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Development of magnetic bearings to improve the efficiency of small wind
turbines

Seongwon Jo', Eunho Kim', Jinsu Park’, Jaebaek Lee’, Joonhyuk Lee’, and Songkil Kim""

*School of Mechanical Engineering, Pusan National University

Key Words: Permanent Magnetic Bearing(% 7" PF2UlE Hlo]®), Small wind turbine(42 35 = &7 7)),

Vibration Analysis(%! 1= —‘:.’—}ﬁ,)

Z8: B AN dTANE ol gstel UEN fFol | FEel mole wWoly s dAs
o AAE vhadE MelR e A4A ARG A% EE wad Asge] 4ashel vhaiE WelRel A
& Bkt o, A4 wWelEe o g% ud Aey Wuste 1 $5A4E THSAT. 4% F
2 ouwbd A4S PLA 2AE AFEE DZAEE Ao %o Aot A RS s
g5y 2AE AR, Hd F% 5 m/solA Exd%E 600 RPUSE o] 3 Hste] 10V ke
e FAsdon, 71AA wolYe Aed A5 dirl Al 2.50 B Aol FHHE Ae 2
st © AAE el AE vladE wWolRe 48 FY A A=A vk 9 Juyx &
e HrAA Ee WA BES TAL F AT ACE ANHY, Ww izt AT A AL
of Agwo] mpel o3k oA £4E H2sE Aow vy

Abstract: In this design, we developed a magnetic bearing with permanent magnets targeting to improve the
electricity generation efficiency of a small wind turbine. To apply the designed magnetic bearing, we
fabricated a small wind turbine whose mechanical components were fabricated using 3D printer. The small
wind turbine with two magnetic bearings yielded the output voltage of 10 V with a maximum wind speed of
5 m/s tested in the experiments, which was verified higher than when using mechanical ball bearings. Using
the magnetic bearing enabled to generate the output voltage 2.5 times higher in maximum than using the
mechanical bearing. It is expected that the developed magnetic bearing will reduce energy loss and thus
improve the energy generation efficiency of a small wind turbine as well as can be utilized in various
mechanical systems with minimizing energy loss.

1. M

FAE Aol nZEE FIA EAEE UAE Fol7] g o] o]Fo|XaL givt. I HAE
THAE e V1A A e A wlolge] AR ARgo] Hm npE, 5 A aea wd T oy
A o] dojdtt. AAl wol® Pel= 1800 MHEHAoH B Fe FE 4Tt Eolb whbE
S EQ0t. &EF7F AR AR EHE YT AsgoR Ed WiEsgor Qg &A4do] wAE
A &AL AAA @), wold AFYA SKF AR= H2 A dAwro] u3d A7) FHOE HH L
dom A HolHge AHsTolt S VNte R Woly TS dustd o A WolHe d5s
i 583 8 a8 2go] Woly AlxES dkslhs ARrF "ok A Hojd pee] Ao S
Asstgiet.

t Corresponding Author, songkil-kim@pusan.ac.kr
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2.1 HE8E A28 A4 A9

2.1.1 wadE Ho® HE A=H
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LTHE FH 248 FEANATA Ko wEolth®) AFF AL 1kwe 300w F w17
T84 ARS WY AGellAe T Aol obd WFAe] B dyoew S AAel s for]
3 249 A9E FeldE & vk Fig 2()0] W2 kW FH7)E smis o)ske] FH A= Tilo] o
FoIA A ot 300W AV 1mis FHARE Aol AT Fig 20)F 2w FHF ol
St 20139 1099 300Ws FHEHAZ7E A Aol B ol 1-83mise] W& S&el M wel
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Fig. 1 Total cumulative installed capacity by country
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Fig. 2 (a) Comparison of power generation and (b) Comparison of cumulative power generation.(4>
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Fig. 4 Axial force variation with axial displacement(s)

222 9§ B ©wE 7E AYY R IF

A AFOel e 9F g A wxel e hgdY TE A BAE EASAT Fig. 5914
o} o] 37FA FHY 9)HE<Ql Configuration 1(F%E A4 A8, Configuration 2(3}c HH =4 A8,
Configuration 3(3tt WH o} A 45° =2 A4 A gyo digte] 33 A LAt s 518 35
< A4S

Magnetic Ring

Configuration| Configuration2 Configuration3
(Full arc magnet) (Half arc magnet) (180° and 45° arc magnet)

Fig. 5 Different Configurations of magnetic bearing used in frequency analysis<5)

Fig. 62 9% FHlol W& T4 Atolo] Agst & st5o #AE HedH, ol& T3 €& + 3
© AEE a°ofstd ofefet Aok F, 9§ el Aol FHd A, i Aol HES FEE
Fo] HASaL, 7MY =2 a8/ Configuration 2 37do]T}.

- 632 -



@ 9F 180° AF-o Aol FHE|x] ke Configuration 2 727} 7FF & &FS Ad 5 vk
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Fig. 6 Variation of radial force with eccentricity(s)
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Fig. 7 Frequency spectrum of (a) Configuration 1, (b) Configuration 2 and (c¢) Configuration 30)
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g Auste] MA W J1Ee] 2oldl B Wolgu vw BAS o 42 AFeE AL Txa vk
olgh el FTAN A7) Welgel 2 & gl ol X A AzuE vdste] Ag Ak vl
4 % Qe RERE RelFuA doh B AN Asag s vhadg Wejgel Aage of

g olgald Adad AF 722 0A4F Ayl Mg won FARE AT F AT

@ vhlg Mool 2 EAR oAXE AFH & oge AT & Ak AA IF
£ Wol=s 5 Wiy 247 QWS TgA Woly A28 FH: sl

® Age 2xay g gol7] Wi AFAow Aojd 5 e W BHoR 1go] HolgA
7] wiol $Agdel WA AY A A & $Ade wA agol AFAY IFE Fed 5
g Welgel S8 BAr1E AAS] FEAA vhadg wely Auk SANAEE AT

, © F, @ vtadg wodg, @ =48, @
H F e @ vlaug wojyo] e #oly
sl MAUFoR ZHEsles AA AT

Fig. 8 (a) Prototype of a small wind power generation system supported by two magnetic bearings and (b)
the schematic demonstrating the magnetic force between outer and inner races of the bearing

2.4 F, AAY, EFol=, &7 HA

2.4.1 %(Shaft), Z] A tl(mount) 7|

Fig. 8(b)%t 2ol & W3F 3ol LAt Fo] DA A AAg7F Hasty Fo gx<ls Algst
Atk Aol wuEa gl AFFHEAV) ARE Faste] F ol 580mm, AES 35SmmE A8}
Rk Fo| FRE Fol mEFG HAS FFste WA FHE HASSIA, Fig b9t 2ol AA
(mount)™= F3} This FEe 4AF Hlojy & AX| st wEAFgES A FTL
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(a) (b)

>

Fig. 9 (a) 35mm diameter aluminum hollow rod and (b) the mount to support axial load

2.4.2 E# o] = (blade)
iﬁé% Az o] As 9 Bdols AR Fasith ©HA o] Ho| v FHAME 3)Hdo] T}
e 2o 3ido] 27HM Fig. 107} 2ol AF 500mme| Edol= RES 3DZAEHE A 25T

(a) (b)
© ( % %% }(bsoo

Fig. 10 (a) 3D model and (b) 2D drawing of the blade

2.4.3 A 7] (generator)
kg wlojgo] G AP FTH T B9 Fo] A EEHe] HAT + . F9
sz AsjA TAs= v
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O]Ur e g 5% %‘%% a7 8o %67
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7%‘711 AAse &g

®
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e ¥ Txolth vy wlojge] Ag %Wioz 1733(%91%

B7E obd FHo] A wolgle] Y= wHVIE ARgEtd Mol A S slrh BAEE 23
el mAdd wAd7] kel kAol HojAw B g&o] st i smde] "HolAd
WA= A719e] Fig. 12(0)9F 2T Fig. 120 ZY U2 F 9 99S X5l dw
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Fig. 11 (a) generator 3d model and (b) generator drawing

Fig. 12 (a) A widely used generator used for 300W wind power generators, and the schematic representations
of the magnetic field generated by the coil (a) with one side disk and (c) with two side disk

(a) (b)

o

£ 103
\_/

22

Fig. 13 (a) 3D model and 2D drawing of the magnet holder
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Load

2.5 vtV #jo]H A A
251 A4 BX
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@ H4% 37k A WsE A5 Aol 98 A7)
@ Wlojs Habol we EEA W Bd A

252 3% B4

2YPFTHLAT ) FF FAE SAst WP TR sk
A7)= 71E 300Ws AFFE LAY FRE HAFste] Fepglon u
& AFE Wl (bearing 1)I FF Wlo]3 (bearing 2) Alolell XPX%M St EAMAI AT Table 12 4
FFELAVE FAse 72 FFEY FAE e 74 2Ee FAE 3o Fig. 159} ol A
EAEE FHSGTE 2709 mladlE AolEe 59 9% 9o RRE 727 110mm$} 480mm o] Xl
Fol z=7] AR Fi AAE JPsUTh ojw Z+ wojHo] XAEA HE e daE wolw
(bearing 1)2] 7 -F-°ll+= 19.18NoJH, TF o] ¥ (bearing 2)% 22.204N9| 7S A 4|34 Hr}.
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Table 1 Weight of each part of wind turbine

Parts A N)

Blade 2.746
Bearingl(HA &) W& 5.886
Bearing2(¥&) W& 5.886
Generator magnet weight 2.943
Shaft 3.1853
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Bearing 2 (5.884N) Bearing 1 (5.884N)

Shaft distributed load

ight (2.942N) X
0.00549N/mm Generator magnet weight (2.9 ) X3

Blade (2.746N)

I ] ] 1 | ] L
| | I I I 1 | T

Omm 110mm 245mm  295mm  345mm 480mm 580mm

Fig. 15 Free body diagram for the shaft in the designed small wind power generator
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9 Feel AN 2o AlEe Wl Ae a5 4R F53 ARt F AT 5mmE NEoR
879 A4 Aol njedE .
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Fig. 16 (a) Drawing of inner bearing and (b) structure with magnets
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=
F e TELAVY AFTE Ade 98-S sy TRy A3 A4S wjX A FHE Fol
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AFEEEe] WES FAA7IE AAVE ZasiH 3l A ZAsteE e HAER Y3 Fig. 155
o 2 37) 9] W%Oﬂﬁ wd S AAelE AFE wo] ¥ (Bearing 1)OIA S 31ES 19.18N, T FH
L

W] o] ¥ (Bearing 2)°] ®

254.1 A HA HF E AAFE
O AA
W&t oFe] Fs
(20x20x10T)E Al 7NE 3 o=
olt}y, AAl 7]Fo] §lo] WEHRT
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of AN ol 8 el 450 AwE WASte] R WA AAEL

& AASA Azl ok dF o
I Fg5 ool LAek= whEo] &} Table 25 F3 Fol AL o] F=A A ARS Tl A

aff gk

AF wolH: 19.181N= Fx (2c0s(18 ° )+ 2cos (54 ° ))—>F= 6.232N
—<F 32mm H-4

SF Wo]¥: 22.2044N = FX (2c0s (18 ° )+ 2cos (54 ° ))—F=7.2146 N
—2F 30mm H-AF

2mm

Fig. 17 Magnetic force generated by the offset between two pairs of magnets

Table 2 The force according to the distance of N35 neodymium (20X20X30T) with offset 2 mm'®

The distance of N35
. Force(N)
neodymium (mm)
32 6.2275
31 6.6723
30 7.2061
29 7.7844
(a) 160 (b)

]
1

125

Fig. 18 (a) The 2D drawing and (b) 3D printed part for the first-prototype bottom outer race of the bearing
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(b)

(a)

Fig. 19 (a) The schematic showing the direction of reaction forces in the outer race of the bearing and (b)
the schematic showing the integrated two magnetic bearings in the designed small wind power
generator prototype

O Az ¢ H2E
Fig. 20 (2)°} (b)°} #o] 3DZH
o2 WA A FAHC] S Fs)

BlE &8skl AlAlE AZsklth. Fig. 2000 AlZHE A%

(b)

MeoharBat Rep)

Fig. 20 (a) The photography showing the 3D printing process for fabricating the first outer race prototype of
the bearing, and (b) the fabricated inner and outer races of the magnetic bearing. (c) The photograph

showing the rotation test of the first prototype of the magnetic bearing

O 24 94 % 824

AA FEA WEzel dE T A
b o F Sh§-o A4 7HA0] Yol A @2 AriEe] HAste] 31d Al Fig. 20(c)9t 2ol w374
1 Ae] LAt Tl FHHA & HFol dAS o B A HA AAEF HAEE F3
Al FlE FAE sy fl8l AN AS FF3] AASE AriEe] dASA AHEHES shal 3
A Al B 3 TS A f8 ES B FEE AAslY Fo Wes ol Ads F
kol vt

2542 7 HA HF 35 AAE

O AA

A WA AAE AA A WE] A= GF FUHFE FAAst AES A4 o] ALgHE ASR
Bt A 7 rAS FA AASH] YslA 1289 A4 NS 30l A 271E 123 e E AA S 20T

g5 £43to] Table 3& =33t
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A AR AAFL 22 54 Zol2 HASH] $1814 Table 35 ©]83t 784 34
AAE Y3l Fig. 219 2ol 77019 A4 “Zo] Fig. 229 Zo] 225°, 45°, 67.59] 7]
o) 2 HA A AFG FAE UE A Eolvt HeA skt

AF wo]=: 19.181 = Fx (1 +2c0s(22.5° )+ 2cos (45 ° )+ 2cos(67.5° ))—F= 3.8153 N

—9F 34mm H-F

S5 Wo]d: 22.2044 = Fx (1+2c0s(22.5° )+ 2c0s(45° )+ 2¢c0s(67.5° ))—>F=4.4167N

—°F 32 5mm FAF

3 F89) WE Folt Fig 229 2ol oF Lsmm Aol7k ot A WAl AAEH 2AH @
Ao A4 A FolA HNW AFe wEA HehAL AF Ty Uelo

2l
st AEAel A48 AAE Aa A% A% F AY ¥o] 24L B & FUL ¥

=

iy

Table 3 The force according to the distance of N35 neodymium (20X20X20T) with offset 2 mm'®

The distance of N35
. Force(N)
neodymium (mm)
35 3.6031
34 3.9144
33 4.2258
32 4.5817
(b)

Fig. 21 (a) The 2D drawing and (b) the 3D printed part for the second-prototype bottom outer race of the
bearing

32.5mm

[7¢)

34mm

Fig. 22 Schematic showing the integrated two magnetic bearings in the designed small wind power generator
prototype
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2551 A WA A F AR AAFE AA

O 27
G sela o= 9ok B A A o] A=

Agd AFOA oF AN e wE AEy LB AFHS 9
= 7R wARYG a84S =ol7] S8 4 1289 vl tE A4 (20x20x20T)RF AFE-3He] A
S Wy A mols mARAC] I s AASY Fo £ -] stedtEE: AAEH
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Fig. 23 (a) The 2D drawing and (b) the 3D printed part of the first-prototype top outer race of the bearing,
and (c) the prototype of the shaft-magenetic bearing system showing that the shaft is stably levitated
and supported by the designed magnetic bearings
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Fig. 24 Photographs showing the iterative process for optimized alignment of the shaft and magnetic bearings:
(a) adjustment of the shaft axis horizontally, (b) checking the shaft level, (c) shaft zero adjustment
and checking the position of the magnetic bearing and (d) checking the level repeatedly
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Fig. 25 Test for the shaft-magnetic bearing system for various wind speeds of (a) 1~4.5m/s, showing the
stable operation and (b) for the wind speed higher than 4.5m/s at which the magnetic bearing failed
to support the rotation of the blade
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Fig. 26 Schematic describing the magnetic force generated at the top of the front bearing
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(b)

Fig. 27 (a) 2D drawing, (b) 3D model and (c) 3D printed part of the top outer race for the front bearing
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Fig. 28 (a) Experimental set-up for testing the operation and measuring the output voltage of the small wind
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(b)

turbine supported by two magnetic bearings and (b) the graph showing the stable voltage output and

comparison of the output voltage according to the arrangement of the outer magnetic bearing
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Fig. 29 Vibration data according to the arrangement of the outer magnetic bearing
Fig. 30 Final verision of the small wind turbine system
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Fig. 31 Flow chart describing the data processing for the measured vibration and output voltage
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Fig. 32 The final integrated small wind turbine system supported by two magnetic bearings and (b) the
photography showing the operation test at 800 rpm
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(b)

Fig. 33 Photographs showing (a) how to measure the wind speed and (b) the example of the test
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Fig. 34 Photographs showing two small wind turbine systems supported by (a) the designed magnetic bearings
and (b) 6207 mechanical bearings for the comparative vibration test
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Fig. 35 z-axis directional acceleration of the magnetic bearing and the mechanical bearing
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Fig. 36 Voltage output comparison between using magnetic bearing vs. mechanical bearing unambiguously
demonstrating the superiority of the magnetic bearing to improve the power output
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Table 5 Cost of Magnetic Bearing
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