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Disturbance observer based moving horizon control for path
following problems of wheeled mobile robots
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(1. State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130022, China; 2. College
of Communication Engineering , Jilin University, Changchun 130022, China)

Abstract: State constraints, input constraints and external disturbances usually exist in the path following
problem of wheeled mobile robots. Based on nonlinear disturbance observer, a moving horizon control
strategy for path following problem of wheeled mobile robots is proposed in this paper. While there is no
disturbance at all, the moving horizon control can satisfy the input and state constraints, and drive the
wheeled mobile robot to the desired path. While there are disturbances, in particular, slow varying and
“big” disturbances, the proposed nonlinear disturbance observer can estimate the disturbances, and
compensate the influence of the disturbances on the wheeled mobile robot through a feedback. Simulation
results show that the proposed control strategy can guarantee the convergence of the mobile robot to the

desired path under the external disturbance.
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28 (s 28 s
i A8 e B 26 | B 5 RS TR R R d
LR e | ANEBEL @]
W% L B T 8 1 0 or || BB BT B 0
AN A R S v || B A B8
B A (L) ¢ || Rk w,
B At e A A7 5 it w,

BB TER. WRRERLE . o,
e HURE E B TR e A 0, B4

orsind —d=0 (2)
I RlR oz 3h 05 7 (DA -
2 VCosE
Y| = vsing (3)
¢ w
XA (DR )AL, K () ARX(DHL=0

i B 15 2

AT S R LA AL B — S EE s )
AR B IR IR ALY AT AR 23 18] RO R SE B
FERTT W B RN sl sh . PR Niz gh 3] 3
SALE R IR AN R QLA A S PR Ak
FIER B2 U D , DA TG 125 52 B 1 3 28 T 1] 32 ) 5
@ AT PR B B A, DT BT A 55 AT L A 5K 5
el Jr ek L. F(2) Fam BO M i M 4 4
N5 A S LA AN B G B AR E PR T R
HRE,H o, — w0 =0BHARS=A2F 58

AR Pl AR — IR B IR e B AR AR
gites T R AR ML A AE B B ad 7R P R
FE2e B A, 38 0 23 BR A G A2 4 B R Ay o Y
KRANRGAFTEE R AL R o TR % 2n
% g e A% sh LAk A AR 45 40 o 0 201 FR ) 72—

Plgs AA T BB TARLtE 25 A 25 th ([ A
ARSI A LRI RS
1.2 BR1ZERER 8] R B 46 iR
HEIMMTSHE KIEM, BEA—TEU
BAPLEE NI S5 BARATE B AL E M AR
KL AANMBEBEZIRE ., € X
[z yies @] 0 HE 4000 6 3 WL 2 At 380 48 38 500K
LN R R ShHL g AN B s 0r B
Zr cosgr O
; ) Ur
3fr< =|singy O LUJ (4)
Pr 0
HTRGR T LR S AL N8B sy
%%j‘j:
{i' () =g(2x)u
(5)
NS
Rifia=[zy ¢] su=[vo] @)=
cosg O
sing 0 [&KTF & Flu %S0 LAY -

0 1
% 8 R GRS 2 R A A 2R
—
reXCR (6)
ucUCR"
Bkl UCR NEE,HOEFESE,

X © Ry % 18 1 P 4R BLAL % IR
Un b BT A A R A o ] AT LA i R
GORE « RER S BAL B B AR S B . A SO
BB B AR M il A i s CAERS &S 18] B RY
M= {r GR”I r=m (s)} (7)
i B B 5 M: R — R" & — B % 22 7l B 1Y R
. BESsEeSCR ARKLKRE B, B HHE
AR R AU A o 5 A
§(2) =v(2)
veE VR
L SHVIEELE,
Bix2 IR MASTERTHRELR
£ MMSX,
AR BRI 22 RS (3)REIRER E4h e ()
FEAR (7)Y L 5o
A AR b o 8 RO S A A AR R O
TEH AR AR Bn T A B AL #F A\ S Briz SR 25 1
LY 7% 2 HL &% N\ BEAE 12 IR 25 I 22

(8)



B(T % R)

% 51 &

- 1100 - THXEFF
TE SRR IR 22 -
z. (1) =x(2) — m(s(z‘)) (9)

MR 2Z RGBS S DTN -
ie:i'—[riz(.s')]:gl(z)u—aa—Tv (10)

AR BRI ) R SR B sh ML AR BRI
FEAR  RVEOR IR ER IR 2 M T 0,

L 3 A 7E 1 22 ] Tk B m (-, ) F4E 1
VNUREE

xe;:m(ze,ue) (11)
A R AR T S5 s Flo, 3 H (0,0)=0,

B 3 R Yl 2R . (0) & T A A7 7E
RUEMAucURMve V i ZGRE 2 (1) X
HEHSH () eSWHR 4.(1) =0,

TS PR RGBT W AFTESF T . A
FEEERABIDILEAN FR GG A w1
o, A5 XU T T T 2 B X AL A N R A
AU MR o TR i A S 18 78 TR T,
ARG ANRGE W UE R —REIER

=g (x)ut+ g.(x)d (12)
cosg 0 cosg 0
KXh.gi(x) =|sing 0;g(x) =|sing O]o
0 1 0 1

A% SR A s WL %A B 3h IR A
L B b B A R T B (D B X R g AW
S

B AR R 4 I R T4 o AR AR R AR Bl
LA ARG R O st RERE x(0) %
WS T B B AR B lim 2 (1) = 0. QA
WAL - X T AT R ] 7, FR e W AR A 2 R A
AR WMucU,ve V,x(1) €X,5(1) €S,
2 BRAS R R AR A A Bt

A SN 2 AR R N 4 2 FH T e e e =X
R S HLER A 00 AR IR B o ) R, SRR TR AR
G5 — R B AT AE 2P 00 R L R 2R M R R T 4
NCIRYNER: -2 EE ) EeDOE iV~ PO R B2 A T E
GNERIRE  E2ERNARGEWARE. W TR
KB PN RG, F B ) XS5 AS 1 28 1 T4
XPHFAMEN . BT B R TR
(32 Bl 27 T B, WK A0 T 4 45 8 A8 X Bl
BLES B0 3 B2 R0 A B 0 T4 . TR &2 B A
BT B JO T TR AL A4 R A, ASE AT RUAR T

AT, 0 E A 2 3 oh i A2 AR o AR SC
SR FH B 52 4 1 il A 45 A 11 3 B
d

x reon u’ - RABT| =
Z [Tet ekt 3
| ol
FHRMPE

B3 REHMIEER
Fig.3 System structure diagram

A5 TR I 45 A o FH R PRIk 8 0 sh L4 A i
ST R R AR, A SN B,
D085 3 FCBEAT Al T, I 7 A AR A AR AR R . X
o B 4 ] 24 T LR R e SRS B HL e AR R 0T B2
AR K JE

TEIX A5 F 45 il )R AT L2y B g A~ 3
HARAY 7 [ 8 OFEBEA T A7 FE B 0L F 33t
G0 T Ay, B AR Gk IR AR O 1
TSI AR A, A G BR) 52 B T 407
A Y R
2.1 ARMAETER MPCH X

2 B 2 A N 0 9 A UR B Ak Y AR
T LA o 7 2 OR A 2 A Ak 1) AR 52 B4 KRS 3
BLAS 7 2 R 0 2R AR () I il R 8 B Y R
-

TR 28 G BT A7 MR 285 78 i A R m] I A A A i
f% 24 TR G A TR g -

min ](.l'([)) (13)
i e AR IR AT -
{I(l‘) =gi(2)u -
1'(%) — Xy

{":(I) =) (15)

veE VR
&) =x(t) — m(.s‘(z‘)) (16)
u(r,x(z‘)) S (17)
z(t+T,X(1) e (18)

iﬁrfj:T,,ﬂil?ﬁf)ﬂﬂﬁiﬁji;ue(-,1(t))ﬂ§li%§§%?)ﬁf)ﬂﬂ
B A 5 s (- (0) R 22 R G675 5 B 0 A
55w (-, 2 ())FEHF B BRA 950

w E(ze(z+ T,,,z(t)))\ z(t+ T,.z()) €
3 991 Shy 2% i i S 00 R 2 i 1 24 B, P R DR AIE AL Ak
(] A0 3% 356 51 T A FNRT &5 2 B AR A S AL S



% 3

TR A, S R TSI B ah 5 X A5 3h PR AR 3 BT 3R 35 12 3R 57 35 ) - 1101 -

F(-, ) R B s B, & BB T AR A
Ik AR 5 (2 () FAR O BB, KRB R N
Hx () =E(x.(t+ T, 2(0)) +

J:va(l'foe-O-ufRue)dr (19)

B4 F(-,):(xXu) >R BELEK., X
F A B (x,u) € (x X u)\{0,0}, F(x,u) >0,
A F(0,0) =0,

J (e o) A A Ak 1) B H A ek R, H A2
ZREN I 2! Qr ARE R GRS B ER I B KA
P i i A A I w ! R AR 3 2 1R B9 PRk
sl A w (- o (0) 8 B 280 (L2 (0) BB
Ao(- ()3 FEN BER R (-, ) B de o 2
o AR AR 255 (14) F(16) 430k 2R 4E 5 T
MR ERG S 7w IR, NRGEW
AL

B 25 29 o (14) ~ (17) , R 4k [l 80 7 R it i
oA T R YR (15) FI(18) , 3 P > 2 o 4% 144 4
TR E RS, HEBREMEL s
SR — S LA £ s A RSE I B AT, R B
ZREALE A v B S I o 45 ] A TR 2 E T S8
FE 5 s AARE B AReRELT (-, ) R AT g HL/IN

EML MR NFRG(5)H L
MR 1~4; 7E) b ik 20, A Ak o] AT o] A7 f o D)
OXF T Fr A >0, Ak n AR 2 T 4T Q R4
49 R 2 W AT M R R TS SRy JLART % A2 M, BRI
lim . (7) = 0"

2.2 Mz EEiEit

X TR s ML g N R G, A A ST
B A B A AR T P AR R . A S
Bk R B RIUE D O BE 7 B R R fun g o

25 P SIS BT R

d=z+ T(x)
z=—l(x)g.(x)z— (x) (20)
(g (x)p(z)tf(x)+ gi(a)u)
sobd=[d. 4] RFw a2 AL
P WL &5 B RS T (o) MR AR &

PE BRI (o) S WL 45 B4 18 45

/()= (21)

dx
ENAMGITIRE R esi=d — d. A LR % [
WM sh &ML, TR, R

”d” < e e 0RF I EBEL

ZEA TR E A
by=d—d=—z T
dx
—l(x)g.(x)e, (22)

AT L4 3 o B 3 X 45 4 () AR 2 R
BT () o 13 4 3h 00 00 28 9 A 3 15 2% B0 i
Pt

T2 HERF(12), B (x):

Z(l_)_{cosgp sin ¢ OJ
0 0 1

Mo B, () Box R T(2) =
[(@)de + €. 3t CRIER M A BOERE. M D
b1 75 42 3, B WL 55 (20) e AT 2 MO BR 85 T
L B R BB R 2 e, |5 e MUE L @ % F

WA AR B, T 4R 2 (20) i HF U OR B
W3
WEW %=z<x)——{cosw sin O],muz
0 0 1
—1(1')'5,’2(1')——{(1) ﬂ B 5 IR AR 2 57 T 5 b
) 72 2F 1 (Hurwitz) o 40 0945 5% 22 %4 7
A RS (22) 1 b A BUIR A W R 1, T B

KRR e, || Y5 e MIER ™.

BB, s d AR s, Bl e=
O B, 0 L0 5% R ¥ 30 B B 2 50

3 PiETE

3.1 “8"FHKE

T B E bR A B9 A ROPE | 7E Matlab
BT B . TEAHEY S5 0F R Al AR
TIN5 1] g R I T PG Sl LI i A A 7R ) 45 o
kLR s HL A A0 IR IR s .
o ZE R R =80 mm, B 4 BE B 26=460 mm,
JF O 5 R #E T ELEE B =750 mm.,

WE S 7% AR R 87 F I AR R I AR Y it %
B Z AR A

Tr = 1.8s1nd,

ye = 1.2sin(20,) ()

T

A BB ARG E R (0, o, 00) =
(—0.4,—0.8,7/2) ;HEMLAH T —1<0<3



- 1102 - THRXEFR(IZR) %51 %
rad/s; B S AL AR EA R A —25m<a< il _ - BEHER
2.5m,— 2.5m<y<2.5m, (']Z '
U R B RO A 6 R b
F(xe,ue) =2/ Qx. + ul Ru. (24) 0.5 -
A Q R K E MM, Q= 0.41,,R=0.5I,,1, % I et ol
o K EL o Bk s =2.0 -1.5 -1.0 0.5 00 05 1.0 15 20 25 3.0
AR Y ) B R B ¥im
I 5 10 , SR BE B[] 9 0. 02 s 5 20 4E 57 Ui
) 0.6 R E
FEFEP R o4l — BriRx
28.36 0 0 _02f
P=| 0 3002 889 W 00
0 8.89 47.04 % 02
L Q= { €R| 2" Pr <25}, =
—0.6
S 1 0 45 A B0 T L 4 4 T B T o

Rd=[d, 0], dNiER7ER P8 A K
FE L 4 -

=41 —6), 4<<1<6

_{o, HAb

Bl 4(a) Ry 8" Bk 12 B LN 2%, 45 M3 F
P e F o 2R B HLES A, (BB 45 o 28 B 0% A5
g B G Eh R NS
KB R, SN AE MPC 1K F 56 208 sh L 2SI
SRR A% . I 4(b) (o) (d) AT L i L FEWE A
T4 0000 5 16 B, 2R 50 0 Bk A IR B T I
iz,

1 5(a) ~5(d) 55 760 51 30 2 50 - 472 300
P38 [ 10 H B A 3R B IL 7 A B 5 30 8 A 11 B
ALk WA LU T L 28 X T4 7 A
S B PR . 5 Ce) S TR LI 2 X
B B4 A VM 45 52 BR R 3 B R
3.2 ERKE

B B AR A bR AL R R 1 m i
ﬁo@@M%Ammﬁmﬁﬁth%yﬁ%
AR RN .

xr =sind,
{y,?:cosﬂk (25)

MBI B ARG TR d=[d. 0],
Hip
4<t<6

0, Hft
& 6(a) A [T 428 W 405 LN 28, A7 AR T4

{—u—uu—sx

0 2 4 6 8 10 12 14 16 18 20
t/s

(byRFERE

0o 2 4 éél;olilﬁl'elézlo
s
(d)yfdE
B4 R EE (Y87 F Pk IR ER )

Fig. 4 Receding horizon control("8" trajectory

tracking)

YE TR SR shpl as A, (B3 ] 4% B i ik e %
S X R G, K R BN S %
HAE S N 1E MPCAE T T 88 A2 sl As A B9S2
Prigiz. I 6(b)(c) (D) Hal LIE L ERA T
PEWL I 5% AE T I, R e Ry B A e B T I B Y
BAE .

P 7 (a) g A TR 93T 00 47 <] 45 1 D0 0L 0 4% AL
[F) AR I, 58 2088 sl ML L B 300 22 B 0 A2 B9
s . WK 7 Al LUE 400 0 48 %+



% 3 THA,F R TR E g4 XA Sh AU B AR 3 i 3R 12 3R IR 42 4 - 1103 -

=y — S hRBE
1.0+ BERE

0.5F

yim

0.0+
—0.5¢

At

-1.0+

| i L 1 )

=15

-20 -1.5 -1.0 -05 00 05 10 15 20 25
x/m

(a) LR PR 2 52

05r
0.4+
03F
o2t
oK
¥ 0.1t
x 00b/ N
0.1t
70‘2 1 L 1 1 1
0 2 4 6 & 10 12 14 16 18 20
ifs

(bREFRE

(] 2 4 6 8 100 12 14 16 18 20
t/s

(c)iE

wi(rad's )

t/s
(d)Ffr TR
-—- LhEhEh

Us

(e)thshfhiit

5 BT F oW RR 60 5 B B 4R ) (87 F HIE BRER )

Fig. 5 Receding horizon control based on disturbance

observer("8" trajectory tracking)

—wEfhitE

g 10 12 14 16 18 20

‘2"3 bR
20/ — piwsi

1.0
0.5
0.0
—0i5
-1.0
=15
-2.0

72;25 -2.0 -15 -1.0 =05 00 05 10 1.5 20

x/m

(a) PUITEBR R HCR

»m

LS50 pairins
Lob - SRR

’lﬁ?gi%ﬁ/m

tls

(byRAIRE

SR /(mes )
o O
[SS T =N

0.2
04
70‘6 1 L 1 1 L J
0 5 10 15 20 25 30 35 40
s
()i E
8
6_
~ 4t
E
2,
2
% 0
o
&8
-4
-6
78 i 1 i L i ! 1 J
0 5 10 L5 20 25 30 35 40
i's
(d)fik

6 Rah g & (&R T )
Fig. 6 Receding horizon control(circular

trajectory tracking)
AR B MR . B 7(b) AP s Ak
B9 LB s i L
DN 20 5 B 25 R b oa] DU M T T 0
AR B P S A IR B SR T AT 200 410 o] I X
RGBS .



RO F ) % 51 &

e

=25 72‘.0 -1.5 fi.O 0.5 0.0 0:5 1.0 1.5
x/m

(a) I RR R AR

1.4+ SERRRED
1al — thah it

g
R
= 0.6

02 4 6 8 10 12 14 16 18 20
1ls

(b)yPish it
B 7 ETFH 0N R e & (B R8T )
Fig.7 Receding horizon control based on disturbance

observer( circular trajectory tracking)

4 HERIE

ASCE T BFE SR ARBE LN REN
e 20 BB 42 1) S o0 T VR BB AR AL G L
HET e 2 WL 58 5 S 3 T R i e R 22 A
T 5 A RO M R . SCI S SR, 7E
o 3 77 7 B B0 . 2R S 5 B L0 30 Mk 5 A
P

S % STk -

[ 1] Brockett R. Asymptotic stability and feedback stabili-
zation[J]. Differential Geometry Control Theory,
1983, 27(3): 181-191.

[ 2] Kanayama Y, Kimura Y, Miyazaki F, et al. A stable
tracking control method for an autonomous mobile ro-
bot[C] /IEEE International Conference on Robotics
&. Automation, Cincinnati, USA, 1990: 384-389.

[3] Luca A D, Benedetto M D D. Control of non-holo-
nomic systems via dynamic compensation[J]. Kyber-
netika Praha, 1993, 29(6): 593-608.

[4] D' Andrea-Novel B, Campion G, Bastin G. Control
of nonholonomic wheeled mobile robots by state feed-
back linearization[J]. International Journal of Robotics
Research, 1995, 14(6): 543-559.

[5] Samson C, Ait-Abderrahim K. Feedback control of

[6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

a nonholonomic wheeled cart in Cartesian sp- ace
[C]/IEEE International Conference on Robotics &
Automation, California, USA, 1991:1136-1141.
Fierro R, Lewis F L. Control of a nonholonomic mo-
bile robot: backstepping kinematics into dynamics
[C]//Proceedings of 34th IEEE Conference on Deci-
sion and Control, New Orleans, LA, 1995: 3805-
3810.

Indiveri G. Kinematic time-invariant control of a 2-D
nonholonomic vehicle[C]//Proceedings of 38th IEEE
Conference on Decision and Control, Phoenix,
USA, 1999: 2112-2117.

Jiang Z P, Nijmeijer H. Tracking control of mobile
robots: a case study in backstepping[J]. Automatica,
1997, 33(7): 1393-1399.

Bloch A, Drakunov S. Tracking in nonholonomic dy-
namic systems via sliding modes[C]/IEEE Confer-
ence on Decision & Control, New Orleans, USA,
1995: 2103-2106.

Koo, FRAE, REW . BT AR W B2 M 4T
WL A% B 25 K RAT A% I N B R f LT, A
725 24,2007, 28(3):673-677.

Zhu Liang, Jiang Chang-sheng, Zhang Chun-yu.
Adaptive trajectory linearization control for aerospace
vehicle based on RBFNN disturbance observer[J].
Acta Aeronautica et Astronautica Sinica, 2007, 28
(3): 673-677.

TuE, BRI AR BTN s A AR MR B E &R
Gt R (D). P e 5 L 2014, 31(8):
993-999.

Yu Jing, Chen Mou, Jiang Chang—sheng. Adaptive
sliding mode control for nonlinear uncertain systems
based on disturbance observer[J]. Control Theory &.
Applications, 2014, 31(8):993-999.

F R AR Ak, AR K Bl A A S R A
B g o BEVE(V] AR TR, 2009, 38(5):16-18.
Wang Xiao—fei, Zou Zao—jian, Li Tie-shan, et al. Ro-
bust path following controller design of under-actuat-
ed ships[J]. Ship & Ocean Engineering, 2009, 38(5):
16-18.

Chen Wen-hua, Yang Jun, Guo Lei, et al. Distur-
bance-observer—based control and related methos—an
overview[J]. IEEE Transactions on Industrial Elec-
tronics, 2016, 63(2): 1083-1095.

Liu Cun-jia, Chen Wen-hua, Andrews J. Trajectory
tracking of small helicopters using explicit nonlinear
MPC and DOBC[J]. IFAC Proceedings Volumes,
2011,44(1):1498-1503.



% 3 M TA A, A TR B 648 XA DAL B AR B B 3R A2 IR 5% 45 0] 1105
[15] ¥ s, BRI . 3 T 1400 00 00 2% 1 B sl AL 2% A 903 R University, 2016.

[16]

(17]

(18]

[19]

BRI [T]. N HIBR 22240, 2016, 34(2):177-189.

Xu Kun, Chen Mou. Control of trajectory tracking of
mobile robots based on disturbance observer[J]. Jour-
nal of Applied Sciences, 2016,34(2):177-189.

Yu S, Li X, Chen H, et al. Nonlinear model predic-
tive control for path following problem[J]. Internation-
al Journal of Robust & Nonlinear Control, 2015, 25
(8):1168-1182.

Faulwasser T. Optimization—-based Solutions to Con-
strained Trajectory—tracking
Problems[M].
2013.

and Path Following
Germany: Aachen, Shaker Verlag,

LiuY, YuS, Gao B, etal. Receding horizon follow-
ing control of wheeled mobile robots: a case study
[C]/IEEE International Conference on Mechatronics
&. Automation, Beijing, China, 2015: 2571-2576.
X . S TR TN o B B2 S HL A N A R B 4
(D] KA AR 2 {5 TR % B, 2016.

Liu Yang. Path following control of wheeled mobile
robots based on model predictive control[D]. Chang-

chun: College of Communication Engineering, Jilin

[20]

[21]

[22]

[23]

[24]

Chen Wen-hua.
for nonlinear system[J]. IEEE/ASME Transaction
on Mechatronics, 2004 ,9(4):706-710.

YuSY, GuoY, Meng LY, etal. MPC for path fol-

Disturbance observer based control

lowing problems of wheeled mobile robots[J]. ITFAC,
2018,51(20):247-252.

WD, Do ife 28 R, 4 HLaR AN S0 AT [T,
HLAF AR 5 R, 2001(6):32-35.

Hu Huai-qing, Fang Hai-rong, Peng Jun-bin, et al.
Robot singularity analysis[J]. Robot Technique and
Application, 2001(6):32-35.

B, JTRELL, R AW AR R A AGV Bk LR
BO AR £ Ak T 4 R (7], R EALBR TR, 2011, 22(6):
681-686.

Zhao Han, Yin Xiao~hong, Wu Yan-ming. Nonlinear
model pridictive control of trajectory tracking for non-
holonomic AGVI[J]. China Mechanical Engineering,
2011,22(6):681-686.

Khalil H K. Nonlinear Systems[M]. 3rd ed. Upper
Saddle River: Prentice Hall, 2002.



