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(Optimal Design of Direct—Driven Wind Generator Using
Mesh Adaptive Direct Search(MADS))
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Abstract

This paper presents optimal design of direct-driven PM wind generator using MADS (Mesh Adaptive Direct
Search). Optimal design of the direct-driven PM Wind Generator, combined with MADS and FEM (Finite
Element Method), has been performed to maximize the Annual Energy Production (AEP) over the whole wind
speed characterized by the statistical model of the wind speed distribution. In particular, the newly applied
MADS contributes to reducing the computation time when compared with Genetic Algorithm (GA) implemented
with the parallel computing method.

Key Words : Mesh Adaptive Direct Search(MADS), Finite Element Method(FEM), Annual Energy Production(AEP),
Direct-Driven PM Wind Generator
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Fig. 1. Distribution of wind speed

_4\_0| I

Journal of KIEE, Vol.23, No. 12, December 2009



o BEESS z_eg% :
291 6.8nvs19H11] 42212 1350mvs)

>

e

o O :L

N jt;l NI
e 2 g
B
2 >
>
juii)
i 5
4
i 5
> 5
AU
+ ox,
LI >
O-\likl o,
P o

k3

-
Lo o

ot of N
w2

H(v) =365x24x % v 4 vj o] &5 (7)

A7 Hv) : BERESE o7F 1970 e AT
Flv) : B335 09 FEUE 35 Avt T3 T

R A I e I K i s R I B
AR 7h Eol| M o] oA AaleRe dakahd
.

AEPtotal Eaep(v) (9)

3 QoA o]z g Azt A AN ARPlotal)
2 FHNA7] AR Bt Asr

3.3 MADS(Mesh Adaptive Direct
Search)

MADSTE H|- &3] HEgRnE o= o &
+ non-gradient A9 HA3s} 7P oA G2
o w2 FEAS 2t Wi e o g I A

Z2H - A7)1dn e =i A] #1239 #1235, 20099 1249

(Compass Search), GPS(Generalized Pattern
Search)9} #& Fa~8 @A 7)H(heuristic
search method) %9 shte|t). 18y} MADSE
GPS9] A5 MAs gueso=A, g A
of| Ao Fanteko] At o|#| grorm 2 vkt ¢

sere] b

P

3 5 TR RS
\

7

A=A =1 A,;":A,g:% A==
12 2. GPS =YY 7A9| of

Fig. 2. GPS : Example of frame

9 2= GPSe EAS YER o2 FA TA
Zhols EZ|d(frame)oletar hH, Ltk ow
Aatazt sk &l 4] WFE onlgit) o)
Aol #d S|l E poll size FHebr|E et
sh, A 02 YeRATE o714 AR o & 2
AlE](frame center)g} 3hH, ZH|d AEE FHo=
Mesh& A/d3te] o] -al& AAdgic) Egh o3|
T PEA] Meshdell EAsoF st} Mesh A3Ad ol
ZHHE 2l E|E Mesh size d2Fu|E g} sh, Am
° 2 Yehdth dAlEE FAo=2 AAE o3l
A A A3 =EA, 1L ol Ele Za9) Al
7h Ho, e SE SR ZeEds 7S §
Mesh& A8 AlA ths 9ol tigh A =&
o3& Aget) 17jal Fde Yo w HAT
T H7HE etk o]wf Mesh size 32V E= &
A3tA FA=HAY, S7FskA €y ey JiaE
a7t =EE A s Al AR = o] 3 T U9
o] gk HE& =) AlE|= AAste, ®r} gt
MeshE A/ AIZ1th 5 Mesh size 32 E 7 24

DR (Lt}

(514



MADSE o] &3 A58 FHUA7] A4

SHAl =M, Zg|Qd AlElE 71Ee 2 2D Mesh
&e] o3 E MAste] BEAF Hrks etk

GPSe] 542 poll size 32 E] 9} mesh size T+
g g7}t Lttt 2 o] S &3 Mesh
&e] sFdol wdat, 3}] A dlellxle] gk
o] AghA] o] tH8].

GPS9] Algha] g e1o] 7§ flal Aok o
1#Fo] MADSe|H, 54L& ofefje] 1y} 2t

i

-11

n
i
?
L

T

P2
A'=1,AP=2 A;”:%,A{?:I ar=Lt a1
a8 3. MADS =g 79| of
Fig. 3. MADS : Example of frame
HHEL 314 ko] tjsfl, MADS 2] Meshell thak gt
& g3} ol Aol

= U {z+ayD, : 2en?} (10)

TE S,
o714, 5, ¢ FAR okl A8 AT, A
: Mesh size I=[0|E], D, : Mesh A& $3+

Spanning %

GPS¢} 725+ MADS® EAL poll size 32}
u|E]$} mesh size I E7F SU3RA] Grl= A o)
] gubg 0 & A < A o] FAIE zH=t} MADS
A} mesh size s}epn|ElE ohe-3 2o}

Ay =y a

{0717"' 7w+} - (7}-)
{wf, w 10— 1} — ()

W =

7h : 7dE sE 2
(=7 A=A S

@

o] HA-S $18) MADSOIA ] mesh size 32
u|E = poll size FetelE ol v]&)| WEA 335},
galstaat sk &l ol A o] Mesh7t ok =4
s lell whet GPSeF g e 4178l gk AlghA '
APHSIE AAE S A ok w2 2] Al
ARE dE BAH o g o] gal Aol T s AR
2, opeket el 7)ot 7kt Al =, ok
2] AQEA HA 3}t 7] FAHL] wAFH A}
Ag GAFE M = A €k

52 GPS9F MADS ] G714l djsl] dolx
a2t gk A (12)9] #HAsh Aol tis GRS+«
AAAE R FHH Fal= Aow d#A Yok
[11].

flz)=(1—exp(— 2 11?)) 12

xmax{ llz—cll2 |l z—dl 2}

o714, ¢=—d=(30,40)"

8 4= 2 (12)9 EnXog TayE 1S
A HHaE (00) o FHF Hrghe
th. MADS®} GPSE 548l dis) 243}
Al, 27180 ) = (-2.1, 1.7) & At o,

Artel oigk FHAT= 19 59 Ak

o [H

o]
ol
E

r& 4>

2 4. A (12)9] Level Sets
Fig. 4. Level sets of Formula 12

19 5ol A mpel o] MADSe] tigh Hl~E
= 530l 24 w2tk MADS= o3 474
e A SAE akstal gl EH%T’H Zzte]
TR tiaf - ] =4
At 19 o] 2n3t ol Ol—f’t?‘fﬂ 7ol ok
Z2¢e orgtt dE 59, o] 22 A5, il

w

Journal of KIEE, Vol.23, No. 12, December 2009



———————— GPS

Number of function evaluations

Basic n+1 directions

-------- GPS(2run)
MADS(5run)
10 —T.fﬁ_f_.i_ _.___“_"_ -
I
‘Es\i,ég
f_ L
Dy

100 200 300

Number of function evaluations

a8 5. MADS® GPS9Y| ==z}
Fig. 5. Convergence results of MADS and GPS

A

QA waon Bl s GPSE BATG
3
xT

ARl &

-3
S gtk 1eu MADS= GPSell vl&l] 49
HAs) 2 weA sHsta dEe 49 4 vk
°]:= Mesh Ato]== sfejnEje} wha= WAYA o]
7] o] MADSO] E4xdefel] 7]918h7] ulii
1CHSI.

o' MADSE W4 Bl2=E 32 Branin

jalt)
[o

o

&3} 2k

5.1 5 2
Foe)= a2t + 2, o) an
+ 10(1 - 8% cosz, +10

—5<z <10, 0<z, <15

Branin $72] A3k 0.3978370]m™, [ 4

z9 . A7)0 83 =54 A23A A1235, 20099 129

WA g E oA BB - A

B o = (—3.142, 12.275), (3.142, 2.275), (9.425, 2.425)

o,

32| 6. Branin &%
Fig. 6. Branin function

1% 62 Branin 3572 345 =48
18 72 Branin 3 MADSE 24 31928 of,
HHE- 550l thEk EA gheghe] WEkE o

oltt.

Objective function

0 L L L L L L
0 5 10 15 20 25 30 35 40

Number of function evaluations

a8l 7. MADSS| &z}
Fig. 7. Convergence Result of MADS

Branin el tigh 248} #Al= 5480] &
28tz AABIATE 29 7oA YR uke} o]
Z7] BA3E Brol A BAgE gho] WisEe] &
o= Frame Wlol|A] &g 2719 o] 87} =
WA 0 2 AAE Y] witelw, 19 79 A
Y= MADSS] wh2 FH4-S =A18kaL ik

9 8 F¢glE Y MADSE Brainin &4

7}zke] Aol s 3o
g 545k HrEAE vlal EAIESI T

(534



Objective function

o
0 100 200 300 400 500 600 700
Number of function evaluations

18l 8. GA2 MADSS| +&Ziu}
Fig. 8. Convergence results of MADS and GA

27 8ol TAIE uketk 2o, GASE MADS R
o A= kAo e S HlaL A
MADSE GA©l B8] w2 =242 Jehlgith

9 99| =A] ®© Shubert $H= 7207112] 2195)
gk 18719 AFalg 7, H71717] Al
B Multimodal 3 S48 Seukslar glok 1]
FH2gE -18673090901H, == Hol= 4 (12)9F
2t

Fopla) = {i]icos[(i+1)zl +4} (12)

i=1

X {ﬁ]icos[(iﬂ)xz +i]}

—10< 2,2, <10

32l 9. Shubert &
Fig. 9. Shubert function

1% 102 Shubert el tigk GASH MADS 9
H Aitoltk. MADS®] 7-9- &efxl deae] &
k1070 0] eAkE 2t dYelE e e
o2 319 1763191 vhH, GAS] 7% 51613
LHERH A,

Branin ¥~} Shubert <ol i3 H~E 23},

@

% 4

o

AR 73 A H45 7ol x5 %
& MADSE sHee4 43} 7]el f4 daels

200 400 00 800 1000 1200 1400 1600 1800 2000

- GA = MADS

Objective function
2
3

200
Number of function evaluations

a8 10. GA2t MADSS| s&Zn}
Fig. 10. Convergence results of MADS and GPS

3.4 BEEL BFTY Al2EE 0|5

GAZ|2te] FTHEXI| HXMEA

3 19] Abge] HAAAE k] 919 SPMSG
o] A& gl 2% 500[kW]ell 1005 300& %]

, BAEAE 140(kNmlot}. 13 112 A4
S Uehlla glom, ASAE(), 144 A &
(z,), B2 83 F7(e,), 47 S50l(2,) &
< AR A4siit

El

N SN\
| i‘—'_-“ < I O D

J8 1. EHREE 7RIS F717] A
Fig. 11. Design variable of SPMSG

Journal of KIEE, Vol.23, No. 12, December 2009



[mml, S48 Ze] 550[mml, &= 2.15[mm], 37
AAe] wAEe ([TIZ A4srgich
3k

ol i

Wzl g SN AN U
7] Siste] frgaann FAdnEEe 4851
op), 10t PCE VIENDOE 4% 5 24t 7
FY A28 ESGL) olelF ALRS Tle.
2 Az AY AU NFE BEE BARHY
GTAN SIS ARUAR FAsEom,

A% AA A= E 200 ERlTh AEP Hjs)
A7 mEe 7

A 71E ] 34[%], &S HERRIT

x 2. ANzt ZRIo Z1} H|w
Table 2. Comparison Results Of Optimally
Designed One

AA WS
e AEP
x, z, x4 x,

o5 | 125 | 13 58 | 11934
2

AEP
Sl 1892 | 88 | 196 | 596 | 12345
= o) 3}

3.5 MADSE ©|§% THEXI| =HH

24

GA7ZIdte] HAdA 3 Aybs 7|E2d iy

Sl AE wEagon), FTAY

e
FUA7)7E P w B A FEMS o] 88 5
Ao Q18] AFE QA Alzre] gt of

o], B 2t AlRES A8 A skEso] gl

4
Y Fua7) ARAAG FPsgon, 71Ee 5
PE WERL FALTLZES ol §F A 2
she} o.

do o
ot
g
2
ot
XS
i
s
o)
=
=
=)
1o
o

Aa7ls) SAebsl AkelIA AIHAEP)S A
AaAgor, AT Y20 U 44 £ag
Az oz AAs

A3} 7192l MADSel thal], Mesh size e}
HE r=4, v =1, o =12 AAsAoH =7
Mesh size$} Poll size 32 E & A=A =12 A
Atk gk A1 ' 7 tiEA ZAFR]
EAgkRe] vhgAdo) ogh & HA st HAlE siAdE)
7] §18l, delo] =713E 3719 vl = A st
Multi-start 3-8 st om, H23k5 ALt

2% 1200 PRI

I MADS %713t | —P[ R F ]

1L 1L

Bl e

(¥, ¥, 3, 5,)

ol ZA00 st
F(v), Hv)&aep(v) A&

JiekA €3

Il
=
Ie;

O3 12, AZHILHX] MAZEHAEP) Al SEE
Fig. 12. Flowchart of the AEP calculation

TEE olgsto] AT ouA Ak AEHA
o weba] ol2jdk dAks Tl AzkelluA] Al

FEo] s MADSE 483}
o] Hdjsts HHow <y

(554



MADSE o] &3 A58 FHUA7] A4

a5l A8l 3k a 3 MAD
1k PC 1ol A HHALAE 733813

Hla) 20W) AEe] e RS e,

wm

[o
iih)

%

[0

ol

&

o,

HA47) dyel PC 1002 At 58 HEiEit i 3. ZXs 2Eol A} H|w
G )= HA A Av 7 G Lo Table 3. Comparison Results Of Optimally

Designed One
£ 33 29 130 YehAiTh

AR AT, A BEFLol Y 4 (a) o1 FFEZ (6.8m/s)

= (a) Annual average wind speed(6.8m/s)
= @x 9] FHat F420 6.8[mysloll A AL A
AL2Q) 135[nvs]® s Al tiAlA o2 AEP7} 2 4 3} B4 a5 app | M
ZojE S el glon], ol Flo e R I P R T
9 = P . S = = P
j%gjﬂTq aSE 2d SRARTL AHd GA | 189 | 88 |196]506| 12345 | 8206
MADS 7|4k 2247 228l Azl =5 el MADS | 1.84 |9.15|16.6|65.6| 1234.01 | 285
Haste] AEPO] 1A B R A% TRES (b)) o HEES (13.5m/s)
A1 22 A7k ) 65[%] A% sHtE AnE U (b) Annual average wind speed(13.5m/s)
ERUIRIEE EE, WERY fAdReEe 100 aaa A w REE
PCZ ®¥d 3% vhd MADSE 1t2] PCollA] &= D05 | 2 | a, | o | 2 | MW ’\]'ﬁ
Puglon], HHERA FAY12FH MADSTHe] [min]
sl=go]d FADRAZ udEske] 22 X7HS vl GA 1.89 | 88 |19.1|64.2| 12413 | 721
AESYL o), MADSE HEEA $1da1g]Zo MADS | 194 | 86 |134|663| 12409 | 274

(a) RALDEE HE X3t 2H(6.8m/s) (b) MADS Mg #[3 ZH(6.8m/s)

(a) Optimally designed SPMSG by Genetic (b) Optimally designed SPMSG by MADS
Algorithms(6.8m/s) (6.8m/s)

(c) *MYLI2E M A3 22 (13.5m/s) (d) MADS Mg &3 2= (13.5m/s)
(c) Optimally designed SPMSG by Genetic (d) Optimally designed SPMSG by MADS
Algorithms(13.5m/s) (13.5m/s)

O 13. A%t S ERRAY QTR 57/8H7|9) FAXANMS| NS2EH T
Fig. 13. Comparison results of the flux density distribution of the optimally designed SPMSG at the
rated condition

@ Journal of KIEE, Vol.23, No. 12, December 2009



(e
i)
2 [d
o

ﬂ',
O
?j%. S
L:o 2

o

ﬁ
L oz
% 23
g
i o
JZi ok
oo of

L)

02

N

o N
ol
-

3R

= 2409
ﬂ' EB/\]LE L“TO]'7] HOH
71"21 MADSE #-8-3t], 7]&el 43
R R EECRUE
4 feishael el ¥ e

f
K=
ro
BN

g —E‘
Jo
ok
o

b
:‘.":’

i
£
>
>
op
ﬂ

=

R
fato)
ok 12
iy

2
[o
2

W)

fru
T
4
o o

h BR S

o

ol
e
2

>,
)
o,
flo N ™

b
0,
B
18
BB oy i
N
i
lo
Ll
¢m“‘_>_
Tl?
)N.I.:
g&’i
HL
N
fn%
GERRY
N2 2,

AA—
gk

obgel, B wReld ANE HAZ W9l
MADSE Febsom s@4e] 338 dusZo
24, B duelEatel 4714 A9 B 44
A A A, we Ee HA8) Gyt 2 v
A AU w3E 55 5 glowd Anar)

UAtel 2

= ¢TE XAEHT II%BE et ollux] XA
° A
all

e DETizRe Halelensdd
HlefsiAlolRiotARIO 2 sl o7 ADiliC

References

] ). F. Manwell, J. G. McGowan and A. L. Rogers, “Wind
Energy Theory, Design and Application,” John Wiley &
Sons, 1st Ed., 2002.

[2) Y. Chen, P. Pillay and M. A. Khan, “PM Wind Generator
Comparison of Different Topologies,” Proc. of 39th IAS
Annual  Meeting Conference, Vol. 3, No. 3-7, pp
1405-1412, October.2004.

[3) Khan, M. A, Pillay, P. Malengret, “Impact of Direct- drive
WEC Systems on the design of a Small PM Wind
Generator,” Proc of IEEE Power Tech Conference, Vol. 2,
pp. 23-26, June 2003.

(4] Zinger, D. S, and Muljadi, E, “Annualized Wind Energy
Improvement Using Variable Speeds,” IEEE Transactions
on Industry Applications, Vol. 33, pp. 1444~1447,
Novermber, 1997.

(5) Anders Grauers, “Design of Direct—driven Permanent-

Z2H - A7)1dn e =i A] #1239 #1235, 20099 1249

k2] A . ok - o] H Tt - [EL - AL

magnet Generators for Wind Turbines,” PhD Thesis
Chalmers University, October 1996.

(6) Inoue, A., Hasan Ali Mohd., Takahashi, R, Murata, T.,
Tamura, J., Ichinose and M., Kazumasa Ide, “A
Calculation Method of the Total Efficiency of Wind
Cenerator,” Proc. of PEDS2005, Vol. 2, No. 28-01, pp.
1595-1600, Nov. 2005.

(7) Cheol-Gyun Lee, Hochang Jung, Sung-Chin Hahn,
Hyun-Kyo Jung, Sang-Yong Jung, “Optimal Design of
Direct-driven PM Wind Generator for Maximum Annual
Energy Production,” Magnetics, IEEE Transactions on Vol.
44, Issue 6, pp. 1062 — 1065, June 2008.

(8] V. Torczon, “On the Convergence of Pattern Search
Algorithms,” SAM Journal on Optimization, vol. 7, no. 1,
pp. 1-25, 1997.

(9) C. Audet, J. E. Dennis JR, “Mesh Adaptive Direct Search
Algorithms ~ for Constrained Optimization,” SAM .
Optim,, vol. 17, no. 1, pp. 188217, 2006.

(10) 7s5 2 249, “C Ht%1 S dX|E )48 3Y

LET|e] =M S U Hsts] LHXS stE

tal, tistAstal BRI, oldAl2e| St 2003~

10-, M3&, 143~150.

T. G. Kolda, R. M. Lewis, and V. Torczon. “Optimization

by Direct Search: New Perspectives on Some Classical

and Modern Methods.” 9AM  Rev., 45(3):385 - 482

(electronic), 2003.

—
fa—

O R KA N

X8 (&

19821 99 17€4). 2008 sold] A7|&sty &<
20089~ @A F ekl A71F e AAbaA

OIB = (zemttp)
1983 9¢¥ 199 4. 2009y Folt] A 7]-&shz}
20009 ~ @A = tlary Ay waty A A,

iy
2

O|&x (=#)

19673 19 28948, 1989 Meistw #H7]Fsta) £,
19919 & uistd A7|FE EJ(AAh. 19984E &
st 2 7]Esh dcd(“”\P). 1993~1999 &)
T3 TSATA AdAFL. 2002 7= Univ. of
Wisconsin HOP%Oi TFag, 1999 ~ & A T s

T2 (eEM)
1970 10€ 249 A, 1998 E 3T
T3t 4. 20008 5 ok AH7) 42}*6@ Z,O*
(A A1), 2004‘4 = &Y A7 AR
2004~2006¥1 E2F 7EATLE ANADALIE
AT, 2006 ~ A Folja AxFE I FaS,

B8 (@saze)

1973 9¢ 20¥ 4. 1997 A& FiA 7]
1999L:] E q}dl-o = ()&A]_) 20031—:] % q.]fs]—%
(FA}). 2003~ 2006L~'1 A A== A

A AR Eolrlsta H7]FeH s

P, i N
o 1 12

©



