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Abstract

This study was conducted for simulation model development of an electric all-wheel-drive
vehicle to adapt the agricultural machinery. Data measurement system was installed on a
four-wheel electric driven vehicle using proximity sensor, torque-meter, global positioning
system (GPS) and data acquisition (DAQ) device. Axle torque and rotational speed were mea-
sured using a torque-meter and a proximity sensor. Driving test was performed on an upland
field at a speed of 7 km-h™. Simulation model was developed using a multi-body dynamics
software, and tire properties were measured and calculated to reflect the similar road con-
ditions. Measured and simulated data were compared to validate the developed simulation
model performance, and axle rotational speed was selected as simulation input data and axle
torque and power were selected as simulation output data. As a result of driving performance,
an average axle rotational speed was 115 rpm for each wheel. Average axle torque and power
were 4.50,4.21,4.04, and 3.22 Nm and 53.42, 50.56, 47.34, and 38.07 W on front left, front right,
rear left, and rear right wheel, respectively. As a result of simulation driving, average axle
torque and power were 4.51,3.9,4.16,and 3.32 Nmand 55.79,48.11, 51.62, and 41.2 W on front
left, front right, rear left, and rear right wheel, respectively. Absolute error of axle torque was
calculated as 0.22, 7.36, 2.97, and 3.11% on front left, front right, rear left, rear right wheel,
respectively, and absolute error of axle power was calculated as 4.44, 4.85,9.04, and 8.22% on
front left, front right, rear left, and rear right wheel, respectively. As a result of absolute error, it
was shown that developed simulation model can be used for driving performance prediction
of electric driven vehicle. Only straight driving was considered in this study, and various road
and driving conditions would be considered in future study.
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F|Z Qo= Tt 598 2R E2F 0] ZIEE AL ok A0 VitiBotol A= 218 E ZHHHOH &g
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E BoniRobZ 7H&a3ict. SEA|Rt % T 5 B2 69 ' w1 0 27| wiZe] s elof] 1 7N
918 22 BeEe] ) A ol $8 7Hs A iR Halo] Wasith WAl Ao Al Ul 2
g0l gh= 2Hd 2710 tigh a1 7P o 25}7] wjio thokst Addo] = Q5h(Kim et al., 2023a).

T, & At B s oA T4 0 2 ARG 7Hs 3 7| s 2] AlE o] Bl Ak 15k 7| A
B, Alge]o]d Bell2 Elo]o] E/dS AISsto] thEA| &g AL EQo] & o] g5to] Zidsilon, & 5% %
7175 BYEe) FA4S AES Sojol B0l Bele] Ytes Easiel

01:0
£ e
0ok g
Am ol

Y

r._ —LJ

Materials and Methods
SA| F7|1S k2

2 Ao e FU 4 5 FH0lAM 542 5 B BYE Yol E-83517] fI5te Fig. 19] 1.6 kW %7]
T= ZYE S oz A E]'(Scout 2.0, AgileX, China). F7]7-5 S2E-2] 27]=930 mm (L) x 699 mm
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(W) x 349 mm (H)°| ™, F-A|+= 666 No|tt, 2124224 V 30 Ah2] 2| & HIE 2] 2 & 720 Whe] &5F0 2 LA,
T= A|AEI 400 We] RE] 4742 AFR5}o] S 0 2 L=} 15 RE|Q] AL L Fig 29} ZHom, HA
A& E oL B A= 74243,000 tpm, 1.27 Nmo|ch. 2 e Q18 E}Q] 0 & Efo]oje}l 2| A s o] & ALt = 7
A=]o] 9lom Ao]7} 8o]517] wjizol A% A7) T Zo)| A A AFRE| 11 9tk 2 EJQ} Efo]o] Afo] 94 7]
L 300|c}. Efojo]i= HjoloA Zato] Efg]o & Hoff Bal= 280 kPaollA] 200 kgso| ™, | E-2 33 cm, Z-2 12.7
cm, & ¥4 1524 emo|th.

Fig. 1. An electric all-wheel-drive vehicle (Scout 2.0, AgileX, China) used in this study.
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Fig. 2. T-N curve of driving motor.

A= A|AE] A

7|17 ZE] Al Ego)d 2El 7R 9ok U dlol Bl = 215 & ko, S HojEl =215 Ed =
AAstAt 215 L=t EF = 2 AFEof] LA AIA(DZ-Sensor Laser, MANNER Sensortelemetrie GmbH,
Germany)2} EZ0]E|{(MW 0.5 kNm, MANNER Sensortelemetric GmbH, Germany)Z- A x| 5} A|Z5}At}
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GPS (global positioning system) (BU-353S4, GlobalSat WorldCom, Taiwan)+<= X £ AlS517] 8l A x5}
RO 5526237 g, N =487, FX == 15m oW, S = HZ T = 0.1 mes™ o], AIXF A= =+100
ns©|t}. Hlo|E|+= CAN E-5(Q.bloxx module, Gantner, Austria)= ©]-85F 35t 2™, CAN Z-E2] 5152200
g, == 24 bit, BEFE| E= 10 kHzO|t}. A5 A= 33 F CAN 52 S 4 =5 AX|5k3l oM,

AE N2 Fig. 33} o] A4S

= —p. Lig | 0 gl |
CAN Module DAQ box

Battery Proximity Sensor | Torquemeter

Fig. 3. Data acquisition systeminstalled in an electric all-wheel-drive vehicle. GPS, global positioning system;

DAQ, data acquisition.
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Fig. 4. Field operation; (A) experimental site; (B) driving operation.
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AlE|o]A-2 thEA]| 598 A EQJloj(Recurdyn VOR4, FunctionBay, Inc., Korea)S- ©]-85}0] 4235} 0.,
F5t B2 algfo] Al at FAsHA AT B e Rl 8 2 v 1 24 Fo7he] FEEIS A

8310 Fig, 59k 20| TRt 2 B e 311 22L 0| 83}0] 79 A B0 ME TR AT AaF AFRo] g
A 722 S BAT THSIOM, A2 dAL 1% 24 o) @sto] A ARo] 1R S s3Ik
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Fig. 5. Dynamic simulation model of all-wheel-drive vehicle and joints.

A3t xpege] Hahs 1ast7] 9leto] Efojo] B2 UA (University of Arizona) S &-8-5H{C}. Efolo] Hell>
PHHE= AR BEF 21E 7P gols] wiZoll slid RS o]-§sI3iH Biolo] A AlezE 421704

AH|4(radial stiffhess coefficient), H*8 A|4>(damping ratio coefficient), 733 Al4(longitudinal stiffhess coeffi-
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cient), &0l k2 AREF 3 Al (lateral slip stiffness coeffieicnt), 74 Z}ol| k2 2 FgF 73 Al4>(camber stiff-
ness coefficient), BF&HA|4>(friction coefficient) 2! 754 Al4(rolling resistance coefficient)”} ATHJeon et al.,
2023b). A 3AIeE 2 0 = A-8-5h= Flof| ufE Efo|ofe] Mg TFo|n, Hig Al npa of oJs) & oy
2|7} 24 o Efo|o) 7t dup e oFY el 2 EolreA] et E Algrolo). S dAle= A1 213
Fo] AlHo]| mhE 2j&Fe] &3 HlEo|t) ol WE e HAIrE S0 e £ o g2 AlLte,
IR Z}of| w2 Sulsk ZFA Al 2 of| k2 7 Zko 2 AJALEITE o] Z AltH o 2 =7 o] o[l A 7HA]
Aot SHF A= S5 o H, o]Qle] A5 AYAFE Frarsto] A7gsHict.

2273 A 4= Fig. 63} 0] AHFEAIF7](ST-1002, SALT Co., Ltd., Korea) = 0]-&-3510] 31 BEE Al=3}19] o,
B2 ARSI BRolof A3 Bl sHHRE X 115 o] 85t LA oM, A &Aooz AS5A7|= S SVt
A7 o] wie] MEFES S5l +A/dAIGE Al(1)2 °l-8ste] AtsIlth

FI‘
k, = (M

N

o7 A, k, : radial stiffness (N-mm™)
F. : radial force (N)

T

D : displacement (mm)

Force direction

o

Fig. 6. Tire radial stiffness measurement using universal material tester.
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SUsAA
FUFPAASE Eololo] Q12T At AegRko 2o] 2382 o] §to] A(2)2} 2ol Alsgion &
WAL AN I st wetoleE AS el
_ kB
Ls=% ©)

o714, LS : longitudinal stiffness (N)
F, : traction on tire (N)

K, : longitudinal slip

ZYZof H2)H GPSE &85}

ST A £ Ol%% = 0136@1 Akttt Z2E

= -
EAF| LA £=E AISsIoH, 22F o] £v & AFLES o]&5to] A(4)E S5l AltsIlth 2
&= 2 Foll 24 AAE dAJsto 74]%5}“—‘31, GR2 EEB} T-&E Abole] ol
_ Vth B Va
1 I/fh, (3)
X D, XN, X GRX3.6
I/m = 60 (4)
o} 7] A, K : longitudinal slip
v, : theoretical vehicle travel speed (km-h™)
V, : actual vehicle travel speed of longitudinal axis (km-h™)
D,, : diameter of the wheel (m)
N, : wheel axle rotational speed (rpm)
GR : gear ratio between motor and wheel
Eolojo] 219122 A|(s)ek 20| 4% E 10} Brolofo] 18-S o] §5}e] Akt
T
F=— &)
o} 7]Al, F; : traction on tire (N)
T : axle torque (Nm)
r : tire radius (m)
FUFPPISE AU AZE 5o} S5 A VY PFO RO SURE Lol EEIUC,
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OFEA

nFHASE £ 82 ol8ste] Al on, £33 HYAT(Kim et al., 2022)5 FaLsto] AlSSI3ITE Al
o] £ 5 =2|0] EAJL Raj] = o] 419] = 20|t sand H|-80] 24%, silt H]8-0] 62%, clay H|-&°] 14%2 L}
EFT} wh2ha, USDA (United States Department of Agriculture) £/3 £ ol whel 0] AP FEsilt loam) 2 5
E|Qlom EXdof uje} ZiulatAl4, 2| AanpAIe~E 2H2F 1.0, 022 75T

r

2 Aol Fugro 2 Yok WASHE A% G2 ofnjstni, o] 2 AlZelo)Hol uregstr] 9l 7
EX% A2 AT TEAG AGE 50km b 0]5}e] S0l A 1w 70| et A4 Agatel, 71
o

r

Table 1. Rolling resistance coefficients according to road conditions.

Road conditions Coefficient
Asphalt 0.04
Concrete 0.07
Block 0.10
Gravel 02-0.3
Sand or rock 02-0.3
Sandy loam 03-0.4
2|F FEAT2 A(6)} Lol FEA T Al Al otao] o= ALt

R =p,xw ©)

o}7]Al, R, : rolling resistance (kgf)
u, : rolling resistance coefficient

w : weight of vehicle (kgf)

o|ele] A=l g A4, ol e U /A, 7 2ol g Al A AT-E Falstod
Z¥7} 0.2, 2,400, 3,000 2 AA3}ATH Yoon et al., 2022).

AlEHold =2

AIEEOI M 2712 A ABT TR 1A YL 551900, FP8L erololo] x| oA
£ Qe 2 MISIGich S 2 FAE S5} melo] A ASH TAB) B HUEEE Yesiol

LT B RERS =

SEES
A g o4 BRI 25} 8] 17175 Akt A Belold wale] 7k xj&o] B3 9 22 BAsigich 3}
Zo] 222 4% S UL ES} A% EIE ol §3lo] A7) o] Atstgon, HlolEi A8)T o] ArhextE
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o}7]A, P : motor power (kW)
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Fig. 7. Result of measured tire radial stiffness.
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A AP Bl = 0] 49 =& ZZA0A =] whiEol 0255 TFEA T AR A3t %LEH
T2 EFO] npAlet ARFe] shgo] 3o 2 e, XA o1 E AlSA|A8lC] 515 Tlefsto] F 5
100 kg 212 SFQATE. webA, 2|E EA TS 25 kef= AAE AT
Efolo] EAJol thgt AlE=olA =72 Table 29 Z-om, L2739t TR AIe+= AST 37,
44.63 ZY7ZF AE51QATt. o] 9] o] AlpE2 A ATE Farsto] Hg Al 0.2, ol w2 R d Al 2,400,
7w Ztol| w2 R Al 3,000, TFEEAIS 0.25, T FEA T Al 1.0, 24 AT AL 022 s3It

7
=P

Table 2. Input parameters of tire model.

Tire parameters Coefficient References
Radial stiffness coefficient 37 Measured
Damping ratio coefficient 0.2 Yoon et al. (2022)
Longitudinal stiffness coefficient 44.63 Measured
Lateral slip stiffness coefficient 2,400 Yoon et al. (2022)
Camber stiffness coefficient 3,000 Yoon et al. (2022)
Rolling resistance coefficient 0.25 Renius (2020)
Maximum friction coefficient 1.0 Soil Survey Staft (2022)
Minimum friction coefficient 0.2 Soil Survey Staft (2022)

7 28 A 7} }jZ0] B ML Fig, 87} 20] BE 2150l A SARIA LR,
200
——Front Left
—Front Right
- 150 ——Rear Left
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Fig. 8. Results of measured axle rotational speed during driving upland field.

o) % 315 £ 29} 222 Fig 09} o] LreRdr), 5 T2fae] A SR Lehton, ol 1% Zele
22 B9} 32 SHLEe] FO 2 AMISL] Bl Ao 2 i,
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Fig. 9. Results of measured (A) axle torque; (B) axle power during driving upland field.

245 Edw 9 27] 31kl =7 Ueh o] & Zhashs 2 0 & UET 5 Edw 9 27] F1tollA] oF
5% B HEET FEOlA =7 Uehton, o]= AlIE AlARIo] XjgFe] T ol 9 X|5h7| wEQl 2o = wheke
T} 5% 0|S 2= 2% E = SRR AEOA =4 Yepgon, o] = 53 F A FollA Egate] npzhg °l74L41
7] whERl Z 0 &2 wHEth SR HH HEoA EY FEA 0] o A &8sk A2 FY S AE HEE £
2o| 2Z35}17| Y29l 2o 2 ke 28 = EoF sho] v @A 0 2 ols| E2&E A} ETU EF xf& )
& o] =7 Ueh b= 3RS Bloh #3871 5ot 25 EA9E 2 Hlo]ElojlA ’iso] IA e A2 e
A 3 g7 o] EQhy/d o & QIgh 710 2 okt

3 F Zh A&0] & E, E3 Y £33 Table 33 2k 2k59] W S| &= BE 20l 2F 115 ipm
O 2 eyttt akxe] B EdE HERE, IEE, R i%—?—%ﬁlﬁ 27} 2F4.50,4.21, 4.04,3.22 Nm
2 Uehgon, i Ea= 3 z
Efsttt. 2450 B 232
A=Yl o, ) 282 W3S, AESS, T535, TESoIX 2422k 60.47, 65.47,50.05, 47.99 W= A|
Abs] ATt

>.

Table 3. Result of measured data of the electric all-wheel-drive vehicle during driving.

Items Front left Front right Rear left Rear right
Axle rotational speed (rpm) Average 115 115 115 115
Axle torque (Nm) Average 4.50 421 4.04 3.22
Maximum 6.81 5.56 15.81 6.92
Axle power (W) Average 53.42 50.56 47.34 38.07
Maximum 60.47 65.47 50.05 47.99

AlEzf|o|d Zat

Al B ol Z 2= ET9 282 Fig, 102} Zo] Uehton, & Oz o] /i3-S SAKsHA| UERT o] =
A FY A 2, 2H5 EA0) SjHE o] 50 ' 215 S S A7 miEe] Ao g mikE
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Fig. 10. Results of simulated (A) axle torque; (B) axle power during driving upland field.

AlE2old F 25 B S 28 2 Table 49 Lt} 50 Hot ES = A &S, 95, FEES, 825
oA 22k 9F 4.51,3.90,4.16,3.32 NmZ HENE O, 2t} EJ= A E2S, &S, $EHS, T8930 4
7} oF4.98,4.27,4.32,4.39 Nm2 UEISITH 2}50] ut S22 WEES, JES, TEHS, FES0M 44

R

©F55.79, 48.11, 51.62, 41.20 W2 A=l oW, 2t 222 MEHE, A5S, TS, T5930I4 7
59.78, 51.50, 53.11, 52.78 W& AJAr=] itk

Table 4. Result of simulated data of the electric all-wheel-drive vehicle during driving.

Items Front left Front right Rear left Rear right

Axle torque (Nm) Average 4.51 3.9 4.16 3.32
Maximum 4.98 427 432 4.39

Axle power (W) Average 55.79 48.11 51.62 41.2
Maximum 59.78 51.5 53.11 52.78

e

Al g2llo)4 lolel A% HlolElet u] T3l S wf QP A 0 2 LheRt o], ol Al g0l o] 8 #7e]
oY AL oM iA| = BhadalR] 25k A 0 2 whokElt)

A% ot ALER1o| 4 Askel A 2 271 W 7 A eligon S8 01 31 2 e
Kttt o] 4 270 Eefute] nhakg o] Aujok 5tmi, 15 x| Axlo] 2jake] Fio] 92|50, 24 $7o] 12

A £3)7] W29l 20 2 Fhpelck

AEo[d HE

A gelold B A% wx) Fwh Al Ballo)d ey vlo|Eje] Heh o x1E BAalgit) k] Zeyat A B o]
5 Afo]o] 1% £ 9 22 A O3be Table 59 2tk A% B2 HT) 034 HEHS, WE9S, F84}
=, TE50014 27022, 7.36,2.97, 3.11% 2 AME L oM, 35 28 Ao @ab= M EHE, HE9S, S5

= T EZ0) X ZH2 4.44, 4.85,9.04, 8.22% = UEFSTE 215 B0t E8]0] o @ab= ZH2F 9F3.42, 6.64% 2
LFERTE
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Table 5. Absolute error between measured data and simulation data.

Items Front left Front right Rear left Rear right
Axle torque (%) 0.22 7.36 297 3.11
Axle power (%) 4.44 4.85 9.04 8.22

FT AFo M= ESF TS (water content), A2 U = (bulk density), 273 X 4(plastic index), /3 $HA|(liquid
limit), £~/ $HA|(plastic limit) 5 EF 7] HIHFFS HG e &4 Q= oAt A AT EQJoJ(EDEM)E E-&

sto] E¢F mdl S 7jdsto] thEAl| 595 AX EQfof(RecurDyn, FunctionBay, Inc., Korea)2+2] co-simulationS
SS/NAE A7 2o A o= mEn)

Conclusion
2 ol T 2 5ol A ChR A 0 2 ALg 7Rs3 17175 2iepe] AlBelold Bel ke gleh )2 A7
I E

R, THEA 55 AL E|oj & ARgsto] A7) Ak BE-S 7Sl 0w, AlSSh Efo]o] E4J2 AlEH|0]
T dlof ghedstRict. ZHeh 2k melo] 52 AlEE o] REdit 45 7|75 2] A& Eet 22 S H|
ko 2 IRt 45 X711 E A F 42253 AlSska BA5HlE A5 EeL E SHEEE A
Z3517] flal dlole] AlS AARLS A5kl o, 38 Al F Hlo|ElE AlSstaL A5k

a1&9] AL Eet ETE AS ofetulel 2 A5t oH, AlS oetu| g E o] 85to] AF5e] 23S AlLtstd
oh 39 T 250 W EJ= A EHRS, HES, TEHS, TESoNA 242 4.50,4.21,4.04,3.22 NmE LEF
SO, 50 Yot Y2 M EHSE, W ERS, TS, SES0lM 22 53.42,50.56, 47.34, 38.07 WE Akt
=k AlEEold Ak aH5e] Wit BT HMEFS, HESS, TEHS, SES0A 42t 451, 3.9, 4.16,
3.32 Nm=Z UEF oM, 3450 Y+ 282 A3, Ae9s, Te3hs, TE50lA 24425579, 48.11, 51.62,
412 WE ARl 215 B3 Ao eaks AERE, AESS, T8, $E20A 242 0.22, 7.36, 2.97,
AEEE, AES, TES, TESlA 22 4.44,4.85,9.04,
%!

o] M| A YA S urdst EQF S alslo] ZAE vt H e

Bl oz Hu

g Zlo 8 weE:

& AolM = T3t uiEtu el S A3 skA] 55t Bfo]of o] kx| mpEA| kS M2 Sl TRl 5
& A5 Qs EF g, AA Bk, 273 A4, A M|, 27 Al 5 E A
£ oite Al AnEQo|S &85}l o4k AR A EQ|ofo} thEA|| &S A Eo|2k0] co-simulationS
=

3 AlEeold €738 thdere Alglolt.
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