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Reinforcement Learning Algorithm for Path Following
Control of Articulated Vehicle
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Abstract; With the industry 4. 0 embraced a number of contemporary automation, data exchange and
manufacturing technologies, the autonomous driving system is widespread. In order to enable the
autonomous driving, path following strategies are essential to maintain the normal work of the vehicles.
The articulated frame steering vehicles ( ASV ) are flexible, efficient and widely implemented in
agriculture, mining, construction and forestry sectors due to their high maneuverability. The articulated
vehicle usually composes of two units, a tractor and a trailer, which are connected by an articulation
joint. However, as the ASV dynamics are significantly different from the conventional vehicles with front
wheel steering, the path following controller derived for conventional vehicles is considered not to be
applicable for the ASVs. Thus the path following control is challenging the robustness. A path following
strategy is proposed for the ASVs on the basis of reinforcement learning adaptive PID algorithm. The
kinematic model of the ASV is derived by neglecting the vehicle dynamics. Three measurable errors are
defined to indicate the deviation of real path from reference path, i. e., lateral displacement error,
orientation error and curvature error. These errors are served as the inputs in order to synthesize the path
following controller and the desired steering angle is served as the output of path following controller.
Based on the PID algorithm, the reinforcement learning method is selected for optimizing the parameters
of PID online to reduce the overshoot and chattering. Furthermore, the prototype test is conducted to
evaluate the performance of the proposed control law. The result shows that compared with the traditional
PID, reinforcement learning adaptive PID controller can restrain the overshoot and chattering efficiently
and follow the reference path accurately.
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Fig.1 Schematic of articulated vehicle in steady-state steering
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Fig.4 Schematics of real path and reference path

2 SBUFIIHEN PID BERIRE X

2.1 BUEIFHE

B Ak 27 ST S LS 2 ST v — Bl T B ik, R I
TS B 2 5 ik, R R AR R AR HE AT
g1 TR A G AN S ER B HE AT S, U E ER
B RPN 25 R BEFE T — I ZI AT a1 . %5
HIEATER AL . P AR SO A 3 Ak 2 3T 07 i 0
PID 2 JHE A7 A £ 52 o) 48 7, DTG fofF B A% IR 0 4% 7l
T AR R
2.2 B SIAER PID Hik

S Ak o) I I PID Bk s M an & 5 proR
L 0 PID 325 8 Sy — A~ 1T LA it i A2 Ak T o 7
45 19 PID bl a5 , lodsond 42 BB 4, i i ok B A B
2, 5 A I 2 o i 22 Wi B3 AT RE , AR
TR FRAH B SO o 27 55 0 30 B 1 ff 2 WS
S Al 2 22 (MR 00 [0l 41 B B0 T 18 B — A 2 T 2
BOSCR B IEAY 8 i Bt s R L g
5, AE A Actor-Critic X145 53 17 52 22 Y 5 50 5 45 1
(9400 45 1T, FEEAR 3 0 980 7 10 4 25 2 80, I
i 45 PID 5 7h 2

W] 3 B PID 45 i 4% 19 PID 3 25

K(t) =K, + AK (9)



%3 1

HRRAE 45 TC N5 Bl ik XA i A o T A% BR R 4% ) 5 0k 379

At K(1)—— HIE B PID B 2 o) it
K,— ¥ i
AK—— [ 3E I3 PID 34 45 0] 745 fi 4

1

Ay

EIR |
|
s

AK

BRI RIEE

41 PR%L

5 iALAE S A 3G N PID Bk
Fig.5 Flowchart of enforcement learning adaptive PID
H T8 45 0 G RS 2 B — 78 &, Actor-Critic
0 288 AR 4 DT O AT B AL PR R i B E 0 A LI, X
L P A A R BV AT SR R D

AK ~N(K(Ay,) ,o0(Ay,)) (10)
g,
U:1+exp(a'2V(Ay)) (1)
o K——Actor [ 4 i i ) i

o AT HIRETT %
V(Ay) Critic X 24 Fip AR 25 ) (i o8 B 1
oo,
I1] 412 R KA T 0 21 i B E 19 2 B8R AT
i I B R R PR SRR 4%, — L S H
TR FNEA X G i 1 2 (6L I AU S [l 412 e 5 A
SRR .

r,=klAyl (12)
Af o —— R AE
h——EL O R B, R B R
Actor-Critic 2514 Critic 75 5 U 7 Ji s #4047 3
FEROZ A VT, DR B 5 LSBT P R AL 25 2 0P
1,25 5 WP FLBR R 0 5 o8 97 0 R R AL, 5 4
[a] 312 45 5 4

J= 2 B'r, (13)
X J——drdn SR A8 bR
B— A ¥

H1 T (] 412 o8 B AR S P 22 5 2 5 B ) 1)
B2 i 22 19 R R, TR L 2 T AR A AT LS R 52 B A
ZEX S R R T R R

5 AL~ G I PID 58 i 7 27 > S35 452 1k vfiE )
LR MRS bR B 2R 52y o IOBOE B 45 7€ fek
{Ho ARSCHEATRY A8 R PID 3% (8 1] Actor [ 25 i
PP DA T A 5 TR o B 2 2R AR B AR D A A

T 25 R, e GRS B A% o] I O B e N A 2 I TR
KA 1)
2.3 BERBREHEZEET
HR A8 i 22 1 S, A2 2 L 3dE I PID #2546
u(t) =(hky +Ak,) e, (1) + (ky +Ak)) e, (1) +

(ko + Ak )e (1) +kye, (1) +k is(l(i) (14)

KA ko kg kg Ky J——PID 3 55 H G
Ak, Ak, Ak, PID 4 25 1] 25 %643

PSR IIK =2 i [T IS 7 N = e Tl I
K (9) o PID 14 25 5 BOM 73t i 15 1, MY 25 AT
AR Al A nR A A ) 8 AE N PID ] R T, AT
PEACAS TR AR BREE T A 8% 450 BRI 1 RE o

MAEC(14) (1 B 3& N PID 45 ] A, 45 1 4% 28 1k
2% )43 Actor-Critic BIZG LA™, 5 % 1R i)
(0D 22 55 52 B A 2 22 (ELAE S Crritic (1) %5 A, Critic %
tE Ry MR HG £5 (T A9 (R R, Actor i A5 Critic 4H
], P 4% i s D) oy 185 25 00 9 5 45 . Critic ff ]
CMAC P4, Actor fii Fil BP # £’ 4%, PID 1 25 A
AR A (10) #ATHEALZE . & X oz .2 .2
(0<z,<1,i=1,2,3)} Actor O AL R =
y‘j[ﬂﬁ

Ak Tz -0.5TU,7"
Ak, |=|z-0.5| U, (15)
Ak, z,-0.5]| U,

H U,.U,.U, AR MG 55 Ak, Ak, Ak 172 AL

70 Fl
9T A PR AR A 25 SRR E B Ry
y, = —by, (16)
xF b—IEWE

WSS H R E LT Z Gk I 22 i TR Bl
S, W SR AT L 2o 3 Y AR R
Y5 Critic X} Actor i th i) PFAY, [l 412 o8 B30 31

H
Ely =y, 1 (ly—-y,1>e)
r=] -c (e;<ly-yIl<e) (17)
0 (ly-y1<e,)
AP e e, 0 G
k EIE AN

Hr,0<e,<e,,c>0,k>0, xR KL R
2500 1] s 22 7 1) 2 25 5 R g 22 , DT 32k 3] 48 B0 8¢
PERE
3 ERKE

B A A BRI A ) a8 G P B A A0 A T



380 & A Bl B ¥ i

Fral, i 6 Fr o, i a0 e 4% 1) fi 22 5 17 i 4% e

tHXﬂ‘T’%?F'J’xﬁl%iFﬁBﬁlL

I_I
(b) 1A E s A
K6 BrAR R BRI g
Fig.6 Test of path following

AP a5 Al o7 > 53 19 [ I PID A% R 42 o
%gf(féxi‘iiﬁ T AR BRI, K PR T B A R
e, Hh S BB AR E B SN0 =0.2,

k :0.4,el =0.05,e, =0.01,c =0. 1, Critic I &%2%>]
54 0.05, Actor [ 2827 2] [ 0. 2,

PID 34 25 th T T 22 45, b 1 25 o 0 2y
HNk,=80,k, =45k =3,k =1,k,=0.1, HIEMN
PID 5 il 5 3% 25 v A8 %8 4r hy U, =40,U, =30, U, =
4o MRAE L EZB, or i ful A% G 1 2 1 4 PID 42 4
T RN Ak 24 2] 3G N PID 45 il 2 X6 30 T8 38 i 00 17 ¢
A2 B B X 6 LA 0 M 4 1) e P RE L B S 1] 100 s

4 HKEERSH

&7 FIE 8 4ol 45t T A R A A v [ S S
£ PID FaR Ak~ ~) 3 BE PID 44 i &5 19 P RE 42,
£ 47 Al 22 728 A R [ Ay 4 o S AR DG

1R g R a1t , ol LU & ik sk 5 )
B 3& N PID 553k A1 L [ 2 2 40 PID 559k 45 1] f 25
A S R A T 2 A B B, K
LR A RO D R G R AR B Sk
FE .

K9 B 7 &btk > 5 i 3 & N PID 45 i
bl g AR AE O B ] A7 B e 25 1 g5 B BN A6 [
SE G 25 80 14 % 90 i, B J5 75 80 ~ 100 22 [H] i %% ,
JUL 1] A O 22 1 25 2R B ) Bh [ E B 25 45 TR HRE R
35, BE 5 7 32 ~ 38 2 [H] i 5 il 4 0w 25 1Y 45 AR AU
IG5 3 M RE R 19, MG 7E 1.7 ~2. 1 11
Bl N o ] DL H i 22 1 4 28 K00 e 22 728 A 15 D0 2R AT

\
N2\ g
0 \

40 50 60 0 80 90 100
At 8] ¢/s

30 40 50 ) 0 80 90 100
FRNEA

" Pl g,
! ..I'\,' ol et sy

0 50 60 70 0 90 100
fit [ /s

P 7 B4R BRI O 2 i £

Fig.7 Changing curves of errors in path following

B o) f 5 il B frad

10 20 30 40 50 60 70 80 90 100
it 8] #/s

P8 B AR B O 1 o 4 o

Fig. 8 Changing curves of desired articulated angles

in path following

Fz1 KBWEREIT
Tab.1 Statistics of test result

28 2 2] i ¥ 3G
% {8/ mm 8.970 x 10 ™" 4.166 x10 ™'
T 1) 7 5 A 2 I/ mm -1.081 x1072 -6.921 x10 3
J7 2%/ mm? 4.660 x107%  1.378 x 10 ~?
g / rad 5.449 x 10" 3.852x10°?
L 1 £ A 22 Y51 /rad 5.794 x10 7% 2.911 x10 73
J % /rad® 3.135 x10 "% 8.359 x10°
& {8/ m ! 6.196 x 10> 3.899 x10 2
il = A 22 PI{E/m ! -4.394 %107 -2.778 x10~*
J5%/m? 5.143 x10 7%  1.241 x10~*
b e g {8/ rad 7.850 x10'  4.298 x10 !
R 75 % /rad? 5.201 x1072  2.122x107?

N R . 2 SE R AR 5 S AR I A B
] 57 5 25 5 T S BEAE T, I 2 S BR B AR R R S
% BEARIE T A 22 5 i R R 2SR AR
ST LS EL PID 45 ] 45 2 400 36 N R, SE
P AR RS A o 1 R B A



531 HRRAE 45 TC N5 Bl ik XA i A o T A% BR R 4% ) 5 0k 381

5 HWRIE

PEAL T —Fp R T Jo N B i S W s Ak
7] H N PID F5 )RS B A B B A0 T DA 1)
AL 25 L ) A D 22 it 23 2 1 Ry I A8 R B vk
T B A AR B R e A R R,
AR E TR, v LSS B AR B 5 A G e i 1k
P AR IR R AR T o A ) 7 R 22 MR AE YA T 2543 5]
40 50 60 70 80 90 100 F4.166 x 107" mm, - 6.921 x 10> mm.1.378 x

e 1072 mm®, i 1 £ 06 22 08 (. 29 0L O 22 40 B0k
3.852 x 10 * rad 2. 911 x 10 " rad 8. 359 x 10 ° rad®,
il R A 22 08 A I ME 225051000 3.899 x 10 P m ™'
—2.778 x10 7> m ™" 1.241 x 10 ™* m >, #& [m) £ ¥ ) o 0

90 100

0 50 60 70 80 90 100 N -1 2 2
1Al /s {8 240N 4.298 x 10 " rad 2. 122 x 10 rad®, 4
PO R BB H U 2 P T et PID Fiifil 2, s s > G R PLD 3 i 25 i
Fig.9 Changes of proportional in path following i il e N B A O B Y ER R 2 % B A
2 % x W

1 FgokAe, JHERR, B4, # AL PID #6il RHM AT M. dent . AUB Dol th AL, 1998.

2 XEI. WBARSMES MATLAB R [ M]. Jbat. WK% d AL, 2005.

3 BRWE. B HLEK S L SR AR A R S R B R E PID SR TR TSR (D] KA EHMORE, 2013,

LIN Hui. Research on composite ABS control strategy of fuzzy self-adjusting PID for electric-wheel vehicle[ D]. Changchun: Jilin
University, 2013. (in Chinese)

4k, BRAN, B, ®eeii el R S REJ/0L]. AFhfkaEdR, 2013, 39(11) ; 1831 - 1848. hitp: / www. aas. net.
cn/CN/abstract/abstract18223. shiml. DOI. 10.3724/SP.J.1004.2013.01831.

XIN Bin, CHEN Jie, PENG Zhihong. Intelligent optimized control; overview and prospect[ J/OL]. Acta Automatica Sinica,
2013,39(11) ;1831 - 1848. (in Chinese)

5 ASLAM J, QIN Shiyin, ALVI M A. Fuzzy sliding mode control algorithm for a four-wheel skid steer vehicle[J]. Journal of
Mechanical Science and Technology, 2014, 28(8) : 3301 - 3310.

6 R, WX, W, . RSB E MR R B A2 [J/0L]. Rl TR %4z, 2015, 31(10): 198 -203.
http: / www. tcsae. org/nygexb/ch/reader/view _abstract. aspx? flag = 1&file_no = 20151026 &journal _id = nygexb. DOI; 10.
11975/j. issn. 1002-6819.2015. 10. 026.

ZHAO Xuan, YANG Jue, ZHANG Wenming, et al. Sliding mode control algorithm for path tracking of articulated dump truck[ J/
OL]. Transactions of the CSAE, 2015, 31(10): 198 —203. (in Chinese)

7 TALEBI A H, DEHGHANI T A. Using a fuzzy PID controller for the path following of a car-like mobile robot[ C] // International
Conference on Robotics and Mechatronics, ICRoM 2013, 2013, 189 - 193.

8 A Ml JERMR K HAFHSMASE PWNALID]. . &RJLK%¥, 2009.

PEI Yan. Research on the machine learning theory and its application in the vehicle navigation system [ D ]. Shenyang:
Northeastern University, 2009. (in Chinese)

9 Yo, BUE B, XN KRR Tk T 0 R iR AL A R RS S ALAS N BE AR MR [J/OL]. A% A, 2006(5) : 544 - 547.
http: // robot. sia. cn/CN/abstract/abstract12918. shtml. DOI; 10.3321/j. issn:1002-0446.2006.05.017.

SHEN Jing, GU Guochang, LIU Haibo. Mobile robot path planning based on hierarchical reinforcement learning in unknown
dynamic environment[ J/OL]. Robot, 2006(5) : 544 —=547. (in Chinese)

10 AFRUfs. BT o0 B2 J M siblas AR MR [ D], MR M /RIE LK, 2008.

FU Chengwei. Mobile robot path planning based on hierarchical reinforcement learning [ D ]. Harbin: Harbin Engineering
University, 2008. (in Chinese)

11 ZHAO Xuan, YANG Jue, LI Lin, et al. Path tracking control for autonomous underground mining articulated dump truck[J].
EEA-Electrotehnica, Electronica, Automatica, 2015, 63(3) . 75 - 82.

12 2l S, A0, 55 T IR T IR T 97 s LI NS BERCR [J/0L]. R HLBE 24 1t ,2015,46 (12) :323 - 328.
http: / www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? flag = 1&file _no = 20151244 &journal _id = jesam. DOI. 10.
6041/j. issn. 1000-1298.2015. 12. 044.

LI Jianguo, ZHAN Kai, SHI Feng, et al. Auto-driving technology for underground scraper based on optimal trajectory tracking
[J/OL]. Transactions of the Chinese Society for Agricultural Machinery,2015,46(12) ;323 —328. (in Chinese)



382 | 1 R A= 20174

13

20
21

22
23

24

25

W BA T B w0 B SRE E R R RE LD K& AR, 2013,

XI Bobo. Study on steering system of wheeled off-road vehicle with two degrees of freedom articulated body[ D]. Changchun: Jilin
University, 2013. (in Chinese)

FRTIR AR L A A, S BB AT SR S AR R L B U ]S S8 [1/OL ] ROl HLBK A 4, 2012,43 (10) 25 -
30,18. http: / www. j-csam. org/jcsam/ch/reader/ view_abstract. aspx? flag = 1&file_no = 20121005 &journal_id = jesam. DOI:;
10.6041/j. issn. 1000-1298.2012. 10. 005.

ZHANG Guangqging,ZHU Sihong, LI Weihua,et al. Simulation and experiment of in-situ steering of large wheel tractor with hinge
swing link[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery,2012,43(10) :25 -30,18. (in Chinese)
LEE J H, YOO W S. Predictive control of a vehicle trajectory using a coupled vector with vehicle velocity and sideslip angle[ J].
International Journal of Automotive Technology, 2009, 10(2) . 211 -217.

NAYL T, NIKOLAKOPOULOS G, GUSTFSSON T. Switching model predictive control for an articulated vehicle under varying
slip angle[ C] /2012 20th Mediterranean Conference on Control and Automation( MED) , 2012 890 - 895.

RIDLEY P, CORKE P. Load haul dump vehicle kinematics and control[ J]. ASME Journal of Dynamic Systems, Measurement
and Control, 2003, 125(1) . 54 - 59.

MAKELA H, LEHTINEN H, RINTANEN K, et al. Navigation system for LHD machines[ C] // Proceedings of the 1995 2nd
IFAC Conference on Intelligent Autonomous Vehicles, 1995 295 —300.

HEMAMI A, POLOTSKI V. Path tracking control problem formulation of an LHD loader[ J]. International Journal of Robotics
Research, 1998, 17(2) . 193 - 199.

MITCHELL T. #lés2= > [M]. B4e2E, sk 45 3. dtat: MU Dol B it , 2008.

RA, RV, FAd, S5O 2P ARG S S REGRJ/OL]. =R 5 HE, 2011, 26(11): 1601 - 1610,
1615. http: // kzyjc. alljournals. ¢n/ch/reader/ view_abstract. aspx? file_no = 2011-0347&flag = 1. DOI;10. 13195/j. col. 2011.
11.4. wuj.014.

WU Jun, XU Xin, WANG Jian, et al. Recent advances of reinforcement learning in multi-robot systems: a survey[ J/OL].
Control and Decision, 2011, 26(11): 1601 - 1610, 1615. (in Chinese)

R, IR 5 Rl gh A MR [ M]. Jeat: B2 e, 2010.

LIN C, GEORGE L C S. Reinforcement structure/parameter learning for neural-network-based fuzzy logic control systems[ J].
IEEE Transactions on Fuzzy Systems, 1994, 2(1) . 46 - 63.

BARTO A G, SUTTON R S, ANDERSON C W. Neuronlike adaptive elements that can solve difficult learning control problems
[J]. IEEE Transactions on Systems, Man and Cybernetics, 1983, SMC —13(5) . 834 - 846.

TR, HEam e >] N HAER S HLds NS RGO (D] Kb BB A RS, 2002,

XU Xin. Reinforcement learning and its applications in navigation and control of mobile robots [ D]. Changsha: National

University of Defense Technology, 2002. (in Chinese)



