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Abstract: [Objective] This study analyzed the effects of off-center steering mechanism working pa-
rameters on the motion and dynamic performance of agricultural flexible chassis (FC) to provide basis for
steering control of FC. [ Method) Based on steering theory, the influences of speed of in-wheel motor
(IWM) and load of FC on longitudinal force, lateral force and steering relative errors were tested using
self-made test bench. Then,a comprehensive evaluation method was introduced to combine these three indi-
cators into a comprehensive index (CI). The single factor effects of locking voltage (LLV) and speed of step-
per motor (SMS) on each indicator were also analyzed. Taking SMS and LV of the inner and the outer

steering sides of FC as factors,a orthogonal test was designed and the influence of each factor on CI was
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analyzed. Finally, the optimal parameters distribution was obtained and verified by experiments. [Result]
The speed of IWM, the load of FC and their interaction had significant effects on CI (P<C0. 05). The com-
prehensive index had the smallest value when the speed of IWM was around 120 r/min. With the increase
of LV and SMS, both lateral force and longitudinal force increased steadily. The steering error increased
first and then declined with the increase of LV, and it increased with the increase of SMS. The reasonable
ranges of SMS and LV during steering were 150 —180 r/min and 18 —24 V,respectively. The inner LV,
outer LV ,inner SMS and outer SMS all had significant effect on CI (P<C0. 05). In the case of no load, the
optimal inner and outer locking voltages were 22 and 20 V,and the optimum stepper motor speeds were 180
and 170 r/min,respectively. In the case of rated load,the optimal inner and outer locking voltages were 24
and 22 V,and the optimal stepper motor speeds were still 180 and 170 r/min,respectively. The verification
showed that longitudinal and lateral driving forces of off-center steering were increased and steering errors
were reduced under the optimal steering parameters. [Conclusion) The combination of locking voltages and

stepper motor speeds of the inner and outer steering sides obtained from this test improved the comprehen-

sive steering performance of the flexible chassis.

Key words: agricultural machinery;flexible chassis;steering performance; working parameters;compre-

hensive evaluation
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3. Electromagnetic friction lock;4. Off-center steering shaft
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Fig. 1 Schematic of structure for flexible chassis
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Fig. 3 Schematic diagram for motion and dynamic performance test device of flexible chassis
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Table 1 Variance analysis of comprehensive evaluation index value of steering performance
B3/ 75 A B i B ¥75 r P
Sources Sum of squared Degree of freedom Mean square
n 2.269 3 0. 756 102. 873 <0.01
L 0.079 4 0.020 2.699 0.044 1
nXL 0. 359 12 0.030 4. 066 <20.01
iR2% Error 0. 294 40 0.007
It Sum 15. 697 60

TE:Lh P<<0.01 ik 3% ,0. 01<<P<C0.05 N .3, P=0.05 H AW, £ 5 6.
Note: P<C0. 01 is significant,0. 01<CP<C0. 05 is significant,and P==0. 05 is not significant. Table 5 is the same.
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Fig. 8 Changes of driving force, steering relative error and comprehensive evaluation index value under different locking
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Table 2 Orthogonal test factor level based on chassis steering performance of inner and outer steering

locking voltage and stepping motor speed

Kl & Factor

K- X1 X, X X
Level AN BT L/ V PR S NI VAYS A ATLEE 3/ (r » min™ ) AMUTHALEE L/ (r « min™ D)
Inner locking voltage Outer locking voltage Inner stepper motor speed Outer stepper motor speed

1 18 18 150 150

2 20 20 160 160

3 22 22 170 170

4 24 24 180 180

3 RUREFRANHESRBENAREER

Table 3 Schemes and results of flexible chassis steering performance orthogonal test

% Factors

8 F5 Index

23 #, No load Jnzg Load
(’i;ﬁs 25 5| %‘)‘\f’ﬂlﬂiij/lj] R RSN J R MmAIXTRZE Gk gl ) CE VT F =
X, X X, X, Empy (Free)/KN S (Fras)/kN (Ermax)/ 0 (Fxmex) /KN (Fyma) /KN (Egnax) /%0

column l,gggltudmal _ l_,atcral Stccr.mg angle I,Qn_gltudlnal . l_,atcral Stcmtmg angle

driving forces driving forces relative errors  driving forces driving forces relative errors
1 1 1 1 1 1 0.142 0.121 4. 340 0.210 0.182 3.698
2 1 2 2 2 2 0. 207 0.171 5.823 0.296 0.233 6.108
3 1 3 3 3 3 0.261 0. 186 4.528 0. 386 0.311 4.182
4 1 4 4 4 4 0.343 0.278 7.462 0.498 0. 344 7.665
5 2 1 2 3 4 0. 240 0. 157 6.288 0. 369 0.248 6.273
6 2 2 1 4 3 0.224 0.214 7.462 0.422 0. 314 6. 646
7 2 3 4 1 2 0.261 0.230 5.071 0.418 0. 362 5.038
8 2 4 3 2 1 0.321 0.221 7.528 0.479 0. 347 7.120
9 3 1 3 4 2 0.277 0. 201 3. 941 0.427 0.308 4. 200
10 3 2 4 3 1 0.314 0.312 4.329 0.470 0.405 3.290
11 3 3 1 2 4 0.234 0.216 5.192 0.408 0.378 4.039
12 3 4 2 1 3 0. 288 0.243 5. 469 0. 439 0. 359 6.463
13 4 1 4 2 3 0.321 0. 240 4. 949 0.543 0.410 5.023
14 4 2 3 1 4 0.293 0. 244 3.831 0.506 0.434 4.781
15 4 3 2 4 1 0. 380 0.231 7.938 0.591 0.432 7.427
16 4 4 1 3 2 0. 317 0.296 7.683 0. 537 0.453 6.259

KA 2.2.2 WG ETEM T BRI FHIER
R L B TEM e E IR 4 BT 5 E M 15 bn

HI T 22 S AEII AT RILE 5 5L 6,

R4 FUREROUEREIREERVES TN

Table 4 Comprehensive evaluation for orthogonal test results of flexible chassis steering performance

§ T o W TR bR § G
&_F Comprehensive evalution index value EF Comprehensive evalution index value
Codes 23 4% No load Jin#k Load Codes 253k No load Jn#k Load

1 0.324 0. 326 9 0.670 0.617

2 0.358 0. 260 10 0. 870 0. 842

3 0.570 0. 587 11 0.526 0. 697

4 0.566 0.434 12 0.617 0. 500

5 0. 336 0. 327 13 0.702 0.766

6 0. 305 0.419 14 0.772 0.783

7 0.596 0.603 15 0.494 0. 634

8 0.436 0.466 16 0.543 0.711

HI 25 G VR 48 bR A8 1Y 7 25 8 B 45 R (3% 5) A
B I ATLRE PN LA B R R DA R P L A A B
BLEE X 255 46 b [ 296 12 2 52 (P<<0. 05) 5
6 M 24T BT 4 BT AL 7S R A TR B 2 A R 1)
P T B 5 0 2800 2% B0 Ay PN A0 20 32 B2 3> i ]

SR e = SO A 3 R AL 3 > I R s 5 e 1)
WM S B o - OB R 22 VL Sb
M 20V, A 2t f HLES 3 0 180 r/min A
170 v/min, %05E 2 I8 I 2% D 3R %) 258 & 5 1) 1k
AIE F) 52 W 5017 ¢ B DA PA 000 B 5 T = PN 00 20 3 v L
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48 &

Bl 3 > MO B 5 L T > M A i R AT s B g A
SN $5e S 2 K00 BE D - N B R T O 24 VS

22 V. NP i HBLES R 180 r/min. ARl
170 r/min,

x5 RUEREROEREXRBESITNERENFTZSN
Table 5 Variance analysis for comprehensive evaluation index value of flexible chassis steering performance orthogonal test
P 3 22 %), No load M# Load
Sources F P r P
X, 208. 737 0.000 6 283. 194 0. 000 4
X 10. 455 0.042 6 33. 847 0.008 2
X 209.022 0. 000 6 116. 504 0.001 3
X4 22.712 0.014 5 17.579 0.020 9
*6 EUERKEROERETRBESITNERENREDN
Table 6 Range analysis for comprehensive evaluation index value of flexible chassis steering performance orthogonal test
B3 25 %} No load n# Load
Sources X, X, X; X, X, X, X; X,
k1 0.455 0.508 0.425 0.578 0.402 0. 509 0.538 0.553
ks 0.419 0.576 0.451 0. 506 0. 454 0.576 0. 430 0. 547
k3 0.671 0. 547 0.612 0. 580 0. 664 0.631 0.613 0.617
ky 0.628 0.541 0. 684 0. 509 0.724 0.528 0.661 0.526
R 0.252 0.068 0. 259 0.074 0. 322 0.121 0.231 0.091
A SPSS B X 25 & PP 8 AR 1 5 45 I R 0.002 8X;+0.002 9X, (R2=0. 935 3),
PEAT US43 #r L 15 8] 45 2k 45 R 5 R TS 9\ 1H (16)
BB T3 (Fyo B 9k 3 Jy (Fy) e AR B2 22 (E) 3 Fy = —0. 915 + 0. 027 0X, + 0. 014 5X, +
A LR R Jel 0 T R 0. 001 8X;+0.000 58X, (R2=0.925 4),
Fy= —1. 006 + 0. 014 3X, + 0. 012 2X, + 17n
0.002 54X,+0.001 92X, (R*=0.923 6), Ex = — 52. 11 — 12. 279X, + 2. 149X, +
(13) 0.025 3X, X;+ 0. 008 3X,X; + 0. 035
Fy = —0. 682+ 0. 011 4X, + 0. 012 6X, + 5X,X, —0.004 23X, X,— 0. 098 3Xi +
0.001 92X, +0.000 9X, (R*=0.748 9), 0.133X5—0.006 61X5(R*=0.711 9),
(14 (18)
E, = — 84. 123 + 5. 279X, — 13. 492X, + 3.2 MRS BEERHIGIE

2.047X,+0.018 6X, X;+0.051 5X, X, —
0.006 11X, X, — 0. 200X? + 0. 131X} —
0.004 44X3(R*=0.884 2), (15)
[ B« A5 2B 07 B 25 R 3K 5 38 A fEL (0] 9 [2]

NG UEALZE RA A BEE L DL B R R AN
WA, LRV ESE R R Bi R R (2 A
22 VORI Pt B HLEE 3 (42 A3 160 r/min)
X B o AT E 0 30 E A M 4L T A 3 K

HITFEN WO IR g 45 2R 5 0 (13) ~ A8) Mg i+ A
Fy= —1.488 +0. 030 1X, + 0. 015 3X, + AT 25 R A13% 7 FTos.,
KT ZUERERAERITESHRIEREER
Table 7 Results of flexible chassis optimal steering working parameters verification test
TH 25 5 K & Factors 545 Index
Conditions Group X,\/V X;/V o Xs/(remin™") X3/(remin"!)  Fymu/kN Fymax/kN ERmax/ %
BORI - ‘
 Calealated value of model 22 20 180 170 0. 335 0. 321 4.16
N(j)ilifqd iR 5 4 Experimental group 22 20 180 170 0.331 0.315 4.08
%t #8241 Control group 22 22 160 160 0.322 0.312 5.22
300
1{%¢Tl»§;ﬁ 24 22 180 170 0.537 0.475 3.82
‘ Calculated value of model
PE’)% iR 20 Experimental group 24 22 180 170 0.518 0. 449 3.62
X} &4 Control group 22 22 160 160 0.497 0. 442 4.89
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%63

RETTAE 45 A T2V I 4 i B % 1) LA A 2 80 e R R 1k 135

INT T B s R AR R S IR A R Y e R
FHXFIR 220 5. 47 % 5 53 A 28 B30 i 06 20 7 75 25
5 1RSI0 45 R AT 22 5 T RE O 1B B R R R
2y KBRS K P e B ] FE SR A REAL T R Tk B
AN WA B 45 SR ) PR RO L BT A B 1 AR
S G E SRt T

4 75w

DS B 1 sl e % 3 L ot BUR L  DL
¥t o] P M 2D 0 WL TN SRR e B R s B
gy 3 1 RE A 52 R 2 B R, Sl e e L e B A AR
PR IR 48 2545 e 1) M BE A W 3 52 ) 52 I 2800 R
Ay v, Bl 6 e > 52 5 ] > g s L gl R B A
120 r/min 7247 I 2y die AN R 5 T T80 » e I 2565 e 1ol
6 br A7 A5 fe/MEL

2) BE B SR L s 0 i R AL Y OR SR  E A
Tei] BN A 0 6 1) BIK 30y ) Y9 T 3 K 5 B o i 2 B B R
L Hs b TS 1 R ) Bl 2D 1 F AL A S £ 49 DR T
HORCBUR WIS H N 18~24 'V, 25 g Ha LA 3Ny
150~180 r/min,

3)TE I A I Bl 48 5% ol 00T o 25 280 5% 1] AL
RPN AN AT 5 v T 8 B G AR 2 By i o 22
20 V., gt ML 3 4> 5 o 180 1 170 r/min; %l €
AT AR e 1 B A M R e T ) e I A
SRR 24 R 22 V., 5 i HHL G 3 43 00 R 180
170 r/min, S G TAES B R uE 5 £ B, iy
I L 0] TAE S0 B U7 28 T B IE 8L 5% o) PR RE A T
WA B m SHUP BT R .

[ &% k]

1) e, smost, BRIR. ROIER LGB AR R e Bk 15 R 2
LI, Al AL 741 . 2018.49(8) :1-17.

Xie B, Wu Z B, Mao E R. Development and prospect of key
technologies on agricultural tractor [J]. Transactions of the
Chinese Society for Agricultural Machinery,2018,49(8):1-17.

[2] ZHICE B B 5. 48 B AR HLAR AL K -2 ik 4=k w)

FREE R R (1] A0k TR 4. 2016,32(1) : 1-11.
Luo X W, Liao J,Hu L,et al. Improving agricultural mechani-
zation level to promote agricultural sustainable development
[J]. Transactions of the Chinese Society of Agricultural Engi-
neering (Transactions of the CSAE),2016,32(1):1-11.

[3] Bechar A, Vigneault C. Agricultural robots for field operations:
concepts and components [ J]. Biosystems Engineering, 2016,
149.94-111.

(4]  ETCA XKL AR, 55, TR S 08 38 45 o 2l 3 B AL % F ol
5ik5% [J]. feolk TRE2£4R 2012, 28(22) . 23-29.

Wang Y J,Liu Y C,Yang F Z,et al. Development and test of ti-

[5]

[6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

ny remotely controlled electric tractor for greenhouses [ J].
Transactions of the Chinese Society of Agricultural Engineer-
ing (Transactions of the CSAE).2012,28(22) :23-29.
ARG R Mok AE IR E RN R SR LT [T,
i E A WL 2F R . 2015,36(2) :67-69,76.
Guan C S,Hu H,Chen Y S, et al. Study on small electric trac-
tors for greenhouse [J]. Journal of Chinese Agricultural Mech-
anization,2015,36(2) :67-69.76.
AR A R AR T AR, 25 B A AR E K B IR
FHLB F G [T]. R4 . 2016,47(6) :61-66,82.
Zou F X,LiJ P,He X Y,et al. Design and experiment of self-
propelled water body restoration plants harvester [J]. Transac-
tions of the Chinese Society for Agricultural Machinery, 2016,
47(6):61-66,82.
whoat, ik BGRB8 BUR UK Sl B Sl ¥ B LS B A
58 L1 AR LA %4, 2015,46(6) : 8-13.
Xie B, Zhang C, Chen S, et al. Transmission performance of
two-wheel drive electric tractor [ J]. Transactions of the Chi-
nese Society for Agricultural Machinery,2015,46(6) ;8-13.
B L IR AR L A T R A0 XU BB 3K ) 4=
W AR PR AT ()], ARk T2 2% H2,2018,34(15) :66-76.
Wu Z B,Xie B,Chi R J,et al. Active modulation of torque dis-
tribution for dual-motor front and rear-axle drive type electric
vehicle based on slip ratio [J]. Transactions of the Chinese So-
ciety of Agricultural Engineering ( Transactions of the CSAE),
2018,34(15) :66-76.
TRERR L E . M. SR R SN R R kit 5t
5 [V AR TR 42, 2014,30(19) : 11-18.
Zhang T M, Huang H, Huang P H. Design and test of drive
and control system for electric wheeled mobile car [J]. Trans-
actions of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE),2014,30(19):11-18.
Chen Y. Xie B, Mao E. Electric tractor motor drive control
based on FPGA [J]. IFAC-Papers OnLine,2016,49(16) :271-
276.
JEI R o R L AR 5% L 55 DU A ik 7 K Bl L Bl B AL A 1 AR
B HE A FCOF 58 [T B Rt Ak K2 2 4. 2018, 41(5) - 962-
970.
Zhou H D,Lu Z X,Deng X T,et al. Study on torque distribu-
tion of traction operation of four wheel independent driven e-
lectric tractor [J]. Journal of Nanjing Agricultural Universi-
ty»2018,41(5):962-970.
Wang L. L., Zhao B,Fan J] W,et al. Development of a tomato
harvesting robot used in greenhouse [ J]. International Jour-
nal of Agricultural and Biological Engineering, 2017,10(4):
140-149.
T 3 TR AR Sl B L IR Sl R A Ok [T ). R E R
ML 4 . 2016,37(6) . 149-153,279.
Shang G G,Zhang J J. Development of electric tractor power-
train control strategy [ J]. Journal of Chinese Agricultural
Mechanization,2016,37(6) :149-153,279.
Tabile R A, Godoy E P, Pereira R R D, et al. Design of the



136 PY LA ARB R A 22 4l CH AR 22 15O o548 %
mechatronic architecture of an agricultural mobile robot [J]. characteristics of driving and steering for agricultural flexible
IFAC Proceedings Volumes,2010,43(18) .717-724., chassis based on PWM signal [ J]. Transactions of the Chi-
[15] Gat G,Gan-Mor S,Degani A. Stable and robust vehicle steer- nese Society of Agricultural Engineering (Transactions of the
ing control using an overhead guide in greenhouse tasks [J]. CSAE) .2018,34(7) :75-81.
Computers and Electronics in Agriculture, 2016, 121; 234- [22] RWZAR.ZEMT,BFN. % ZHEIRSERANRE S RITS
244. Sz LD A HUBR %4 2016,47(2) - 77-83.
[16] B% & SBMEA. 2R st m iz sh i Al [T, AL OF5T, Song SJ,Li Y N,Qu J W,et al. Development and application
2011,33(4):219-222. of test bench for flexible chassis [J]. Transactions of the Chi-
Lu D, Guo K Q. Divertical motion model of flexible chassis nese Society for Agricultural Machinery,2016,47(2) .77-83.
[J]. Journal of Agricultural Mechanization Research,2011,33 [23] Song S J,Guo K Q. Automatic tracking steering system for
(4):219-222. off-centered flexible chassis steering axis based on fuzzy-PI
[17] P4 Ab e RORF $e K 2. — Pl 25 4 5 I %% 1m) 2 & . [, 2007- composite control [ J]. Journal of Intelligent &. Fuzzy Sys-
100176441 [P]. 2007-09-05. tems,2018,35:187-195.
Northwest A&.F University. A kind of vehicle auxiliary steer- [24] Song SJ,Li Y N,Qu J W,et al. Design and test of flexible
ing device;China, 2007100176441 [P]. 2007-09-05. chassis automatic tracking steering system [ J]. International
(18] RISZS. AR MR IR ALY iz S 451 5 F SR s F 52 (D, B g Journal of Agricultural & Biological Engineering, 2017, 10
W AL AR BRRL B R, 2017, (5):45-54.
Song S J. Research on kinematical features and control strate- [257 ARl 7K ®E o) B B AL H R TM. db 5t AL Tl H R
gy of agricultural flexible chassis [ DJ]. Yangling, Shaanxi: #k,2013.
Northwest A&.F University,2017. Tan J C. Permanent magnet brushless DC motor technology
C19] 2ol 7 SR RHERC. BRSO - 46, AR 1 4 ek 2 W S U S HOxd [M]. Beijing: China Machine Press.2013.
DI BE 5 1] 52 i R LA A L), ARl TR 24 4. 2019, [26] RS T 40T . 45 AR 4 e 25 O B 5% 17 il K 3 %6 2
35(5):51-61. 53 R (1], 40k TR 2% .2015,31(23) . 28-34.
Li Y N,Guo K Q,Chen W Q.et al. Effects of attitude switc- Song SJ,QuJ W,Li Y N,et al. Experiment on movement and
hing parameters on switching precision and time of flexible dynamic property of driving wheel with offset steering shaft
chassis of agricultural vehicle and its optimization [J]. Trans- for agricultural vehicle [J]. Transactions of the Chinese Soci-
actions of the Chinese Society of Agricultural Engineering ety of Agricultural Engineering (Transactions of the CSAE),
(Transactions of the CSAE),2019,35(5) :51-61. 2015,31(23) :28-34.
[20] P& & REAMEDAUR MR8 R HER RE TR 5K (271 BEVRAR SBREAL, 220 7, 45 AT S ki A X D) e 22 11 2 %
[DJ. Btz  v5 AL RAMBFFL R %, 2011 W54 [T R AL . 2018,49(9) : 346-352.
Lu D. Research and development for flexible chassis and its Qu J W,Guo K Q,Li Y N,et al. Experiment and optimization
control system of conservatory work machines [ D]. Yan- of mode switching controlling parameters for agricultural
gling , Shaanxi: Northwest A&.F University,2011. flexible chassis [[J]. Transactions of the Chinese Society for
(217 JEVCHSRIERL. B 4% LT PWM {55 gk T 28 IS 8 Agricultural Machinery,2018,49(9) ;346-352.
UK 5l 5 % 1) b ) o R R [T ], ROl TR AR #2018, 34 (28] opfe. ZRa i (M. dbat. v @i 3 ek, 2005,

(7):75-81.
Qu J] W,Guo K Q,Gao H,et al. Experiments on collaborative

Su W H. Comprehensive evaluation [ M]. Beijing: The Chi-
nese Market Press, 2005,



