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Contact surface

C

rr

Concrete (good/fair/poor)

0.010/0.015/0.020

Asphalt (good/fair/poor)

0.012/0.017/0.022

Macadam (good/fair/poor)

0.015/0.022/0.037

Snow (2 inch/4 inch) 0.025/0.037
Dirt (smooth/sandy) 0.025/0.037
Mud (firm/medium/soft) 0.037/0.090/0.150
Grass (firm/soft) 0.055/0.075

Sand (firm/soft/dune)

0.060/0.150/0.300
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Calculation parameters
Gross vehicle weight (N) 4314.93
Diameter of wheel (m) 0.38
Desired top speed (m/s) 0.83
Desired acceleration time 1.00

Maximum incline angle (a)

40 degrees (assumed)

Working surface

concrete, asphalt, and grass
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ltem Specification

Vehicle dimension (Length X Width X Height) (m) 1.8 X 0.85 X 0.7
The gross weight of the vehicle (kg) 440

Maximum load capacity (kg) 400

Maximum forward speed (km/h) 3

Single DC motor (24 V) 0.40 kW @ 3400 rpm
Battery (amp) 100

Wheel diameter (m) 0.38

Battery |

Controller
= 2 1 y I g
£ .3 T2
§ E Electric Power Electric g g
'§ g motor converter motor S &
=& 1 t =&

<4EVe| S3 M AIAE>
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2.2.2. 53 MY A|AH 2d
St AH 7|0{= 20174 of KISSAZE =2lo|2Eg 2l AT EY0{(KISSsoft AG, Bubikon,
Schwyz, Switzerland)& AI&st0d R = QA Fo| Zo|et A2 ZHZE 1656mmet 20mmBCt AT 7|
ol 15, 18, 21, 24, 27 ¥ 30709 &4 (T2 MA=U20, F FH Z2 15mmet 256mmo|ct. & ot
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ltem Specification

Gear type Spur gear

Gear module (mm) 3.2, 2.7, and 2.2

Gear teeth (T) 15, 18, 21, 24, 27, and 30

Gear material SM45C

Tensile strength (MPa) 640

Elastic modulus (GPa) 207

Yield strength(MPa) 370

Gear ratio 1:1

Poisson’s ratio 0.3

Face width (mm) 15 and 25

Shaft length and diameter (mm) 165 and 20
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Gear teeth — @)

Gearmeshing
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[ Gear 3D geometry ]

Contact between
gear and pinion
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* Load @ 3:
* Displacement —|->[ Boundary conditions] T
* Degree of freedom! 1
[ { |

Stiffness:
I Newton-Raphson method

|
Non-linear static —|->[ Analysis settings
1

[ Post-processing ]G—Von Mises stress distribution
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Gear meshing

Torque sensor

Toque measurement
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Electric motor
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0.055kW, 0.61 + 0.037kW, 0.57 + 0.020kW, 0.51 + 0.0842| =|tf 2= MI3SIUCt Zots 7[27]
Zto°d mf £ T IS EoiFUct J2L 2E E HZolAM 157 ZAtolA o] Ho|Z2= 500kgoll
il ZEollAM =ci S0l @7&l HHH, 28 = 727|171 0°d wf =& S20| 7= ACH




g2z | H8 2o Al 58 27 SKW)
(rpm) EES LAH®)
(kg) 0 5 10 15
500 0.29 + 0.023 | 0.50 + 0.039 | 0.73 + 0.071 | 0.84 + 0.025
70 300 0.23 + 0.075] 0.41 + 0.048 | 0.52 + 0.036 | 0.70 + 0.069
100 0.13 + 0.012 [ 0.22 + 0.090 | 0.31 + 0.061 | 0.41 + 0.081
500 0.26 + 0.014 | 0.41 + 0.021 | 0.61 + 0.019 | 0.69 + 0.055
60 300 0.21 + 0.081 [ 0.36 + 0.083 | 0.44 + 0.030 | 0.57 + 0.020
100 0.13 + 0.026 | 0.18 + 0.056 | 0.28 + 0.068 | 0.32 + 0.022
500 0.21 + 0.062 | 0.37 + 0.075 | 0.53 + 0.055 | 0.61 + 0.037
50 300 0.18 £ 0.079 | 0.29 + 0.070 | 0.37 + 0.063 | 0.51 + 0.084
100 0.11 + 0.033 | 0.15 + 0.036 | 0.21 + 0.019 | 0.29 + 0.079

3.3.4.2. OIAZE EZ20M 7E= =H

OIAZE TRoAM 4WEVII RF o= s¥H2 ZIZE =2 EHOIEASI He2t 27 == =9
o &kt 5°, 10° & 15°2| 7|27]|+= 500kg st&<l &< 0.52 £ 0.050kW, 0.75 + 0.040kW % 0.85
+ 0.087kW<e| =0 =21, 0.42 £ 0.078kW, 0.54 + 0.056kW % 0.71 + 0.011kW7} EH st dhod,
60 ¥ 50 rom & HEolA= 70 romoll Hla 4WEVE| BH S22 I, ol EF, 58 ¥ L9
A w20[ACtH OfAEE T2 o| Chefst oM 4WEVIE R 5tE B 2o 522 ofel Eef 2ot

<OIAZE T Z0Me 4WEV SHTZ &4 A A1
=
o

2 55 ME ot wd o
(rom) | 3t5 (kg) A
0 5 10 15
500 0.31 £ 0.069 | 0.52 £ 0.050| 0.75 £ 0.040 | 0.85 £ 0.087
70 300 0.24 £ 0.023 | 0.42 £ 0.078 | 0.54 £ 0.056 | 0.71 £ 0.011
100 0.16 £ 0.056 | 0.26 £ 0.045| 0.34 £ 0.011 ] 0.43 £ 0.050
500 0.26 £ 0.067 | 0.43 £ 0.070| 0.63 £ 0.031 | 0.72 £ 0.010
60 300 0.23 £ 0.064 | 0.37 £ 0.020 | 0.45 £ 0.068 | 0.60 £ 0.098
100 0.14 £ 0.050 1 0.23 £ 0.044 | 0.30 £ 0.031 ] 0.35 £ 0.060
500 0.24 £ 0.052 | 0.37 £ 0.049 | 0.55 £ 0.028 | 0.62 £ 0.069
50 300 0.20 £ 0.01510.31 £ 0.049 | 0.40 £ 0.018 | 0.52 £ 0.089
100 0.13 £ 0.030 | 0.16 £ 0.070 | 0.27 £ 0.080 | 0.31 £ 0.014

3.3.4.3. Ctst HAL =Aof st = 55 QT H|W

CtEs 82 ctekst §s5t =74(100, 300 2 500 kg)oll cheh H# =0 S8 FAIES E0{&ECt
2tz 62 ot Mefol| w2t F2xIch o] A'olM, ChE ZAF ZHUME FOf 5t = AtO|
of 2 Xto|7} iACt. 100 kg ¥ 300 kg st=2| B ofAEER} ZF2E £ 2 X=Z0A 4WEVE TS5t

= O 223t =32 i RASIACH 2Lt 5°2F 15°2] AL E2 Alojof|AM 2FE =2 Xto|<= o|o|st
Act ZAtziol 10° mf = &5HSol| tHet ofAEE T=zef FIEE 2o sHe+E X0|J7t siRdch
J2{Lt AgkE HlolH = ROl m F7t S0 Isiote AE

Hol{Fqdct B 2
2 S 2 |E T2 ojATE
T2HCt 330| M/ 25t 232E LHe| 2 SHo| cli Je2 n|x[= BHEIE SIHAF|

7| 2ol Mo npEASIL Fobdq gdg = AUt
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0.35 - 0.60 -
a
E 0.30 - O Asphalt road ©Concrete road a E 0.50 OAsphalt road 0OConcrete road a a
= a ap 1 = ab ab 4
= 0.251 = 0.40 4 [
% 0204 e [ ] ' ' 2 :
a 2 0.30 -
g 0.15 4 c H
5 I ‘5 0.20 A
= 0.10 - E
€ .05 4 0.10
0.00 . : . 0.00 . )
100 300 500 300 500
Load (kg) Load (kg)
0.80 4 0.90 -
s 0.70 { OAsphalt road 0Concrete road a a __0.80 { DAsphalt roadOConcreteroad a @
Z 0.60 i Z 0701 b abe ++
’g 0.50 - ab ap g“u'
8040 g 0901
0.40
T 0.30 b T
= £ 0.30 A
o 0.20 4 2 0.20 4
o .
x 010 - e 0.10 1
0.00 T T ) 0.00
100 300 500 300 500
Load (k
Load (kg) oad (kg)

<OIAEE 3l ZFE|E E2=x7el FHRTY 8|1 (P < 0.05)>

= AFoM= IHLE 4WEVS SHEE NS Rl AL, StE, E2XHO e SHAERES
A5tz 7| =AIEo| AA=%ict E3 Olo[E{= 100, 300, 500 kgl st&E = 0°, 5°, 10° ¥ 15° 7|
207 ZIEE ¥ olAZE ZEOo|M 4WEVE Fsto] =& oIQct T2 EER 4WEVE 2t =710 A
TIEAY R ANE ECH XHEe| st ALZE flsl =t 15°2] =2 ZAtol| tHsl =CH 400kgel sH&0|
HTEICICH E SYE20F 4WEV HM 2 2= XA "otet Lf7M HADE SRS Algtolct J[E =
ZEER] EVveE e 0|0, &F A= EV AMEM EAZ fst EF "Il H2HS ¢ PE 1I =k 183
7tet i STt ikt St E g € = ULE EEXAE S EHUH E(RSM) 2 JHERIZFS| T =0
e chyst X|Z=AH(E, =)ol tist FItAFE AAsHof Shot
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(98% & 71%)
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422 M Mz}
=el[63]ol 2lsf 2uE oty MR T4 XAE MM (Xcg)2l £ ek XH 2o 5

= = — <
M XtZol| et B|HX FH SaS Alttstz| sk ALZ=[UACE 0|2 ISO (2015)dlM M3eh At =

gt FAHSA Alttolct

R/L
cg m
o7|M, R, TAF okl &, L1 8H, W AE T Y.

<120z HEfjol Mol ALETT|XIS| FAHSH FE>

<42 MI|A F2 H >

Vehicle specifications Only Vehicle (without load) Normal Lifted
SB
Model Weight in left front wheel 124 119
Model

Weight (kg) 440 Weight in right front wheel 128 122

Wheelbase (cm) 133 | Weight in the left rear wheel 98 101

Wheel track (cm) 82 | Weight in the right rear wheel 91 99

Front—wheel radius (cm)| 19 Vehicle with load

Rear—wheel radius (cm)| 19 Weight in left front wheel 176 162

Front tread width (cm) 14 Weight in right front wheel 162 154

Rear tread width (cm) 14 Weight in the left rear wheel 239 251

Rim radius (cm) 10 Weight in the right rear wheel 263 271
Height from ground to base (cm) 13
Tire height (cm) 7.5
Ground to axle height (cm) 67 ~65
Axle position to RW centre (cm) 128
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oi7|M, L7 E0 832 W MAED FXE Aol 8 2|, n: MitF0| S0f 227 F0|.

FEEL dHE HO)o =HE H(\,) Atole] = ol 422 FSiqct
n—r,

tan\, 1%
Ar

tanl, 17

A=A~ A

SAZMe F0l(2,)E off +A2=z HHEY + Uk,

Wil—R{L R{Ar
W, tan A |4

O{7|M, h: FXEREE FAZAUNXIL £ol, R Aol S0 27 X0 A2 uf MxtZof

2 AEstE .

Zﬂy =r,+h
S 7ol B ZAlgho| 2™ E T, MM ZEbsF 3 =gteF ol M ZtE = oS3t Zo| =elgr = 2l
CHLiu, Ayers, 1999).
. . ;. -1 ‘X:tg
Longitudinal stability angle (rear)= tan (Z )
cg
. _ TW
_ 1
Lateral stability angle = tan (QXch)
TW. oo = o = S A
047[A, —: FH ZAdA EE Z7HX9| =& = Helz2 HolE.
RT_ FT
TW FT L—X, RT FT 2 2
S = ((T) +( g)(T ——)) X cos(tan” ' ( )

S 4

LSAtE E0| 25285t 2USZ0l citst ofFEot w2t =l T ohdd =M S il 48
H2|x7L o2 Sote mo ddE 245t Fd AlZ2loldo] A= ct S5 M 2H[75]2
AtE5H0 AWEVS| oHEM 2 =felsticth Wizl 2t B YEoll thet AtEF2| 2 ol X7t ebE A el SHA|
ol M CG #Helel fIx ol HXIEct 37| 2o LE22ZollM 2™ sts St AF ol =™ ZIct of &
gollM F&sl= Ze2 viFol &5t 5 UxrEHo| M2z ztPElnt Lot 7 HE o ek
XHat fzlef st o] YEH w2t Hetsto], 24 gotE of dEoAM Feh deg sel(ad Ex).
of &= At =7| /xloIM A& SE(G,,G,) F&&F0| ofol| w2t AHECEH M SHAl= W2 &2
of CHet xtge| 228} FE2f Ak 2[T2Z A|XECH fstdeoz ApMel F7 HEt O 4ES
Atolel A= HEAE ALESHe] ZEE 5 Ut
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M

G=y\ai+ Gk
Gy
Bl—tan IFZ
G
M tan 122
- 9 tan X,
B

SEfol M XtEo| M Elct ekdA el =zolM, CGZF 54 YEl= F
P21 Foll 12 HolUAUCHS 8ol EAIE 2I#] (A)<t
H

SH gtol 1 ojgted m=
7 =l (
Agtgt = A= E X Holl thall S grd S w2t F 2 ol st

X
o o
2 o|S3x|et, SHe| #t2 2oF

Mol M CGE ofeh %

1=
mjo
>
0k
ol
S
= o

520G = V oG+ x*

Aol =4 5= floil E XFo disf M= wf CG= fIxl (B)olM 2% (C)2 FIZ olsgetct.
x| (B)oll A= 4WEV2| 5 ol{X|= CGel &&E 2= oA, CGel 2dE 2t 25 olHxl, 2z
1 E XI™ol st CGel 3|F 282l golch ol2{st HAE FH A4 g = 9.8 m/s’S 1a{5to] ofzf
T4 2 ALESto] EEEIC

KE = %wi X (J,+0.98Gx ECG*?)

CGel 2z[(B)oll tigt Z=oll thigt 4WEVe| Zt&x oo, otz A2 FA|ECH

Y 2KE
! J,+0.98Gx ECG*

o

CGel fIx|7t (B) ®I#[0M (C) ?IxI2 o|Sst= =¢f, Eoll tigh ol & fIx| Atojof Zt=7t Mo ECt

agolAM 2= ot Aol olsi ZFYECH

KE

§ = cos ' (—==— + cos(E=—p—
(GxECG (5=B-7)
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(8% & 75%)
CG7t 91A| (B)OIM 2Ix| (C)= o|Sste Sof @2 9| ol L{xl= of2h 412 Algsto EHE 4 ¢

Ct.

PE = GX ECG(1—sin(8+9))

of ®I[ollM, 25 oUX = S5 =d St XF0| s LYE 91X olHXI2ct IAHL Zot o]
iAo ZAEZ £ ofef AR HIY = Us A 4K = SEich

B 9PE
wycrit - "
J,+0.98G % ECG

AWEVE| M= 229 FHlM 2sste s =dw, > v, & UESHE dF CG2l ZE fIX|0lAM
e ehot

o
i
N
>
>
0k
fob
=
mor
[
Ao
Hr
Hn
19
rz
>
=
>

4.31. 38 2 S8 Mx =A AlSE0o/M & AEH sy

From the lateral overturning simulation under static conditions, the lateral overturning angles were
41.49°, 41.32°, and 41.98° when the 4-wheels electric vehicle was tilted toward the right side.
Similarly, the lateral overturning angles were 39.85°, 39.49°, and 39.45° for the left side. On the
other hand, for the longitudinal simulation under static condition, the longitudinal overturning
angles were 49.75°, 49. 56°, and 49.77° for the rear side. Likely, the longitudinal angles were
47.29°, 47.65°, and 47.33° for the front side of 4-wheels electric vehicle. The Longitudinal and
lateral overturning critical angles are shown in the table for developed 4-wheels electric vehicle.
M 3 M ME xHel AlSHolM & AEH A

HA =AM ek M ASH0|MAM 4F MIIAPIE LEZSER 7|23
41.49°, 41.32°, 41.98°0|%iC}. O|et H|=skA, |1ZF ZHo

Ct. gtdofl, & ZzofM el See A2 4
49.77°2 2 LIEIGon] MYto=zo| Futel ME ZtE &= 47,

gel M A == ofef ol MA|= ATt

oo - L

o Mo
8
olor
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< o
2
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<HH™ 9 =M M MY 7o wWE Hip>

[= s | = =3
N Longitudinal stability () Lateral stability ( )
Conditions :
Rear side Front side Left side Right side
Simulation Practical Simulation Practical | Simulation Practical Simulation Practical
Unloaded
49.75 42.50 47.29 42.50 | 39.85 42.50 41.98 42.50
Error () 7.25 4.79 2.65 0.52
Loaded 46.55 42.50 46.93 42.50 | 37.82 40.90 40.32 40.10
Error () 4.05 4.43 3.08 0.22
A HAE52 2o, sH7ISAMSSN (S Lol A 2 st AEfolM ALE MI(xte| M=
Algo| A= QAet MR =X 22 =HollM XHF2 2O ME ZHE 42 507K ePEXo|CHISO HE).
M7 MEjoAM = o] EHE =A(FHF ¥ F)oAM MEE0{, o= ZHE dHiR ol =cf €o| It
7] W20 wMSiCE o|E MEM FEASAO| XE HHY Fot AEidAM EHE Mot Ydlst=E =
o8 At=to| ghdsict MY ZaobeE chg OgT 2ot

Lateral stability

<Xz =74 (8237.59 N) >

SH dEOIM A HEE AWstY| flsh olE2H wWHAO| AFEEHULD HY oty HAES HT Z
atofl 2h xpEHo| AA HE = (aE EANMAM ASEHJCH ME BHAEE cfdet M FE(1, 2,
km/h)et Xlat ZAL 30°7HX| A= Aot A E SEft MY =X 2 o ZFolAM etE el A
WSS HoIFAct o|gfoll 2ZEQofoM= = FHAHZET 3km/hollA HEEF 2] FAHS A0l 2F 2cm
HE ez dsed A2z oFgan, JHte FHASHe| Hats Fo=oME tEHd ZHez o
Z=[Qdct Lot FolE s 7oA 30-40%2 L2 FASHE 20| HME Hez EohE Aot
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5.2.1. Mgl o g FHD T8 Al

NLURHER F oM MAsSAIEES AAlslen, ot X2 sEHdsty F5520[[gL, CHE T X2
HotAloff fIx|et b mp=@lo|ACE. ofefl T Elol F JHX| Ae HA X E LHERHRJACH CNU SZ S ZHoll=
M 71X RLEZRE ZAH, 5 T U TS EHAEE & ofAZE 232 E 2 E=X|7} JUUCE Z[H= A
ZE =AM o2 £X(1, 2, 3 km/h)2F X|H HAKZIL 30)2 ZSstl st 770l w2l Al st et
O Xt Mxf S22 400kgO|RUCt FH Al | F M E5| A5 et M52 EdFUCt =[O M =
Ao, 710 255 Zx(70:1)= A HH Ao 2zte] 258 Eo{FAon Mg Soll 4S7|E F+
H5HCH50:1)

CNU greenhouse
. KAIST
KAIST

5.2.2. AE, YAz, = =1

HatA 3= FIE MA 470 (2= :356A01, PCB Piezotronics, Inc., Depew, NY, USA)S AlE35t0{ &

M

= 3M(X, Y, Z F)olM Hss SYstct Mol 2742 MMt == D, AWEV FHof| 2712 M
b 2=kl Qict ofel O Mol fx[E HEt D ot TS Mo Fas LAEs YEI 259
A 2 ~ 8000Hz, X5l A2 2 ~ 5000HzO|UCt. 4WEVL| ZlE HIOIE= ISO Z&=(Od ==)dl w2}
4xd 2 E(NI 9234, National Instruments, USA)ol AZ =l 8xd Hiolef ZH(ZH: NI cDAQ-9178;
National Instruments, USA)E &l F& = ACt LabVIEW ZEQof Z=2IH(HZA 2010; National
Instrument; Austin, Texas, USA)2 At835t0] s &8 FZ&I2 7|F6IQct $4E &S HolH=
Matlab R2010a &ZEQ|0o{ m{7|X[(0]= MathWorks H™ 7.10)& At&35t0{ F71 HItE flsl EM =AU
Ct.

o

AT
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ac—|‘T

Input power
(9-30v)

transmission
part
Tri-axial (X, Y, and Z- [ 8-channel
axis) accelerometer data logger
Z
s
Cabbage
transportation
<Zls 58 Eika) E1= x| (b)>
TS Hlole= 2t A@otct 0.5kHze| o2 & =dct 458 MI7|Rtel 2ls SM82 0°, 5°, 107,
16°2l ZA @ERE0t 1, 2, 3km/hel MA FY S cheber 0N ST wols gl dEe Palu
2te] MEHMol ZZ(CNU 2H)olM sl =dct  ZAAPA(SST420, Shanghai Vigor Technology
Development Co., Shanghai, China)= £=22| ZAIZE X st7| fIs ArS=At 2F AEotch Ml ¢ef
HEAHZ 3P9‘XEF. NsSFX= 1ISO ZE=0 Wt XF, Y&, 25 WeHMES, 7I25, ME2F)22 F-sot
¥t s 7k E2| 7FF R.M.S.(root mean square) 2 o2l A2 HASIYHCH FHEX Z Y) S
2 1SO 2631-1 EFES 125H0d 1.42 H=E FHot¥ct.
T 1
Aw,amis = [f [aw aris (t)] dt] :
0
OI71M, a,,, = 22 HI S X, Y, 20| Bet A7t OlMel Fate J1E IS Em/s2)Y. TE &
5 X&H Aol 4, .= AWEV 2d Z M ME JHollM & Fu 7S RMS JHEEE.
Z As WX, Y, Z )2 ofe FA2=2 AHitsiUct
A, =/(laxd, P +04axd,,)+(4,.)
o{7|M, A, s BZHA,). 2t MEe 2E -2 M ¥ == HE $Hm/s?) Zits B
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(98% & 81%)
0.6 0.40
£ Asphalt Concrete [ Grassland 0.30
0.5
. i
E 0.4 4 . | E
5 oy g |
= 03 NN B |
g 02 . §\§ g
\\{ 0.20
0.1 § N
0 L '
1 2 3 0 10 20 30 40 50 60 70 80 90
Operating speed (km/h) Time (z)
<MZ CtE &Y HEollA 25 2E & <X(=AM), Y(MAM) Z(HAM) grske] RF
wetol s S4> =A4>
#iE] BHAV)2 3F ghere| MutdQl AEs SM S "Wotsty| flal A Lt=gct #E &7 Zo= ZE
= FHl &% 3 AAL =Ho| 2ols Hekg wdct QER = ZAHM HE A 2 HAE & =29
HEZ|Z elsll 0-15° AAF =AM 1~3km/h M HTolA 27Est EME EQct s "ot =
AWEV ZAH[o[of B 22| HAIE A5 Al s EEJF A0l Ct o2t EMez2, SRS B &
Eof AAZE B71stH TSERZ7F SIISIUCE Ol S AlLIZ| 2= 4WEVE| 7A 24 MAZ olsl e st
XCh AWEVIE O =8l =70 olSE wf, oSt B2 ZE +FS UMAIZICH
<2t 2 Al FHEE T28H A, SHARO HE JEE >
Road type/Accelerations vector sum
Forward M ) ype/
easuremen 2
Operation speed _ (4, m/s”)
location
(km/h) Asphalt Concrete Grassland
Front-right 0.22 0.20 0.17
y Front—left 0.20 0.18 0.16
Rear—right 0.16 0.11 0.13
Rear—left 0.13 0.10 0.28
Front-right 0.20 0.13 0.30
. Front—left 0.63 0.54 0.35
Transportation 2 -
P Rear—right 0.85 0.78 0.13
Rear—left 0.49 0.30 0.33
Front-right 1.60 1.13 1.50
3 Front—left 1.20 1.20 1.50
Rear-right 1.50 1.40 1.10
Rear—left 1.50 1.50 1.50
Mutdol s EH2 48 MI|F=5 KsSA FE2 AIME MAo et &ls 7ol =E2lel g A etst=
71 TR SHEAC It AE BHn Ay AESIA| 2w, AE =FE 7 Hsof dEs olx|
A (pCH BF A = Al HES =HOM 52 7RIS 26 ds A HAE HI3sloF & Aol
ct
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TV = 88T SB-4X4

(98% & 89%)
2) BE 294 =&
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