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Abstract — Design procedure of LEG(Linear Electric Generator) is introduced by performing the time-domain
analysis for the heaving motion of a floating buoy coupled with LEG. A vertical truncated buoy is selected as a
point absorber and a double-sided Halbach array mover and cored slotless stator is adopted as a linear electric gen-
erator. LEG with a double-sided Halbach array mover and cored slotless stator is designed with the input data such
as the heave motion velocity and wave exciting forces in time-domain. The validity of designed LEG is confirmed
by performing generating-characteristic-analysis under the sinusoidal motion of a buoy, based on the numerical
techniques such as FE(Finite Element) analysis. In particular, an ECM(Equivalent Circuit Method) is employed as
the design tool for the prediction of generating characteristics under irregular wave conditions. Finally, we confirm
that the ECM gives reasonable and fast results without sacrifice of accuracy.
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Fig. 2. Impulse response function for the heaving buoy.
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Table 1. Required and electrical parameters of linear generator

Parameter Value Parameter Value
PTO damping 9590 [kg/s] SV 3.73 [m/s]
A7) Qleg(py) 3325 kW] v EEpp,) 29 [kW]
as 87.3 [%] AFEE 2 [A/mm’]
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Fig. 6. Assembled buoy-generator system: (a) structure of system and (b) detailed view of linear generator.
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Fig. 7. The schematic of a linear synchronous generator with a double-sided Halbach array mover and cored slotless stator: (a) 3D view and (b)
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Fig. 8. 2D Finite element analysis model: (a) Mesh plot and (b) magnetic flux line.
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Fig. 9. Generating performance of the designed linear generator under sine wave speed conditions: (a) speed, (b) induced voltage, (c) output

voltage, (d) phase current, (e) input and output power.

o7 AHEINES & 4 ULk Table 2= Table 19] Q7-3710]
Frete= AAE AEudr| o] AA| AlkOF Fig. 89 BAIE 7]
39| A2 Argsta it

3.2 afiAMAat

Fig. 8= Table 20 AN 252
A7)9] fetes iAol L, Fig. 9% Fig. 89 s R =R E
- Wb EAS LhERATE Fig. 9(a)Q] 1R TF £ 918 27iolA
Fig. 9(b)2] 34 ¥H417148| Fig. 9(c)2] 34+ ¥H#t, Fig.
3 R 9 Fig. %) Y/EEAY sidE 4. o] &
A= 7] 4 5 DR Ei Aol whebA, 7] 471
7F AE= AdEvhd, A RE Bes] A Aol MlE T

\(
T‘ T

pha R
_O NYY'\ I\M

|

|

|

|

j-fa s :<_Vta_’ :
' |

Low_ L, Ry | R |

~ A AN |
|

e, L, Ry | R |
() —r A
|

iV e

Fig. 10. Equivalent circuit of PMLSG.



180 =98 - 2

o L O
| I N S N SO | - . -
P | - HIO O o | O || B S | -
Lol A1
£ Ml et LR 2
€ oul Jlll i|,|z| M‘ R ML SR i <
S LA TN S B T
” R | | : : i | 3
I ..“: L H .;“ | “ | .:r |8 E
V] - R S RS . B S | L .
.3 RPN, AR KRR SR, IS | [SVSRNL RO SRS o -
4 1 1 1 1 | | 1 | 1 200 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time (s) Time (s)
(b)
W—T— T T T T T T T
3 <
= 5
> o
2 2
3 &
00 I N N N SN S N SN S NP N SN SN AN SN SN A AN S
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time (s) Time (s)
(©) (d)
35 T T T T T T I T T 35 ¥ T T T T T T ! T
Z s
g =
& g
a
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time (s) Time (s)
(e )

Fig. 11. Generating performance of irregular speed: (a) speed, (b) induced voltage, (c) output voltage, (d) phase current, (e) input power,

(f) output power.

sfo] a1, Az Wedo] Q7] wiell, e 9A] 4lE el vt Fie YoM o] WS dypto 2 e iy
et 9, Fig. 9(e)elH & = w0l HuKrrh illshks 7+ o] AAPE ERdeHAl o] Fo] Ras B 5 vk Teu, Al

3 Z, LsEelA 23Atolel Hu) FFo] UehdS o 5 oM, slelA olol e BitH Kol ng, olele BitHd 2313

71 3k A, Table 100 AAE o0l H3eke oF 5= Sl oM, drte] EEo] dojd 4= = 7hell tish A Rk=A] 2



APV sl agelldx] 32821 A1 1L AR 181

Qfeh, e ARAME WABKIE], B SN feke
A SIS A gatel sl Hu, B A ARk S8 6 o)
n) SO QF AN 95 o gl sle] Fio] skgHck
olelit FAIE SAS] $I9l o Fig. 109] A7)
RS ol gale] BiFHTh £ 2o BB SN

Fagelgict.

7L/'Vx =V,+1,R,, +j]ph(2nf)LJ (12)
Vo= a0, i 2 (13)
J(R,+R)+(2n/L)
Ly = x’f/“' - (14)
JR,+R) +@2nfL,)
P, = 7\/21 Vv, 'Ip/m + 7\/27 V, 'Ip/m + 7% V- Iph(‘ (15)
P, =V, '1pha+ Vi 'Iphb+ Vm'lphc (16)

Fig. 102278 4] (12)~(16)2] 'HA54 A4S d& 3l
TH(Cho[2007], Choi[2009]). 2] (12)= 7] & AH(One P

WA YA e, A (12)~(16)= 242 ek
AR, 19 9 el dish BAI2-S vt o714
Mo Vo Vi Ly Ry Ry £ L, Py PiE 237 Q7A€ 2] gk st

HVam/s], F-ol& 5 [m/s], AR V], a7 A, F5)
AgHQ), 27 AA A AFQ), THFIS[He], B A F7)
q

QIERIA[H], A (W 5l
o)t A, A A A 9 A 2l
o]7] §1al, fetai A o= RE] dojzl ke ARSI

Fig. 113 F0]9] B8 S5 Fig. 100 24E Lojx
Table 2] Al S Zh= AFA7] 9] 54 M4 7E vepd
th. 2, Fig. 11(2)9) B33 5 Q18244 Fig. 11(b)2] 3
23 3714, Fig 11(c)2] gt 2039k, Fig. 11(d)Q] 3+ 2
A5 9 Fig. 11(e) X (H2] A/EE1Y a5 At o]
A= Fig 9°] Avs} FUsHAl, 2x7] 47 5 17119 @A
Ayjolm g w7 4747 AE7 Addechd, &5 W) 4u)
£ Felo] i Folo} Agte dA wxr)9) 8-S f53 5= Q)
ok gHAE, Fig. 11(DeIA & 7 o], Hus et sk 7%t
=, 9F 3003 F2olA Aol E8o] e & e, 1 gk o
A], Table 101 AAE 2716 H-5-8H, Fig. 11(e)2] YA
Al Fig. 5(b)ell ANAE Fole] 83 1 7718} sfivlo] FUst
thal FE| o)) 7] whitel], SV 2E o] 8- S0 siAAIRE
2 ey SWelx efdsivtar wad 5= Qlek

=
e
i)

e AFLA7)7F ddE Folo S AR A
W& Esto] sk, o] AHE AFEA7] AA"E A=
3l Ao 995 FEF U= FAZ (Cpro=bsithy, )OI
31 3 m, T o=m, € W] 729k} F2Tha 3.0 m, =

71 6672 =i Ttellr] AR W19} S, T2al vl
AAGE TSl Akl AkE olgste] AA¥ dAt
A 717} ARSI, A )= e 23l ek
2 S H8alol TS e FRTeRM, 1 B
ASHAE. 53], Et25) 2delx me sixE flsl, $71el=
e Hgslol HASA S sG], 2 A3t oA v
Eehe gelaigint.

B AT PR S NAA LA <10 MW -
20 92 SFE AR AR 8 Q) o) X
PN
e

References

[1] Atallah, K. and Howe, D., 1988, “The application of Halbach
cylinders to brushless AC servo motors”, IEEE Trans. Magn.,
Vol.34, No.4, 2060-2062.

[2] Budal, K. and Falnes, J., 1975, “A resonant point absorber of
ocean wave power”, Nature, Vol.256, 478-479.

[3] Cho, LH. and Kweon, H.M., 2011, “Extraction of wave energy
using the coupled heaving motion of a circular cylinder and linear
electric generator”, J. KSOE, Vol.25, No.6, 9-16.

[4] Cummins, W., 1962, “The impulse response function and ship
motions”, Schiffstechnik, Vol.9, 101-109.

[5] Cho, HW., 2007, “Characteristic analysis of high-speed PM syn-
chronous motor considering power losses and SVPWM inverter”,
Ph.D. Dissertation, Chungnam National University, Daejeon-city,
Korea.

[6] Choi, J.Y., 2009, “Characteristic analysis of direct-coupled per-
manent magnet wind turbine generator with single-phase full-
bridge inverter”, Ph.D. Dissertation, Chungnam National Uni-
versity, Daejeon-city, Korea.

[7] Polinder, H., van der Pijl, F.F.A., de Vilder, GJ. and Tavner, P.J.,
2009, “Comparison of direct-drive and geared generator con-
cepts for wind turbines”, Ieee Transactions on Energy Conver-
sion, vol.21, 725-733.

[8] Newmark, N.M., 1959, “A method of computation for structural
dynamics”, Journal of Engineering Mechanics, ASCE, Vol.85
(EM3), 67-94.

[9] Amara, Y., Wang, J.B. and Howe, D., 2005, “Analytical pre-
diction of eddy-current loss in modular tubular permanent-mag-
net machines”, Ieee Transactions on Energy Conversion, vol.20,
761-770.

Received 4 April 2014
Revised 15 May 2014
Accepted 16 May 2014



	선형발전기가 탑재된 파랑에너지 추출장치 설계 II. 선형발전기
	요약
	Abstract
	1. 서론
	2. 시간영역 해석
	3. 선형영구자석발전기
	5. 결론
	References


