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Output feedback control for two dimensional
vibration of a flexible marine riser
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2. Department of Computer Science, Guangdong University of Education, Guangzhou 510310, China)

Abstract: The two dimensional vibration control problem of a flexible marine riser with internal fluid dy-
namics and the ocean current is considered. The dynamic behavior of the flexible riser is described by two
partial differential equations and six ordinary differential equations. To improve the vibration control per-
formance and avoid the control spillover, the Lyapunov’s direct method and high-gain observer technique
are adopted to develop two output feedback boundary controllers for vibration suppression of the riser sys-
tem based on its original infinite-dimensional model. With the proposed control, uniform ultimate bound-
edness under ocean current disturbance and uniform boundedness of the closed-loop state are proved. The
simulation results have verified the effectiveness of the designed boundary control scheme.

Key words: marine risers; two dimensional vibration; boundary control; output feedback control;

Lyapunov’s direct method

SRR AR R AR SOF R TR IR B 1 T AR Sh toks BRI R i 221
BRI ECERIEA, WHARS Sz 2ok PRSP LA B ST R, RO ™ A & Bt i 4E(E
B MIHE" Y o BB VEEIFRIEAGOKIR, Frim S, TEOREE, SR E IR TS Y
I A PRSE AL S II™ I , IERPE SRS AR R I, O TORIEIRRE LA B AR RO, A T A LR

« UgFS BEHE: 2016 -04 - 13
EEWB: TAREPEOT RIS H (2016A010106007 ) 5 ] 75 2 — i 27 Bt 20452 14 -1 B F & 101 28 2% B 1y it
(2014ARF25)
EE® . #) (1995 484), Zo; BARFE: A MSHAL; BRESE: &%; E-mail: zzuhchang@ 163. com



5 4 39

JIE PR 3E SR VA = g S I [OE TR 19

P il R G0 LASI ] 37 8 AR 3

ARk, Ryt o SRR sk B e s
JIE 7 L P A i e LR i P AMR 22 RS
THFPERVESE R M A 0 R, HRG
E SR Tt 48 RS R B g, HEr 28 T
PN 2 B 2 i Y . EE N, EE
WIFFIE ORI T35 PD Rt . S AR
WL EERR AR e R R AT Y IR
B TR, BB T NS 124
YEFIREI/ N R G B AR A, SR, 78 SCHR
[1-4, 9-14] f, fEHEHEEERETHRS
RS AT B ph A SR AR A5 30 FH 22 4 R 3k S .
MAESERRHT, Ok F AR AR IR S 2 A ARGy, G
HRARLCAERT I o i B h P A B R GRS, #
MR [1 -4, 9 - 14] o BF 45 i 4 1 TR
1To B, N TP AN RS, AR SORH &3 45
LI g2 ke 15 i e Ut i A4 o ke 0 ST A I ik
3.

A SCLARE G I 8l 1 2 I R e A R
£ 2T IS BN E N i DR I WA SN S NN e W S 4
MSHAAY, FlG Lyapunov 2545 ik H1if1 42 i £
ARV T = 4k b S s S Tl S 48 ik
WS, AN, g VLI AR T A A AT R
GRS, R T IR 2203 ORI R GUIRA Al
KRR ORI, DI S R g b RE . S
J&, PR SE T ER RGN — B A TR
FEPEFURIPA PR 1) — B0 FPEREAT T 4% i ey
WERA o 5 B4 SRt — 2B B0 UE T AR SO s S A5t
RS A R
1 [n] b

1 OAXEWNTES: ()0) = (),
bﬂmﬂz(ﬂ&ﬁ%mﬂ=%§ubﬂuw=
a(+)
at
1.1 IZEHhFEE

— RN E R E 1 Fos, Hrh
O REFRRFE S, LA EKE, w (Bl w (x,
t)) Mo (Blo (x, 1)) 20500 S48 R ) R 1)
W%, U, (RRU, (1)) MU, (BPU, (1)) 4
SRS R R R, S (RIS (v, ) R
sf A8 V3 o

A ST FE 7 8 R G 5 | RIS )R SOk
(1], Rpehscik [1] pC (9) - (11) AjfgAq

o]

B — AR RS R G

Fig. 1 A typical flexible marine riser system

SCITBETE IR RS R G 8 AR

nn

(m, +2m)w + Elw" — Tw" + c,w - [ +
2m V' +4m Vo' +2m V" — EAv'w' -

%EAW"(W')Z - EAv'w" =0,

(m, +2m,)v — EAV" — EAw"w' + ¢,v +
2m Vo' +4m V' +2m V" =0,
w"(0,t) =w"(L,t) =w(0,t) =v(0,1) =0,
0="0U,(t) = (T-mV)w' (L) -
EAw'(L,t)v'(L,t) —é?{uﬂ(LJ)]3+

mVao(L,t) + Elw"(L,t),
0 =U,(t) +mVv'(L,t) - EAV'(L,t) -

%?[w%lgt)r +m, Vi (L,t)

(1)

For m, F0my 53590 Sy S A8 BN T P R B B

L, VORI, e Tl e, 230 S5 R R [n)

MmPH)E 24, T. EI 1 EA 535 R 5r 85K 07 .

25 i BE RN M RE , f (oo, 0) DI ARIER R T 902K
fif, Ro™H

flx,t) = %pSCDVfD + Apcos(4mfit +B) (2)

Hhp, MiEKERE, D ASLAEIME, B AHN A,
A, HH IR G B iEqE, €, (BPC, (x, 1)) I
V. (RDV, (x, ¢)) 505120 BH 7 28 550R0 B 22 165 3 L
M, f, =S,V./D HREBL AT, S, TR IA IR
5.

g1 XFEASEE V, (o) IR V(1)
FER TS (2, 1), FAFHEFE k) 6,65 € RT



20 R EEA A (A ARBHERRD)

555 &

M0 < V(1) <, V() I <k, Vie [0, +
o), | fla,t) | <k, Y(x,t) € (0,L) x[0,00),
BB AN, BRV, (1) Ff (v, 1) HHER
e B 1L AR H e —BOEL Y, HbefilTEs R
gt
1.2 F&E0iR

SRS F AR, AN SRS
s

I3 1 o (x,t),0,(x,t) € R, >0 Htp
xe [0,L], 1e [0, +o0), FHIAFEAML

{svl% <l gip, | <) +¢2, V0,0 R,

|%%|=(23Wﬁwﬁ

1 5 2
s ¢ tog;
g

(3)
SIIE2 &oe(x,t) e RAEXFExe [0, L],
te [0, +oo) MYRREL, HWEREIFHFFRME
0(0,t) =0,Yt e [0,0) (4)
A 40 AN A A T
Lgpzdx < LZL (@) dx,
{ , (5)
o’ sLL (¢")?dx,¥x e [0,L]

2 Pt

Frs il b 2 P o) S S A TR A NARE T R B —
HePesh, FEATH, FATRA Lyapunov B #2575
T T A i 1 2 ORI 25 76 574 B S AR R
AN s R g, IFUEI AR R — B0
FRaEE.

MSCHER [1] pa (34) Alfq, Frded il 45
Ml & w(L,e) w' (L,t) cw(L,e) o(L,t) (o' (L,
1) Mo(L,e) 5%, B30 LB B 15 5 )
JRESEEI AR RMTESEBR R, 15 2
G35 B T R ORI R 75, 00R 25% e SRk
(1] shgsdlgs o n o b, AT0ES e 28
RS LI 28 A Ak 1R AT E I R GOR S w(L,t)
Fo(L,t),

S5I1E 3 RiX— RGN y (1) FER
BB R IR |y < Y (Y, > 0), T
REA SN2 T

em, = W ,i =1, ,n-1,
e, == AT, = ATy, — (6)
= A my =y + %, ()
Hihe> 0, HBH A, ~ A, WIREBGH & 2T

+/7\ls"7l + e+ Xn_ls + 1 )& Hurwitz 19, B4, B

PR BURAE
Ty

_ (k=1)  _
&= 0N ==
&

ko=1,,n-1 (7)

Hhy =a, + A, + o+ A, v TRy
k BYisior o Jioh, FEAERE e b WX T Ve >
v, HA & < ehy ko= 1,2.3,-,n, H
|+ || FRFRUER Euclidean J5%,

RSB 3 W15, o, /et WOBT «", BI2Y «, FiI
o AR, TR AR Ve 18 £ TR,
P, eI, /e" 1R 028 FH R A i i (5 5
5 n T o

X x, (1) =w(L, ) flx, (1) = w(lL,t), L5
RGO AR E n =2 BTSRRI R «, (0) 19
it

(k)
ey,

7,

x,(1) = = (8)
/E\:EP%X () fjjjj#ﬂ] Xy (t) EI’JI;%%%J

&, = ,,

{877"2 =— A\, -, +x,(1), (9)
%, (1) = %,(1) —x,(t)

BRI, &Ly, (1) =w» (L, 1) Fly, (1)

= o(L,t) FFBRIEARRIMEIRE v, (1) BfhTh

T

7, (1) = . (10)

HARRATE S 7y B3 My, (1) BIRZEN
Ty = T,
[8#02 = - AT — 7o + (1), (11)
Y2 (1) = 3,(1) =y, (1)
Bt g i Raeiimianst (1) filiik, HEizRs
FaE, ASSCIR M DL R il A
U,(t) ==k, (1) = kyw'(L,t) — ksx, (¢)
{ U, (1) ==k, (1) = k' (L,t) = key, (1)
(12)
Hor by ky ks Sy ks ke > 0 Pl i 4 o
E2 O BARERFMES () = w(l, 1),
y, (1) = o(L, t) A 78 T OGO RS A% il
B, w' (Lye) Fo"(Lye) v A TN . sl 4
PO TRAESE, HHXRESHN B EA
FaE B
#455E Lyapunov pRECH
V() = Vi(t) +V,(2) + V5(¢) (13)
Horp



5 4 39

BEONEE: WEPESRELAT T AEIR S i S A5 4 21

V(1) = %m,f(wz £ )dx + %TLL(w’)zdx N
fm[[ TG+ Vo)™ 4 (5 V') e +
LEAJ (v + () Pdx +£E1j (") ?dx |
V,(t) = A, (m, +2mf)qu}dx +

Ay (m, +2mf)J;Lm}dx +

{m,LLVi(v’b +w'i)dx,

1
Vi(t) = 7(§k5 + Ak, +3)\1mei)x?(t> +

1
?(fke + Aok, + 3)\27”/‘/[)3”%“)

(14)
g, a A, SR IE AR .
5134 L (13) 4% 1 Lyapunov bR %
HWFETHR
0<d[0() +V;(1)] <V(1) <
9,[0(1) + V(1) ] (15)
Hrr 9, f1 9, ZWAIEFEE, 0(1)

0(1) = f:[(w')z ()t R (0 +
(i + Va')> + (6 + Vao')> + (w")>]dx (16)
ERR WAL (3) FisciEk [16] A%
X200 (w,0) ]° < [w'(x,t)]” O[5

LL ry\2 g 4 Lr 2
—ZMJ;(W)dx—,u,L(w)dx$J;v(w)dxs

%L(u’)zdx fuf () (17)
Horp o HIEH L
ek (14) F—mmmk (17) A
i 0(t) < V(1) < p,6(1) (18)
Hrr
w = %min[m,,me,El,EA,(T—%),

EA(% —,u)] >0,
L = %max[m,,me,El,EA(l +i),
T,EA(% +u)] >0,

EA 1
T—Z > O,Z
XfVy () WA (3) AT

| V,(t) | $(% + mf)sz[/\l(w’)2+ A, (0)7 ] dwr

pn >0

L
(% . m,)j (A + 2,07 ) dx +

§K1 JHW) +w + (') + 07 ]dy < (1)

(19)

a = max{[ (7 + m/)L2 gKémr],

[0 (e m) 557

Hrp

m K, m,
[ v m )+ #5™])
AFEF (19) w5
—af(t) < V,(1) < ab(t) (20)
a0 (18) A= (20), A
( —a)8(t) <V, (1) +V,(1) <
(o + @) 6(1) (21)
TEHGE S £y Ay, Ay, AT RIS 2

a = —a>0, o =u+a>0 (22)

¥ (22) RAL (21) A7
a,0(t) <V, (t) +V,(t) <a,0(t) (23)
A (23) M E V() , A
0<[0(t) +Vi(t)] <V(r) <
$[0(1) +Vi(1) ] (24)
Hed ¢, = min(e,,1) 13, = max(a,,1) ZIEH
%, UEEE
SIS WL (13) 4
IR PR A I BN
V() =-9V(t) +w (25)
Hf 9 >0, >0,
IERR X (13) XFmfEpsRS:, A
V(t) = V() + V(1) + V,(¢) (26)
XV () RS, KL (1) AROA, R AR O
el (3), WG
Vi(t) < g, () U, (1) +3¢mViw' (L,t)x,(t) +
£ (DU, (8) +3¢mViv' (L,1)y, (1) -

L L
(e, —Bl)Lu}2dx —{CZJ(; v dx -

E 1Y Lyapunov pR % %

L
2,V [ 2V, ~ i’ = V(') -
L . .. .
2§mf’ViL [ZViUUH - - Vi(v')z}dx +

éffzdx (27)



22 R EEA A (A ARBHERRD)

555 &

Hrp s, MTEIEREL
XV () R, K (1) ARA, B3R
NHEEAEX (3) - (5), A
V,(t) < ¢Va' (L) + Ax, () U, (1) +
SV (Lyt) + Ay, () U (1) -

LTV,
5 —[w'(L,t)]* +

Tw' (L)l -

3§me2w'(L £)x,(t) —

gEA

gmrtZ

2 (1) -

EAV,
52“uw£uwr—

gEA v,

(L) )7 ”2()

Almfvixl(t)w (L,t) _3)\szvi9’1(t)9”2(t) -
3Am Ve, (1), (1) = 3¢m, Vo' (L) y, (1) =
)uszV,;yf(t) —)\szV?yl(t)v’(L,t) -
)\lmjvix%(t) + ({Vid, = M\ T + )\153L2 +

L
A8, + 3)\1me?)L (w')*dy +
L
2§me,-L [2Vaw"w —w'w — V,(w')? ]dx - A,my
L
L (v+ V') de + (6A,mV, = e,V +{mV,) -
Lo L
J;v'vdx - (A, +0. 5/\2)EAL v (w')dx +
L,
(Aym, +3x,m; + Cz)\zas)L vdx +

L
2m V. [ 2V =" = V() e +

(6A,mV, + {m,V, - ch)fwwdx—
)\EA

L
/\lme (w+ V') dx - w ) dx +

P
3 2

cz/\ L

(32,m V2 — AEA + )j(v)d“

c i)
(/\lmr+3)\1mf+ é;)ﬁ)w dx (28)

H 8,,8,,8,,8; AALRIEH AL,
XF Vs (e) KRGl 5
Vi(t) =L Sm/ LA xl(t) +)\29’1(t>:|
(Cks + Ak, +3/\1mei>xl(t)xz(t> +
(Cke + Ak, +3/\2mfvi)yl(t)y2(t) (29)
B (27) - (29) FRA(26) IFa5 5 A 5E(3) -
(5) Al4E

V(t> =- (gTV ! )\lme? +k5§Vi +/\1k3| _

2 + k3Vz§ - 86

| by + b VL kyV -, )
S R ISA 0]

{

(gk _emVi \sz + k (V. |8, = Lk 59)xz(t) +

k ~ i
(% + ki fVioy + ‘)xﬁ(t) = ChsAy = 0.54,mV; ~
9

10
| Xm V2 + ksl + Ak | 8 = kA, 8,0% (1) =
CEAV, | Xom Vi + kelV. + Ak, |
CEAV, |k +hogV ) kngi)[v,<L’t>]z ~
26“ 613 6I4

(g1, -

(kﬂ/g +

Uk + gV, 815 — ks 93 (0) -

kA,
Si6

2
L O\ eEAV.[w' (L) ]* +
(4 = 2 )eeAv,Lw (L) T*
( kL Vb1 +7 + )&%(t) -
(Fohs = 0.5Aum ¥, =1 Aumy V2 + kg V, +

Aok 1 6y, - kz)\zéle)yf(t) -

(M7 =2V - 0ei8l? = 3am V- 45,1 -
y L

L6, mV, — ¢V, +{m,V, | )f (0')2dx -
Op 0

g 2 b 2
/\,E[L (w") dx —/\,me (w+ V') dx -

L
)\szL (v + V') dx - (Zc1 - Aym, =3x,m; -

Ac . .
s =8, =1 6A,mV, = ¢ LV, +(mV,| 617)
4
L EA A
fwzdx )\ w') dx+(£ L+h)
0
l 62 63

L
J;fzdx — (A, +0. SAZ)EAL o (w') dx —

AL
(/\2EA S BAum V- 28
05
L 6A,mV, — e lV, +{m,V, | )
518
L
L (v')’dx = (Ley, = Aym, — 3A,my = ¢,A565 -

I 6A,m,V,

-9500(1) + V()] + o (30)
Hrfr 8y ~ 6 MATRIE W R WRIEHSHUE ¢,

L
=V, +{mV, | 6]8)L1}2dx <

/\17 )\2’ kl Nko, 51 '”518{%/@?[]?/%#,:
e“zvi C RV - [Am Ve +1;ng1. + ks |
6



5 4 39

JIE PR 3E SR VA = g S I [OE TR

23
k\V, 2o e 2N
5, - Ss >0, 3 i%\ @II *ﬁ
(L- @)gEAV,. >0, EHE 1
8 2

2r - - ‘k3§+klgvi‘57

rVi
2 ‘k4§ + ko LV, ‘513

CEAV,
2

o1
LEAV, kg +k k\ LV >0
20, 83 O '
(A, +0.51,)EA > 0,

e\, ~
85

oy = \EA - 3)\2me? -

L 6A,m V. — eV, + {m,V, |
me i cZé/ i gmr i > O’
i
oy, = T -{Vo, - A10154L2 _3/\1’”_{‘/? -
L 6x,mV, — ¢ LV, +{mV,| >0,
81
Ay
-8, -
64 g 1
e lVi+imV, 1 8, >0,
oy = {c = Aym, = 3d,my = 64,85 -
L 6A,mV, = c,lV, +{m V1 85 >0,

A EA
2 > 0,06 = Aym; >0,

NS -

o3 ={c, —Am, =3Xxm, -

L 6A,m,V, -

os =

o; = Amy > 0,05 = A ET >0,

oy = ksA, =0.54,m,V, -
L Xym Ve + ksZV+ Ay ky |8,
o = ke,

- kA6, >0,

-0.50,m,V, -

| Xam Vi + kol Vi + Xyky | 8y = kyAy8ye > 0,
%y = minleg, ,0,,0,,0,,05,04,0,,0%,

20,

20 }
Chs + Ak, +3X,m V. Ckg + Aok, +30,m, V1

A')szhi +

10

({S‘ +k VS, +

ik, ) 272
V. 2Z hy, +
( 2L Vb + 315 516 Eolly

L AN

(&+62+&)“
MRS (24) A1 (30), i

V(t) <=-39V(t) +w (31)
Hp o = 50 <o < o QK

- §k159 > 0,

- §k2615 > 05

SRV - [om Vi + kol Vo + Aok |

X (1) RA SIS RS AEl 5
fedilas (12) BERE, RERA N MRErE

. 2Lu,w
<
,liTl w(x,t) | < 799

L
lim | o(x,0) | < ﬁg}vtemm>ow

iR MU (25) L™, f

Vit)e” <-9V(e)e™ + we’ :> [V(t)em] < we”
(33)
X B A SE RS
V(1) < [V(0) —%Jeﬂ" +% <

V(0)e™ %< o (34)

Hep BEAERMWV (1) AR
R, FHAZER (5) FIAER 2[00 (x,
)17 < [w'(x,0) 1P I6854 (15) F1 (18), mIfg

5T W (x.1) < j(w) de< V, (1) < 2V(t)<oo,

L L
%%x,t) < {TJ; (v)dx < {27710 (w')’dx <
V(1) S%V(t) <

(35)
HAE EIRPA A

l w(x,t) | <

ﬂw[wm-* o],

I o(x,0) | < \/;m [V(O)e’”‘ %] (36)
V(x,t) e [O,L] x[0,00 ),

WA T
il w0 < [,

L
[liroroll v(x,t) | < f;:;lwﬁ
Yx e [0,L], UEE

4 WE R
ARRHER A B A A B L FUBE S E P
FIG IR PE S PR F b A w3l )7 nE, I

Xj‘ﬁﬁuuﬂ”’?m%% (12) WA RBHEHITEIE, Mt
CARSLESE . L=1000m, EI=1.5 x 10’

(37)

]



24 R EEA A (A ARBHERRD) 5555 &

Nm’, EA =4 x 10°Ns/m, T =8.11 x10'N, m, =
350 kg/m, m, =100 kg/m, ¢, =¢, =5 Ns/m’,

S o S S s VR RE — 5 [2 g
PP I SR S R AT R ol =
_Ax =)
Vi(x,t) = Vy(1)e™® (38) g
Hor Vo (1) TR R N ES
N
Vo(t) =V, +V,’ 2 sin(w;t) ,
i=1
i =1,2,3,4 (39) g
/E\:':Pwi: (w,, wy, wy, wy) = (0.867, 1.827, E
(=1
7 M e [N S
2.964, 4.282), V, = 2m/s Iy PE LT H Lk, 3
N SV S o B e e s =
V'y = 0.2 S iy i b B e Sh ik i AR V,
(1) A
V.(t) =0.5 +0.2cos(0.867¢) (40) )
e ) j B4 SRR
YRR R AR S Rk, =k, =107, ky =k, = (a) x=1000m, (b) x=500 m
5 3 er > N Khr > _ _
107, ks =k, =107, EIGEE MM SEN 6 = ¢, = Fig. 4 Transverse Displacements of the riser
8’ /\l = AO] = 0. 0035 /ﬁj‘E“égl:%ﬁn 2 - @ 6 F}?/j—:\‘o
TR A— [— o
g 8 t ;
S 6 :
2 g 4 1
TR Wity i
I HA i) N\\\ Uik o t
;rmm%%%%%ﬂe}\}\:é%ﬂm\\mumﬂ‘}s\ ’llx\\\\\\ :; 2 :
= ! !
20 10 20 30 40 50
(b) t/s
8 I — B - R
iy HY W
AN
= ¢ 1
i) g 2 !
T ) = ‘
Ay S )
i llllllllllllllllll’l’,’,’,ﬂ‘“"IIIIIII‘\\l\\“ = 0 ‘
= - !
2O 10 20 30 40 50
t/s
KIS  SEAEHI s
729 b S A E=N
Fig.2 Displacement of the riser without control Fig.5 Longitudinal displacements of the riser
i T
g 10 Co 0 BamisE - B A
o I ! X = | & —_ ¢
: 5 - anngiggy WiiTigies mO Y _ -
S il ””"',lllllllllm,"lllllllm Sfitea = 1‘
= gy o e L
é: g = ,Jlllllllllll',l,',’,'l’,',"l\“\:”llllll.t\\‘\‘\}‘ T i, i: | tff
s 200 === - —— 50 = it/ e
< 400 e 40 S
600 — 30
. 8001000 9 10 20 50
x/m t/s
2 i\
g Z
o s =
o —
— X
= <
& 3 W
\; _1 1 1 1
0 10 20 30 40 50
t/s
K3 Pl R B S04 i A% K6 i R il A

Fig. 3 Displacement of the riser with control Fig. 6 Output feedback control inputs



5 4 39

JIE PR 3E SR VA = g S I [OE TR 25

P2 FlEl 3 735 4 th 1 S A ARG/ A 1 A
TEHERE . DmmA AL, &4 FIELS ORI g T
SEAETE « = 1000 m il w =500 m ARJo/ AR T
AR IR mAS I . 18 6 il T e
A F A o

I FLEE R AT 2 - [ 6 al A R 458

1) YRR s s e (12) AERTF AL
RGN, ST IR 1 PR S RS AN i i A2 R AR
BTz, Bk 7 A OB i il 4 1 A AR
498

2) FESLERPE (2 =500 m), BARRATE
AfElar, (FIRS R R A T A AR
RN, BT AR R RS IR Sl
P

3) XFHCASCIE 3 Ascik (1] HgE 2 (b)
&3 (b), alMAEERIERE, RSO R,
iR S A AR /N TSGR [ 1] il
B iR it L, ASCU e it
H R T AR GRS SRR 1 25 1F T RE S 473t
S —HESRSh RS B

5 4%

ARSCHITFE T 5 oA S AE A IR PR S AT B 4
AAEAE iR s R T AR o - R
o707 RE A I o5 YERE R, SR Lyapunov B %%
4 £ W AR B AR ES S ik, B T
B At i P A S S Y R R St A T . S
iz J] Lyapunov £ P IS 0 42 1 R 48 1) — BUR 4
A TR T T MU o AR SO it K
FENE AT A AT B B 3 TR AL R G o0 J7
FeshiJro, DRl A A 24 fRa ok
FA BRZE DL R SRR, 5 B4 RA]
SRS e i A e R S e ) AT AT R A
ARk

SE

(1] ZUriE, ZAREF, XI0G, 5. WV S i d i &
WAREGILT]. B T REEWR(BARI M),
2012, 40(8) ; 32 -38.

(2] mag, 8&F, R4, & TN 2#0E
PERIN ML A G AR L)), e S R
2012, 29(6) : 785 —791.

[3] BRIRAK, XI5, S04, ETHASN R RME LS B

[4]

(5]

[6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

TERA AR LT ] e 5 R, 2013, 5(30)
618 -624.
LIU Y, HUANG H W, GAO H X, et al. Modeling and
boundary control of a flexible marine riser coupled with
internal fluid dynamics [ J]. Journal of Control Theory
and Applications, 2013, 11(2) . 316 -323.
WU H, WANG J, LI H. Design of distributed H, fuzzy
controllers with constraint for nonlinear hyperbolic PDE
systems [ J]. Automatica, 2012, 48(10) ; 2535 —2543.
GUO B. Riesz basis property and exponential stability of
controlled Euler-Bernoulli beam equations with variable
coefficients [ J]. SIAM Journal on Control and Optimiza-
tion, 2002, 40(6) : 1905 - 1923.
E, W, X, S5 BAT SIS R HUMUOE
MR AGE N BRI [T ] RS AR (A AR
), 2015, 54(3) : 44 - 50.
BRARAR, XI5, 7340 SHEE LRI R 5 Pk 3 il s
W] oREE 24 (AR BHA R , 2013, 52(3)
55 -62.
DO K D, PAN J. Boundary control of three-dimensional
inextensible marine risers [ J]. Journal of Sound and Vi-
bration, 2009, 327(3/4/5) . 299 -321.
HOWB V E, GE S S, CHOO Y S. Active control of
flexible marine risers [ J]. Journal of Sound and Vibra-
tion, 2009, 320(4 -5) . 758 - 776.
HE W, GE S S, HOW B V, et al. Robust adaptive
boundary control of a flexible marine riser with vessel
dynamics [J]. Automatica, 2011, 47(4); 722 -732.
NGUYEN T L, DO K D, PAN J. Boundary control of
two-dimensional marine risers with bending couplings
[J]. Journal of Sound and Vibration, 2013, 332(16) :
3605 —3622.
DO K D, PAN J. Boundary control of transverse motion
of marine risers with actuator dynamics [ J]. Journal of
Sound and Vibration, 2008, 318(4/5) : 768 —791.
GE SS, HE W, HOW B V, et al. Boundary control of
a coupled nonlinear flexible marine riser [ J]. IEEE
Transactions on Control Systems Technology, 2010, 18
(5). 1080 -1091.
BEHTASH S. Robust output tracking for nonlinear sys-
tem [J]. International Journal of Control, 1990, 51
1381 - 1407.
HE W, ZHANG S, GE S S. Adaptive boundary control
of a nonlinear flexible string system [ J]. TEEE Transac-
tions on Control Systems Technology, 2014, 22 (3):
1088 —1093.



