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Roller-type Piezoelectric Energy Harvesting System Design Optimization

Minhyeok Choi’, Hyeonseung Lee’, Sihu Kim, Jinhong Bang, Kihoon Lim and Jachyeok
Doh’

* School of Mechanical Materials Convergence Engineering, Gyeongsang National University

(Received January 1, 2013 ; Revised January 2, 2013 ; Accepted January 3, 2013)

Key Words: Carbon Neutral(§t4> % 9), Piezoelectric Energy Harvesting($F% oY #] 3} 2~®)), Finite
Element Analysis(-+3F2.42314), Multi-objective design optimization(t}& &2 A A # 2 3})

x5 2 e g4 T 71ds] 8 288 4A olyA s aE Alxwle] et Hu HA A
8 Hax HHTTE A TS HASE st olE 7wolo] E&fo] A&t sk A
Aol A7|A A oAF5S el o7 4], fe sy 2 AF Ays vwsion, bH AL
o] HAS T dS5#e Agx=E st ol % 17131, 71741Xq qes %AM] e v 2
A AA HASE s oldl HAst Ao} HA g Y WY LAES O 35%E =Y
Aok T3, HAs o mE A 7IEUH] 6.9%3F Oioﬂi *‘fﬂ Aot tiH] 11.42% FAEAY. <
g 43t 4= 7S] 14.76% Zﬂo}@ﬂ ok, E A Alé%ﬂ glto] #AYEE W9 Smmeoll
A drAsE S8 251 86MPak. U} WS 164.16MPa¢] WHAIEIG o w HA G2 7159

Abstract: This design aims to apply the roller-type piezoelectric energy harvesting system to a conveyor roller
for the purpose of maximum voltage and minimum stress. Theory, finite element analysis, experimental results
were compared to predict the electrical performance, and the accuracy of the predicted value was improved
by correction. multi-objective design optimization was performed to satisfy electrical, mechanical performance
simultaneously. The voltage according to the optimized design was improved by 6.9% compared to previous.
The stress increased by 14.76% compared to previous, but this design generated 164.16 MPa lower than
251.86MPa, generated at a displacement of Smm for fracture.

+ Corresponding Author, jdoh@gnu.ac.kr
© 2022 The Korean Society of Mechanical Engineers
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H A= Ao B V|FHste] AR g o] dstr] fd wE 8 A4(1997), T
ZFA2015) = At g FHE 2050 S FH A2020) B FAES HAH 247 )
5 Fola AARE AT AAA dux &8 gl M kD ol oA s ~H
(Harvesting) 7]l Stk oy spul=® 7lzos B3, 94, dx7], & dyA =" ol
Aol o] F ozl oA sl A" W, sted 22 A HES FHT §F Aoy AR %3@&
gtof whdsgith o= T3 3 A FFS vA i, AT & ouA o] thekatn, oA W

N

A 1990 wiu] oF 4uf H= 11] ﬁL }%‘%ﬂﬁﬂ}. ol#} g 2+

AFerm, Fig. 13 2ol 20194 BP%A A7 s FEEFY RS
ok g Fig 2014 & S 95 2018 1 A FAE Hold 247k F
AS7VE Zoz oidsle] bl oluA st~ el &go] Algsirha dgEh®

Ol X Ak
38.0%

&

24%

59
HX
3.0% ol x|
AtQiR
714% 8.1% —
14.4%

(3)

680

\
A}
7,7

=712 = CIAl 32k

—
T —— =1 IH“LE
—— Tl aew B Ji §= '

(4,5)

2010 2011 2012 2013 2014 2015 2016 2017 2018 2018 2020 2021

A

Fig. 2 Re-increase in greenhouse gas emissions

v AAE ol Z7HA aqtel] wutio] AgAAlAM BEAE AUALS ARgste] @4 FH
7199starzt gteh. o] & 9al QLA AHEEHE VAS AR FEFA E2 FEHIF ol AEHER E
2l FeEek b Ay A A" S A9 2Ud oA Ay A SEad AA"HS dAlstast g F
dHom Ze WF7E ol gl= AHulolo] =2 (Conveyor roller)7} & Al Agsitta AdtEn. ol&
7Rt AAE AR AR AMES AR, 3 935 S5 Vs g4 Tl 7]osta
Zb ghrh wgh o] dEow AR, b WA (BuzzenE &-&ote] AHPAES b g F Y A



2. A U=
21 AA A Ao 2 B dA A" At

A AF uhe 2ol g AUA SsPe vekd gHel AW, WAL AR 7
S0 WAl A pAlgel A0 012 WA A & DRI e TR Bl walshs
sl E]
L [}

i\

QFgkt.

B oA = 21 E A AR (Piezoelectric cantilever)7} Foll LA F oAt} o]o] Zelr} A F
Fxe 7tete uﬂam (Mechanism)©]t}. o] & 93 &8¢l E715 F7hstqith ol= %é(Resonance)e
ol LAt A FHAeE AolE THA hdaAtdd wHUE FA H9 b oZE
(Composite piezoelectrlc cantilever, CPC)E A7 o2 ZFZ3tTo] 3t kA S =4? o] = Fig. 3
of WeEpATH

n Roller rotation direction
l \/\\ Brass C2680
PZT-5]

Fixed axle

Fig. 3 Schematic diagram of the proposed piezoelectric energy harvesting system of roller type
B AAlY] g AS Al S8l o4 A, 738 432 (Finite element analysis, FEA) 3 24|
Z3 CPCY &Y HAdS EA3It) o2 7wto g CPCY Huj whd, A~y oA Fo, A

/\16‘%

29 B LS A/A, AAH B BH A4 AH5E ADB £T nRAFHN S FYstol
ANege) B4 919 AAE BT o) A4S 4% B TrEdus A4 498 B pEen
47 Bgel ASEE Fig 4ol Hehyick
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Fig. 4 Rescarch procedure of piezoelectric energy harvesting system design of roller type
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kel tigk Mol AA dojuk A kel folatrt P o] E AAA = 31RES A5t

O

2 O
-L\ﬂ

Force

‘ Polarization

l Polarization
w
Force

(a) 31mode (b) 33mode
Fig. 6 Definition of 31, 33 mode of piezoelectric element

N
[y
w

2.2.2 CPC HA
g Ao HAE 7 FUEZ(Unimorph)E Bt} Aslol] A AxE vl g AYite] =
O F A= Hho]| R X (Bimorph)d & A ekl

ftlo
Py

A 22} AR o= PVDF (Polyvinylidene fluoride), PZT %] vl Zglw tA 52 PVDFE 433t
of & Welel AR&E U, M AAbe] we who] ok Aleb ShdAIES] PZTE HlaLF Mt Aibe] =
o, FHAo] He vl ok B HAAFE PZTE @%E}O*OU% Aol =2 dHe HHYE F
Veto m s AstaAt sl 3T Al AL 93k pzT = AAANS wElsle] PZT-512 A A A
g8 MA ].o:lr/}

W3 o ZH = 35S AAFen. S35 sBAASE SUS3049F ] SE R Yol widgo] s =

L= 7P §-ste %% —6—%-01]15 -ﬂr)\ A Ths/do]l AAS We AR o3Et

Table 1 Comparison of Material properties between Brass, SUS304 and Copper alloy

Brass SUS304 Copper alloy
Young’s modulus
(MPa) 105,000 193,000 110,000
Yield strength
(MPa) 427 215 280

23 TAF 4
1 7138 ey A%

-azmz 2908 4 oA shwaw Azule] A 98 |24 &4, FEA ¥ A¥S Ed cpcol
JAQl 22 A A5 AAF oo AR 7|85t shebv e (Parameter) Fig. 73+ 2k,

Fig. 7 Geometric parameter of BPC
ol£4 a4, FEA 2 A¥el A8 71452 AYE Table 20 HERARAT



Table 2 Geometric dimension of commercial PZT-5)J and Brass sheet

PZT-5) Brass
L, (mm) 45.7 Ly (mm) 60
H, (mm) 0.15 H, (mm) 1
W, (mm) 20.6 Wy (mm) 20
2.3.2 o] &4 34
cpeel WYl FES AY ol Holsd gomz o] bl 97

(Bimorph piezoelectric cantilever, BPC)H E|Z o] &4 3|4 &

2t} o] ST instrumentAle] EA S Fard o)

Table 3 Material properties in theory

Aol gk wpe| Rz

APzt ofel g+

931 (—me/N)

PZT-5J material properties

Y, (MPa)

olél 2(6) C. Germano®?7} A|skat 2412t BPCol WS17h Q17bE Aol dia b Aot o & A
oltt.
3H’
V=—8L—2g3lYp5p (6)
P
233 AR &4 A
A2 v el o8 A Ak & Al TS cpeek e =7 PS4 S §
3 dstew g3 F, 3P WA #QE SE AR FAS AAEH o] AFRHE o] B E|RAS B
o] Z(Timoshenko beam theory)®} 2. U2l W|ZFo] K o] Z(Euler-Bernoulli beam theory)?] AT} F+ o]&
F 3 Aol AT o ® ML 9 Table 40] T o] 2e] EAE s)aerh0
Table 4 Comparison of Timoshenko beam theory and Euler-Bernoulli beam theory
Timoshenko beam theory Euler-Bernoulli beam theory
T e 7R B AFS dA el Abgske | R o JHE F B AHS e F=
o] Z o]t} Abg-3he= ol & ]1“4-
Akl gk S Lefdth Aol old AHdS FAH
Aol A7} vl A" EAF oy Hl - =
Janc 44 e Aoe g, Ao Gu7h wad g
CPCE & A7} 13mme) ghe whiolmz oole] Wlziro] w o]E2 Fal AW FAL Arw
AN Al A AT F#HsE cPCce] 35S BPCS Aol £ AME=9x H(Sandwich cantilever, SC)Z

FL? (W,H, W}L H o+ HYY" v g2
8, =k, ——" where B=1, AR i+}’1; L (7)
vt B L6 2 Y
AMe ki A3t AX z20] weh W golu, B AAC AR k @S AEH] 99
FEAS &3 &%= ASA ST dHolgE 7o = A(7)2 vl HF3so



24 AA 34

CPCY AHEA &8 AY =S 93 324 84-S ANSYS Workbench®] A2 % (Static structural)
M-S AREsElT) ofel AbgH 3xk mElo] E4 Z}7; Table 5l 7]=ebgith b EAS PZT-519]
ZIAA 543 A4 54e 7R 3E = ok gtk o] SJ instrumentAF] PZT-5]
Farskal.
Table 5 Material properties of CPC in FEA

Material properties of PZT-5J
Stiffness matrix

1
=

=4
=

o oX
o rlo M

(¢, ¢, ¢; 0 0 07 [13365E+5 85729 89749 0 0 0
C, Cp Cp 0 0 85729  1.0945E+5 85729 0 0 0
¢y Cy Oy 0 0| | 89749 85729 13365 0 0 0
0 0 0 ¢, 0O 0] 0 0 0 18500 O 0
0 0 0 ¢ O 0 0 0 0 18500 0
0 0 0 0 0 ¢ | 0 0 0 0 0 21951}
Piezoelectric matrix (e)
0 e, 0 i 0 —5.0612E-6 0 i
0 e, O 0 21.172E-6 0
0 e O 0 —5.0612E-6 0
e, 0 0| [13394E—6 0 0
0 0 e 0 0 13.394E -6
0 0 0] | 0 0 0 ]
Permittivity at constant strain
& 0 0] 1343 0 0
0 & 0=l 0 1224 0
0 0 &° 0 0 1343
Material properties of Brass
Density 8.47 x 10° (kg/mm’)
Y 105,000 (MPa)
Poisson’s ratio 0.33
& 1% 33 Be] mesh A& Table 6l gl a3t
Table 6 CPC mesh size
Element size (mm) 0.5
Element type 3D 8-node element (Solid 45)
No. Elements 16,800
No. Nodes 105,791

o] &3 PZT-5] Alol A= Z(Bonded), ¢1ZHO w3 As HAE % 5 29 5327 (Fixed
support) 2 = £ ZA|H 9 (Displacement) S F-1 8131 T}
PZT-51¢] 3x1d Edo] dd&EA A8S 98] ANSYS Workbenchell W4 Piezoelectric and MEMS toolS A}

gatairh A, sk PZT-5J00 Piezoelectric body =71 F-of & &8 St 545 91k = (Voltage) 2 I A



A
e

3
tlo
do

Fixed support

l Bisplacement

Boaded

Fig. 8 Boundary condition set of static analysis

gk Z7](Voltage coupling)s F7F= F-oJ33ith. o] & Fig. 8o YERATH

Voltage

T

\

e

Voltage coupling

Piczoelectric body

o]Z 7|Wto g CPCe #7]H XS sk AF} Fig. 99F o] 0.5mm W] Q17} Al 24977VE =EFHSTh
S =FeRglon, o5 Table 79 delst3ivh

oj} &L WHOE sSmm7HA] 05mm¥ WS 7FelE )

A: Static Structural
Voltage
Expression: VOLT
nit: V'
Time: 15
2022-09-11 2% 10:34

24977 Max
1.9426
1.3876
0.83255
027752
-0.27752
-0.83255
-1.3876
-1.9426
-2.4977 Min

oms

Min -2.4977V
Max 2.4977V

Fig. 9 Result of CPC voltage via static analysis

Table 7 Result of CPC voltage according to displacement

Input data Output data

& (mm) o (mm) Vrea (V)
0.5000 0.3184 2.4977
1.0000 0.6368 4.9953
1.5000 0.9552 7.4930
2.0000 1.2735 9.9906
2.5000 1.5919 12.488
3.0000 1.9103 14.986
3.5000 22287 17.484
4.0000 2.5471 19.981
4.5000 2.8655 22.479
5.0000 3.1839 24.977

5709 v B4 47 ALs] A8 40 AFS 99 C BAE JoR JAH SHS st

= AA A3et k, #hS AFESITE Table 8ol 68 Smm7ZFA] 0.5mm¥ SIHAIZIH old wWE 4,
A3t o5 7]HFo. = Fig 109 341 I ¥ (Curve fitting)S AH&-3 A3 & i



Table 8 FEA result of &, and F,, for CPC according to forced displacement

& (mm) & (mm) Fy (N)
0.5000 0.3184 3.1049
1.0000 0.6368 6.2097
8 1.5000 0.9552 9.3147
fy A 2.0000 12735 12.419
o w 2.5000 15919 15.524
3.0000 1.9103 18.629
3.5000 2.2287 21.734
4.0000 2.5471 24.839
4.5000 2.8655 27.944
5.0000 3.1839 31.049
T T T T J‘/
3t +  FEA data b
Euler-Bernoulli beam theory /
g
25 P
R2=1.000 e
2 -
_ -
: s
2 157 /
1F /
05 /
o
0 : . .
0 5 10 15 25 30
Fy(N)
Fig. 10 Curve fitting to derive ky
2EE k32 0306301, o] F (7)o tiYdgtl. Table 99 FEAS} A 2] 7t 6, F,o Hd &
2 B3 A9 B4 FEA & A3k FARSH] ky dkol Agstha e,
Table 9 FEA data and deflection formula verification for CPC
& (mm) 1 2 3 4 5
FEA data S (mm) 0.636 1.273 1.910 2.547 3.183
N 6.209 12.41 18.62 24.83 31.04
Euler-Bernoulli S (mm) 0.636 1.273 1.910 2.547 3.184
beam theory F N 6.209 12.41 18.62 24.83 31.04
Average error (%) 0.014
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2.5.1 CPC Azt
/‘]Xﬂ /\164 X]égoﬂ 01—}\1 CPC Z‘]]Z}—Q— %@_

$3 AYEE Fig 1] eI PZT-SISE 3F Aol
NEAE Ags FADL ofF PZI-ue) AYS melste] Welee SlrjolFh Aze] By ol
A PR F5S sue] agel WY 5 e B3 2z

Metal

Silicon
PZT 5]
Epoxy

Brass

Metal

Press

Fig. 11 Schematic of

CPCE Fig. 123 %

=3
e, o) 2

C attachment

Cp
€ 34 242 ANAA. AAAe AR 228 Agste) B Fu o

Surface cleaning of C2680 Surface cleaning of PZT-5J

Spread out of epoxy

T

Fig. 12 Manufacturing process of CPC



252 ZFA] A Q7 A g

Ao AREE AH| & Fig. 1339 2ol 44353l th H2~E ®|=(Test bed)™= PLA(Polylactic acid)E A}-&
& 3DZHUEHZ A zaldar QA 245 3 (Oscilloscope, EZAFS] DS-1080)2 Al-&3te] HAS FA 38t

]

15 7IHte = ZhAl M9 VIS " 3098 s ol& Fal €Yol 5.0mme] WS
atls W PzT-510 stdte] A= AL sk wWebd 45mm7bA] 0.5mm FAo® SAH
AH(Vu) HlIe]EIE Table 107} Fig. 140] e AT

Fig. 13 Photo view of experimental set up to measure voltage

Table 10 Result of voltage according to displacement via experiment

A7}
Bt

Input data Output data

& (mm) & (mm) Vu (V)
0.5000 0.3462 3.4562
1.0000 0.6924 4.2676
1.5000 1.0386 6.1156
2.0000 1.3848 6.4941
2.5000 1.7310 7.6906
3.0000 2.0772 9.1955
3.5000 2.4234 10.825
4.0000 2.7696 11.711
4.5000 3.1158 13.350




e e = s X
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T T T 1

Voltage (V)
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T

+  Exp.
©  Voltage mean
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e
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+ A
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Fig. 14 Result of voltage about piezoelectric element’s diplacement according to tip displacement of CPC
on experiment

253 °|&, FEA, 4% 2t =% A7 v|u
g Ak dolg 71w A Ak o] 4] 9 FEASl A dlolg 7+ Agiet o xE AAASR)SY
Hat Al 2% (Root mean square error, RMSE)E AF-&-3ll 24330t} ©]& Table 119 YEFU AL Fig.
159} o] CPC W9 F7hol whet ea7F S713hs & 5 Urh
Table 11 The evaluation error between experiment, FEA, and theory
Experiment Theory FEA
R? - -5.367 -
RMSE (V) - 8.075 6.671
35
+  Exp.
©  Voltage mean
30 Voltage theory
———-FEA L
25t -
20 ¢ -7

Voltage (V)

= &
l\
A%

A\

!
N

— A

b B
A

0 05 : 15 . 25 3 35
r)'p(mm)
Fig. 15 Result of voltage according to displacement between experiment, FEA, and theory
G oAt FEI PZTSI A% BAA 3e, wek 8o 2ANA Fd 294 Assh wA
o= gt old SHHAFTE Hadte] VI dHAT dold Ao ATHETE® whebA
A3 Sk dlel® 719k obd At o] 243 FEAS $AAFE AP ow Bt

o] &
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orA
W
e 29 Ay A8 A% A5 S 58 AGE ookl AEAAT, o5 FEAd 459
71 f8 A &= 71”‘!‘(631, ey, es)E APHoz BHASAT. olF Fl BAHE FHAAT(g, e, e,
tolg 71k b At o] 4] % FEAC] R*9} RMSEZS Table 120 A]3}slar

olo] W& “% AYS Table 133} Fig. 169 e AT

Table 12 Dataset of calibration piezoelectric coefficient and R* and RMSE

Experiment Theory FEA
831 (me/N) - 5.405 -
e31 (C/mm2) x 10° - - -1.461 x 10°
e (C/mm2) x 107° - - 12.57 x 10
eis (C/mm2) x 10° - - 5.394 x 10°
R’ - 0.9125 -
RMSE (V) - 0.9466 1.253
Table 13 Result of calibrated voltage according to displacement
Input data Ouput data
& (mm) 6 (mm) Vv (V) Vrea (V) Viheory (V)
0.5000 0.3462 3.4562 1.5525 1.5421
1.0000 0.6924 4.2676 3.1051 3.0843
1.5000 1.0386 6.1156 4.6576 4.6265
2.0000 1.3848 6.4941 6.2101 6.1687
2.5000 1.7310 7.6906 7.7627 7.7109
3.0000 2.0772 9.1955 9.3152 9.2531
3.5000 2.4234 10.825 10.868 10.795
4.0000 2.7696 11.711 12.420 12.337
4.5000 3.1158 13.350 13.973 13.880
20
+  Exp.

18| @ Voltage mean
Voltage theory -
F|=——-FEA #

-
[

S
s
T

=y
]
T

Voltage (V)
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. (mm)

Fig. 16 Result of calibrated voltage according to displacement between experiment, theory, and FEA
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A: Explicit Dynamics
Explicit Dynamics
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[B) Fixed Support
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Fig. 17 Boundary condition set of dynamics analysis

Fig. 18 Stress by protuberances shape

Table 14 Result of von-Mises stress according to impact load

Geometry von-Mises stress (MPa)
Rectangular 286.974
Triangle 318.220
Circle 138.291
Table 1404 =719 CPC7F 5= 9k S-#H(von-Mises stress, 0)°] 7Fd @& AS &4 5 9l

thoolell wel dF =718 AR F =71 AF AsE AAPH
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Fig. 20 Central composite design of 2 factor
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Fig. 21 Result of explicit dynamics analysis

Table 15 Result of FEA by faced central composite design

Input data Output data
a (mm) b (mm) & (mm) OmMean (MPa)
12 5.8 2.8267 144.03
14 5.8 2.7779 143.77
16 5.8 2.9229 150.73
12 5.9 3.0258 156.09
14 5.9 3.0717 158.23
16 5.9 3.1130 159.28
12 6.0 3.2260 163.52
14 6.0 3.3280 167.27
16 6.0 3.2196 162.54

ole] 23549 AA A RES ARESte] FH A It wlustglth o] E 913 Table 159 2% W
AE AH&ste] A Z 95 Table 169 YEFU AT

Table 16 Result of static analysis by explicit dynamics analysis

Input Output data
& (mm) o (MPa) F, (N) F, (N) Weight (Kg)
2.8267 142.38 11.941 17.553 0.2888
2.7779 139.93 11.735 17.250 0.2891
2.9229 147.23 12.348 18.150 0.2894
3.0258 152.41 12.782 18.790 0.2889
3.0717 154.73 12.976 19.074 0.2891
3.1130 156.81 13.151 19.331 0.2894
3.2260 162.50 13.628 20.032 0.2889
3.3280 167.64 14.059 20.666 0.2892
3.2196 162.18 13.601 19.993 0.2895
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A AEE IS
o2 24204 AAFd ccDE A A AL

SRR

P
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AANAE E8d o olUA st A" A2" S HAstee] 71E gid] §
AlZH(Time) 2 H]-&(Cost)y= a&H o= A8317] 93t

AT A A Y (Design of experiment, DOE)& &2 o=
ol A2 st gl AR ARG

E'_:]l
9%

71:]._/;\_ =i
uo}

=
o
2
T
0]
2A

io?‘:‘HUl:IPF

g S) ¥ AFHb)s 4 AANT x, n= E7|sI e, 7} AAwge W
S 1Este] ZH2F 5.8mm~6mm, 12mm~16mm= A AT o]o B HA A~
2 Aol Wgte uE -5 (von-Mises stress) AR B 3F5(Fw) 2

FAl(Weight) 5475 FEAS &3 E&3STE 3, EE(mode)d| S F3) 1~3% B9 Al2~H

ARG S Folatl o, 15rad/soll e 255 2.387(Hz) thy] 2 7(]—0] Ho] NSAESE 2AS A9

st ool gt AxE A AT Table 162 WES =74 3ko] Table 1791 YERARATH

Table 17 Result of performance factor and natural frequency via FEA

=

9o Eei7t H9% W)

oL
[}

o (Hz)
X X2 o F, Weight E ond 3rd
(mm) (mm) (MPa) (N) (Kg)
1 5.8 12 142.38 17.553 0.2888 590.32 1,163.0 1,163.1
2 5.8 14 139.93 17.250 0.2891 591.87 1,165.3 1,165.3
3 5.8 16 147.23 18.150 0.2894 593.23 1,167.1 1,167.2
4 5.9 12 152.41 18.790 0.2889 590.86 1,163.7 1,163.8
5 5.9 14 154.73 19.074 0.2891 592.35 1,165.9 1,165.9
6 5.9 16 156.81 19.331 0.2894 593.82 1,167.9 1,168.1
7 6.0 12 162.50 20.032 0.2889 591.43 1,164.6 1,164.6
8 6.0 14 167.64 20.666 0.2892 592.98 1,166.8 1,166.8
9 6.0 16 162.18 19.993 0.2895 594.35 1,168.6 1,168.8

2.7.2 A4 3}

B AAlY] &9 HAs g A HustE Sl vtSeke HA S SASgeE AAsdd 18, A4
Alz=glo] A ujgS Fol7] 9 AT oR TVIE B [x, x] = [5.8, 14]°] Hl T 0.2891Kg
o w MAAsil o, olF AAstete] A(®)3 o] HEIAH

Min. ’{ &—;wm’{xi?xz}

‘Iai j::v“age{" i.‘"’r’},}

Subject to:

g!f’ﬁg};f = {).2892(;{8’) (8)

Variables :

580mmm < x, < 6.60mm
12.0mm < x, = 16.0nmn

Initial parameter: [x,. x, ] =[5.80mm, 14.0nun]

273 dg2d

FEAE &l =59 AsAa HolHE 7Iwketo] 23] gk A4 sx&5 F4617] 93 3]

X dl(Regression model)S HH-&- 3 ¥ (Response surface method RSM)o.2 AA3FST) o= o AAW
T7F HEHAQA 2G5 st HAFd dFS T US W v W) o] f = vk EHe Yd F
A B4 PO w AAA S D B B S A5AF Ao 24 AR



D& ARSI, FRF(Weight) 525 HolE 9] A AAMS wste] mel At Wk A9
A9 AT Hol7] wZel 12 S RmAe ARE-atgith

;—;i%%Zﬁx%ZﬁxY )

r{;

2 9)E AEste] F AART(R)7F 2719 "ol ik 22 s|ARAS A (10)°] YER SN, 13 F]
ARAS 2andd YeR o

y= }é:} + f—%x: 'E-':ézxz J‘-'fézzxiz - qz’-:xzz 'i'i&rzxzxz 10

kl

= 18{: + ﬁxz 'E-':@zxz (11)
Table 17914 =9 AdSAF dolgE 7Ivtez 22 9 12 td s|ARIS AT izt
v gtz AeATE 2 (6) E (NS 8ot H4%S HUsE /S vl dist A5A HolH=E
welsiglon, o5 7|Wte g RIS A 2](12), 21(13), A(14)°] YERY AT

39 0g fAn
Py, =—4496.37250+1375.10833x, +80.19583x,
12
—100.00000x, —0.17500x,> —12.92500x,x, (2

A b 87w
Frones = —253.45664+77.53754x, +4.50362x,

. ) (13)
—5.64073x7 —0.00958x, —0.7264 1x,x,

o o 89nY

e = 284.73556 +0.40000x, +0.29000x, (14)

274 HERY AY¥E o}
gAu 44 F AAAE SRS A AHE 422 S A= Gk AAA oo FAu
of BE HYEE R = Goistgon, Fig 229 thehigich
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RSM of stress RSM of V RSM of weight )
94| — . _ . / d
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Fig. 22 Fitness evaluation



2.7.5 H A3}

sF Aol disl &8 HAspet A HS 7 UHA o BAFE S rvtSsie HA4sE
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sorting genetic algorithm-B)C. = 7]&Ee] AFESt HIA| v} &7 A &38| 5 (Non-dominated  sorting
genetic algorithm)2] A3F B3 %=, Abd 953 A4 274 vg 2 FH dAS8g 24 58 NAs dag
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Fig. 23 Result of pareto optimal set using NSGA-II



2.7.6 A3}

NSGA = =Zd HA8 I Aed A5 A8 e E-HOpt. 1, Opt. 3)% 3+ A(Opt. 2)=
3193, 7+ Aol dldste HAeA g AAHTE &R18te] Table 189 YEFRATE oo =&H

[e]

o

|
4 S g ga A A% gL 1E medsh AFSR00, ©lF Table 199 LhehfAeh,

Table 18 Result of performance factor according to pareto optimal set

x;_(mm) X, (mm) Zweight (Kg) | fswess (MPa) Jvotage (V)
Initial design 5.800 14.000 0.28910 139.93 8.607
Opt. 1 5.800 12.000 0.28871 140.34 7.905
NSGA-II Opt. 2 5.896 12.168 0.28888 152.82 8.607
Opt. 3 6.000 13.478 0.28909 164.16 9.245
Opt. 1 5.800 12.000 0.28880 142.38 8.777
FEA Opt. 2 5.896 12.168 0.28885 146.66 9.061
Opt. 3 6.000 13.478 0.28909 157.97 9.739
Table 19 Verification of initial design and optimal design
X1 X2 EWeight (Kg) fStress (MPa) fVo[tage V)
Initial design 5.800 14.000 0.28910 139.93 8.607
Optimum value 6.000 13.478 0.28909 164.16 9.245
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Fig. 25 Schematic of motor experiment set up
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Fig. 26 Photo view of motor experimental set up
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Table 20 Comparison of Initial design and optimal design

Initial Opt.
x; = 5.8mm x1 = 6.000mm
X, = 14mm X, = 13.478mm
\Y 8.607 9.245
NSGA-II Improving 6.900 (%)
- al Average V 8.491 | 9.600
xpenmenta Improving 11.55 (%)
12 F @8 Initial @8 Opt3 -
19.600
10
11.55%
)
> 8
A — B
1 8.491
&
6
<
-~
p—(
o
> 4
2
0
0 5 10 15 20
Number of trials
Fig. 27 Comparison of initial design and optimal design
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Fig. 28 Schematic of circuit connection



Fig. 29 Circuit connection of CPC
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Fig. 30 Photo view of motor experimental with 3 CPC and 5 protursions set up
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