 Probability plotting position formulas

No. Name Cumulative probability plotting position
1 Hazen (i=05)
n
2 California L
n
. i
3 Weibull 1)
(i—3/8)
4 Blom (nT1/4)
. (i—0.44)
5 Gringorten (n+0.12)
(i—0.3)
6 Chegodayev (T 04)
(i—0.4)
7 Cunnane (nF02)
(i—1/3)
8 Tukey (n+1/3)
(i—0.31)
? Beard (n+0.38)
. (1—0.3175)
10 Median (n+0.365)
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h ) C]
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°

-

s
-
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Fig. 2 The Ln—least method to estimate Weibull parameters for measured wind speed data (site: Udo) [Left: bin method
(bin size: 0.1m/s), Right: PPP (Hazen method)].
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Fig. 3 The Ln—least method to estimate Weibull parameters for virtual wind speed data (known parameter values: 4=1.5,
c=2.0 m/s) [Left: bin method (bin size: 0.1 m/s), Right: PPP (Hazen method)].
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Fig. 40]A EQ1Ig 4= Q170 B= Ale|EollA Hazen Ho] Wl R o} AA)| F<5 ko] of 2 A} Hof. 71
2122 SFETA]A] A8 Al Ln - least 2] 5 Ad50] FHS SRIF &= Slrt. THH, Hazen HOo =
St elol& Bare} vl viH o & J1gh QlolE Bar Atolof] BUX](discrepancy)& WAS 4= Qo™ o5 Z}o]7}

A 5gof| whebA Aolstelt. £31, A 2@ Q1 Sk Brh= aiotA @Rl b Ei= AR S Aol 1 B9
87t S7vosdnt. AAI=, Hazen ¥ 7102 ¥l WP Blw e of, A o4 J=7F RMSE 7&’\}01]/\1—‘5
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$(1.666% 1), $E(0.331% 1) 22 Zith. 1 o]f= 84 dlole] 2] BiEE Afo|2 H]lth, ZHAl|E ' &
& tlo]E 9] HEF Alg(coefficient of variation) &4 AW} 9E1= 47.6%, ¥5-2 53.7%, 285 50.2%31Tt.
=, B4 HeAo]l E 8%, 4, = 0= ¥l Y} | W et Hazen 2] o1& e 4 47t AR 9
t}. 7 ol 55 Wt S vl 2AYSE 35 Barof| A3t olo|E mletu]e] 9] of|So] o]f 1, I H:
7t SEL A1 Ert Bl HHolA] TS @A oA] 7] w0 = wekETh

0.15 0.15

c Udo — PPP (Hazen) c Handong — PPP (Hazen)
o = = Bin method (size: 0.1m/s) o = = Bin method (size: 0.1m/s)
g i
g g
3 01 3
£ z
2 2
[} [T}
T 0.05 - °
2 2
3 3
2 8
-} E-]
o 0+ °
a 0 2 4 6 8 10 12 14 16 18 20 a 0 2 4 6 8 10 12 14 16 18 20
Wind speed [m/s] Wind speed [m/s]
0.15
Cheongsoo — PPP (Hazen)

= = Bin method (size: 0.1m/s)

Probability density function

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

Fig. 4 A comparison between observed wind speed distributions and estimated Weibull PDFs for measured wind speed data.
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7H =2 Ao B Hole SEEA|$IA|+= Hazen ¥o|™, th2-2 2 Gringorten, Cunnane 5 <=0|%It}. 5F
A|qE SHEEA QIR oA L HHH ol = e Aol | Al niulRt Hotk, FEEAIFIA] A8 Al
Ln - least B 9] of|= AT P4 A= Hazen B 71502 H BT H 0w e o], Al E gl 7|50
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Hazen o] ¥l jfHETH A 5 225 o & 2 ARHaL 24 =

ok

ru
2
]
0

20

Journal of the Korean Solar Energy Society Vol. 38, No. 5, 2018



20|E & B Oi2H0|E] 2EES 215t Ln-least WHO| SEARR| HE _ ZEH 2|
Table 6 Performance results of Ln—least method for the accuracy tests (measured wind speed data)
Tt il Measured wind speed data Avg.
Udo Handong Cheongsoo (Rank)
Hazen 2.1857 1.9872 2.0938
California 2.1851 1.9867 2.0933
Weibull 2.1851 1.9866 2.0932
Blom 2.1855 1.9870 2.0936
Gringorten 2.1856 1.9871 2.0937
k Chegodayev 2.1854 1.9869 2.0935
Cunnane 2.1856 1.9871 2.0937
Tukey 2.1855 1.9870 2.0936
Beard 2.1855 1.9870 2.0935
Median 2.1855 1.9870 2.0936
Bin method (bin size:0.1m/s) 2.1200 1.7624 1.8515
Hazen 9.8615 8.4075 7.3214
California 9.8616 8.4074 7.3213
Weibull 9.8620 8.4079 7.3217
Blom 9.8617 8.4076 7.3215
Gringorten 9.8616 8.4076 7.3214
c Chegodayev 9.8617 8.4077 7.3215
Cunnane 9.8616 8.4076 7.3214
Tukey 9.8617 8.4076 7.3215
Beard 9.8617 8.4077 7.3215
Median 9.8617 8.4077 7.3215
Bin method (bin size:0.1m/s) 9.8355 8.7049 7.5321
Hazen 0.00317268 0.00338067 0.00463653 0.00372996 (1)
California 0.00317597 0.00338255 0.00463910 0.00373254 (9)
Weibull 0.00317588 0.00338354 0.00463935 0.00373292 (10)
Blom 0.00317353 0.00338143 0.00463728 0.00373074 (4)
Gringorten 0.00317309 0.00338104 0.00463690 0.00373034 (2)
RMSE Chegodayev 0.00317401 0.00338187 0.00463771 0.00373120 (8)
Cunnane 0.00317336 0.00338128 0.00463713 0.00373059 (3)
Tukey 0.00317380 0.00338168 0.00463752 0.00373100 (5)
Beard 0.00317395 0.00338181 0.00463765 0.00373114 (7)
Median 0.00317390 0.00338177 0.00463761 0.00373109 (6)
Bin method (bin size:0. 1my/s) 0.00378270 0.00649098 0.00781890 0.00603086 (11)
Hazen 0.9913441 0.9914118 0.9881572 0.9903044 (1)
California 0.9913274 0.9914036 0.9881444 0.9902918 (9)
Weibull 0.9913283 0.9913996 0.9881433 0.9902904 (10)
Blom 0.9913399 0.9914086 0.9881535 0.9903007 (4)
Gringorten 0.9913421 0.9914102 0.9881554 0.9903026 (2)
R Chegodayev 0.9913375 0.9914067 0.9881514 0.9902985 (8)
Cunnane 0.9913407 0.9914092 0.9881542 0.9903014 (3)
Tukey 0.9913386 0.9914075 0.9881523 0.9902995 (5)
Beard 0.9913378 0.9914070 0.9881517 0.9902988 (7)
Median 0.9913381 0.9914071 0.9881519 0.9902990 (6)
Bin method (bin size:0.1m/s) 0.9880785 0.9751487 0.9719596 0.9783956 (11)
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Fig. 5 A comparison between observed wind speed distributions and estimated Weibull PDFs for virtual wind speed data.
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Table 7 Performance results of Ln—least method for the accuracy tests (virtual wind speed data)

Virtual wind speed data Av
Tests Methods =15, k1.5, k=15 k=15, =20, =20, =20, k2.0, (Rani)

c=2.0 c=5.0 c=10.0 =15.0 c=2.0 c=5.0 c=100 =15.0
Hazen 1.4997 1.4997 1.4997 1.4997 1.9996 1.9996 1.9996 1.9996
California 1.4992 1.4992 1.4992 1.4992 1.9989 1.9989 1.9989 1.9989
Weibull 1.4991 1.4991 1.4991 1.4991 1.9988 1.9988 1.9988 1.9988
Blom 1.4995 1.4995 1.4995 1.4995 1.9994 1.9994 1.9994 1.9994
Gringorten 1.4996 1.4996 1.4996 1.4996 1.9995 1.9995 1.9995 1.9995
k Chegodayev 1.4995 1.4995 1.4995 1.4995 1.9993 1.9993 1.9993 1.9993
Cunnane 1.4996 1.4996 1.4996 1.4996 1.9994 1.9994 1.9994 1.9994
Tukey 1.4995 1.4995 1.4995 1.4995 1.9993 1.9993 1.9993 1.9993
Beard 1.4995 1.4995 1.4995 1.4995 1.9993 1.9993 1.9993 1.9993
Median 1.4995 1.4995 1.4995 1.4995 1.9993 1.9993 1.9993 1.9993

Bin method
L. 1.4040 1.4464 1.4647 1.4708 1.8396 1.8913 1.9178 1.9504

(bin size:0.1m/s)
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Table 7 Performance results of Ln—least method for the accuracy tests (virtual wind speed data) (Continued)
Virtual wind speed data Av
Tests Methods k=15, k=15, k=15, k=15, =20, k20, (20, £i=2.0, (Rangl;)
c=2.0 =50 =100 =150 =2.0 c=5.0 =100 =150

Hazen 1.9937 4.9842 9.9684 14.9527 1.9953 4.9882 9.9763 14.9645
California 1.9938 4.9845 9.9689 14.9534 1.9953 4.9883 9.9767 14.9650
Weibull 1.9939 4.9847 9.9694 14.9541 1.9954 4.9885 9.9771 14.9656

Blom 1.9937 4.9844 9.9687 14.9531 1.9953 4.9883 9.9765 14.9648
Gringorten 1.9937 4.9843 9.9686 14.9529 1.9953 4.9882 9.9764 14.9646

Chegodayev 1.9938 4.9844 9.9689 14.9533 1.9953 4.9883 9.9766 14.9649

Cunnane 1.9937 4.9843 9.9687 14.9530 1.9953 4.9882 9.9765 14.9647

Tukey 1.9938 4.9844 9.9688 14.9532 1.9953 4.9883 9.9766 14.9649

Beard 1.9938 4.9844 9.9688 14.9533 1.9953 4.9883 9.9766 14.9649
Median 1.9938 4.9844 9.9688 14.9532 1.9953 4.9883 9.9766 14.9649

Bin method
. 1.8607 4.8146 9.7535 14.6924 1.8829 4.8352 9.7734 14.7654
(bin size:0.1m/s)

Hazen 0.0448443 0.0076878 0.0023481 0.0015394 0.0257093 0.0038591 0.0018928 0.0016338 0.0111893 (1)
California 0.0448939 0.0077036 0.0023537 0.0015415 0.0257443 0.0038650 0.0018944 0.0016345 0.0112039 (10)
Weibull 0.0448936 0.0077042 0.0023541 0.0015417 0.0257428 0.0038652 0.0018946 0.0016346 0.0112038 (9)

Blom 0.0448575 0.0076922 0.0023497 0.0015400 0.0257183 0.0038607 0.0018933 0.0016340 0.0111932 (4)
Gringorten 0.0448507 0.0076900 0.0023489 0.0015397 0.0257137 0.0038599 0.0018930 0.0016339 0.0111912 (2)

RMSE Chegodayev ~ 0.0448651 0.0076947 0.0023506 0.0015403 0.0257234 0.0038616 0.0018935 0.0016341 0.0111954 (8)

Cunnane 0.0448549 0.0076914 0.0023494 0.0015399 0.0257165 0.0038604 0.0018932 0.0016340 0.0111924 (3)

Tukey 0.0448617 0.0076936 0.0023502 0.0015402 0.0257212 0.0038612 0.0018934 0.0016341 0.0111945 (5)

Beard 0.0448641 0.0076944 0.0023505 0.0015403 0.0257227 0.0038615 0.0018935 0.0016341 0.0111951 (7)
Median 0.0448633 0.0076942 0.0023504 0.0015402 0.0257222 0.0038614 0.0018935 0.0016341 0.0111949 (6)

Bin method
. 0.0648455 0.0108052 0.0030711 0.0017994 0.0486960 0.0079754 0.0029872 0.0018831 0.0177579 (11)
(bin size:0.1m/s)

Hazen 0.897637 0.979347 0.992186 0.992416 0.977275 0.996399 0.996433 0.994013 0.978213 (1)
California 0.897365 0.979255 0.992149 0.992397 0.977191 0.996391 0.996430 0.994010 0.978148 (9)
Weibull 0.897354 0.979250 0.992146 0.992395 0.977191 0.996391 0.996430 0.994010 0.978146 (10)

Blom 0.897561 0.979321 0.992175 0.992411 0.977253 0.996397 0.996432 0.994012 0.978195 (4)
Gringorten 0.897600 0.979334 0.992181 0.992414 0.977264 0.996398 0.996432 0.994013 0.978205 (2)

R Chegodayev 0.897518 0.979306 0.992169 0.992407 0.977240 0.996396 0.996432 0.994012 0.978185 (8)
Cunnane 0.897576  0.979326 0.992177 0.992412 0.977257 0.996398 0.996432 0.994012 0.978199 (3)

Tukey 0.897537 0.979312 0.992172 0.992409 0.977245 0.996397 0.996432 0.994012 0.978189 (5)

Beard 0.897523 0.979308 0.992170 0.992408 0.977241 0.996396 0.996432 0.994012 0.978186 (7)
Median 0.897528 0.979309 0.992171 0.992408 0.977243 0.996396 0.996432 0.994012 0.978187 (6)

Bin method
0.803102 0.960180 0.986700 0.989656 0.909937 0.984123 0.991150 0.992068 0.952115 (11)

(bin size:0.1m/s)
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