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A review for the control of a class of underactuated systems

SUN Ning, FANG Yongchun
( Institute of Robotics and Automatic Information System, Nankai University, Tianjin 300071, China)

Abstract ; Recently, research on underactuated systems has become a hot topic in the robotics and automation

fields. The research status for the control of a class of underactuated systems (termed as underactuated link sys-

tems) was reviewed in this paper. Specifically, the system dynamics was presented first, and two basic control

modes were introduced. Subsequently, the main control strategies, which include optimal control methods, motion

planning methods, partial feedback linearization methods, energy-based methods, state dimension reducing meth-

ods, hierarchical control design methods, and intelligent schemes, were analyzed. Finally, some major issues asso-

ciated with the control system design for underactuated link systems, such as robusiness, practicability, rapidness

and so on, were sketched, and corresponding prospects including robust strategy, saturation control and finite time

control etc. were proposed for future work.
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RN FEE; 7 — KKK RE, FEEHEEF
EEVLY (FREEN EREENIEREEN) .
Bl B £ 4" | Furuta pendulum'’ | 3k £ (ball and
beam) % 455’ . TORA ( translational oscillator with a
rotating actuator) %" . L B Acrobot ( Acrobat ro-
bot) "), Pendubot ( pendulum robot ) ®" 28 /& B S H13&
BLENRNRERTTEEETF HER (nElsr
EEENTHDNESRBERETHNBELSHE
1) BilEs% (U0 Acrobot 1 Pendubot ¢ R 48 H Y e ¥
BEHegh) BB ML S A R, Btk
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XE5EM T RE T W BAR , EASC B 18
BRIESERT RERIBTIRL.

RER B4 RERBIT S HIER R TR
I BREEES FHAENIE SR H L
WA REEME R, R RERSZ M LR
BRI EEAN, REHAHERTRTEKXR
HIPEER. IR R BB REAMUAFEZNELE X,
"] LAtEsh B sl B, LR R L R R ER K
R , i BB B R EISERR N A , 540 2 25K 3l
RGBS WX E 5% BT, B AT TR0 DL 3 28 AR 3R
BHARGE, BU , R IR B S0k v AR o S gt SR i
DMRIE R SR BEIE 81T, EHS 1 H B2, RE
SBE RERGFRERER T I NEEMTE AR
TEA R BRI T B B ENB—ARET
BErp e I R e S R, B e X HEAT I
ABHFER BRI, IER B TXRE SRR HE
SHARGHEH B LBV E WA Skl Kblas AR
BB THIBIF T T Z—.

AR RIS FEAT RER PR PR BT T &8
B, E S TR XX R RGE R H B E R
W7k, ARSI BTG, XA Rt — 2Pk
B AR R R R BT T M #EAT T hHE SR E.

1 A5 EHAER

1.1 ZhEEES5HERK

TR B R, B R G T s A
5 E RS Hl TR ARIE. BT RIE3hE
FRGEA B R ERA R, 5 BMEEN 41T
T B N 7 v R R R R M. AH
ZF,Bkhr—hr#g B H (Euler-Lagrange ) 3 W 7] DL
SIHBERGWERR, F BB REN ) 2= EE,
Hbg 2N AT RE AR B RENEE. 28
B, EHEAN n, M ERE NI m(m <n) B
K%?ﬁ%ﬁ%%%ﬁﬁ%ﬁﬂﬁﬁﬁn?%~%%ﬁl@
ER.

M(q)qg+V(q,9)q+G(g) =U. (1)
RF:qe R ARFEREHE;M(q) e RV HIFRE
%M V(q,q) e RV HELHTR 4ER;G(g) €
R™CHEARTHE;Ue R AEHmE, Bk
™K

U=[u 0]
P ,u, e RV IS E. T EMEVAR AL
FR SRS, TR B 2B (1) H— B R
M,(q) M,(q) [ia] N
M,(q) q.
[Vm(q) V.(q) [q'a] .
V.(q) l

G.(g)1 _ ru.
L6 )= Lo @)

A, BB AR T 3 (1) o R AR B
BRI, TR o 5 u AR A WS 5 KIS
BRAT. R A (2) WP R SR B R SRSV E

[M,.(9) MA@H?%

[m@)VAwHﬁ+

G.(q) =0. (3)
RO)RRENEFRENE AR, EERBET
RETWEIREGSATESPRBZ B SHAEE R
. B, BRI R I SRR HEAT R R R B AT R A
TREE

EBI KR, M(q) F1 V(q,q) TS5 LW 2
WHHRE:

MR 1 M(q) HIEEXFRER.

MR2 M(q)/2-V(q,q) —RAFIFRIEMS.

X2 &M N AT RBEETFRAN
BRI SREEL .

1.2 #EHEX

RIBFEH BARBA [, RIBSEF R R
BT 7 A 4E € #2 il (regulation control ) 55 %35 BR
R #E41 (trajectory tracking control )2 Fij.

EEERM R SEEEN, RBRIT—ERE
Tl B RENE — 0 iR E DR E B ER
B(—BETVE S, FERREERRERIFR
JE. SE RIS Z N T &R R SR S E A
R4 U_ERARBNRGE NG, KRGEREANE
ERK MR R ES, MEREANERES
KM BRSNS, HEE R EE RN T
8hr:—F T, E EN R BRI B E BRI E, U
PRAIES B ERBER 55—, BRI R AR
EAMRER/N, 76 X 25 B 85 25 DR
AT, L af RS FAEYHR R EmE, RS R
GEHY Z RPN . Kl 8] 3742 | Acrobot,
Pendubot 25 (4% A2 (swing up ) #4177 Raki: R4
94 ( balance ) 3% 1 408 T4 E .

E N, 0 B B A U R R R — e
F5 . R AEREBERENADBREETT. X
B 28 RGUIRANLE BN B R A R AR
WHES , MIEULRZ H P —&K 56 RITERE
B2, AP IR ] RIS B B E R
— e S T BT LA ROh R E R
BATRCRY R, TR IS EF R4 R HE
AR RBIRARKRS) P ZLREHZ
PRERA MMEE PR R BE ) , B BB AR 5 23K
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BRSO L A D
2 BHIT R RIR

BT a8, KBS REARRL T
RGN, NI F W REERH P HITFL
FEHI RIS ERA S . B, W33 R I SEF R4
LA —E D RE R — TR )&, E
WAMERSURE 5T A 3 H BT TIRAM, 3+
BUS T HZ BB BLR. T4 By R E R #E
il K R IRHET LR A 2
2.1 EmEE®AZ

—RM 5, RICERIRE T REWEE AR
R, B E A A BRI THE G #8  &
SGERRRBIERAL. AT, B T RIBIEF REHHFAE
ATTERSHRPIRAS ) , TEE e Am R HOA R Tl
Buknt HEBERER R, BeE I E S iR ER,
T JCEE (BT 38 AR R i SE BB AR WXt FREE
VLTS , & AP iz 308 7 2012 30 B 40 il A4 B
&R EN RS B —A 5, 5%
HEWEHRTAHA BRI — 1 HES Biakik
THEHIES. AL, Y. Sakawa S8 A\ 43T kb ALY
BT TEARNERE, B2 Rl T RagRk
Kz AR5 ], Avernig M R4 I THERR H
R, FAERT BENBRKEITEESR, &k
¥ B WP 4x ( Pontryagin ) % KAEJR B SEIE T &/ [H]
Ef, EAXELE R ARG R SR EAIREN K
N AR SCER [ 15 ] K. Terashima %8 A B S5 8T
TEXEENA=S =P ELECEEE, RS
EYIERSREI=dynz o wapr~c sy Wik Aol EF=2r e
B RIERR T AR E S, BRI R, R
[EFER BEHE 0 3R B S B PR BB T A B P42 il #5191
. RIS RGEA Tk M2 Re e i B £ 8
B AR, T BLHGERRA R MR oA R R L
WA R (EZREER) W TR XER.
R, BT RATESR B DL 2 SR B X E A AT 38 4 B AR
e, W41 %t Furuta pendulum &4, CER[ 16 1B HA
Fa AT B ad ) B U0 Rl B TS b s ik e e 8
T3 AR BREYRTHR T a0l R 1UE B 18] 5% 48 A [R) R, 3F
HRS IR MG T YUER, AT Db fg sk T
BRI B R G R L 1t B D042l 1E) .

2.2 EERIEMRE

BRI A RGERD/ MH AR — & AH
KBTI, (5 Y AR IE BB E 178 RE L BRAe
ERIIRE. EXEEA T IE S ERBENEFR
GNEMHEEN, ZFEFEEEELITHR
R0 i AT 2 fp0

Pigr=CEENLA 6, B R 5k EE2HE

WA EES AR MEHSHEA XRERRAREE
BT, R EARIE & ZE s v s i, X
XA RS (LR RERAES) BT RN H. 7T
S \FESCHR[17-19 ] o 43 B 45 B JE A8 A 407 Fn
FFEEMR T — &5 E8n, TR T BIFHIE
BB, BRI B — B TR, e e 2
W TAERES , FES RS HBEES UESAR
KPR T B

5 NBTE B0 AR A RGBSR R
PAKBR &5 B, W HE ST A EMR. K
I, TBERIE — BT b 5 (AR , I
BHS Bl S HTER, REBIARARS
Xt R GG B P b Ty AR SEBR K IR B
BHARGHRE T RN BT E,S. Garrido
a5 N B ABETE vk B S A T — AN L TSR
BHRKB=gHEEI L, TR T ARKER T
i, BAEBAME RSB Y, R ESMR R/ T
B ZESCHR[23 ], E. Maleki 0047 TR R
ML R R TR B R IE 3% P BB B,
I T ENRTE A N P T R B s, 2 R
BA 27 ok T Bl R B A 76% . — R IB T, &
FHLSA RS ST DB 1 AR 5, (B 5 4
SEEHT, — KB 5 3 58 REFE I PUER
B, SEAROEE B TRIE. i, EEEE
TWH T 2BEk) W. Singhose AR FTLRUMERK
B 7 A B T — R RAETE— E T
EE B AR, BHA SO T R
3, VEET RENS L a BT 55, M
TSRS 0k % 5 1 5 A BB U0 B A
EHL S BRBEEH .
2.3 E4y RGBS E

XA RET S, AT R AE
B 2K e 2 R R M4k, T SE 3R B S B 358
M (iR 2T ROk 805 ) . AT, h TR IR 3h %
AL B BHIESIEE A%, B A BT H 347 52
L RARAMAL. i, EHE R M. W. Spong 2 $24+
SR IR ARG IR T — R34 AR AL 3, I
Tk E LA H R LR RE TS, &
PO HHAT R R AL P e v R
FRIEHEFFRGEREH . inge cBk[29] 1,
et A A B LB R SRS ELEAT T 34
R AR, 3 3 A PR ek LB e TR BT R
BEAATE A, F7E R iR T Ak ge, o
TRABMERER. BRASETERBERS R
M4k 75 35 N Furuta pendulum B3t T —AMRZS
RSB B TR R B AR T S
RGBT MR RS TEEHES, THUT &
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GrfaEH ™ EEEHNE, 23 WA MK
HAE RN ARETR RN, HEBA ML
A AR, R RS BB E AR .
2.4 gEE(XZIR)AE
— P RGREER BB R BLE 1E 3R, REE
2 REMELE K (Lyapunov) fri8 TR € H 4>
M5B, iR ZYikie shit B B2 L nY )8 &M
BRI BT RAEMER, T LT EHLHE RS
B R IRSNAE L MR . B, T REE R E B
SRR R R BN EF R MA T RE. BIER
WRBNEFF RGBS FER (L) AR HEEE A
E = q¢'Mq + P(q). (4)
A :P(q) TRRGELH AR, R G(q) =0P(q)/0q,
HApg e CERX (1), XK (4) RFEFEKRF
B, AWE 1 f12,018
E = q"U.
X HEHBH R TR ERRS,H
E(t) - E(0) = Ltq'TUdt.

A4, L U A, g (o) ol i B9 RGERAFERL T
TRRY. IR 4, HP S E AR E TR/
%R SERF RE TR T BT
He, EZERL K K. ] Asrom PG BE R T
TEN AT RE T E AR EEES, A TN
AN BE 5 B I R R R K R SRR R A
BRI DB L ARG L AT TR B IRAYR A
TIBA S B/ ELEKFT5 M I8 3, BB 45 H XX
Bl ERERRRE L. A, X. Xin A FBIAR
AR SR BREUE PEEE SE AL T XUBI S B R G BT I S
A3 AR S % AR R Bl PR I TG R A AT, T
Fantoni 1 X. Xin 4853 #4381 & RE & F 7
LR R B RO T BB AR, R A
GURFSREHEA B B T T £ B/ SBIR, S FA 42 h
BRHBOHRE T RIE. R T A IE s, R R
BT TR RGO TR RIS,
E. L ¥70%B T HRERETERKE, S RE
AR B8 R BT T PR E il 4s. B 2001
A, T BB A R R R T ik T MU A T AR
B BRI E, SOk (9] A
[36]#HH T —RFIET BRI LMz hl s LAsg
3B EMARZ BB RAA R, TR RIEW T %
EHIRIS B AR BEE , B BB RES B A BE
P ZSMF TR, AT BT T B E R A
%iﬁ%ﬁﬁ;ﬁ%%ﬂﬁ%xﬁiﬁlfﬁﬁiﬁ Y 38 SO BB
jj 11-12, 36-37 .
2.5 TEESfE

BT RESNEFRET AT T REERBESIHIE

S B E,RH T ERIEL SRR N . R
WX —HEE, LB E X EENE SRR R
GHATREZE I, R R BN S TR
NG B RGFK G N UFEE RSN 2K S
ARG, Z AR LT R E R R 5 2
e, R T X R BAR Ml 5 T PR A2 B R4,
LR PR TR LAE 2 26

1) KeEK 3078 &8 F /R 3K 3 28 & #E47 4 A A4 T
HZEEED  JEUZ N ERR B R 8. LIS
HKAEEYLAH], H. Lee FNK & EMBIRE HF IR
EMAREBEAEILBHEBI - NEAERE,IF
HiEA T Y2 @ TEN, £ 28R, I
FAl FIRITT AR EE R R AR RST
B NTISEE T RS HED . SCHR[40 ] DK T 3K 5
EMATHRIS R ESELREHEG R~ FHE
&2 R EIRERN BN — BRI RA R
T 2R E R, IR ST N T A
NERSG.

2) XE XS R I , BY 4 T 3K S R3S F0 A W] 3K
SPRE S HE X —FIFEE, REE — R IEEE L
PR A A R IEETE , 3 T v B IR S O
X itEEHES. BT EEENEIA & T RIERE
T REXINA T SRR A EEE B 73
BR[41] %, S RbBe B shb BT 5 2R SR P s 4
M—RRI ARG, RAFRIGE T, € LT 5754%
WEHEE, JFEN T AR EE MR, ATARIE T
A RERZWEHERS. Z )5, A1 0% 5B
FEI# 5 Pendubot [y FEHI, HEAF T B IF IR
SIS SRR R IR SHLAR R 4 ] 1) A, Ao
FANARGZEENLT B EE,FZITT EE
N J SR AR, B T A AR R A BHR
( chattering) B2, SLHR T B REWBTEEE™ .
2.6 SEEHEITHE

52 BRI, 55 —FhE WA RS
T S IR SRR A FOA T SR SpRAS 43 FIEE T R 4 il
&, A EIBRE& BENPERE, RER X R
Pk RS ERSEN &, R HENR
GEAMEREA. RO FPRIT R N H =
Tk, BB REEN RE R R EE. B
S, xR BN RS, D TEEH LN
BERIKFENER T RS HERRB LURIEEERN
K ENL, BT A AT T PR TR M 7 2R
B3, BB RES A&, FHMEE AR A
BB IE, SEB T B a0 a3
ERL45 MR & R RE BT M AR E A MH 2
FIBETT TR B A B R R, B B A Ak
BInE—E EramERBA. —BTNE, ZFE
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REB A 3 SEBUR BR BB AT R G HIA Rl , AR T , 76
DEBOTHBUER RS, TR Bl AR A
A UL BSERRE R, RS RA K LR
BERIBCR Ay o R RO TR O, 73
HR[46 ] v, X B0 <545 B LRI ML , AR B LAl R4
i BT DORFESORBE A e U ] o B 2 R 4k
HAEBIRE, B TR “ IrE” A
2.7 FaemEAE

bR RO IR Bl P REAE TR KRR E D
BT R G A MR, T B4R I BBk , ANy
FEfl A R AR AL ARSI UMK TR AL,
I HREE AN TR R A IRB R BHR =R AR
MR, NI KRB MG N AT KRB RLH
.

BOm il T I — R BRI #RES
5. A XK WEET RE, RN B EERERE
o HH BCR S B AR B A Rt 4B B AR
B S A 5ol R — I SR B A B
VERERIRN B A, 40 & B JR KK C. Chang
SFESCER[ 49 ] Pl B R EMIRE 5 ABL
BHBERITESERNAE R A SCRI50]
AP X1 E L T RERA R, FRI\HHITT
FERL BB, — B 5, HBHOR BN,
BAETR B A B A RO ML BT R, X
BRI T BOMHE fI B9 SR, S5, C. Chang 45 A
T BB OB A, B W LURIE ISR
FELHREE RGNS HER S, W REXT S F
FHAEBES . BT BB TR, BT
TR IE VT LA AR A R B Bh R HEAT A, AR JE W0
. nSCER[52 ] OB GEEALESL T T-S B8
AGHEE  RERBAMESEAFX T RBIT T &
B hlgr. (54 HEOR , BB G X TR
BEAT RAREHUG R AP HIBOR , BB E
I HXELAERT M BORCEIE R , i T Bk BLA R,
HA e A AT E AR AR BT

BB LSRN BER RSETFRE T BA
BHITEHNA. BIEBRRAERRILERNEES,
B EMAT R BES M. X (S53] F,D.
Liu 43— RRXBSIPIR R LW T —FbE T 5L
PR N E B RS PR K TH A
WEEHN B R B LR G #4454 1l 4 1] 72
RAMRR M ER T R REHRTHBIER™ B
TE N Z0E i R BRI Rk R AR EUE. %
FREREIILEE S, RE & Ok HN A T XK
B RGERER], R T ETREBRNFHEMN
RRBET o TR R B LR PR,
H A% K. Nakazono SFHi3E T —4 3 EHEM %

g%, IF A Bh S {H 4 75 5% % B 3k X KR AT Y
GRUC . M T R IR BEAT RGE, AP KR T
HEATERSZN, CEEE KN ESFTHAEE
B Z B R. Toxiqui %17 58 1 72 ) 24 2 I
FAMIEREN AR AT EH, BN THARREH
FRAS IR 22 ; SCAK[ 58 ] U % B 2 R 45 g i — Bk A%
J&#% (soft sensor) ,ARYE AL MRAE T RE KPR
B, RBEREENTNE S EMBMAREMALN
el , OIS T REA.

3 $wE5RE

KR sh R G RHE R AR R M R T A R bk
AR AR 77 1 2 — . GV P SN BRAR BT A, % K
W (ET) RENHREZBE TR ENZES M
FRBIRR AR T T LM REHISR A E.
RN, BUA B TAER AL TR 40 B B, RER 3B
FE WiA5 B AEEIE K, X 4 HSEhR N A R TR K
Y R, 1R 2575 2k OUE A T DR T A Y — A7
i, AREZHT RAR B L0 NS5 EHFEEAK
B0, B (U5 B LR IR RERSE 2T
B0, — B RGN MER W Sh 8 1@ FF ST
TIMOEHERS EERFF)  RERT RN G
FEH G OB B RGURA (N i) w7 e, B4
BAEELIRGC BB ER R, " ENEES
HARGHINATE. A, B R 75 I RBIR
TEARGURZSH WIS, (B TAR N I A B 1 %, B
TR BHEENIRFER R RN B LAEE X
THEE.

NHERER BB R AR BB BT, 8 K556
RIS E, BN NELU T I T HA fFE—
BITHRSE.

1) REREAT E 57 THAME. ER G
B H SRR, RS REH TR
K2 BB RZESR. WAL, RESHERFEN
BiRE ANEZREERNE, TiF Lm0kt
SHENFEH R, BRRES BERBRRARNE
HITERR. BREERES, AR AR KRS EA T
S SRS T IR AR X HAE TR
M, BRI AT T 7R S R B P, X B R R X
HIHEEE R K. i, EHF U TR EIFT
P, AT IS B R AR SRR e R e Ao R A T R A5
#E IR ETAE Bl 2 Y B BCHLA BB 5 vk BEAT D451
.

2) AT AR AR OO T BY 45 S M o SO BT
B, KRB HIEH R AR Rl 4 R e 2 HARR . R
T, SEBR B R GU R SR SRR ) A FRE , — BT 4%
A, SRR R AL Na A, P ENRES
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HARGHRB. B, 704 FRAE S T B A A0 SE B 3R
HET RENAREER RA R ER TEN A
{B. 8 T BRI, WTLLA AT 2 M EE Tk
R A — T, WA — 2B B
FIFER 7 I L, i DT AL AN SR K T R4
SH R 55— 0 T, PR AT AR BRI 1 ABdE
REE AR T ABIE RS BT ER, SFE B BA I
FLEEIL TR E M T

3) K PRI R BE 5. BXHEFF REH KIS
ARSI R], BAE B EN S TRSPRTZ A
A E KRBT, BUA HRELEMBRRIEA
HERSPR WL TIEE, ML L, RERSE
7 FR i ) P O SHOE RSB 30 Dt , 7 B K BR 3l
ARGERYA PR 14l 5K i JB T IR AR ST Bl U0 4 35
B Ty ol A AR R M R s AR T AT ARIE R
GURASTER PRI A e 8, ELXT S HOR SIS 7T
WRARGENE, FHRAMAME.

4) i BRI T LR AT S, %
BB BA L R RES A R IR 5, Bt
{BEXT R GE Bt (A28 | M SF) BEAT RN, T
HAbm RECRSCINER AEEF) —BABBERE
AREL Besh, T8 R SRR, BN H
BT E D FBRE A R ERRBUEE 55 . B A,
Bt 3o R IR Bl ARG Y 5 0 R s 2 R TR R
FRH T HAE LR TRRGFRINA. ik, & EXK
IR RGERYH H R BRI AT IRA RIS, o LE
B T7 8k, FE R AT E E HE S R
XA RGUIRAS AT AR T, AT 42 = 2
SR B S .

5) RGURAS R B9t 5 M. LR TR T,
WE RIS REN T H 2R 5B RFE
ER i T IAEER T PR EAREIRSE
mE, ARBKE—REK, 20H BE TR
1iE, RSB 3h (i T R AR o) 55— (1
Fdashn) W BF S A 1E W B R #E .
WA REFE B AR BT S AN T 0% B RBHE S
e et R T BE T BUERIML S IR . Wi, 2
FYONT LB B RE TR S R ws, A A AL
R EAES , WA SRR ST S B,
FAF Mz o TR A, 2 T 488 1o 2l R G Y S B P .

6) AR M R B s R SR . BT, LR S
KU SHERT REM R AL ET REARER
(HER) P ii2 BB DS TSR g, AR A% 58
R RGP KBS ET RERIT. FL L HEE
FURBHE 5 HRABAR Bk 5 8, 22 Rl Hlas N s
R ZRNA, MERRERZES S T (MEE,
REF) BERPHERESREEREHE. H

b, AEHA MBS R BT 5 R PE AR R
RBGHRK R, Oy LR BB EFT RERIE R
Haiibim HE R —2.

SR

[1] KOLMANOVSKY I, MCCLAMROCH N. Developments in
nonholonomic control problems[ J]. IEEE Control Systems
Magazine, 1995, 15(6) : 20-36.

[2]ABDEL-RAHMAN E, NAYFEH A, MASOUD Z. Dynamics
and control of cranes; a review[J]. Journal of Vibration
and Control, 2003, 9(7) : 863-908.

[3]FANTONI I, LOZANO R. Global stabilization of the cart-
pendulum system using saturation functions [ C ]//Proceed-
ings of the IEEE Conference on Decision and Control.
Maui, USA, 2003 4393-4398.

[4]FREIDOVICH L, SHIRIAEV A, GORDILLO F, et al. Par-
tial-energy-shaping control for orbital stabilization of high-
frequency oscillations of the Furuta pendulum[ J]. IEEE
Transactions on Control Systems Technology, 2009, 17(4) :
853-858.

[5]LI En, LIANG Zize, HOU Zengguang, et al. Energy-based
balance control approach to the ball and beam system[ ]J].
International Journal of Control, 2009, 82(6) : 981-992.

(6] N HI. TORA HY3) 7y 2% R K B T RE B A 5 fhil e
[J]. Bahdezadit, 2008, 34(9) . 1221-1224.

GAO Bingtuan. Dynamical modeling and energy-based con-
trol design for TORA[ J]. Acta Automatica Sinica, 2008,
34(9) : 1221-1224.

[7]XIN X, KANEDA M. New analytical results of the energy
based swinging up control of the Acrobot[ C]//Proceedings
of the IEEE Conference on Decision and Control. Atlantis,
Bahamas, 2004 ; 704-709.

[8]FANTONI I, LOZANO R, SPONG M. Energy based control
of the Pendubot[ J]. IEEE Transactions on Automatic Con-
trol, 2000, 45(4) : 725-729.

[9]FANG Y, DIXON W, DAWSON D, et al. Nonlinear cou-
pling control laws for an underactuated overhead crane sys-
tem[ J]. IEEE/ASME Transactions on Mechatronics, 2003,
8(3): 418-423.

[10] LI W, TANAKA K, WANG H. Acrobatic control of a
Pendubot [ J ]. IEEE Transactions on Fuzzy Systems,
2004, 12 (4) : 549-552.

[11]MA Bojun, FANG Yongchun, ZHANG Xuebo. Adaptive
tracking control for an overhead crane system[ C]//Pro-
ceedings of the IFAC World Congress. Seoul, Korea,
2008 : 12194-12199.

[12] FANG Yongchun, MA Bojun, WANG Pengcheng, et al.
A motion planning based adaptive control method for an
underactuated crane system [ J]. IEEE Transactions on
Control Systems Technology ( accepted ).

[13] SAKAWA Y, SHINDO Y. Optimal control of container
cranes[ J]. Automatica, 1982, 18(3) : 257-266.

[14]AUERNIG J, TROGER H. Time optimal control of over-



- 206 - OB %R

% ¥ #M R

head cranes with hoisting of the load [ J]. Automatica,
1987, 23(4) . 437-447.

[15]TERASHIMA K, SHEN Y, YANO K. Modeling and opti-
mal control of a rotary crane using the straight transfer
transformation method[ J]. Control Engineering Practice,
2007, 15(9) : 1179-1192.

[16]XU Y, IWASE M, FURUTA K. Time optimal swing-up
control of single pendulum[J]. ASME Journal of Dynamic
Systems, Measurement, and Conirol, 2001, 123 (3);
518-527.

[17]SUN Ning, FANG Yongchun, MA Bojun. Motion planning
for overhead cranes based on iterative strategy[ C]//Pro-
ceedings of the Chinese Control Conference. Beijing, Chi-
na, 2010 326-331.

[18]SUN Ning, FANG Yongchun, ZHANG Yudong, et al. A
novel kinematic coupling-based trajectory planning method
for overhead cranes [ J]. IEEE/ASME Transactions on
Mechatronics ( accepted ) .

[19] SUN Ning, FANG Yongchun, ZHANG Xuebo, et al.
Phase plane analysis based motion planning for underactu-
ated overhead cranes| C]//Proceedings of the 2011 Inter-
national Conference on Robotics and Automation. Shang-
hai, China, 2011 3483-3488.

[20]KHALID A, HUEY J, SINGHOSE W, et al. Human op-
erator performance testing using an input-shaped bridge
crane[ J]. Journal of Dynamic Systems, Measurement,
and Control, 2006, 128(4) : 835-841.

[21]SORENSEN K, SINGHOSE W, DICKERSON S. A con-
troller enabling precise positioning and sway reduction in
bridge and gantry cranes[ J]. Control Engineering Prac-
tice, 2007, 15(7) . 825-837.

[22] GARRIDO S, ABDERRAHIM M, GIMENEZ A, et al.
Anti-swinging input shaping control of an automatic con-
struction crane[ J]. IEEE Transactions on Automation Sci-
ence and Engineering, 2008, 5(3) : 549-557.

[23]MALEKI E, SINGHOSE W. Dynamics and zero vibration
input shaping control of a small-scale boom crane[ C]//
Proceedings of the American Control Conference. Balti-

more, USA, 2010 2296-2301.

[24]SINGHOSE W, KIM D, KENISON M. Input shaping con-
trol of double-pendulum bridge crane oscillations [ J ].
Journal of Dynamic Systems, Measurement, and Control,
2008, 130(3): 1-7.

[25]MALEKI E, SINGHOSE W, SRINIVASAN S. Positioning
and control of boom crane luffing with double-pendulum
payloads[ C]//Proceedings of the IEEE International Con-
ference on Control Applications: Part of IEEE Multi-Con-
ference on Systems and Control. Yokohama, Japan, 2010
1319-1324.

[26]SPONG M. Partial feedback linearization of underactuated
mechanical systems [ C]//Proceedings of the IEEE/RS]/
GI International Conference on Intelligent Robots and Sys-
tems. Munich, Germany, 1994 . 314-321.

[27]SPONG M, PRALY L. Control of underactuated mechani-

cal systems using switching and saturation[ C]//Proceed-
ings of Block Island Workshop Control Using Login Based
Switching. Block Island, USA, 1995. 162-172.

[28 ]BURG T, DAWSON D, RAHN C. Nonlinear control of an
overhead crane via the saturating control approach of Teel
[ C]//Proceedings of the IEEE International Conference on
Robotics and Automation. Minneapolis, USA, 1996;
3155-3160.

(29 15kmese , RS BT HRERMTENRERRELY
HHILT]. EHTHE, 2008, 15(2) : 113-115, 212.
ZHANG Xiaohua, GUO Yuanbo. Nonlinear control of o-
verhead crane based on nested saturation approach[]].
Control Engineering of China, 2008, 15(2). 113-115,
212.

[30] =PI HE, TkBE4, Bk 4. BT HREE 2K Furuta £

BEMARSE[T]. EH5RE, 2008, 23(11): 1277-
1280, 1285.
GAO Bingtuan, ZHANG Xiaohua, CHEN Hongjun. Swite-
hing control of Furuta pendulum system with aggressive
swing-up[ J]. Control and Decision, 2008, 23 (11):
1277-1280, 1285.

[31]HU G, MAKKAR G, DIXON W. Energy-based nonlinear
control of underactuated Euler-Lagrange systems subject to
impacts[ J]. IEEE Transactions on Automatic Control,
2007, 52(9) : 1742-1748.

[32]ASTROM K, FURUTA K. Swinging up a pendulum by en-
ergy control[ J]. Automatica, 2000, 36(2) : 287-295.

[33]XIN X, KANEDA M. Analysis of the energy-based control
for swinging up two pendulums[J]. IEEE Transactions on
Automatic Control, 2005, 50(5) : 679-684.

[34]FANG Y, ZERGEROGLU E, DIXON W, et al. Nonlinear
coupling control laws for an overhead crane system[ C]//
Proceedings of the IEEE International Conference on Con-
trol Applications. Mexico City, Mexico, 2001 : 639-644.

[35]MA B, FANG Y, ZHANG Y. Switching-based emergency
braking control for an overhead crane system [ J]. IET
Control Theory and Applications, 2010, 4 (9). 1739-
1747.

(361 D1B%E, B, ETHW, 4 XBINARERGEHE

P [T]. =4 2% 5 N A, 2008, 25(6): 1105-
1109.
MA Bojun, FANG Yongchun, WANG Yutao, et al. Adap-
tive control for an underactuated overhead crane system
[J]. Control Theory & Applications, 2008, 25 (6):
1105-1109.

(371907, T Bal, TR, . RESI=HEHFARERGLA

ENRERE R A B (1], B30k, 2010, 36(9):
1287-1294.
SUN Ning, FANG Yongchun, WANG Pengcheng, et al.
Adaptive trajectory tracking control of underactuated 3-di-
mensional overhead crane systems[J]. Acta Automatica
Sinica, 2010, 36(9) ; 1287-1294.

[38]MARTON L, LANTOS B. Stable adaptive ball and beam
system[ C]//Proceedings of the IEEE International Confer-



207

ence on Mechatronics. Budapest,Hungary,2006:: 507-
512.

[39]]LEE H,LIANG Y,SECURA D. A sliding-mode antiswing
trajectory control for overhead cranes with high-speed load
hoisting[J]. Joural of Dynamic Systems,Measurement,
and Control,2006,128(4) : 842-845.

[40]1] PARK M,CHWA D,HONG S. Semi-global stabilization
of a class of underactuated Euler-Lagrange systems by
backstepping approach [ C]//Proceedings of the SICE-
ICASE International Joint Conference. Bexco,Korea,
2006:: 811-815.

[41]]WANG W,Y1 J,ZHAO D, et al. Design of a stable slid-
ing—maode controller for a class of second-order underactu-
ated systems[J]. IEE Proceedings-Control Theory and
Applications,2004,151(6) 1 683-690.

[42] QIAN Dianwei, Y1 Jiangiang,ZHAO Dongbin. Robust
control using sliding mode for a class of under-actuated
systems with mismatched uncertainties[ C]|//Proceedings
of the IEEE Interational Conference on Robotics and Au-
tomation. Roma,ltaly,2007:; 1449-1454.

[43].QIAN Dianwei, Y1 Jiangiang,ZHAO Dongbin. Hierarchi-
al sliding mode control to swing up a Pendubot[C]//Pro-
ceedings of the American Control Conference. New York,
USA,2007: : 5254-5259.

[44] ’ ’ -

.. ,2009,31(2)):131-145.

LN Zhuang,DUAN Guangren,SONG Shenmin. Back-
stepping adaptive sliding mode control for horizontal under-
actuated manipulators[J] .Robot,2009,31(2) = 131-
145.

145]] , .

I - ,2005,17(4)) : 936-939.
WANG Xiaojun,SHAO Huihe. Fuzy logic-based anti-
swing and position control for bridge cranes[J] . Journal of
System Simulation,2005,17(4) 3 '936-939.

[46]]LU Diantong, Y Jiangiang,ZHAO Dongbin,et al. A-
daptive sliding mode fuzzy control for a two-dimensional o-
verhead crane[J]. Mechatronics,2005,15(5) 'z, 505-
522.

[47]1ZHANG Jinming,L1 Renhou,ZHANG Ping'an. Stability
analysis and systematic design of fuzzy control systems[J] .
Fuzzy Sets and Systems,2001,120(1)) z65-72.

48]]LIU Qingbo,YU Yueqing,XIA Qiriao,et al. A new fuzzy
method for the motion control of underactuated robots based
on genetic algorithm[ C] }//Procedings of the International
Conference on Fuzy Systems. Hong Kong,China,2008:
999-1003_ o ) )

[49] CHANG C,CHIANG K. Fuzy projection control law and
its appliation to the overhead crane[J]. Mechatronics,

2008,18(10))z 607-615.

[50] ICHIDA K,WATANABE K,IZUMI K,et al. Fuzzy
switching control of underactuated manipulators with ap-
proximaﬁed switching regions [C] |//Prdceedings of the
IEEE/RSJ International Conference on Intelligent Robots

and Systems. Beijing,China,2006: 586-591.

[51] CHANG Chengyuan. Adaptive fuzy controller of the over-
head cranes with nonlinear disturbance[J]. IEEE Transac-
tions on Industrial Informatics,2007,3(2))z 164-172.

. , . T-S H.

M. ,2008,25(2))z 268-272.
ZHOU Guanzhong,LUO Mei. Takagi-Sugeno model-based
H-infinity anti-swing control for container crane[J] .. Con-
trol Theory & Applications,2008,25(2)' 1 '268-272.

53] 1LU Diantong,GUO Weiping, Y1 Jiangiang. Dynamics
and GA-based stable control for a class of underactuated
mechanical systems[ J]. International Journal of Control,
Automation,and Systems,2008,6(1))z 35-43.

[54] .JUNG S,KIM S. Control experiment of a wheel-driven mo--
bile inverted pendulum using neural network[J].. IEE
Transactions on Control Systems Technology,2008,16

@ :'297-303.

1551 DA .-

[ - ,2006,18(4) ) 2 1070-1077.
WANG Qing,MA Guangfu,MI Man. Research on neural
network control based on genetic algorithm[J]. Journal of
System Simulation,2006,18(4)) : 1070-1077.

56] .NAKAZONO K,0HNISHI K,KINJO H,et al.Vibration.
control of load for rotary crane system using neural network
with GA-based training[J]. Artificial Life and Robotics,
2008,13(1))= 98-101.

5] ]JTOXQUI R,YU W,LI X.PD control of overhead crane:
systems with neural compensation[ C] //Proceedings of the
International Joint Conference on Neural Networks. Van-
couver,Canada,2006: ; 4697-4703.

[58] ISOLIHIN M,WAHYUDI,ALBAGUL A. Development of
soft sensor for sensorless automatic gantry crane using RBF
neural networks[ C]|//Proceedings of the IEEE Conference
on Cybermetics and Intelligent Systems. Bangkok, Thai-
land,2006:; 16.

’ ’ 1988 ’ ’

, ,1973 , ,

, SCI El 80



	孙宁1.pdf
	孙宁2.pdf
	孙宁3.pdf
	孙宁4.pdf
	孙宁5.pdf
	孙宁6.pdf
	孙宁7.pdf
	孙宁8.pdf

