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Tracking Controller for Underwater Gliders Based on T-S Fuzzy Models
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Abstract - In this paper, we propose a Takagi-Sugeno (T-S) fuzzy-model-based design for the tracking control of a class of
nonlinear underwater glider. By using the partial linearization and the sector nonlinearity, the underwater glider with six degrees
of freedom (6 DOF) is modelled by the T-S fuzzy model. The concerned tracking control problem with H, performance is
converted into the stabilization one for the error dynamics between the given nonlinear underwater glider and the reference
time-varying input. Sufficient conditions are derived for the asymptotic stabilizability of the error dynamics in the format of
matrix inequality. Simulation results demonstrate the effectiveness of the proposed design methodology.
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Aol 71 HIAY AlAES BAE B8 (sector nonlinearity)
7IE13]e Ed vAdd g @i Qlo] BEsVkseith &8 A
BRI A9 Al2EH gHZ =27 iR 71E A8 Aol 7
W Fg0] o8t AFE 7KL o AFE 7 mA Y
71Ek Aojol thist =& 2sAdl it $T[11-12]7F EXSHA]
o =EFetolde] o] =F Alo] BAle niRlst Agolth

2 =Roie 5=l 89stg 7HoZ T-S HAl &
g 71ak Zlo] =5 Aofr] AA 7IHE ANt Aoi7] AAA
HE dgst(inearization) [14] 2 FEAE HIAFEHEE 0lE3d10]
sEEoold 598e HA| RUE ST To, 71E AW
(time-varying) {8 Ao thst =& AMo7] AA =g AA]
Sith =E2TolH 9] 2ol 5 AE st A ordst 1
e golZ-Z(Lyapunov) 8L 7IE E-E Ol&d10] dY
HEA gEZ2 fTEch mRgez AEHoMHE Ed AHE
Wit 71E A9 Aol HnE S AetE 7o 2448
Tt
2 =29 74 tsi 4t I8oMEs &30y 1Y
thall ddetal, MEdAE 7IE Bde AAlstal o] Ao
QIst Aoj7] AA ZAE AAISIT) VAAE AYHA|07]|9t
o] Hlal AlEZOFAE Edf AE Foj719) dss ASSITL
HIREOZ VEOA = AEE 7IE6lo] =28 EnRith

oy M A
o i

=

[©)
fl

=

i

[0

FIE: P> Q= BE P- 7} Lo (positive definite) S
onigtth. B= AER. & 7Ie Ebal) {n:hi<a}te 9

Copyright © The Korean Institute of Electrical Engineers 261
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License (http://creativecommons.org/
licenses/by-nc/3.0/)which permits unrestricted non—-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



HM7|&t8 =8| 673 25 20184 2¥

gt 1.2 1 ={1,r}, rez. 2 BT} ¢IAxt g t} v = MF )
S Zo] ottt . .
lal] 0 —a3 a T, = ﬁPp—u—erp (5)
a=|a|¥ W, «=|ag 0 —q|CF2 NAHB (skew
“ o 0 Pp=u ®)
symmetric matrix)O|C}. s(o)=sin(e), ¢(°)=cos(e), :
t(o)=tan(-)O|L} m, = u, )

AL (DY IR

apcd — sthep shsd+ cpepsh
R=|sy cpcp+ spshstp — cpsop+ sOsicp
—s6 s ep

o
Of

oM ¢ FEQ 25Z0oling angle), = SR Z}
(pitching angle), ¢v= A48 25ZH(yawing angle)O|T} Al
ol @®oll  sligsk= HWH  FHe b=z, y 2],
= [Ql 12, (23]T, V= [vl Uy ’US]T, r,= [r L

Pp=Pp Py Pp|", = [uy uy ] TOR HHELL 0714 b

T FHEA M (inertial coordinate frame)9] 2&A X #H, 0

= MRIEFEAA (body coordinate frame)Q] ZY&LE, o= AA|E
ALY FEIolE £k, r = AAFEALY OSEE m
A, P AAFEAY me 48 BUE, mE 7P dos
] 12k} HOlE] 12k = 7
TR 1A BN B BN sESgoEe aE 0 o S0 mier mE UAEE UelE ol B8, uek e 2
Zh ZHE ol g9t 22 Aol oItk Al (3), (4)ollA]
Fig. 1 The schematic of an underwater glider of body i o M= di o BHLHE WY
frame and inertial frame /= diag(, Ty B)Sk M= diag(my, my, mg)t_ ST TT
I QA Aol theh dFolct. FA EFQl 79 WAl el F
L okt 2ok

T= (J+ 71 Pp) X 24 (Myxv) X Pt gRTk+ T, — 17w
F=(Mo+ Pp) X 2+mygRTk+ F,

FTf u
T 0i714 k=1[0 0 1]70IC}
o] mj 0-BIHE 7K FAHS ISt Al (DRE (N2
O8 2 st fE=olH9] e 2% o8 '
Fig. 2 Simplified internal masses movement of the underwater x,= v, €080 + v, sinf 8)
glider )
z=—wv, sinfd + v, cosd )
AR L=Ye=1=3 = é: Qg (10)
2. #5200lH 398t T-S HAl 29
. 1 _
21 520l 595 2= 5 (g =y Joyuy =y, cost aD
+rmsir10) + M, — T,y + rmu3)
6 AAREE VK sE=told 598t WEAl[e, 1512 T .
I ZtHad 1, 2 #Fa: 0= — - (= myu, 2, — P02, —mygsing 12)
1
. +Lsmo<choso<ful)
R = RO" n
b= @ /1}3:%(mlvlﬂz+PPI!Z2+m0gc059 13)
Q=J'T (3) 3

— Leosa— Dsina—uy)

262



TP\: EPP\ “hT TPJQQ (14>
1
ri”:si — PP;; U + T’P\!ZZ <15)
PPI: " (16)
B, o
i 18)
O] E‘_“:]' _EE'E)‘__‘_]-Y FEII,Q]- T(::rbl‘f
-D — (K + KDKCf) v
S, K81
Fp'rf —L - - (KLu + KLQ) Ve
ext - %DLI B Kyl Vit [((1‘(21 ve
]”DL-Z (](Mﬂ + Kot K, () 7?2
DL, K, Vit ](:]‘593 v

i v. v
071K V= y/v? +2 +t, a:tanfl(v—S), B=sin 1—2), D, L,

) Vv
Sy ¥ (drag), L (ift), A (side force)OlH M, , M, ,
M, 2 7 BHE(viscous moment)OITh K, 9 K= SEA
“(drag coefficients), K, 9F K, FAR(ift coefficients),
K= AslE7A5(coefficient of the side force), K, K,
Ky K, K, K2 SA95 ZHE A5 (coefficients
of the hydrodynamic moments)OIC Z=, 4] (8)-(18)Z2FH
=[x, 20 Qv vy 1,y Py Pyom]TO AMOQE w=

[u, uy w,]"E BOloHA 20| 20l thet +ESToln] 595t

Kl] Y

T:f(x) +g(x)1~1 (19)
O] ZEEILY, 0714

f= [f1f2f3f4f5f6f7f8000]T y 9= [!IlT!izT]T

f1 =z cosz, tagsinz,, f, =—x;sinz, +x 0082,, f; =1,

1 — .
fa= T ((m3 —m, x5z — mg(z, cosTy + 74 5inT,)

Z
+ ((K% + K, tan 1(1—6))(1-2 +z?))

5

fs= E(f MyT @, — 107, — ((m, + m—m)+z,, )gsinz,
x x
+(KL +KLtan71(—6))(x§ +x§)sin(taﬂ71(fﬁ))
0 335 ,1'5

2

6 5 5
(22 +22)cos

1

tan~

Ty

3l

x
= (K, + K tanfl( -

T-S Bxl 2 Y|y +522pICiE AT F5 Mo

Trans. KIEE. Vol. 67, No. 2, FEB, 2018

j— 1 .
f6 = ?(””11‘51‘4 +xgx, — ((mh +m— m) +x, )gCOSJU3
Lo
Zs
Lo
T

1

tan—

4 Tg
+([(Ln+[(Ltan l(yc, ))(x§+m§)cos

5

—
P —

2
Zg b . —
- (&, + &) tan’l( 0) (x%-!—xé)sm(tan !

1 1
fr==wy—a; —agwy, fy= ﬁmw_%+ﬂ77m4

m
0 0 0
0 0 0 000
0 0 0 000
9 = |mgxy/J, —mgw./J0[ 9= [L00].
9Lg/ Iy mgyr;/Jy 010
~1/m, o0 001
0 —1/my 0

22 T-S HA| 2&

CHe2 T-S mAl 2E9| gojojtt13]:
Rule i : IF 2, is M, and - and z, is M,

THEN 2= A,z + B,

Oo7IA 2R HEI#HS wER™ S FOIYE; iEl-&= A o
A T2 2, hEL = pAR FUHR W55 0z, (k) EL XL
iR WA FEOIA 2, 9 WA Folth FA WA AlAEHE

=326, (:)(Ax + Ba)

i=1

2 Ve & QIO 01714,

3. &8 A

4l 1 HEdE sE2Told (198 Jelskal F8 2Als 7]

& =g

£ FEsHe «E A7ske Zolth o7IA 2,2 VIE e
4.2 SI9=Hurwitz) dHoll reB 2 71EY
Z2E QRR= U331 2ol FoJslti[16]:

[
o
o
gm
ox

i tp
/ (z—xr)TQ(x—:z:,,)dt < pQ‘f w Qwdt
0 0

263



7|stEl=2x| 673 25 2018 2@

[l

K w= o #7]", t,= MOARE, Q=Q7>0, peR, = H4E
E Z4 Hdolct,

R -

2

gr 1 HAE sESolH (199 BE Agshpartial
linearization) &
@ = flz)z+g(z)u 1)
olt}, 071A]
; foT
fla)=1."" 72
0 000 O
00 0 010 0 000 0
00 0 001 0 000 0
00 0 100 Eg
fi= 0020 0007f: 77000 0
mhg 2
00 000 0 000 O
1
00 0 000 0 000-%
my
OOi 00
000—25—1 0 m
000 =, 0 —1| _ 1
fs@) =000 0 0o ol f,=["00 70
000 0 O O 000 00
000 0 O O 000 00
000 0O
gF : s 28 HAgst
Wy h|
oxg —0 o —0 0xg =0
0 0, af,
/i =1, f =0, L =0
or, | o, 0xg | _
51py=0 o r=0
| __mg O _ 0| _ 2
oz |, Jy | oz . T oxy o m,
af; af. f;
75 =0, —> =0, =0
0x s =0 0xg —0 0T, —0
o | ok | g
arg |, T oxg o oy |, My
g SaA AlAE (19 @DE ZEkst "t [ |

2 1 71F mE 0, ¥2 H¥sE ~E30H QDo
7] Aol
u= ﬁ:Ql (I7’x8)l(i (x—z,)

2 8% SEE HEX AL
- & _
= ‘EQ (:r7,:r8)6’(:r):r+w (22)

E ISRl 0714 6, i€, 2 8BS Ao AAl

=

264

f@)+g@) K —glz)K
0 A :

T

FoR peR. (& BE (1)<l ¥1,0 TishA, BEREA
GIPH PG, + 5 PPE Q<0 23)
P

g U&Este P =PT>0, =P >0, Q=Q7 >0, 121 K,

=

i€1,7F ERSITHAL Z7FstAL, o714

A+ BK, ~BE,

R K A e

J8lal A4, B, i€ls= % Ao AAl 1 W, z€B,, r=00]
tiehiAl AlaE CDe F2E erdelen, »(0)=0d o &A1 1
oAl AMAE H, F& ds52 HFHELL

A

oo

& FAE nddd 7| s]le olgsto], » B, Y o

- . o B
5 i G () ELXLE BE

o WEES & 4 Atk oPIA 4

Aol AIAL O] T, 316, =1, i€, WES] GRo) @201

i=1

fo(@)9F g, (z)&

2 ~
Z 9121921'2911'@2

1

2.2 . . . 2
3(95) = E E 911'1921',1[31'1:2* 91 (x) = X:J

iy =1liy=1 iy = liy

>

oz #3g = Atk oI [, g, (i) ELXLE BE

Aol HAL E=, z€B, YL W, Q201N G(z)E

el
i

4 —
Gla)=3]2100,G, (24)

g]o}Z - H (Lyapunov) g

V=1 Pz
E JIdHsHKE HFZ AIAH (22)9 zo WE ol nEAS
(derivative)=
i 7[5 T[E’(w)TTD+TDE'(m)+b P [z
(22) = [ ﬁ — 221w
w p 1] lw
75T725+p21_uT1_u

Otk 4] (24), 0](Schur) B4E F&dHH Thg TAL0|



W ooy <=7 G+’ w

Ca) PPOW+Q P |,
P — 1
e _
= [GHPHjGiﬁQ z }<o, vV (ij) €L, ¥1,
P —
& (23)

S o 4 Atk BT FYREY @3)0] WSS r =0
AN

HA FMoi7]22)0l Qs &

V|(22) <*ET65+/)QHJTH}
— t_p— tr__ o
= V(a:(tf)) <—/ fxTQxdt-ﬁ-pZ/ "o wdt
0 0
P S [ t—7—
:>/ x Qa:dt<p/ w wdt
0 0

ty T 5 [ l—1r—
= / (x—:z:r) Q(z—xT)dt<p/ w wdt
0

0
omRE I, 5 4547 E58S ¢ & Atk n

71 N8 8y BE
B @] EAGiT 7T WHOR WA FOiE per. 9
BE ()€1, x1,01 tald Th

|
o1
olt
0ek
)
N
o
rc
IS
&«
10
ol
i
-
ol
rr
2

— ~ — — 1 ~
PAT+K B + AP+ BEA+— I+ Q< 0
’ TP

4, AEHOIH

AMote A ZIHel A< ¢l & 101 AAlE dH gte 7t
e #5 =0l 898 A (VFE (Ne JdekL 84 &=
= 7IE 9y AsE FEcke g Aoi71g AAsks 2ol

Tk |2;|<0.0005, |zg|<o0.00072F 73 SIAL Al1E led5}o]
AT 18 WESH= 7hsdll(feasible solution)”} EXist). B2 B
ole dol 18 UsEshe dd P, B9t Mool kK, el
£ AAlsith E=gt Ag moj7ete] Hiu AlEHoME Baf A
A€ mMoi7|9] g ASSITh

9 3-102 HAl REE Sa A Aojzlol tist A
HIAY =E5ZTHoIf9 AlBH oA Ztet AgR|o]7]9e] H
o AEHA  ZIE  HoFEth o o e
2,=1[00 —40 0 0.3 0.03 0.02 0.04 003600 000000000
ool 71& ' S ;=[0000000 0 30sin(t)

T-S Bxl 2 Y|y +522pICiE AT F5 Mo

Trans. KIEE. Vol. 67, No. 2, FEB, 2018

E 1 5E 2009 Hsegk 6, 15]
Table 1 Varables in the underwater glider [6, 15]

W &
m 11.22
my, 8.22
m 2
Mgy 2
My 14
g 0.1
Kp, 18
K, 109
K, 306
K, T 0
Ky -36.5
K, 0
g 9.8

J" 3 29 ARF SH: HAl Aoj7|(AA), AERI017|(LHE -2
A), 2, (@A)

Fig. 3 Time responses of z by the fuzzy controller (solid)
and by the linear controller (dash-dot) and =z,
(dotted line)

a9 4 29 AR 8" HA AMol7|(AA), AEF0171(L -4
A), a, G3K)

Fig. 4 Time response of z by the fuzzy controller (solid) and
by the linear controller (dash-dot) and z, (dotted line)
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Fig. 8 Time response of v, by the fuzzy controller (solid) and
by the linear controller (dash-dot) and =z, (dotted

line)
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0.0826 —0.0003  0.8705 0.1479  0.2901  0.0005
K, = |—0.0005 —0.0030 — 0.0055 —0.0010 —0.0021  0.0096
0 —-00275 0 0 0 —0.0664
—3.0605 —0.0010 —0.0528 —0.0007  0.0001
K, =| 0.0186 —0.0126  0.0004 —0.0090 0.0018],
—0.0001 0.0068 0  —0.0010—0.0194

0.0826  0.0003 0.8705 0.1479 0.2901—0.0005]

)

K, =10.0005—0.0030 0.0052 0.0010 0.0019 0.0096
0 —0.0275 0 0 0 —0.0664

—3.0605 0.0009 —0.0528  0.0007 —0.0001
K, =|—0.0176 —0.0126 — 0.0004 —0.0090  0.0018
—0.0001 0.0068 0  —0.0010 —0.0194
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