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Abstract

This study aimed to evaluate the engine load factor (LF) of a 90 kW agricultural combine
harvester. The combine harvester used in this study is equipped with an electronic engine,
and real-time engine data (torque and speed) was collected through a controller area
network. The speed of the combine harvester during harvesting operation was divided into
three levels (4, 5, and 6 km/h) for the representative operation speed range of 4 to 6 km/h.
The LF was calculated using the engine load data measured in real time during harvesting.
A weight was applied to the LF for each condition based on a survey of the usage. Results
of the field test showed that the LF was 0.53, 0.64, and 0.87 at working speeds of 4, 5, and 6
km/h, respectively. The highest engine load factor was recorded at 6 km/h. Finally, based on
the weight for the usage applied, the integrated engine LF was analyzed to be 0.69, which is
approximately 144% higher than the currently applied LF of 0.48. A study on LF analysis for
the entire work cycle, including idling and driving of the combine harvester, will be addressed
in a future study.

Keywords: combine harvester, engine characteristics, exhaust emissions, harvesting
operation, load factor

Introduction

2| A AR 7| FHsket B EAZ Q18 th7]| LA EA A7t tist #Halo] F7t
3131 A th(Savickas et al., 2021). U] =2 Tier-4 Final, 352 Stage V 7412 Al35H= 5 A
Al Zt=oll Me A7) 7k A Bl ST FAIE AElskal Qs FAloloh S UollA =t 7] 2.
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4 HiEF AL 2ol vl F2EE uiEAIgol tigh ZAFE AFE A|EA 08 885l QT (Lee et al.,
2022a). 7 U] 7] LG =2 wiEF2 7| A XY A 2H(Clean Air Policy Support System, CAPSS)& 7|80 2 7}
o 2 HiEA| et FE = AR E FRteto] AR, G Als e = U] 7| % ¥E} o) FAel o 7| x A&
B 28531 JITHNAIR, 2020). THeE 2oF 5 547 Al= Bl =205 2ol 23tEH, H| = 20|52 %<2
NO, HIETF2 2010 208,878 = thH| 2019E1 311,748= 2.2 492% Z7F51%l o, o] = =W A A NO, BiES]
28.7%2] 70 2 H| I 20|52 9 Hi &S Ta| o] F 2o ol 1 Q= A% o] THNAIR, 2022a).

R 7| A A BAE of| A W H—V} 7] &4 BiEF AR HEh(V)oll M= vlETF A Al
B Z A4 2 518 (load factor, LF)S ©]-&35F2L AUTHNAIR, 2022b). o]uf, LF= QIR 9] H-ZSAREH|-E-S 2jn]
st o] = HiETF A Al 83t 291 F sfutolch SFA|TE A3 B = 2ol 5 gl 7| A=4 & At

A HrloM= A &Y 57401]/\1_4 s }% S 15| & Oﬁ LFE 0482 d&# o2 835} Qrh(Lee et al.,
2023a). °]«= T3t 71E T2h A 270w oh2A Yehs A 2 2719] QIR Hal E44S Hhdst
Z] B 8= SHAI7F i’lE}(Chm etal,, 2010; Yu et al,, 2023). WehA, 32 2 ZAHZ LFE ME3skelo] 3510 &
Aot A2 AlE1d Qe ti7| LA EA vl &S AFEsh=t) vl Z 23t} o] 2|3k LF ddjste) ot A=
A7|A| 2ofoll A Wo| £3=|o] rom, 2T 5U7|A Eofoll A= L 4235 11 QUT. Shin 5(2022)2 A7 |A|
B & Ag o] M|l Est 2 2122 FFAIZ17] 9130 210, 226 kW Z27]9] A 219 A] LFE BAIsHl o 12
I} LF= 22} 042, 0472 LERE T B 15T 5 7] Al oke] A3 TLof| A Lee 5(2022b)2 67 kWH EZE
£ ol&sto] Eete 4 2E Y| A& 217279 A Sof| tiste] Ade #3siglon, 1 A & A BE
A L7t w245 LIV S7lohe 43S Bk 3 Back 5(20220)2 67 kWi EHE S ]850 595,
7.60 km/h 2] £ 2 Z2ke 2] A] Hat LFE 2121071, 0.76 2 YEFHC™, 2,67, 3.66 km/h 2 £ of| A ZE
2] 2kl Al W LF= 212090, 0,942 B U51Ich B3 L= 22 =2hld [ pzhat 21l AlgH) 8-S 175}
o] 0.752 LG O M, o] = A3y thH] 1.56HH -2 422] 0| Tt Baek 5(2022a)2 78 kW EZE| A LF A2 ¢
sto] Zuke 742, 2E|T A2, HldH A, 2 Aol tigt = A 436t om, 1 Avt L= 242 0.74,
0.93,041,023° 2 Lpelt o, 7F 2 AREH| &S 1S 53 LFS 0.630]2ka BEarskgitt o]= &3 tijH]
1318 ] =2 $=2]0|th Lee 5(2023b)2 58 H2]7|E o2 A2 (Zehe, ZE ) we 71E1]E
2 85}0] 0584 EFLFANESIYon, Zake W 2 7] 2H] A &) £ 3.10 km/hol| A19] LFE= 1.87 kmvh TH]
717k 68, 10% =2 o2 UERITH L BAIskQIT) o| 4 H &d7|A19] 9ol it 7|5k 2=- 917 e
o, 259 ¥ AAXUEE L7 A2 b2 Yehde Ae 4 4= Aok 2py U siEs A4 A8 &

AP 48 2 e A 713, AT L) 4 ) 7K 59 ol st ol el
= 0] FR3}} BT o} 471X Y71 ARoke] LE Aol et A7 22 EUEE £4 0% sulolg
o0, Ecfetsh oo SLE1< 31l 590714 7152) okl o e 5 Al ol 202,

=]

ep, A2 Qe 57 1A iE T ALz R 752 s Bulele] QI LF Haystol et 271 A7k
B o7 a1 LR st 2 Bk Siot 7)ol T2, A 420l 2
B2 Z8310] ZuRlo] LFE B7Hsl7] giste] 2a=iginh, M3 AT B 1) Bakel Azl ]

2,2) 8] 43 2j<lol T2 A9 48 WEAY 49 2 vlo]e] 7 W B4, 3) 2ukol B LFS AESL T,

o, 9% 5 7|27 A1) Aol A E B 7| Fol g Atel vl B4 Sayshs Zolth
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Materials and Methods

i[{1]

Hfol

—

3 QoA A 2g) 27100 LFE $41517] 9131l Fig. 13} 2ol ZulollA] 714 Bo] AL 00 kwa
EUG Tl AFGSIRITh AL Fulele] 37] 9 FAEFLS 217 4,600 (L) X 2,240 (W) X 2,640 (H) mm
gl 4,465 kgo|th. ARSH 81| TAAZI-L Tier4 A4S =351, FHkQl 17 2] 4 32 2,500 rpmOilA]
90 ko, ZIt) L 1,700 rpmoll A 410 Nmo] T} #1717k2 3] 2) 2] 2= PM (particulate matteryS 4|715Hs
DPF (diesel particulate filter)} & 2:AF8HE91 NO,E #14FSF= SCR (selective catalyst reduction) %] 7} -2t of ]t
Zu}olo] AbA|EF A2 Table 12} 2T},

;

Fig. 1. Agricultural combine harvester used in this study.

Table 1. Specifications of 90 kW class agricultural combine harvester used in this study.

Item Specifications

Type In-lined 4 stroke 4 cylinder

Fuel Diesel

Length x width x height (mm) 4,600 x 2,240 x 2,640

Weight (kg) 4,465

Engine Rated power (kW) 90 (@ 2,500 rpm)
Max. torque (Nm) 410 (@ 1,700 rpm)

After-treatment system DPF +SCR

Emission standard Tier4

A NAH

H A Lof| ARE-H FHFQI-2 Tier4 KAl o] &z E] o 1.9, CAN (controller area network) 412 0]-8-3F
E3 Y 3JHEE glo]g| 30| 7Hsstt wheha] FHkel 482k A] X B3 9l X 3134 = uo| = d|o]
E] 42347 ] (QuantumX MX840B, Hottinger Briiel & Kjeer, Germany) ©]-8-5F0] 3513l

Korean Journal of Agricultural Science 50(4) December 2023 619



Analysis of engine load factor for a 90 kW agricultural combine harvester based on working speed

LE A

FHIRI BEA 2 ¥ 2221918 td O 2 Fig. 29 o] S EE T S4H SUE(36°5549.8" N, 126°
37573" E)ell x|k =oll A asteiet. A g vie) 352 =il tiEaQ] 13 w8 v FE5 0= el
ARgoI. £ AL Sl ¥ 22 A F2 A= Al 7] A £E(4, 5, 6 kel whEF Y= 1T Bk,
FHRI A7 S| &L= 2 9]

4191 2,700 rpm 285}
A iE-E whet = tEA Q1 B 48 2] ofel S 4851 o, T El-2 Fig, 3
3} 2} A7 2] e o oS A% o 2 AHQSHHA] WO FY O = o] Fsh= WA o2 AT o

A V7" 2
Fig. 2. Field experiment site for LF (load factor) data collection of combine harvester.

Fig. 3. Representative working patterns of the combine harvester.
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HolE] 24 &

A2 53l S MR & & L Q7] EF Hlo]E]E o]-8-sho] ozl A1)zt Zo] A4t
SIQiTE Li= AA| 2] 27104 Eshs AAIE K &9 dloje s B4 %EJ_E LHro] o) A(2)2t 2ol
AF5EATH (Baek et al., 2022b). FHFR1S] =2H2e] o] F3t LF APg-& 9i5to] 2t AHERFS 12jdt 7HEA|(W)
£ 28313l on, AL R 50 A ERALS E-g5to] ARl 7R & w&* +219] 4, 5, 6 kmvhol| Thsf Z+2}
30,35, 35% = A-&5F3ich FHIRl 82kl 9] F3t LF+= otz Al(3)xt o] 7117t A8 7+ &2 %+t LF2)
o 2 AAtw|Q]t), 2] £2| 0 2 Fig. 49} 70| LF 2412 9|3 £3 & o] el 2 A et= HalS Aaysliet 3t
IBM SPSS Statistics (SPSS version 25, IBM Inc., USA)S AF25}t0] LA EAHZ A (one-way ANOVA)S 33311 0™,
LSD(least significant difference) S 5-510] AL 735
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B 2w x T, x N,
= 760,000 M
Where, P.=Engine power (kW)
T. = Engine torque (Nm)
N, = Engine rotational speed (rpm)
P, measured
LF = —
F, rated (2)
Where, P,.....« = Measured engine power (kW)
P,...= Engine rated power (kW)
LFu = SLE X Wj (3)

Where, LF,= Unified load factor
LF, = Load factor by each working conditions
W, = Weight factor by each working conditions

Engine torque %A Eq. 2 Eq.3
- ' Load factor Unified

Engine power load factor
Engine

rotational speed

Fig. 4. Succinct schematic illustrating unified LF (load factor) calculation process.

Results and Discussion

I 202 Fig. 59F o] Uebgtt. M7l 314 = 2,562 - 2,622 rpm, 1l
-62 o 2 ¥ssh= 7ig=s UERTh A
2,542 - 2,605 rpm, WX &3

Por
H1
3
£
rQ
>
=
™
=
g
e
rlo
3!
(3
2
my
o
i
o
3L
=
2
™
folr
) 0
Jb
H
r]r

Korean Journal of Agricultural Science 50(4) December 2023 621



Analysis of engine load factor for a 90 kW agricultural combine harvester based on working speed

£ 160 - 267 Nm2] ¥ 9|5 Ech A7 HE F-8oto] AL IR 32 44 - 71 kwWo] 91 e oH,
M7 BT AR NS UERATE 2 &= 6 km/h ] 8H2H A] QIR 2 ak-2 Fig, 721 o] LFERSTY <l
1 S| A4 = 2,495 - 2,549 ipm MY S Ho|H, ol EFE=255-338 Nm HYE B om A7 =4HE 28
5tod Alabe A7 £3-2 68 - 88 kW] S YERTH 6 kmvh 2 S0l M 7HY 52 Al E39F &3S Let
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Fig. 5. Engine profile of the combine harvester at working speed (4 km/h).
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Fig. 6. Engine profile of the combine harvester at working speed (5 km/h).
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Fig. 7. Engine profile of the combine harvester at working speed (6 km/h).

2] £ 452e] Al 17 B4l Tieh 7|4 BA) B4 B Table 29 2] ekt &

EXo] )3} = ke vlxle

o=

A 714 24 e 22 7 2F4 w7} ol
o] tfjsto] EAREAZ 35T AUE e

o E}% A &5, EF, Y2 FAZCE /9 7 0.05 U]
MR B L= 2,596 ipm Q2 4 kivhol| 4| 7HE =2 4o
£ Ho|=Zlo & vehgtth F8ke1 2 £ 6 kmvhol| A 2] Z o A1 E3= 4, 5 kivh ThH] Z
T2 UEE /I Ed = 2y o) w2t BAIF o= /2] 2fo] & Hol+=
4% 6 km/he] Z{of <l

Engine torque (Nm)

5 2 Ao A

212 otobi 7] o3 7l 4%, B3, 2

]

5 2He] A fod A A p 3re] Aafol] whet 2t A
ol A F2Jgt 2ol 7} Q= Ao = YEbsTh
o2 Ueltom 2] £ 2 EAZo 2 Qo] x]o|
247} 45,27% =2
2o et FHRR1 A
A &2 4, 5kmh thH] 242} 41,25% 52 $5 UERch 2 A 532

1 O 1w

E
2~

&

gt

6 km/h Ol A]

884 kW 71 2 %k% UERoH, A S8 2 2] £ 27} S7Hetel wet A4 0. &2 [ofet 2ol & Hol=

Ao LRt

Table 2. Statistical description of the engine characteristics of a combine harvester.

‘Working speed (km/h) Engine speed (rpm) Engine torque (Nm) Engine power (kW)
4 Min. 2,562 132 36.2
Max. 2,622 233 62.5
Avg+Std 2,596 + 10a 176 £ 17¢ 477+4.5¢
5 Min. 2,542 160 437
Max. 2,605 267 71.0
Avg + Std 2,573+ 11b 214+ 18b 57.6+4.6b
6 Min. 2,495 255 68.0
Max. 2,549 338 88.4
Avg =+ Std 2,524+ 11c 296+ 19a 784 +4.6a
Min., minimum; Max., maximum; Avg, average; Std, standard deviation.
a - ¢: Means with different letters in each column are significantly different at p <0.05 by LSD multiple range tests.
Korean Journal of Agricultural Science 50(4) December 2023 623



Analysis of engine load factor for a 90 kW agricultural combine harvester based on working speed

3o S0 12 LF 24

90 kWF Fuk1o] &Yl 428 43 Aol et 2 A 2L Fig, 83 20| Uehdek. ¥ 2852 LF
22l 0482 AL 2 EAISIGICE 9] S=4 LP: Balelo) A1l A5 3410) e wet Ao LF A 02 o)'5
SHe 202 et on], A9 571 37184 A7 45 24HE et A ﬂ%ﬂé L 745k, LFE 017

6-0.982] W92 UeRgch A
3 A0 48TX] thH] 84 - 205% 452
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A2 02 £ A] LF= 040 - 0.982] QS Le}h

o]t

—A— Engine LF line
1.0 LF (4 km/h)( € Avg.) -
LF (5 km/h)( @ Avg.) _a—bTT
] LF @kmh) @ Avg) "
---048 A *
0.8 /Af
5 e
8 06 /Af
8 | é{ﬁ _________________________ *
0.4 - 3\
AN
0.2
0.0

T T T T T T T T T T T T T T T T
1200 1400 1600 1800 2000 2200 2400 2600
Engine rotational speed (rpm)

Fig. 8. Result of mapping the LF (load factor) at working speed (4, 5, 6 km/h) to the engine curve. Avg.,
average.

EStLF ME

42 219 2710 A S ot LF 32 048 o402 el on £3zkQof| A 2H] &= (4, 5, 6 kny/
h) LF= 2824053, 0.64,0.87 =0 2 2H] £ 7F 37145 W+t LF 442 571ohs 432 YERITE 53], 6 kmh
2] & eol|A] FHIRIC] Bt LF& 4, 5 km/h 2] & ollA 2] ot LF Bt} 22} 64, 36% =& 4221 & UEHIT
SHEQI £3121¢] A] 2} & eof whah S H IR EF D S AL E 7|H o= 74]*&% 1 LF= Table 33} 2+
o] Uelgth B4 LF= 4, 5, 6 km/h 2] &5 27004 ZH2} 0.53 (@2,596 tpm), 0.64 (@2,573 tpm), 0.87 (@2,524
pm) LFEPACH ZH) 45 ALgH| 82 J_Eﬁ_ 71525 285t u 53 LFE= 0.69 (@,2,563 pm) 2 AFEE| T

Table 3. Result of engine LF analysis for the combine harvester according to harvesting work.

Working speed (km/h) LF Engine speed (rpm) W, (%) Unified LF Unified engine speed (rpm)
4 0.53 2,596 30
5 0.64 2,573 35 0.69 2,563
6 0.87 2,524 35

LF, load factor; W, weight factor by each working conditions.
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Fig. 9. Comparison between the unified LF (load factor) of the combine harvester derived from this
study and the LF of agricultural machinery derived from previous studies. CAPSS, Clean Air Policy
Support System; EPA, Environmental Protection Agency; EEA, European Environment Agency.
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