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Abstract:

self-balancing vehicles. Therefore, a dynamical model of a two-wheeled self-balancing vehicle is established using the

Trajectory tracking is the technology foundation for the autonomous motion control of two-wheeled

Lagrangian approach, and a trajectory tracking controller based on the non-singular terminal sliding mode (NTSM) and
linear quadratic regulator (LQR) is proposed. Then, a simulation analysis is conducted for the proposed trajectory
tracking controller in Matlab/Simulink, and the results show that the vehicle can track the reference trajectory accurately,
which validates the effectiveness of the trajectory tracking controller preliminarily. On that basis, combining the inertial
measurement unit (IMU) and the ultra wide band (UWB) location technology, the hardware implementation of the
controller is presented with the single chip STM32F103C8T6. And the experimental results show that the vehicle can
track the reference trajectory well, the horizontal axis deviation is less than 0.2 m, the vertical axis deviation is less than
0.2 m, the steering angle deviation is less than 0.07 rad, and the tilt angle of the vehicle body is less than 0.05 rad except
the fluctuation at the start.
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.

DOI: 10.13195/j.kzyjc.2018.0363

0 5 &

PIEE B 71 45 DAL G5 K 2R B 1) RS AR RE
551 22 D0 A AR SR R 55 238 a0 2 [ A0 45
I EAT BB SE A, MRS A P BR R e 7T 2
SKELL A T BB R PAT I RAE 55 I BOR A4, 9K
1M, A ) W R #6 SN s LA N, PSS BT 2 s
TR R B EN  ARLR A RAR S RS, R 32 8 T
ARS8 BEL) L, 3K T B PR PR 4 1) P SE BB Hpk il
Ar$[5—7].

ks BEA: 2018-03-27; 1&[E HEA: 2018-08-17.

H A, B YA P58 B 1 2 2 i) e it
1T 7T BT, shAS RS ARLe PR ALz ) o) 4
JIHEIRGF IS B T P %E B P07 25 1) 25 S ),
R Ras s . KR imlon, geRppit &%
T3, AR CRUE 2 5 117 1A TR B, Gl b gt e 17 e
S 2 R I 97 1 B R, L R R E AT B i 47 ) R AT
FC. A0, SCHR [12] 5% F B i L 1) D vk e IR
TR 4%, BEAT R I P 6 B 11 22 (R AT AT A AL A,
SEHLN HUE S 51 2R A BR AT ER R, SR, RS B VAT A

HE4WH: EXARRAESTH (61573078, 61873047): T4 HARRH#E LT H (20170540171).

RIERE: Hk.
TAIAA/EH . E-mail: yueming@dlut.edu.cn.



2636 EC o

5 & K

NI BRI, 2 i BRI — 2% DA 8] 9 2 0 T L] it 2k
(BRI, AT BEATAT ZER, [R] I FLA I 8] 23K,
B 7E A5 58 1R I 1) B 4 A B0, e, & 8
SRR 2 gy v AR 70 L R T ASORY 2k Ry 2 ) 2%
) 1O D T A 1 U T M B AN B AR 1)
5GP US) DL R ASE A P 47 i U160 55 22 Foh 7 k4
T-PHHE B 11 22 1 000 R B A ). {H I et 5 () EE
THAGIRR, FFARTTRAH KIS 7T, S5t 2%
Ui Vi AGE 428 ) A7 AE BT S 1 D) RRUTY, A 2 PN 4 ) 75
BERANMA, THE R R, 1E 52 bR S I3 2RO,

FT UL EWE, ARt — M Aotttk — O A
5 %% (Linear quadratic regulator, LQR) FllE %} 57 2 iy
i (Non-singular terminal sliding mode, NTSM) [1] %
¥ E P AR R R 2, T R IR AR G A i
AR ] () 2 e M O 8, T LU SR B ) T SR SR
150 P4 0 & 2H.44 (Inertial measurement unit, IMU) Fl#8
B (Ultra wide band, UWB) 27 5 AR X P56 H P 1l
ZE QLSS FEAT I B, 7 A STM32F103C8T6 51 J Ml A%
o 5 PR P, SCLPE 6 B P17 25 1 B0 PR R
il
1 3R ST

AL KHAERE R S omyz, FEXT S0 H W5
H P 42 AT & BRI At R AT, a1 s,
Hi:x, = @ cosp + ysinp NFFE E V4 4 1R 47
%, xvy OB AR, o N, 0 NEE S, 7~ 7,
3R A A FENL IR A, U B AR R A G
S5MZHNGR 1 TR (% 280N BUE 9 E BrEAr).

Z“

I
0,

E1 BRETEEHURE
B 4 e 5 1L T TR) VA T 30, PIRS B T4 20 A2
ETERLA R
Tsing —ycosp = 0. )

HI TRk B H @ BVEA T B B RGN 7, i
FEfIvs, AFWE & T 2R ARt RSz )y

%34 %

x1 REBFEHEELERSY

ZH 5 HifE
R PR Moy 0.037
JRAE R me 0.350
A my 0.440
s 8 S 0.0325
kR d 0.192
Ze 5 570 B R B B L 0.060
ERGHEANHENTE I 0.0000195
TR G H AR T e A I, 0.000039 1
JRAL GRS HT TR LR R B I; 0.000588 1
JRAT SR 4 ) B B IR Iy 0.000053 6
T G5 F O R B 15 I5 0.000 968 2
BB B M A R Is 0.0016

R ST A SOR T R M Y H R HE 5 PR B
i 22 (Bl 1 22 O3, R

M@)o+ V(v,0)v+ Gv) =B(v)r. (3)
Hrf:q € RYURRGUIRESH) L AEFR &, S(q) €
RV NHHIEE, v € RYVNHEZFFE, M(v) €
R3S JYIBERERE, V (v, 0) € R NEHRHFE, G(v)
€ R¥>1INENHFE, B(v) € R N N B,
T € R¥NEHIMAELE, JF A

T cosp 00
Y sing 00 !
q= , S(q) = s v= 19|,
0 @ 0 10 4
0 0 01
2m, 0 mypLcosb
M(v) = 0 2J; 0 )
mpL cos® 0 2J5
, (11 0
B(v)=_|-d d|, G(v)= 0 ;
00 —mypgL sin 0
[0 0 —myLOsin®
. T
V(v,9) =100 0 , T = 1
Tr
00 0

EKHE:m, = L/r? +my +me/2 +my/2,J1 = I +
L)2 4+ Is/2 + (i + I Jr2)d? /4, Jy = 12 + Is/2 +
myL? /2.
2 BULERERE A T

WS H NI E RS E NN, = [z,
o 00|, B B P 4 SBR[y,
oI TR IR E TR N, = [evcy,



%12 81 T—& %

% X FIMU/UWB # F % 8 B4 £ it sk 32 32

H BT H5EN 2637

e )t = @ — 2y — yoor — @)t NS FHIE
H P17 22 1 AE e R R PE, 75 B0 L BRER O 22 1 E AT &
MR I BUR ZE R e = [e1, e, e3)T, HH &4
2
€1 = €, Cos p + €, sin ,
€2 = €, 08 p — €, sin p, 4
€3 = €y.
(CilinR 5 an Nl =k BUNE 9% 2
Vg = vV coSes + Aq tanh ey,
{wd :wr+m+)\gtanheg. ©)

Hrh:sines/e3 = fol cos(z - e3)dz, Mv, = &, cos o, +
Ur SIN 0~ wy = Oy 73 AN NS 225 BV IV E (1) 2
5 T 17 R AN ) SO, A s Aos Ay NIE TS
.

EIE1 400 ) B o AV ) A TR S w 23 Tl e 8
TR A (5) 77 AR ) v Al wq IS), 6 TAE B AT A6 =
Ze A1 lm (lea(t)] + ey (1)] + e (1)) = 0.

UEBA 8 a0 B2 1 S R A

Vi = % log(1+e] +e3) + %eg. (6)
$5(6) R G, 17
. A 21 + eqé .
ST i
P (4) KRB, LG AR TR B R (1), 113
€1 = wes — v + v, cos ez,
€y = —wey + v, sineg, 3
€3 = W, — W.
BB G)MEHN D), T15
V - _)\1/\261 tanhel _\ tanh (9)
1— H—e—%—FG% 3€3 tani es.

2 L8 R0t 1E ) R B 5, R TAT R eq M e,
Heitanhe; > 0,e3tanhes > 0, MO TAERE VI pe.,
AV < O,tlirgo(|e1(t)| + le2(t)| + les(t)]) = 0,3E,
B @A m (Je, ()] + fey ()] + Je, (1)) = 0. O

4N, % )| tanh () © (

‘ sin eg

<1,

‘<1ﬁﬁﬁ@&7£ﬁﬁﬁﬁ

|vd| < |vpcoses| + [Aq tanher| < |u.| + A1, (10)
AoUy€g sme3
(14 e+

|wr|+)\2|’U7-|+>\3. (11)

|wd| < |w7‘| + ’ ’ + |)\3 tanheg\ <

= (10) A1 (11) 0] LAt 38 3 e HOAS [A] 0 A\

Ao AT Xg, T LA vg A g FL A A R PR AR T L, AT £

RGRIH; EAH LI 2 SR

2o qt b ah b HE, BT 7R G R s B (1) 1
LT, B S P B0 S B RS A p, IR ERER )
R, B Al Sy K 30 BB T 1 38 g R 1) SR o 1) BER
I L N T R G AR, AR SO PR B T
R GUFRERE N R IR BT 7] F R Go A A KBl % o) 1 &
Gior B T ). AR R A ] R S
K12 .

w

L feualks
7,

P i ” L
P LGN o || NTSM 1

i | ke o Ny el
% Va \';
0y — LQR ks
’7 v, 0

2 BNMESIRS
2.1 ZRENEEEF RG]
AR F NTSM #5311l 71, v DA G b S5 B0 4= OX
IR T RG] iRIES) 1A (3), W R i
i) R 45

A

LA A 2

s 4
LY ES
Hrr, =7, — 7 A AT 156
ey, =0 — pa by =@ — g = w — wg, MAEAT
S i AL A] DAERIR N
s:e¢+%£- (13)
e R EeT LAk N

2] 2
Ty = dﬂ"[ d—B eq, q—n~sat(s)] (14)
Hdr: 8 > 0.1 > 0;p- qi@ﬁﬁﬁiﬁ,ﬂﬁﬁﬂl < p/q
< 2. WFAERE ¢ > 0, 1A R EH 2

L s/¢ =1

s/®, |s/o] < 1;
-1, s/¢ < —1.

EHR2  FEHIHE(14) 7T LLIRIE e, F g, 75 BRI
[6] PN BIR VBT s = 0, IS

(12)

sat(s) =

WEBR 8 SRR TS pR AL
V= oo (15)
X (15) 3K T, 45620 (12). (13) A1 (14), 7] 45
Vo = 8§ = fégéé_lns - sat(s). (16)
Ye, # OHﬂL,éE_l > 0, XA s - sat(s) > 0, #tk

I V< 0. MR % K e M T A, e 6



2638 # % 5

xR %34 %

TEA BRESF [] P BA AT s = 0.

He, = OB, (1) EHs = e, HX1H RN
(12) A fHé, = —n - sat(s). KR, M TIR/NE IE
o AF e, = ORI SABI, W2 Ms = e, > ORT,
€, < 0;Ys = e, < O, &, > 0. Bk R T]
REAS A TE (e, # 0,6, = 0), ML e, = 0, Hik
HFELEA BRI TR N R4 [Rle, # ORT, e, Allé, 754 IR
S 1) P4 BT BT s = 0, WUk~ F T e, — é, WAT R —
SR LATE AT RS [A] P 23X 18 5 s = o117 201,

MARGURE BB s = 0)5,:0(13) &R

ép + ﬁei =0. (17)
Hle, = 02 R (17) K& 05| T, e, Fé, BEME
FEA BRI ) Y 3 % O
22 RIRFNAEIEF R GIES

FHEC T 20K 3 % W) 7 &R 48, R IR 7] T R G0
2 ) B A PR AL 15100 Sy e AR ST S K T 1D T R B
TE P17 st BRI ARh 2R P Ak, 28 5 SR F LQR SE 31 /R %
BT AT R G 2 .

HRE BN J) B8 (3), AT 453 240N K SR B i 1]
R

1 :
T, = 2Jymy, LO? sin 0—
v 4my,Jo — miL? cos? 0 { 21 s
2J. -
m2gL?sin 6 cos 0 + M} ,
,
" 1
b= [2m,mug L sin 0
4my,Jo — miL? cos? 6 MuTMpg L Sin
. L - 0
m2L?6? sin 6 cos 0 — myL (7 + 1) cos } :

T

(18)
FERG A2 15T, = 7+ BIVEF R P 424
S E/NEE RS, T A sind ~ 0,cos0 ~ 1,0% ~
0, FFARNTR 1A S5 1 24, N (18) Tk
X = AX + Br,.
Horb: X = [2,,0,0,0]%, v = &,

19)

01 0 0 0

00 —29379 0 42.636 7
A - 5 B =

00 0 1 0

0 0 104.3829 0 —349.395 4

Aty = Ty — Ty, b = v—v4, & = 0,6, = 0,3
Tpa~vg 53 I EE I 16 o o AT AT S, A €y =
&9, 6 = —2.9379¢5 + 42.636 T, — Da, &3 = &4, &4 =
104.3829¢3 — 349.39547,. FREE| -1 < tanhe; < 1,
TENTSMAEH T, eg AT AP WS T2, 8024 N 255
/NS, K (5) FT S vg & v,

g5 b U S HERT A v, SRR, 0 = 0,5

€ =1[6,8,8, &) F
{ = A¢+ Br,. (20)
RONBEE R EW = (B, AB, A’B, A3B) i
FE, BT LAR 22 R 40 (20) =& T 1, T =2 1l U A0 R 3R
HUIRZS I s il 1
7, = —K§,
fEtEREtEtR T = [T (€7Q€ + Rr2)dt BN, 3
W Q 9t 1E 8 PR A IIACRE [, HAH B 76 25 80K, ik
A R T 980N 0 LR A R 45 i) R 225 R M IE 58 45 il
IR B, AR R, A R T PR AR B B B 46, AR 48
I TR P 2 T LIRS B RIS SR 1 Q
R, TRA s FE K AT B ik H Matlab 5 1)
lar( ) BRECKRA.
3 BB EREREHIF AR
N TR BT T T LR BR R A ) A ) VR RE, TR  E
& SIS b K/ () R 1) AT 58 /5 8 SE SR BIE 7, JE 434
N E TR LA RS2
{:rr = 2.1+ 1.5cos(—0.1t),

2D

(22)
yp = 2.7+ 1.5sin(—0.1¢).

PP T 245 s (3.6, 2.7) HY R, W UE A 4%
ZNey = 0.01,es = 0.01,e5 = 0.01, EF WA A
6 = 0.1, NTSM & it Z#h 8 = 100,71 = 300,p = 5,
q=3,6=0.1,A\ =0.000001,\, = 1,\3 = 1;LQR
®it 25N Q = diag(70000,10,40000,1), R =
1, 38 33 i H Matlab # 1] 1qr() B k3 K =
[—264.5751, —114.646 8, —243.540 3, —15.526 0], 1/i
LIS ] ¥ 4 70 s, Matlab/Simulink PR 45 ()47 H 45 5
W 3 FR.

0.2
4
0.1
g’ £ o
= v
2 -0.1
1 -0.2
1 2 3 4 0 20 40 60 80
x/m t/s
(a) 7 EERER (b) A7 B A 22 ST ] F10 e 12
50 0.2
3 0.1
T =
S g 0
¥ 25 01
-50 -0.2
0 20 40 60 80 0 20 40 60 80

t/s t/s
() 1) £ (i 22 B N i) i) 2 (d)  ZE B i F BERT [ (1 0] )3

3 hEER



#1281

T—@ %: AFIMU/UWB &% 8 -F 4 & Sid sk Iz 4 50+ 5E A 2639

Fh P 3(a) T LA H, B 4 — 52 O R 22,
ST 25 ATV AR R X 5 U E A B A0 BB, 0
BB W2 (2., ) 5B OLE M (2,,y,) B
£ R o 3(0) B 3(c) T LA L, 46 1 -
25 (UL B AR 2 s 0 €0 LA R 10 900 25 €, REWSBE
i RIS T2 DI, e 1 3(d) TT DA HY 72 24160
#610, A5 Mo MV W O 2, 9 70 e Az i
PP R R . T 25U B, S A SC AR 1 3
T NTSM A LQR F Lk 5 4 1 25, i 0 s

UWB LPS#tk4

TB6612FNGEIZ£)J$%§% W TD AR GM37 FLAL

ST 2R 1 A BBl B )T R GURTVR BRB AT I R S0
1T R, SEBRGT 45 T8 B2 1) R 4T BRER.
4 BT EREE S| LR T
Nk — A IAIE T3 I R A ) B 1 A RO,
ARSCEE T AHRIEAE R G, R RS B P A R0
FRER A8 I AT SEER A 5K
4.1 REHRZEIT
BEANTET R 40 TR A 85 AL B AN
AT 3805, anl&l 4 firw, T TS kAT A28,

dy *
Cd

-7 UWB LPSEii2

\\
AN
N
N

UWB LPS 333

4 ARBEFEERNRS

4.1.1 fEEhlE

g 1) 2% R FH v AR A W A PR IR 32 ALy
HL STM32F103C8T6, 1 T 4l % ] 1% 72 MHz, 4}
H 64 KB FEFF A7 4%« 20 KB 4 74t 25 I 2 A~ e i)
A TR, AT DL PR B T R A ) 7 2
412 fEREH#

1) W% H VP 42 UWB &7 R 40K JC 75 8 v
7 J5 i 7€ 151 & 45 (INF ultra wide band local positioning
system, I-UWB LPS), H i K@ A5 B & 778 35 m /i fq,
SE o 5T A A 50 Hz, $0 8 fir KR 72 0.1 m. a8 i I &
CL RN AR ) B 3l 5 2220 TP 487 2 b AR 25 2 (8] (1) B
Bdis dow dg Al dy, RS P47 22 (0 52 BR AR KR (2, y),
IfiE B AR IR S s A BOe b, AR #3344
sty BRIV AT S48 2 1) A (R AR SO gk — A iR e
KA FE, SR 4N sy, 20 S BCH A 34N S5 R 28 1 Y
BEAT ALBR AR B, B J5 SR LT S5 15 B e 2 1R 11 R A
Fr.

2) Wik H V1 % IMU X A InvenSense A &)
H IR A 1 6 Fi iz 3l b B 2H £ MPU6050, 1% 4114
LR T — AN 3 BN EE T A — A 3 Bl B RE A, DA

Je— A0 A R 1 30732 3 Ak PR 4§ (Digital  motion
processor, DMP). . Hh: B M2 AN fin 3 B 11 1Y) & FE A
ST HH P AT 0, A R B R e 1A R )
e, FE B 1) /N B RN 42500 /s, I KEFE AN
+2000 ° /s; M BT /NEFEN 2 g, K EFE A
+16 g. DMP 18 i Rl 5 I FE TR0 BE MR A IR Hicdhs v A
75 3RS I ZE B U 0 B T £ .

3) Yh A% K A AB RURH 14 5 SO 1 2 /R Y B 2,
BCA 11 Z2 s g RS 4%, 22 %0 e i — BT . (19 Jhk b 250 mT
15 1320, AT AR I 45 1 ik v 5 v A A SR A5 1 2
(AR E) 2% e, PR [A)JEE .

413 4T 28

WIS B P AT 2 O AN 5 ZE R R
GM37-520 7K A il L I8 HLHL, 7E B 2R s A
T, A T B [ AR A AR 22

Q) = VKo (1 — e ). (23)

b Q(t) N HNLFEIE, V., N TEINAE FAL E R B
Jis, Ko 9 FRALIE 2 25K, T, 9 UBLINS [A) 4
o3 hr X (23) FT A, BALE B 2 PN B A 1R



2640 EC o

5 & K

34 %

B ik B B, 56 2 M B fE I [ B 2E Y B, Ha
LR AL S e e PR b PR R BRI B, LR R
[ e ] 8] 3 2 T, — MR LB L E N 2AD. 1M
AT 2R R ) — AR R T LA 280, BRI AT LA
3 i) L 5 WL )t R s B, 3 ke 5 2 1R
i (Pulse width modulation, PWM) 43 AR SZHL %} B AL i
HH A R PR
42 ZHRIRSERSH

BT BT vk BB A 2R 48, B P 1L T I S R B
2 1) B AE Keil A 9 5 o8 C1E 5 1E7, e e il il
Jlink 4% 53¢ 21 ffc 42 1) 2% v, X6 B e v 10 0020 R B 4 1)
FEAT LI AL, G P 5 . AR SE R AR b i
FHEANG Bike 3 P47 4 0 SR 2452 B _E A7 AL
1753, an i 6 .

UWB LPS 3

5 SRR

— 1.0 —
4 Y —-
0.5
3 /AV‘
g 7 g ~ w
B S o
2 -0.5
T : -1.0
1 2 3 4 0 20 40 60 80
x/m t/s
(a) B MER (b) 3B i Z= I 8] (14 )
0.2 0.2
- 0.1 0.1
<
i?; 0% ‘\? 0
) S
=0.1
-0.1
-0.2
0 20 40 60 80 0 20 40 60 80

t/s t/s

() e ra) fiy i 22 B 150 PO 32 (d) 25 By {uT S B IR 18] A 37

6 SKIRLER

H1 1 6(a) AT LA i, SE6 45 2 A AL B i 2L (2, )
REWS B U s PR R 275 M 2K (2, v, ), BB Ol 22 TR FF AE
HEEEZ AL

H1 1] 6(b) 7T LAFE HY, SLUG A5 21 /0 2 A gy AR Y ER
B 22 e, Al ey, IR BRORAB AR T 0.2 m, R KT ]
3(b) 017 45 R I BRER I 22 eps M eys. IXEEE

T UWB &7 RSt 8 A7 1% 22 0] 1k 0.1 m, 1 H A BLR
ZE BT RGN T 51 2 I 15 22 DL S A AR JK
AR PRI B 15 2 S DR R R 2 0 A S e 2 SR — A g

H1 &l 6(c) T DL Hh, 75 5258 v, 4% ) £ d 22 L
W T ) 38 K P R A, I R R el T ) 5 E ) 1)
TEAZ, T FH 0 s B v 0 2 15 21, A5 45 B RS I 7511
1) A e e I AR (B AN TR 1E, 7% 7] £ RIS RS R 22
REIZ AR ER, 1T T B 1) A 22 S K&
BRI ] LA B, S 56 3k A R 1 A 1) A R O 22
AR F BN, B KA A E]0.07 rad, 7T LLIF E AT 7K
.

BB 6(d) iT UE H, 2 B A B T FERI IR B
BN, 65 VLG 4 B Wi Ff A2 8 7E 0.05 rad LAY
TN T P vk B PSSP A U PR R A
AR .

5 & ®

1) SR FLA B H VR8N T B e i 4280 1%
B, AR JE 4 A Y 0t 7 2 T NTSM I LQR (1%L
75 PR 42 ) 2%, Matlab/Simulink 3835 T )4/ 20 45 %
FUH, T HE 0 i 28 RE S T P S B P 4R R G T
A R, S 45 e BUZE ) R AT BRI

2) LA STM32 5y Bl 945 il % 0, 25 T IMU Al
UWB H AR B 50 428 ) 25 320 A7 5 A SR 3. 526 &4
FU, P 2R RR S SEILXS S B ) R U BRER, A U
AR ZE 3/ TF 0.2 m, B 1] 1w 2 /N1 0.07 rad, 4 &
A R T WIAE S (13 3 71/ T 0.05 rad.

AL UL, ST AL B RS T4 2R 00 R A
a5 B RAF Rl AT MR 2.

2 3 Hk (References)

[1]1 LiZ]J, Yang C G, Fan L P. Advanced control of wheeled
inverted pendulum systems[M]. London: Springer, 2012:
1-10.

21 skbete, skEZE. 5T 05 o 3h 22 A8 & 42 h B
FL 1. 5 THE, 2013, 20(1): 26-29.

(Zhang X H, Zhang Z J. Research of coupling control of
self-equilibrium two wheels electric vehicle[J]. Control
Engineering of China, 2013, 20(1): 26-29.)

[3] CuiR X, GuolJ, MaoZ Y. Adaptive backstepping control
of wheeled inverted pendulums models[J]. Nonlinear
Dynamics, 2015, 79(1): 501-511.

[4]  ERfRIE, TN, PSS T AL A BB IR AL (0.
MRV TORSA22 4R, 2014, 19(6): 22-26.

(WulJF, Sun L. Two-wheeled self-balancing robot control
method study[J]. J of Harbin University of Science and
Technology, 2014, 19(6): 22-26.)

[51 YeWQ,LiZ]J, Yang C G. Vision-based human tracking
control of a wheeled inverted pendulum robot[J]. IEEE



#1281

T—& F: AT IMU/UWB &) P #6 & -85 & Huik sk 3z 42 %) 3% %0+ 5 R0 2641

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Trans on Control Cybernetics, 2016, 46(11): 2423-2434.
wKk—VE, KEW, 7B, T ORI e TT
KR BHL s UL ISR BRER P [J]. HLES N, 2015,
37(3): 361-368.

(Zhang Y C, Zhang X B, Fang Y C, et al. Dead
reckoning and tracking control of omnidirectional mobile
robots with active caster wheels[J]. Robot, 2015, 37(3):
361-368.)

2. IS B A 2 U R B o) O B BORHIE 7 (D).
RIE: RIEH TR E TR SEBE, 2016.

(An C. Research on for a two-wheeled self-balancing
vehicle trajectory tracking key technology[D]. Dalian:
School of Automotive Engineering, Dalian University of
Technology, 2016.)

AR, HH), AW R R AN E T
I ). SRR S 240 SRR, 2013,
41(S1): 25-28.

(Ri S Y, Huang J, Wang Y J. Dynamic surface control
of mobile wheeled inverted pendulum[J]. J of Huazhong
University of Science and Technology: Natural Science
Edition, 2013, 41(S1): 25-28.)

Kim S, Kwon S J. Nonlinear optimal control design for
underactuated two-wheeled inverted pendulum mobile
platform[J]. IEEE/ASME Trans on Mechatronics, 2017,
22(6): 2803-2808.

Huang J, Ding F, Fukuda T, et al. Modeling and velocity
control for a novel narrow vehicle based on mobile
wheeled inverted pendulum[J]. IEEE Trans on Control
Systems Technology, 2013, 21(5): 1607-1617.

Yokoyama K, Takahashi M. Dynamics-based nonlinear
acceleration control with energy shaping for a mobile
inverted pendulum with a slider mechanism[J]. IEEE
Trans on Control Systems Technology, 2016, 24(1): 40-
55.

Y, R K, B, 55 B SIE A R
ENHLEE NV (7], RO 24 B ARBHE R,
2013, 41(S1): 249-253.

(Tan M, Wu Y F, Chen Y, et al. Design of
two-wheeled self-balancing mobile robot guided by
electromagnetism[J]. J of Huazhong University of
Science and Technology: Natural Science Edition, 2013,
41(S1): 249-253.)

T 1EW, MR, & T O AR
BUE PREFAR ] (J]. $EH] 5 K, 2015, 30(4): 635-639.
(Yu H, Su H, Yang X, et al. Guidance angle based
trajectory tracking for wheeled mobile robots[J]. Control
and Decision, 2015, 30(4): 635-639.)

Tsai C C, Wang Z Z. Intelligent adaptive trajectory
tracking using fuzzy basis function networks for
self-balancing two-wheeled mobile robots[C]. Int Conf
on System Science and Engineering. Macau: IEEE, 2011:
143-148.

Yue M, Wang S, Sun J Z. Simultaneous balancing

and trajectory tracking control for two-wheeled inverted
pendulum vehicles: A composite control approach[J].
Neurocomputing, 2016, 191: 44-54.

[16] Yue M, An C, Li Z J. Constrained adaptive robust
trajectory tracking for WIP vehicles using model
predictive control and extended state observer[J]. IEEE
Trans on Systems, Man, and Cybernetics: Systems, 2018,
48(5): 733-742.

[17] FengY, Yu X H, Man Z Z. Non-singular terminal sliding
mode control of rigid manipulators[J]. Automatica, 2002,
38(12): 2159-2167.

(18] FIRAE, FGuHH 5 072 M), 200 Jbo: WHEk
R AL, 2015: 69-75.

(Zhang X H. System modeling and simulation[M]. 2nd
ed. Beijing: Tsinghua University Press, 2015: 69-75.)

[19] #5246 W], Bezé. W94t B P47 245 1 H & RSO M B

il 0] AL T RS2 4 B ARRHARR, 2016, 39(2):
184-189.
(Yang X M, Duan J. Adaptive fuzzy sliding mode
control for two-wheeled self-balancing cart[J]. J of Hefei
University of Technology: Natural Science Edition, 2016,
39(2): 184-189.)

[20] FEEAZR, RE K, VKRR JE 77 e 4 o i 45 1) R 4t

AR 25204 (31, B sh AR, 2013, 39(6): 902-
908.
Mu C X, Yu X H, Sun C Y. Phase trajectory and
transient analysis for nonsingular terminal sliding mode
control systems[J]. Acta Automatica Sinica, 2013, 39(6):
902-908.)

[21] XUSTHR, JG S, =400, FIER R RUBE &R 40 77 faf LQR
PR RS Bk vE D). ) 5 YR, 2017, 32(4):
741-745.

(Liu W D, Fan S P, Li H B, et al. Modelling and design
of composite LQR with close-loop two time scales[J].
Control and Decision, 2017, 32(4): 741-745.)

[22] XAk, FAH. 5T PD BRI B P8 B ALE
1 [71. E 3 SAEEE, 2015(1): 203-206.

(Liu E L, Jiang X J. Two wheeled self-balanced vehicle
vertical control based on PD algorithm[J]. Automation
and Instrumentation, 2015(1): 203-206.)

E& @M
T (1990—), B, A, WEWE AP ES) %
5z#| 15T, E-mail: ningyigao@mail.dlut.edu.cn;
E(1975-), 5, I, LA, NFEERE
i F X LA N FN 2 8 e AA g B4 1 S B 5T, E-mail:
yueming @dlut.edu.cn;
VFE (1995—), L, Wik, INFHE B B4 N2 BA1%
il T 5T, E-mail: xysdtal23 @mail.dlut.edu.cn;
TEI1998-), 55, ARVE, WHEEM LIEHHT, E-

mail: yuzilong@mail.dlut.edu.cn.

G FE%)



