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Control Strategy for Rotary Tillage Condition of Hybrid Electric
Tractor with Coupled-split Dynamic Configuration
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2. Yangize Delta Region Academy, Beijing Institute of Technology, Jiaxing 314001, China)

Abstract; The load impact of high-horsepower tractors during operation will cause a wide range of
fluctuations in the output torque of the engine. In order to reduce the impact of load impact on the tractor
power unit, a tractor coupled-split power system configuration with the engine and dual-motor as the
power source was proposed to reduce the shift frequency of the power transmission system caused by load
impact. A torque allocation strategy was proposed based on Haar wavelet decomposition algorithm and
power prediction. Firstly, a priori prediction of power demand for tractor rotary tillage based on radial
basis function neural network was researched in which the working load parameters were collected; and
then the comprehensive dynamics of tractor loads were mathematically formulated. Then the torque
requirements for high and low frequencies were determined by Haar wavelet transform and provided by
motor and engine respectively. Finally, the effectiveness and feasibility of the proposed strategy were
validated with the hardware-in-loop test. The result indicated that the prediction model of power
requirement based on neural network can accurately predict the power demand of driving and power take-
off (PTO), and driving end and PTO end root mean square error of predicted values accounted for 7. 6%
and 7.9% of the maximum power, respectively. The proposed model predictive controller can following
tractor torque demand in operation. The torque ripple of the engine was reduced by 35.0% compared
with the traditional configuration. And the strategy effectively reduced the torque variation range of the
engine and alleviated the adverse effects of excessive shock of the operating load.
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Tab.1 Operation mode of coupled-split configuration tractor

p omam o o o o
7 MAL AL
Bl e GH WRah WO WOOF WO
Hias  wsh/
A 3 Wa a4 T
- % % ; :
HiR/  WRah/ ZEE/
AL 2 e W 4
K K Wi T :
K 5h/ G/
R4 PTO R K 5l et et
- " g 17 3

JEBEAF M B & 2l AL AR 95 671 30 2 1SG H AL Ak
Fokshol & & A, R EAEL I 88 ) &5
DI 2 s . Bl 1 B (8] 2a) , %
BE X T4 B AL AE 45 4 Ak B B A3 1R L i
XA HL Yt SOC AH X 3¢ i, Hof 2B 1 8/ . TR
FOR B (B 2b) , 2 ZER X BB L i
il e 1 d AL BRI B 2R ISG AL A T
KB SOC g8 /b, X B & P 1SG H,
HILAL) B 3 A X, g A A ) AR 4 4 L el it o
HEAT R MRS B U R S HLEh ) — 4 H T ISG
MR AL, o) — 8650 2 5 B PR L i A7 D) R 5 i
ISG HL ML F 45 & sh ALY T4 X ] A4 & % 3l
BLE BRI R M B A 3 C2 b FHsaRE. &
BEBEVE M 5 2 1 B oK ) S H iy, ) ISG A L3k Ry
HLOR B A2, bl 2 B (B 2¢) X6 e Bk 1
b B e B R O /2 1R B B B B /0N, L SOC
e, B 3R Bl B HL A ISG L BIL 43 5 R IR B
M PTO #2435 Jy . # L h SOC A%, & 3 AL Ml
ISG H ML AE) B 338 A5 204D 78 L BB, & s B o3 — &6 4%
3l J1 F T 9K 3 e #F ML b B 3K 3 B fn PTO 5%
2. JRA PTO B (K 2d) , kPl TAEFERR
FE I 3 R IX ] ISG H AILAR B8 28 o7 b o D42 4 Al 2
o JIT 5 %) 5 S 8 W W & s HILR A 1R ) R 2 e
PLEATBERH IR, B A 4 C2 /b T4 aRE,H
KA R TR HE AL AT ik 3

SRS S S A DX 8] 00 & AL 2 e
e B A DR LA 0 B, SR L ISG HL BILAE S B
ﬁﬁﬂ*ﬁiﬁ:(?ﬁﬁﬁﬁww‘z%ﬂﬂw i Fi7 B4 1)
b AR T DLt B A A C1LC2 5 IR 8 H AL,
ISGEEHLU&ﬁ;zszHL#ﬁ%%%Lﬁﬁm, o NEIlED]

]

DB ﬁ
— > IR S T 1
@MJTWHL To1 g,

L= i I b1 )

QIOICHO)

¥
&

E

i

i —>
e H sl

wappL AL

.
o [

:
-
*7

QOO
1 Cﬂ_{
PTO%i i
(b) IR 5 IKBN
M—WL’ IR By H ﬁ
(Jal I v . L3

KL WHL
®(@10@

x
@

ﬁ
L
8}

(@}
W

=

&

£

PTO!

(c) BRLALHL2
= - BB
i T T
s T gl ;> ¢ S

gL AL

(d) IBEPTO
B2 XURME G 3h 1 R TR A
Fig.2  Schematic of power flow in coupled-split

power system
A T AIEBUG Z Bl ol T80T HE AL I AR e 4 B
o UL & A B h Bl Ty oC S ANk 2 s
R2 ERNHHNBETSH

Tab.2 Tractor power unit parameters
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Tab.3 Main parameters in ploughing operation mode
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tractor rotary tillage

LRI 2 9RKS bl 3. B AR C2 4 dghifift  5.1SG dLpL
6. B4 C1 7. kML 8. KIHLIETE 9. kbl ECU
10 PR 11 SRS ML =40k 12, LI Hl SR fE &
13 % HIKE 14 WINPT AR 15.1SC -IHL=4HZ 16.3)J)
RO A 17 F@R 18, EAIHL 19 T8 A2 B E 45 8
20 3HEEHL 21 CAN R 22 4y 23 Holeak 24 he
25 MCHLAE  26. Fa SR LR

SR R 1K A R AR A R AR A s AR S HL e SOC
R TR H 5 1SG B LI TAEE X, Haar /N
Oy R — i BE & S LA ISG H ML Y B 4 4 I
F g CAN B4 4% 45 1SG L HL ¥ i #8 (MCU1) #1
RANHLEE SR (ECU) | 38 o I 2y #1148 91 12 5% & 3l
HLAT ISG H AL B H e 5
3.3 EF Haar NETIRMEHEESER

Sk S R R R 5 3l F7 FR G AL B R A% el )N 4 AL
oty by IS A LA 28 I 4% Y 1) Ty R SR AE R
A AT, A 7E BRI 3 30 B i R e S
T RAEN O R EE AL 25 Haar /NJO3 A 4, B 2245 1
A [] — Bf 8] [] B P & 4 (> 1.5 Hz) AR A (0 ~
1.5 Hz) 56 55 5K 19 B {8 43 i 1SG H AL A & S AL 1Y
g A

(R Ry IR R e S FE NN WE Rt i8R A DT e
P AT AR 1) FE ph 22 W 280 45, 8 R AE BB BT S min
Ty A5 ok 09 Py s B s Ve Il g %I 10 s 1971

EEAR T B A T HIET 5 min BECHE R . PTO % e
% 9 900 r/min B, AR 4% Haar /)N 53 i 75 2 HLH.
A 22 YR A ) 5 AR T R A& Ta Tb iR o MR 4
fiff 1A 45 %, HE AR VR Ml AR A5 2 5 75 R i & sh AL 1L, o
U ST R i ISG B HLAR it 0 S B A I L
ke, 76 HERFAE L I 54 40 70 i HE & B9 23 A a0 Te s,
o B 2 A7 55 AV 0 28 T 19 EL AR 7E 0,06 ~ 0.3 J [l N,
L WAL A R 3R B E R B ML H T T R
BN B 4 R AR IE B 4R R TE & sh L G AR
%%miﬁcﬁm%%%@%%ﬁo

4

100 200 300 400 500 600 700

Tk%ﬁ%%h/
2

Hif [ /s
(@)

—-100 1 1 1 1 | | J
0 100 200 300 400 500 600 700

Fisf 8] /s
(b)

04 1 L 1 1 1 ]
0 50 100 150 200 250 300

HiF ) /s
()
K7 FET Haar /)N A2 45 00 AL H. Sty 484 B 43 i
Fig.7 Decomposition of PTO load based on Haar

wavelet transform

KU R & 1 1Y 5 44 G 0. K S HIL N 22 154 28 A 1Y
R TR LE , A A Ml i) Sl L2 A 1 n 151 8 i 7
FIET 8 AT, A% 48 5 S LAY B vy T 4 B HLBL R
i 48407 1) 5 Bl 5 | kS A S MLt (9 Bl ) s AT 3

200 Ttk
400

300
200
100

0

— R AT

REIHLEFE/N - m)

360 4(I)O 560 6I00 760
s} i) /s
I8 AN [ 4 28 vh & S AL Al 1 % 4 X L

Fig.8 Comparison of engine output torque in different

I |
0 100 200

configurations



400 /4

Bl

W 2024 4

e 14 M JC 7 T AR TIE 7 S 1 S A2 5 T B0 A 5 A
B vp ISG v AL R S 0 57 JGE B 288 A 282 2l ) g 401 e R
i 2R A T B AE O R Ml I 22 A 28 A7
0] A SRS SR 1) 2 A ot B B HL B ) &R B
(e A 77 iy o XU AR A A0 B R sh AL TARFE AR S X
1], 55 7% G K RUAR LU & S BILE R 0k 8l s/ 35. 0%

SR I e 96 1 2y 3 85 SR TN 77 ik OB RE 544
TR RE A R 3 A 3 A 2l BIL A R I8 2l I AR 8 i o o
Xt AL R 3K A T 58 BSOS RS A5 4 B % 0 2
A8 SR A T 4

XU A8 TR 45 3 g 4 B AL S B 1 9K 3 A PTO
2l 3 B R RSO & 3l ) R Gk B S B
e Gt AL Bh ) e Ao G A i i KB AR o
A2 iy o 22 O 2% B0 0F A7 3 3 L PTO i 14 3 79 2
AR AT BN, 7 3l s F1 PTO iy H i (4 52 B {0
PO B ¥ 07 AR Bk 22 0 ) i e R R 7. 6% F
7.9% .

(2) BEBFAEAL T, SR T Haar /Nl 73 fif 45 21 % 2l
PLARAS 19 T AR DX (8], B 0> S ShATLEE % s IR 4EL,
G figk Sz S AL ke 2 0 B, 5l i 1SG At HIL Y v 451 e

SR M IO AR A D/ WL A M Pt £ A o o U R
o A B 5 A g kg B R LG A sh AL e R D Sl DR/
35.0% , Z&fif 1 AG LML Ml IS 9 28 i il

S R 34 AL BT B W D) R 40 e g R s AL B [T ] R RO R AR 4, 2016,

for electric tractor[ D ]. Beijing: China Agricultural

4 it
(1) 5L G4E Rl sl 1) R BUAH L, 32 1 1Y
2 % X W
(1] k2, g, SGEut,
39(1):156 - 165.
ZHANG Haijun, LIU Feng, ZHU Sihong, et al. The optimization design of a new type of hydraulic power-split continuously
variable transmission for high-power tractors [ J]. Journal of Nanjing Agricultural University, 2016,39 (1) 156 — 165. (in
Chinese)

(2] BREW, ZRuE, EHF, 5. aipIdilb sl R ot SRK )], RV, 2018,49(8) :388 -394,
CHEN Liqing, ZHAN Qingfeng, WANG Weiwei, et al. Design and experiment of electric drive system for pure electric tractor
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2018,49(8) :388 —394. (in Chinese)

(3] &poet, x5, 5kA, . B Hplgh b R R 5 S8 T]. LU 2R, 2021,52(10) 1425 - 433.
WU Zhongbin, LIU Yu, ZHANG Jun, et al. Configuration design and parameter optimization of power battery ballast for electric
tractor[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2021,52(10) :425 —=433. (in Chinese)

(4] Emdh, £435, RIEW. WP SHEH AL RIS 8 3h EAT e [T ], A AUMAER , 2018 ,49 (4 T1) :486 - 491.
WANG Limian, WANG Shumao, SONG Zhenghe. Control strategy and startup method of extended range electric tractors[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2018 ,49 ( Supp. ) :486 —491. (in Chinese)

[5] Xkt 24640, sk, 55 ARG RIS R acvoit SHERE T [T]. R LR 4z, 2022,53(4) 423 -431.

LIU Mengnan, LI Shuyuan, XU Liyou,et al. Design and performance analysis of tractor bidirectional coupling electric drive
system[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022,53(4) :423 —431. (in Chinese)

[6] =Z=FE, Hhak, RIEW, 5. GRS YIRE S IR RGAL RN [T]. R4, 2019,50(6) :379 - 388.

LI Tonghui, XIE Bin, SONG Zhenghe, et al. Transmission characteristics of dual-motor coupling system for electric tractors
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2019,50(6) ;379 —388. (in Chinese)
(7] Rk, wbek, BEilE, 5. mahdhoal m Ve S8 sl e i AR [ T]. ol TR %4, 2019,35(4) ;88 - 98.
WU Zhongbin, XIE Bin, CHI Ruijuan,et al. Driving torque management model for electric tractor in field cruise condition[ J].
Transactions of the CSAE,2019,35(4) :88 —98. (in Chinese)
[8] ZHANG L P, LIU W, QI B N. Energy optimization of multi-mode coupling drive plug-in hybrid electric vehicles based on speed
prediction[ J]. Energy, 2020,206:118126.
[9] ZHANG X, GUO L, GUO N, et al. Bi-level energy management of plug-in hybrid electric vehicles for fuel economy and battery
lifetime with intelligent state-of-charge reference[ J]. Journal of Power Sources, 2021,481; 228798.
[10] LI X, HANL, LIU H, et al. Real-time optimal energy management strategy for a dual-mode power-split hybrid electric vehicle
based on an explicit model predictive control algorithm[ J]. Energy, 2019, 172:1161 - 1178.

[11] XU L, ZHANG J, LIU M, et al. Control algorithm and energy management strategy for extended range electric tractors[ J].
International Journal of Agricultural and Biological Engineering, 2017,10(5) :10.

[12] XIANG C, DING F, WANG W, et al. Energy management of a dual-mode power-split hybrid electric vehicle based on velocity
prediction and nonlinear model predictive control[ J]. Applied Energy, 2017,189(3) :640 — 653.

[13]  Braewe. mghdhiblsdh i Res it S ahiE® r @ orse[ D], dbat: hERL ¥, 2018.
CHEN Yanni. Study on design and drive control methods of powertrain
University,2018. (in Chinese)

[14] WEN C, ZHANG S, XIE B, et al. Design and verification innovative approach of dual-motor power coupling drive systems for

electric tractors[ J]. Energy, 2022,247. 123538.
(THEE 414 T7)



414 P AT S 2024 4
https: // doi. org/10. 13433/j. cnki. 1003 - 8728.20230156.
ZHANG Rongyun, FENG Yongle, SHI Peicheng, et al. Estimation of road adhesion coefficient of distributed drive electric
vehicles[ J/OL]. Mechanical Science and Technology for Aerospace Engineering:1 — 122023 —07 —22]. https: // doi. org/
10. 13433/j. enki. 1003 —8728.20230156. (in Chinese)

[29]  Ek,&FF, A0 BT B & N & 5 8 50 #f T3 R IR 8 08 STk A 42 50 00 O A Al DT ] 2 % 328 A 8, 2020,
37(12):133 - 141.

WANG Shu, ZHAO Xuan, YU Qiang. Estimation of vehicle centroid sideslip angle based on ASVD — UKF algorithm [ J].
Journal of Highway and Transportation Research and Development,2020,37(12) :133 — 141. (in Chinese)

[30] ABWEZE, e PRAE , FHE T, BT B & N AR OR 2 U8 I Y % Bt BRERSE L [ T]. WL Tl K244 ,2018,36(6) : 1108 — 1115.
Z0U Xiaojun, LIAN Baowang, DAN Zesheng. Vector tracking algorithm based on adaptive cubature Kalman filter[ J]. Journal of
Northwestern Polytechnical University,2018,36(6) :1108 —1115. (in Chinese)

[31] AR&AEGRFHEIE[M]. 6 b Jbat HLB Tk i At ,2019.

32]  EASR,ARUL, SR, L A S MR A R N [T ] R A 4R, 2001 ,14(3) 1112 - 115,
WANG Jianqiang, HE Fengjiang, ZHANG Libin, et al. A model for testing automobile dynamic property[ J]. China Journal of
Highway and Transport,2001,14(3) :112 —=115. (in Chinese)

[33] R4 & m BTG R B AL LT] IR HOR ,1985(11) :22 - 26.

[34] A FEEGIH 28I EOR % 012 BEE R8O O LS  JIF 1551—2015[S]. Jbat: [ 58 B & W A 06 4G 8
Jry,2015.

[35] Uk, X bl , thor A, 55 USSR SN AL 2e 5 | PERE B A 2L 5350 [T ] A0l L2442 ,2023,54(9) 1439 - 447.

ZHAO Jinghui,LIU Mengnan, XU Liyou, et al. Prediction model and experiment on tractive performance of four-wheel drive
tractor[ J]. Transactions of the Chinese Society for Agricultural Machinery,2023,54(9) :439 —447. (in Chinese)

(358 400 T1)

[15]

(16]

[17]

[18]

ZHANG S, WEN C, REN W, et al. A joint control method considering travel speed and slip for reducing energy consumption
of rear wheel independent drive electric tractor in ploughing[ J]. Energy, 2023,263: 126008.

X . S BRI HL BT EE KA R AT S [ D], U U TR, 2020.

LIU Mengnan. Study on design theory and control strategy of electric tractor[ D]. Xi’an: Xi’ an University of Technology,
2020. (in Chinese)

JRRSL A RS IR & 3l R UL 2 R S BT SRR T [T ] TR RO AR A ( A AR R 2016,
37(6):9 -15.

ZHOU Zhili, NI Qian, XU Liyou. Design and performance analysis of parallel hybrid electric tractor transmission parameters
[J]. Journal of Henan University of Science and Technology ( Natural Science) , 2016, 37(6): 9 —15. (in Chinese)
tmsg, e, RN, S b EW ML S R A RE R ERRE ISR IT]. RV AU, 2022,
53(1).:414 —422.

YANG Fuzeng, NIU Hanlin, SUN Jingbin, et al. Design and experiment of attitude cooperative control system of mountain
crawler tractor and farm tools[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022,53 (1) :414 - 422.
(in Chinese)

MAO Y, WU Y, YAN X, et al. Simulation and experimental research of electric tractor drive system based on modelical J].
PLOS ONE, 2022,17(11) ;231 -251.

X, RS, oL A, S TN EM RN E S E SR E REMRT]. RS iR, 2018,
49(2) :358 —366.

LIU Mengnan, ZHOU Zhili, XU Liyou, et al. Electric tractor energy system and management strategy research based on load
power spectral density [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2018,49 (2) :358 - 366. (in
Chinese)



