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Hydrogen Fuel Cell Tractor Dual-mode Adaptive Online
Energy Management Strategy

Li Yanying'” Xu Liyou'”
(1. College of Vehicle and Traffic Engineering, Henan University of Science and Technology, Luoyang 471003, China
2. State Key Laboratory of Intelligent Agricultural Power Equipment, Luoyang 471039, China)

Abstract; Aiming at the problems of suboptimal optimization performance for online application and
strong dependence on prior driving cycle information in energy management strategies for hydrogen fuel
cell tractors, a dual-mode adaptive online (DAO) energy management strategy was proposed. A three-
layer collaborative architecture comprising driving cycle recognition, optimization decision-making, and
execution output was established. In the upper layer of driving cycle recognition, a random forest-based
recognition module was constructed to accurately distinguish between plowing and transportation operating
conditions. In the middle optimization decision-making layer, globally optimal control sequences
generated offline were used as training samples, and the designed improved tuna swarm algorithm that
optimized the traditional back propagation ( BP) neural network served as the optimization solver. Neural
network controllers were constructed for plowing and transportation conditions respectively, thereby
forming the DAO strategy. In the lower execution output layer, model-in-the-loop simulations and real-
vehicle field tests were carried out. Model-in-the-loop simulation results showed that, compared with the
offline dynamic programming strategy, the proposed strategy reduced the total hydrogen consumption of
the hydrogen tank by 0. 002% under plowing conditions and by 0. 07% under transportation conditions.
This indicated that the proposed strategy possessed good prediction and decision-making capabilities under
both plowing and transportation conditions. Real-vehicle test results showed that the equivalent hydrogen
consumption rate was reduced by 5.05% under the DAO strategy, validating the real-time applicability
and performance improvement capability of the proposed strategy. The research result can provide
theoretical support for the design of control systems for hydrogen fuel cell tractors.
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Fig. 1 Hydrogen fuel cell tractor powertrain configuration
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Tab.1 Main parameters of hydrogen fuel cell

tractor powertrain
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Fig.2 Overview of adaptive operating condition

recognition method
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Tab.2 Plowing operation settings

MRl EE/ BRR VEAES] dokEl

Il /s )
HA (km-h™')  cem B F1/kN - Hh/kW
0~400 Ak 12.0 35 25.0 83.25
400 ~435 Hisk#isk 3.5 0 0
435 ~800  ELH 8.0 25 17.8 39.52
800 ~835 MHukiwisk 3.5 0 0
835 ~1200 ZAHh 12.0 35 25.0 83.25




402 P

i #l

Mo R 2026 4F

FHACAR AR B 1, i aod BEATL R RS | A SEBR ARl
AR Y SRR Bl BEFFAREAL T 0L T kA feth

L 3 iR,
16 ) B 40
~ T
= —Z4 ) 32
g Z
< 4=
i 8 R
| 167
i «
=y 8
‘ ; ; 0
0 200 400 600 800 1000 1200
HiF[A)/s

K3 BRI
Fig.3 Load spectrum of plowing operation

2.1.2 iHHHEi T

iz VRl 22 46 T T R S0 R
BARAIRBICHE PRI LL NEDC 030478 24 ok s 5
AR RE DX B Ay H Al T 00, 456 i hr AL S PR AR
MR A B i v R BR 2 40 km/h, SF- 24 380
62. 4 km/h VR % 20. 8 km/h 3217 [H] A\ 400 s 4E
K2 1200 s, i Hahn TOCHISH IR 4 FR,

0 200 400 600 800 1000 1200

s
P4 T8 s i T O

Fig.4 Theoretical speed of road transportation cycle
2.2 TRIRBIEAREE

THPSIOTET N R G s AT 8 rh 4 I e %
FAE T EF A BEHE, TRkt 25,k
FHME BN 6T i A BRI 4 S48 FE GE T HRHE
2.2.1 JIREEA Y

FL AL R D 238 4 S W ML A7 2 B S AR T
B, DU R I AR RE AR b B HLRS SR T
R GAT R B AR EE  F 1 201 DNRTIRREA
BB S i TO AR 1 4528 0 Ko,
2.2.2 AR AR HEEL

(1) FALFT SR DB ME . o O sl i H N
KU EA A R CH

1 N
Mpzﬁgpi (1)
Hrp N=fT (2)
K, —— TR RLE kW
N——5 ) 1R S 8

rT—# HRKJE ,S
P51 1955 i 2 ALTR TR kW

(2) B RO RARHEDS (LD BRI

(3) HUbLA R T 2R B BTG F . 2 X B
SLE R E S S N Y N
P 2% BRI 5, RN

Ap range — P em_req_max,T — P em_req_min, T (3)
(4) SEEAREZ  RAEAT IR 1, B B /3R
WA TR AR E
2.2.3 BN HREEERE

e FH 1 22 B W 30 3 11 AR U | 22 2 kK
I , SR B R 10 Hz, % T 15, W
K 0.5 s, B FUEOE S8 20, 20 KB A58 S
2.3 BEREINEFE

TSR H 4 R ALV 37 5 o v U Y
BH5 iz T o0 SCBAT X RE = A R AT . 255
F IR RN BP M2 4S5 R UL A KB
PERERF A, IR 25 & B MLAE b B8 77 78 FF 1 4 B
o R PR AR B S R e, e BR R
PLARMRR AR TR I e (A% 0 2 e . LA
AL TR

AR PR, FETFRTER TR, LT
151] 7: 3BEALI 3 B HE A, Fo b 709% FEA ] T A AL
25 30% H Tz AR PEBE s Uk, 8 i Min — Max H—
A7 A I SRR AE I — A 20,1 ] X ]

B2 FEARF M, DTS 478 A~af
PRESREA N FeAl 38 2 A i A L BT =X, S
JE A B A £ FREA ] 1) 478 ANREAS | TE B 4%t S
E SS9

IR 3 PR, e PR R S50, B
ANIFEOR 1, AN 257 S0 ST A PSRN

IR 4 R REN, W TFTEMAREAR, 5
TS PR L2 2 B — 28 R, 1 S e 2
FBWERLFEA B R 2 I

S I AREREIEAL . NAS SN B P AG 5 il
SEMRRAESGE 2 7 i AL RZ AL RE Sy, Hi 4%
ANEHE VAL 2T AR SMEAE 1) A R R A
BSTE ARG IR AR 1) 7 R U %

2.4 TRIRFIEEMESHIE
2.4.1 THURESHT 54 R IE

K5 4 MEHESEAERBE S 25 T00 N A6
RHIE, EEOR G 06 RN, 58— 44 & R AiE T &Y
512 B & 905 204328 30 4SS )X E] . XF
TR L 2 S K W AR A Bl Lk ST 43 405 Ak
TR,

F I Sa 11, AURE T 050 5 SR T 2R 843 A D 1)
B IX ] 113. 80 ~ 117. 86 kW, 1Mz i 1.4 F I (4
£ T E X ] 60. 96 ~65. 02 kW, 25 B B4 HE T.00 75



5502 1 ZRPEAR 4 SR MR AL SRR ] 5F N AE £k B A BIUOR IS I 5T 403

1000 — s 2000 AT Loor HH

sol mEHTH isoll =EHTR & 807 —Fumlif
f’f 60} ff fé 60y
P 2z 100F & 0l
= 40 = ﬁ

20 5OH il

ol _‘ e ‘ I uJ Iy ol ”H M i : 0 50 100 150 260 2,%0 360 3,%0
0 50 100 0 10 20 30 Kl
R AW TR AT AW (a) A
2001 r
=AM TR =AM |

1ol =EHTH EHRT R ¢ sof| —mmis
] i;; 60
<100} &
=y 40
2 R

50+ R 20

| L L L L |
08%”“40 0 8‘0 1(')0 0(') : ) 5 :‘* 0 20 40 60 80 100 120 140 160
FR TN BB/ b ) s

K5 AUFERISHR TO0 T RAE S B R
Fig.5 Feature parameter distribution under plowing

and transport conditions
SR = Tk T,

1Pl Sh A, AUBE T LT SR DR bR 2 R 0 ~
35.85 kW, B X ] g 3. 59 ~4. 78 kW ; iz i T84
XA 0 ~4. 78 kW, IE(EIX[H] 2R 0 ~ 1. 20 kW, H
BUBF T 0T R D ik Bl BE K T T

1] 5¢ AT, 55 2R DI 330k 2l 1 L 43 A R ik 5 75
RO bR e B — 3k, dE— 2 80E T AR T
() B 1 BRI

H 1l 5d AT %0, BT AL R - RH ) AR Ak
SISk A5 SR L B ] BRI AR B AL T
10 AR AE 22 /3 A VL L A 0 ~ 3. 24 km/h ;38 By T
40 ~0.11 km/h,

25 b4 AN FHES RS ARV B far - 37K
W B ARG R DA KA T3 Re e M T A T Ak,
TG R84 7 Bk 32 iy T 00 Y B AU ARRAE
2.4.2 HGIEALES

T LR FRAE RS Bl AL AR AR > S SR A
2 AR S B T AL TR, B 6 il gk
£ 5B vE O R TN 25 5, . 25 R B A A ST
IR b BEALAR MR R 3 2SR %8 98. 61%

B 7 SR, MPR R R 9 DL B fh iR
FZERGETE 1. 2% Ao A7 IFA R HAT [ iz fed:

ZE LR, 38 it ARAE SRR 2 A2 1 17 5
UE RN T A TR IR 5 PR 5 T SRk

3 WEKBENELEEEEREIZIT

P2 EIE TSO — BP Bk AR UL 48 BP #:X)
2RI R P 2 T AR S MO 22 5 | BEAIL W) B A A B
B 5 B A Je 0 fe 8 56 ) R, 308 4o 43 3] 44 e T
) BB 32 i T 00 A A 20 T 5 4 L 2 T OBURE [
T N T 2R T B R

(SNl IEo R S v ST
Fig.6 Prediction results between training set and test set
S

30

5] [3e]
(=} W
T

ARIMR %
I

0 1I0 2‘0 3IO 4‘0 SIO
P
BT gesbin s
Fig.7  Out of bag error variation curve
3.1 BPHEMBHEZX
T (6] A5 3 i T 000 i) A S S e AR
AR AR SR A OCBCE
X5 = it,,S0C,v ,F,, P }

sYpsT To% em_req

xrrans] —transd = { tl ’SOC’ULmns ’Penchq } <4)
Y= Pfc_req
it[:fj xpl -pS5 \xtmml —lmns4—if’2ﬁ1lgﬂ'kﬁi§$ﬁi1/ﬁﬂ'k‘l:
ARz

y—Hi i E AT
tl—iéﬁﬁﬂ‘lkﬂ )
F,——%5]71 kN
BBHE B km/h
Uy ——IBFAEM B km/h
P, ..,—— LT R I kW
PR IR SR % kW
BP 128 o) 4% S 3 AR 2P Ak 1) SC HEAE T 0 PR
B, Hb BB 2 ansig R L, B2 %
purelin BREL, Yl 2R 5375 2 A trainlm PREL, BP #H £
W4 S5 RN E 8 T,
3.2 i TSO &k
G TSO Bk S B AL HLHI, LA 5 BP

Yy



b Bl R

2026 4F

404 P
K2
A
x+B tansig fuction
t1 V WX+ A S
s0C wx’y;/ wx+B tansig fuction o o
=@ v XKD Y
AR ) 7 7 B function
v - e wx+B tansig fuction
® 7
P

¥ wy+B tansig fuction

\ il
wy+B tansig fuction

Kl 8 BP M4 ML

Fig. 8 Structure of BP neural network

PREE 2% B A SR B e e, T8 e A 3 I R B A
L2 TEMAI TR SR R A Sl A A R R
BEALPL S0, $2 5 TSO FEiz Ak sk b Ry B i I iy
REJ1 . BARLTER .
AR TR AR IR AL, 7R D 4E=S [ b A
b n ZREHAAE ARSI E | YATALE XD XY
BP #1258 [ 26— AR FE(E , Tl
X" =rand(u, =1,) +1, (i=1,2,---,n) (5)

YR 2 35 N RS ARS8 TSO Bk LY
TR 2N NiE B AR A, 2 SR 4T A, ARBF
FETEIE I FE PR BRI 12 TENIARI K B bs s 5
F/MEIR 2278 iR 2% + BUEAESII, HER N
Fo=MSEG-y) +ay ( T wi+ X B+ 3 wi)
(6)
HH MSE(y —y)——BP M TRINE ¢ 552 y
Hrina
F 322 37 5 PR K
w,—H A JZ BN RS Z AR A
B, —— a5 2 B 1 i
w,— [ 2 204 2 AR A
a,—IEfE R 5, B 107
AR 3 AL E TR, 558 TSO Bk AR
EHBEAEY) GRS R4 R BRIt 2 AL, BBy
68— Gy ARt DR, e AT o S b A T

A rand——IX [0, 172 FIBEHLEL WA B AL RECIBEHLIE BN, 3 A 2
w,—— R =] LR ZAE SRR RSB, ACE R R .
[,— 8RS TR ABR 31 IR T RN, A R R
X585 Sl ) SRR IR DA IS TS, I 36 7 i R T 4
n—— PR AR TR
a, (X, +B1X,,, -X;1) +a,X; +0. lrandn (1=1) '
{ . (r(md <— )
a, (X, +BIX,,, - X;1) +a,X;_, +0. lrandn (i=2,3,--,n) L
Xt = (7)
{a,(Xﬁ(md +B1X.,., - X;1) +a,X; +0. lrandn (1=1) ( =t
@ (X +BIX.  ~X'1) +a, X', +0. Trandn (i=2.3,-.n) O 0 by
FHifr w205t Ao T BEHU L B -1 p— TR T
1 Fans (8) SR 4 SRS PRI, AU RO i
0 =0.5+0.5 " AU BER K 1, 5 IUR A0 3 AkEEkAt,
3.3 i TSO - BP Hi%
A X —— ¢+ 1 OB B

X, — AR
X~ W = 0 = iR A
A A ) B AR AR — S

TR B B A R A
I RIEAIEL
B—hE) 2 5
randn IED A BENLEL

PR32 MY R TR, SR AL ERTR
YL E NS B I R B AT R Y IR R
SN = W)

Xt =
Xy +rand(X,,,, —X;) +
T.p° (X, X)) +0. lrandn
T.p° X, +0. lrandn

(rand <0.5) (9)
(rand=0.5)

it TSO — BP Bk i et A 3 I fa & 2
ZIuB T, AR UL S N 45 2540 5 95 | Atk
TSO 53k, % BP #2145 S 5047 4 SR Ak 5 [R) i
JNAFETF TSO Bk fe sl R i — ik omALH], 47
SRS AR, Bk TSO — BP Bknl 4y 4 46 1
R E 9 FiR , BARGAL B .

A1 BP Mg E, ET(4) 5
S S IO 45 11 i AR Y R, T R S SRR R, A
e S i 7o ey O R R g N S B VA S g =
ZTCEN T T 0 o 2 A R g Y
H[8:2:32 ], XA BEAE AL B 454 — 3% I %=
G BP M4, 51 A 10% I ZREEAE R 55 E
A5, DABS UFHE 4 5 1 2 Fie /DN o o D) 7 34 e £ o 48 T
B, fJa, K Min — Max JH— 4675 45 B 4 i 5
Z[0,1]X[H,



522 11 ASFET 4, SR R DL 3 17 2 R A SR W 5 405
i S

| BPRIZEIIGE [ QAR 1
i | ok

BB KA

17
| SRR 43
| R | )
i Hi HGHBP

o] | S

e e
! WEEE ||
! BoEGE |

BPRIZE I 25 K B

j

SR v !
pag e | MR BPRIZS | b
Mz | EISRITE |
T v
HILRIT4ENSE | & ‘
HEARRIRIREIZ | 5 B % 1 el
4 ol bR |
TSt H S
! e : ghk
__________________ e
CHTSOSE AL
B 5 i
7

T FBPARZE W 4
A ER Y

K9 Bk TSO - BP S i e
Fig.9 Flowchart of improved TSO — BP algorithm
AR 2 ek SO FL LA MBIE ., LA BP
22 00 2% F) ASL R R (AR A A A 7 A R T ik gk
TSO FIESBARALHL I HEAT 42 )5 0L, 0 1 e fIE ik
7 JRE 5% 7 FR)ASC R AT (B 45
YR 3 HM BP MIZE 24, RIS TSO 59k
D5 15 30 114 e DI AL o 0 5] R, o Ay 3 R 1Y) 4 45
M RFEFIE R IR E AP 22 2%, 52 0 26 S50
WAL A
BE 4. BP MG MY S, fEC F5 4
JREAAEE | B A HE il b R — o S s A
JRtRAE A 2R, 8 B BB/ IS o 2T SRR g £
HbrAs B, i — 20 DL A A R R A, P A B X 31 25
B SR SZARE T o IR B islad RE R BR
AT, B2 R AR BRI
3.4 ETIRFHERRLE M| SEEE T
JET UL IERUR ) LU It 2 25
e ;B 7 29 R R Bh A& L %R B ( Dynamic
programming considering durability, economy and
dynamic response, DP — DEDR ) 1/ fb 4% 5% A Il 45 B
A, 3 )Ry el T ) B 5 3 T 0 ) e 2 e 5% 4
i, T IOBURAS ] S WS
DP — DEDR e LSR5 75 fn B 2O itk
Fbp , 2T 3h S M 5 vk AR5 B 4 R e fo A . R
AR PR K H AR R B E
x(k+1) =f(x(k) ,u(k))
x =S50C (10)
u=p .,
Join =min( (1 - fﬁ —&pun )MHZJO.“ +
f_ oo i T 3 batdban_tife ) (11)

FFLevenbery—
Marquardt53:
TEHAE AN E

= e =

Mo goe ™ 2IER FER

Mo tige NP _iife —— Rk H Y RN AR Y
iR

AP TOUT , 30 s A R A A 2

JORAREEEL by N L it BT X6 IO 114) 7 A

R RELE, 0. 134,€,, 300, 746
KA AL S iy AR AT HET JE B

T 70% VE SR8, J5 30% VR ilRsE . ek TSO —

BP BLAE 2 A T 0T R S B0 BN 3 fF

7No

ffc \f}mn

&3 BUE TSO - BP EEXEMRUSHIRE
Tab.3 Key optimization parameter settings for improved
TSO — BP algorithm

T AR ZH B || B B8 B
A FEE
2500 N 160
WEL L
Mk BP(RIMR %2 0.01 S PNYS 120
=29 = ’ R EL
7N 105 FAs it ) s
S i gk R '
AR SO A E
- 2500 - -2.5
ot BP( K 5 —
BOHI %S 0.0008 P 0
%) R FIES
H s ~ B
10 0.1
i AR
AR P
2500 N 120
W H
o BP(WIR Rk
) . 0.01 100
=9 S FRUEL
SE7 . AR it
. 10~ . 2
_— e [ 7 S
EESAY TSO HA R
e 3
W3l BP( ﬁﬂ mﬁﬁ
e NI 7 0001 - ,L 0.1
) A EIES
H bx . Yk
10~ 0.1
K BE MHESE

e NSRS R =y L TR 4 & X W R v 5 il
S T T BB E R 2 oo il 31 122,

AUBEAE i T 00T etk TSO - BP Bk DL A%
4t BP FyA AR e 5 B E WA 10, T
4 BP 21 Btk TSO — BP 554k ELS2{H 5 Wl 4
Mgk A s

T4 NEL TGS R 2, a5 R, 7
RSk TOUF , Bt TSO — BP 85k TR B 43
AT 82.93% 81.77%



406 P A IR A S 2026 4F
160+ = LA DP-DEDR—/# ) i il S ki 15 D
+JJ\/J~HE(L‘£CJETEP BP) DP-DEDR—4 i,y Hh T
~ TRMH(fELEEE) — DAO—{H{ s TP i 325
120k : : 150r  —DAO-4uibba i oh =R
{% . 100
= Ak g "y}."l"'-"i‘l“.“.'l fé_ 50
= 0
=50
100 200 300 400 ~100 ‘ ‘ . . . .
SR A 2 0 200 400 Hf%?/, 800 1000 1200
(a) BB T - o
—=— JTAH _ -
— B {A(AATSP-B) PRPDEDR A0
120/ — BN (2 BP) a2
{ - || &}
80 I l” £ ﬁ\ S 60
= 40t iy
{0\1'\- w 581 ‘ ‘ . . . .
® 0 ] 0 200 400 600 800 1000 1200
fif e/
-40
BT s A SOC Sl 2
80 100 200 300 400 Fig. 11  Power output and SOC dynamic response results
MR
(b) iZ4 T &5 SOC#SOH £ %
B0 N[ 00T AR B s Tab.5 SOC and SOH results %
Fig. 10 Test set prediction results under different conditions P SOC 4t SOH 24 SOC W 3 X il
x4 BFWNEREHAIRE DP - DEDR 59. 65 99.999 8 [57.81,61.88]
DAO 59.74 99.999 8 [57.90,61.94]

Tab.4 Mean square error of algorithm prediction results

— BT RIE/W? TG 4R 5
ik TSO - BP f&4: BP H 4t/ %

A 1.61 9.43 82.93

B 4.13x107° 2.32x107* 81.77

4 REERMGESH

Ui TSO — BP 1 28 M 48 A 38 4f Matlab PR3
SERUM SR B AR | B s R gk I 25
SR G S B8 B R AR T mat SO, JF 38 i
Simulink H' FCN B 17 3 %¢ | DA SLwt A 5
T, B3R T BN ZRB AR R OB 2% A
BB R WL B IR FOT 5
4.1 EHIR

(1) REIRRSLTHE

B 11 AL T D253 B A SOC 2 25 i iy
ZER . 25 SOC Ml SOH H &K i 45 5%, £ o6 K
AFEFRAEHEFE R, R 11 A 5.6 v, DAO
RIS B 515 2 R /b Z RS DP — DEDR
FEWG S R — 2, BRI, FE YR B 1, DAO
Femg DA Be ik . SOC #h4 5 DP — DEDR 5 H& 5
AR—F LT, BRI S FE B
R 7t A AN EURE T o R AR AN X — 3 il A
AR SRR A A Y, R DAO g H A& R
U () TEORG B, BEAS T /2 SEHLLL DP — DEDR SR B%
S sh 1 G TR,

x6 SHMSMPIERE

Tab.6 Hydrogen fuel consumption results in

hydrogen tank g
SR IREH L EAE B SERE  MERE
DP - DEDR 1925.42 11. 02 1936.43
DAO 1927.37 9.02 1 936. 39
PEREAS LA/ % 0. 10 -18.15 -0.002

(2) Rk R FROR

JRORE L T AR SR A A 12 Fros,
12 A1, DAO K& 5 DP — DEDR 3R W& 7E T A &
BB B B, EERCR S E
A FAHT A R4 X ], B DAO SRS HA A i 2

> 5 ag
60
7" ’
L r
& % x M%\
i;t 40t
i
& i &%
30
# oot
10t vDP-DEDR
i +DAO
0 ; ; ; ; ,
0 40 80 120 160 200

S RSk T R RN
12 R} Tt T A SRR A
Fig. 12 Efficiency distribution of fuel cell operating points
(3) 5 ]
DR VA 45 1] S SIS R PR 3, Xk SR s A B



5522 1 ZEPER A SUIRE R R AL DU F 7 2k RE A BRSBTS 407

B (5 EC [R] AT 5 B0 M, SR ISR 7 PR Ty A4y B 45 L (18] 13) W s TR
DP -~ DEDR SRBE TSI A 25 F DAO SRms ARAE  DAO SRME AR A oth % 1 2y 28 il 2k ik 2 0 P22
PITE T IR T 2 TR R R RS s W kT X —3R 5 DP — DEDR HMs A1 o 42 5 fie I 5w %

S e AL, M DAO Ml mA G 5L SRR NEA R RIEN U, HBLE
R, SR TT S IR] A R AN, XN SR IR T SRR TR (1) HARCE 2 T AL T
SEPRIEHI R BRI . KU DAO RISRERE I BOERY, feisky o0 Fi& FAYEn BEZ R, 1M DAO 5K

P RS BE S EROR B T, W rp B I 2k TSO — BP Bk | Ao iy R4k
%7 FESETITERE WG R S5z ikie )1, il 7E PR R o R Ak
Tab.7 Computation time under different strategies M P BEANTR) =2 ] 4 B 5 A ’ RO AT
L s UL s SR Ha S EENME, RBAAME T P B DAO TR i BE 1%
DP - DEDR 36.7926 3.10 x10 2 32 #3¢ DP — DEDR SIS EA A R GRS T ALk,
DAO 0.462 1 3.85 %10 2597 FELIB AT 1A 35 I R I A A 19 28 2550104 S B )]
# MR T 25 B 15 [5]  5E % 28 40 R A 9 iy 1)

4.2 EWLAR G,
421 RENERSBHLE W 9 T, ER ORI ML A5 SR T, (LR

V13 Jyickin 1.0 POD25EH i 55 SOC SSMNE gy o o e A2 LA b o — 800, 478 0B
Hiko R8Iy SOC M SOH B MARA AR . KON sptp bt bk

=y ] R R X o
AR TREERAN] DAO iR Bk BUHZ LRGN, B
DP—-DEDR—#A ek 3ty 512t 1 128 . . B S o
—mowwgﬁ%@g " PR HLEE A HERE AR | 1 MO RS O (L dfe, 5
DP-DEDR-4R i jibig H 2y ) ] )
100 — DA s 3% ' BT H & oK

AW

SOF/—\—/—L 4.2.2 B RERCR
SRR It T A 2SR R A dn & 14 FroR, |
. K 14 a1, DAO SRS T ARt 5 H oh R 3 4R

- b R ) 2 2 R T L B
RN TR i S P B 2 4 R, LA B RO T

100
_ N N -
621 __pp_DEDR —DAO It E & R AR
&Q 60 ~
T 60¢
]
- s0f
x
- , : ; : ; ; S
>% 200 400 600 800 1000 1200 % ol
i =

K13 ik T00 & Dok A SOC Sl 45

Fig. 13 Power output and SOC dynamic response results

under transport conditions

RS BHIMRT SOC 71 SOH £ 8

Tab.8 SOC and SOH results under transport conditions 0 20 80 120 160 200
R LT R BT 3 h &R W

*DAO

10F ; v DP-DEDR

% - ,
14 b T T AR RS TR AR
il SRmg S0C A SOH i SOC #8h X Jh] Fig. 14  Efficiency distribution of fuel cell system
DP ~ DEDR 60.10 99.9998 [59.33,61.05] operating points under transport conditions
DAO 59.78 99.999 8 [58.80,61.18] N N
4.2.3  5ESTE
®9 ERLATSHFSMEERE S PP A T SR W 114 S I 1 s 7, % SR AR i
Tab.9 Hydrogen fuel consumption results in FAEML TO0F 05 BB B o] i 47 2 & By , w10
hydrogen tank under transport conditions g Fis o BT ALHE T 00 ] SO E/ TN sy , DAO
RN WORDLILARE PSRN AR SRS LA 12 S ORISR0
DP - DEDR 1280. 74 3.65 1284.39 Sy
5 LEMEEIKR
DAO 1257.50 26.02 1283.52

PEREZEILTR/ % -1.81 612.88 -0.07 DA [ —H A AT R m A Y HQ2204 1K




408 A

o L

R0 EHTRTAEREITERE
Tab.10 Computation time under different strategies

under transport conditions

P A LB/ HUBHHE/ s BB He
DP — DEDR 29.5703 2.5x1072 40
DAO 0.4702 3.9x10°* 2564

I 3 SRR L Tt A R AL R I X S, T H [R) AL
FEMV BHIE
51 KBEHER

RIS AE H B BH 2R AR B Rl el i A7, AR
AP RA R K AL A b A b X B R i,
BRI N E AR L2 R, LR
0° ~8° MRkt 1y ZR B, o W L ZH SR 55 22
BRI ] SR w0 A2 R ] DAO SR, il ic &
MULTI — MASTER153T (4E + 1) %W JE B0 AL e
EIIF A 100 ~ 165. 5 kW, AEAV B A B4 0. 45 m,
BB R S,

RIRHE GB/T 3871. 1—2006 (4% b 6 7 Hl.
IR 55 1 3455 8 HZEK) . GB/T 3871. 12—
2005 A HERIAL I HFE 55 11 0. SRR
I Y F GB/T 24648. 1—2009 ( 6 7 HL ] g 7k %
1) o FE LR — B0 R H A B ) 43 2 AN A AR
DI, A3 2 F G BRZH 5 AR AL 2 A T AR AL, 45 X
BAEME T AN T 1 km? , LA AR 1350 g S50 2
A 3k e B SRR BOE 10 He,
FERBOR I A5 AT XTRERLEEA TR B LR A, B A
BT RG TAEWREE R, I 58 R 2L b ) i
SOC Z 60% , APRUEXT L5 i —BobE, B 15 K
FEHLH R B E L 5 5

K15 AEBLR AL
Fig. 15 Field plowing operation test of prototype
5.2 GRS
H T 58 B UG R I B B R, 4 SR R i
LME LA T 2 BB SR AT . IR AR BLARE
W T AT shasd e, BEHLAEIR 100 s, XL A4 5 %)
HRZH D30 BE A A AEIEAT 70T
P16 17 435I TESE bR H B B s 254800 T, %
MRHFLACH DR FEAh 2R . B DR X LI 22 F
P, B SERT 2 I AR A TR . X IRZE AL

LU G 2026 4F
159 — B LR
158 — R SR L

- 157
i 156 ‘
55
-R I
"is4
153
1520 :;0 4‘0 6I0 SIO IOIO
HJ /s
4
.5
¥ 2
ﬁ
= o
Z
=
_é? -2
ﬁ 4 1 1 L L ]
o 20 40 60 80 100
i /s
16 X IR TR, R
Fig. 16  Power allocation results of control group
19 — B LR
158 — R L S P i PR

o 20 40 60 80 100

Mt [E) /s

2

Z 1

%

#H -1

£

§‘3

0 20 0 60 80 100

fita)/s

BT RS

Fig. 17 Power allocation results of optimized group
41 3 3 f AL 2K T R e 1T A 43 5l R 155. 26
154. 67 kW , 3R 2 250 1R b + e 45 1 0 67 400
FEAKHY , A R WERLREXT FL AR n] 32 ) T 003 htk

FIE 16 .17 AT, ZEAR R S 2055 oK T, AR T X
HRZL, AL AR i i 75 R Dy R i 2 A8 AT 22, B
AL BA B A0 B 38 N R i@ 2 11125 DP — DEDR
N R AWN o SRR RSN VA WA ES B I €
A5 B 1 R -3 RH T SR AR S B AR BT R A

L1 HESREHAFELE R, Z R 2 Ak
v TR 28 5, W S AR AR T AR R A T IH — 1k ik
B, R 11 AT LA A5 A EURE R BN B2 R AIG
5.05% ,S0E T FEREREZ BT P T B3,

x11 SHMBUERER

Tab.11 Hydrogen consumption results

. PRI B MERE,  DSERERER/
mEIrE s
S ¥/ g MEAFE/ g g (g-km™")
popiiHi] 243. 85 —-1.85 242.00 360. 93
et 244.72 -14.95 229.78 342. 69




5522 1) ARPRE S5 AU G AL [ T 10 2 il Tk A B W BT 5T 409
I R, 5454 BP Bk L, Bt TSO — BP B3k 7E 2
6 Z5it

()BT 3 FRENLARAR A 15 5 T80 350 5
P, HT TR SR BOMY 8 T 4 IR
SHEIREALE 38 5L BEHLARAR 7328 07 i AREAE 23 A7
SRR 2 DR T T RGERAE, S5 RE, 5
JEUERA RN 98. 61% AR AZ LR ZEFEETE 1.2% /2
47,2 DAO SR SEREH AL T T HE 1 s SR OB

(2) it T 3T ek i TSO — BP B i Sk,
MR LB [ 15 N 7E 2k BE e HR AR . S XHE S
BP 128 W45 5 b AR e e i Tl i, 5 | Atk TSO
A | IS N R JE A 2 e RS v A R

ANTTDLT XS BR Rk F st iy H 0 23R 3000 RS 4 ) £ T
82.93% F181.77%

() ELE R F W], DAO SEMKAE 2 Ff T T B
2 AP Pesk S 7e LR RE T, RERE A 5% 2
DP - DEDR BRI LA . Rl R AE iz T.O00 T
T Rz ALRE 1, SCBL T X B bR eR B0 A i
WHEAEEIE, BT DP - DEDR %H DAO %
M S A SURETE AL BE T 000 T % AIG 0. 002% |, 7E 32 Bt
T TR 0.07%

(4) LA J5 21 HQ2204 35 Fr HLAE Ry ik 56 % 5
FF R FH TR AEHEVE M a5, LA S 4 TR AR 2 o] 5 s 1

M 2T T M IR L A R S S iz A RE
I ormka 1 T 1) BLPF e T 00 A L IR

(1]

(2]

(3]

(4]

Xt B, DAO Mg AR AL, g A5 R R,
DEAZH S5 R RE BN R AR 5. 05%

Z % x #t

MRt mpik, B IRSE, 55, JC N Bl sl f ML AL HLZE B AR BR R S P RO P ) SR AT [0 ] AL LA 41,2024,
55(12) :491 -504.

Chen Zhongju, Xie Bin, Luo Zhenhao, et al. Fuzzy control strategy for path tracking-tillage depth of unmanned electric tractor
ploughing unit[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(12) :491 —504. (in Chinese)
RIESE, M. AR BRI T e 5 A I [ )] . AP, 2018, 49(1) : 1-20.

Li Daoliang, Yang Hao. State-of-the-art review for internet of things in agriculture[ J]. Transactions of the Chinese Society for
Agricultural Machinery, 2018, 49(1) : 1 —=20. (in Chinese)

IRNLA AT WIHE X i, 5. 56T 0 o P RS A XU SR SRR B S AL S BT [ D] AR ,2025,56 (4)
543 -553.

Xu Liyou, Shi Mingyue, Liu Mengnan, et al. Parameter research of dual-axle drive fuel cell tractor based on mass closure
algorithm[ J ]. Transactions of the Chinese Society for Agricultural Machinery,2025,56(4) ;543 —553. (in Chinese)
sk, IR AR be s A5, HE T BERr LA G A MEL SR A TR S AR L ECVT R4 A8 RIS Gl I i S e[ 1] Al
BB ,2025,56(9) 766 - 779.

Zhang Kai, Wang Lin, Deng Xiaoting, et al. Improved method and verification of energy management strategy of hybrid tractor
ecvt based on Pontryagin’s minimum princip[ J]. Transactions of the Chinese Society for Agricultural Machinery,2025,56(9) .
766 —779. (in Chinese)

Sundstrom O, Guzzella L. A generic dynamic programming Matlab function[ C] /2009 TEEE Control Applications, (CCA) &

Bao Shuyue, Sun Ping, Zhu Jianxin, et al. Improved multi-dimensional dynamic programming energy management strategy for a

Yang Hongtu, Sun Yan, Xia Changgao, et al. Research on energy management strategy of fuel cell electric tractor based on

[5]

Intelligent Control, (ISIC). TEEE, 2009 . 1625 - 1630.
[6]

vehicle power — split hybrid powertrain[ J]. Energy, 2022, 256 124682.
[7]

multi-algorithm fusion and optimization[ J ]. Energies, 2022, 15(17) ; 6389.
[8]

TR, BSOM, XA, 5. ST/ N AR AR SRR LT A R R R AL RE B A TSRS [ )],
RBVERR) , 2024, 45(2) : 173 - 182.

Xu Liyou, Xu Wenxiang, Liu Mengnan, et al. Energy management strategy for hydrogen fuel cell hybrid power tractor based on
wavelet stratified decoupling[ J]. Journal of Jiangsu University ( Natural Science Edition), 2024, 45(2);: 173 - 182. (in
Chinese)

LR R (A

Changchun; Jilin

(9] L. Fliafe Rt fere s R AP [ D], K. MO, 2023,
Kong Yan. Research on standardized global optimization energy management control method of vehicles[ D].
University, 2023. (in Chinese)

[10]  @JHTh. BT ah MR 2 p R U SR RE BV BRI AL AL SE [ D). BUIN . WRVIRS:, 2021.

(1]

Jin Shengsheng. Optimization of energy management strategy for extended range electric vehicle based on dynamic programming
algorithm[ D ]. Hangzhou: Zhejiang University, 2021. (in Chinese)
EHE, SRR T FEN SR HEV GEEEHA LR [T]. 118 TR, 2020, 42(11) : 1490 - 1496.
Jin Hui, Zhang Zihao. Review of research on HEV energy management based on adaptive dynamic programming [ J].
Automotive Engineering, 2020, 42(11); 1490 —1496. (in Chinese)

(THE /N8 ;)



418 & ol HLoB cE 2026 4
22 -31.
Zhang Yuquan, Ren Ling, Yang Miao, et al. Motion control of transplanter seedling pickup and delivery mechanism using non-
singular fast terminal sliding mode[ J]. Transactions of the CSAE, 2025, 41(3): 22 =31. (in Chinese)

[19] 37, BUR, BSL%, 45 BREPLAT A B NP0 B> 2 i IR i BOR [T]. AL AR, 2023, 54(6) .
55 -64.

Ji Jie, He Qing, Zhao Lijun, et al. Adaptive fast integrating terminal sliding mode tracking control technique for weeding robot
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(6) : 55 —64. (in Chinese)

[20] Wi, XUERTE, Tor8, S5 ASRHUAME 35 A S bl AR 2 o v A B0 BR BR AR R OF ST [0 ). Rl Hor 4k, 2025,
37(8) . 2115 -2123.

Chen Tao, Liu Jianxuan, Wang Lizhong, et al. Research on non-singular fast integral terminal sliding mode trajectory tracking
control of six-axis robotic arm[ J]. Journal of System Simulation, 2025, 37(8) : 2115 —=2123. (iin Chinese)

[21] Gopikadev Y, Amal A. Integral sliding mode control; a review of applications[ J]. International Journal of Advanced Control
and System Engineering, 2024, 2(1) .25 - 35.

[22] Meena K, Dhavalikar M, Thorat S. A review on the position control of hydraulic cylinder for accuracy and response time[ J].
Materials Today: Proceedings, 2023, 72 995 —999.

(23] wAEIE, skAk, XUk, 4. SSIILASRSIZS A i BEIFICE & B m RS B S W ()], T EPLAC TR, 2026, 37(1) :
73 -82.

Meng Deyuan, Zhang Meng, Liu Songyong, et al. High precision position and posture control of 6-DOF parallel platforms
driven by pneumatic muscles[ J]. China Mechanical Engineering, 2026, 37(1) : 73 —=82. (in Chinese)

[24] WRA, RHRSE, KT, 5. 3-PRS IFRHLG 8 S A S EHIDITE ()], R AUIA I ,2025,56 (6) 1735 - 744.
Huang Junjie, Huangfu Chenhao, Zhang Jiaqi, et al. Dynamic decoupling and control of 3-PRS parallel mechanism[]].
Transactions of the Chinese Society for Agricultural Machinery, 2025,56(6) ;735 —744. (in Chinese)

[25] BtIE, AR MG, 45 M 28 B 3 7 IR 4T B AL & N B AR O3 2 Sy 35 17 9 A4 R SR BIE e [0 ] IR 3l 45 il

2025,44(14) ;207 -219,236.

Zhao Shilong, Wang Shenghai, He Yunpeng, et al. Research on second-order integral terminal adaptive sliding mode control
strategyfor marine cable-driven parallel grinding robot[ J]. Journal of Vibration and Shock,2025 ,44(14) ;207 —=219,236. (in
Chinese)

(k#4109 T7)

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

Liu Mengnan, Li Yanying, Xu Liyou, et al. General modeling and energy management optimization for the fuel cell electric
tractor with mechanical shunt type[ J]. Computers and Electronics in Agriculture, 2023, 213, 108178.

Li Xianzhe, Zhang Mingzhu, Yan Xianghai, et al. Power allocation strategy for fuel cell distributed drive electric tractor based
on adaptive multi-resolution analysis theory[ J]. Energy, 2023, 284 . 129350.

Min Dehao, Song Zhen, Chen Huicui, et al. Genetic algorithm optimized neural network based fuel cell hybrid electric vehicle
energy management strategy under start-stop condition[ J]. Applied Energy, 2022, 306 118036.

Lin Xinyou, Zeng Songrong, Li Xuefan. Online correction predictive energy management strategy using the Q-learning based
swarm optimization with fuzzy neural network[J]. Energy, 2021, 223 120071.

Zhang Qi, Fu Xiaoling. A neural network fuzzy energy management strategy for hybrid electric vehicles based on driving cycle
recognition[ J]. Applied Sciences, 2020, 10(2) ; 696.

Gupta R, Kolmanovsky I V, Wang Y, et al. Onboard learning-based fuel consumption optimization in series hybrid electric
vehicles[ C] //2012 American Control Conference (ACC). IEEE, 2012 1308 — 1313.

Wang Jie, Zhou Jianhao, Zhao Wanzhong. Deep reinforcement learning based energy management strategy for fuel cell/
battery/supercapacitor powered electric vehicle[ J]. Green Energy Intelligent Transportation, 2022, 1(2) ; 100028.

Xie Shaobo, Hu Xiaosong, Qi Shanwei, et al. An artificial neural network-enhanced energy management strategy for plug-in
hybrid electric vehicles[ J]. Energy, 2018, 163 837 —848.

Wu Yiwei, Zhao Yifan, Wen Changkai, et al. Research on energy management strategies for high-power diesel-electric hybrid
tractors based on double deep Q-network[J]. Scientific Reports, 2025, 15(1) ;: 17130.

Li Liqiao, Chen Jiangchun, Nie Jing, et al. Reinforcement learning energy management control strategy of electric tractor
based on condition identification[ J]. International Journal of Electrical Power & Energy Systems, 2025, 170 110846.

Li Yanying, Liu Mengnan, Wang Yiting, et al. Energy management optimization and validation of a hydrogen fuel cell-powered
agricultural tractor based on hierarchical dynamic programming[J]. IEEE Access, 2024, 12, 21382 -21401.

JAESL, Jrete. RN ZES 3 JsE [ M] . Jeat Bl L, 2010.

Mohri M, Rostamizadeh A, Talwalkar A. Foundations of machine learning[ M]. Cambridge: MIT Press, 2018.

Li Yanying, Wu Yueze, Liu Mengnan, et al. Energy management strategy for hydrogen fuel cell tractors integrating online
dynamic response capability[ J]. World Electric Vehicle Journal, 2026, 17(3) : 115.



