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Stability analysis and nonlinear switching controller design for
supercavitating vehicles
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(College of Marine Engineering, Northwestern Polytechnical University, Xi’an Shaanxi 710072, China)

Abstract: In the cruise phase, the supercavitating vehicle is enveloped almost completely by a cavity; it is confronted by
the stable control problems caused by the nonlinear planing forces produced by reactions between the vehicle and cavity.
To deal with the problems, a supercavitating vehicle model proposed by Dzielski is employed as our research object. This
model is converted into the Lure’s form by a series of system transforms. The sufficient condition for the global stability of
the system is obtained by using the Nyquist diagram based on the circle criterion. The influence on the system performance
produced by the pole-placement is analyzed. To improve the system performance, a switching control strategy is proposed,
in which a nonlinear excitation is introduced to weaken the inherent nonlinearity. The simulation results show that the
supercavitating vehicle system with pole-placement can be stabilized globally by our nonlinear switching control strategy;

and these results hold even when uncertainties in the modeling of planing force are existing.
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Fig. 1 Configuration of supercavitating vehicles
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Fig. 2 Feedback connection suitable for circle criterion

2.2 RGN ERE 1 78 43 45 #F(Sufficient condi-

tion of absolute stability )
MPRAEZ LM RZS), T
rank([B AB A’B A°B]) =4,
{rank([C CA CA* CAY") =4,
RN PRI E AP0
MEFHW = —(BTB)'B*Q, % [EFIBMQ
B TE S, [ EW R AT RR AW = [w, 07, %

(6)



11

VRESS: AT A RE VA S AR E DI Heds ) 1213

K& B A0 A N 2 B e, U4 R A ] R s

ha = [a 0)F, BERBIRGHH h CrEaA, Hibx

R G573 M AT LAY % 18 5 G A idfs o HORE I P )
—N IR, WA G B 2o FR B R GG (s).
AL IERGNARLNEITY, 2 ARLNEIATT

Fy, =wF, = F,(t,y) = F(t,Zs). (7)

HIEHNT, = v, — vy, HT BT S BB 5 P 10
A Py = 0, HHE, = Fu(t,v,), %3
ST B3R R, T A e By (tv,) > 0
B B, (v )R BB R T — . = %),
WF, i BB A, € [0,00). #E— 251, 48
MW B R GRS 5 fmax(F, Jv,) =
0.4762, BIILH F,, € [0,0.4762).

vy/(m -sh

B3 AR MR R R

Fig.3 Diagram of nonlinear part Fy,

MELG)(s), FRNH B R K S & 5 vl 15
£l
205.95 — 1.825 x 10*
Gol8) = <1955 — 4348
A Go(s) HAT — N AEA 2 57 1 1 ) S
11.9948, H1MGo(s) A f&Hurwitz(F), 3% B 2% & W H
RS R T E R G R AL E, AEGo(s) Bk
Hurwitz 1]
F B EIERG) T o B I R B
v=-K.z, ®)

BB AT as P A

[g] = —(B"B)"'B"(G + Axz,) — K.Z.

TN G IR 2 B Wt 1 2 483 42 i ¥4 R, X
B A B AN, BB 2 X
a=r- K& WF,. )

ARG A

% = (A - BK,)i + B,
y = Cz + Da, (10)
a=r—Ki—WEF,

HH T Ji 3R GE(5) R A 45 A ) R, R g T
T bk PR, BTG B AR G I AR A, AT A
Go(s) i Hurwitz 1.

L 2O smaxrBu | E 4

WF
p

4 IMANIRZS RS I ARG

Fig.4 System connection with state feedback

Zry L B Pk, ¥l NG B 2L (bR R
GGo(s), LMW B G 2L G 4(s)M AHurwitz(],
N TR ZR Ge(5) 2 nl AT I i, PRAIE T{A —
BK.,B,C,D}ZEGq(s)f — A d 7 52 B, W
ST 7 1 Lure JE 310 - 28 G AR [ 4t s 2 1L0
H Gy (s)INyquist i 26 4 & 47 T H ZkRels] =
—1/8(8 > 0.4672) 14, Wl F Ze xS T bl JE X 55K
[0, B 1) AE 2k 1k R 1k o 4 Jm 48 068 B 1R R
Ga(s)INyquist it 2 & 7 7 T 5 ZRe[s] = -1/
(B < 0.4672)A M, A R G T 5 T X 35[0, 5]
P PRI B PR A2 AT BRI IR 0 AR 1.

O

K5 LurefBU R BHER bR E RS

Fig. 5 Feedback connection of scalar system in Lure’s form

3 &R EHR G LANGER
ik (Nonlinear switching control design and
simulation)

i EpTiR, TS HAT IR R R AR e b i R
AL R B X Ak 4 F, € [0, 0.4762), 38 24 ik % &
G AL, 1 AR GuA 3 bR B Ny quist i £k 4 18
LT HZRe[s] = —1/8(8 > 0.4672)1A4 M, M &R
G Il T SEPUR T AR Z R 1) 42 SR 4 R E B

SR, BT R R BT 2% IR P R AR
Z, SR OLT il TR R MR S 2RO H BEAE R 4
FEAT PR DX P 20068 B, I ol e At o BT 20 7 1)




1214 2 T I AR

06 %5

TEOL, RGEVERERAR O R . BT BCAE R,
TR AL, RGENyquist it 2 (147 B [ 5 1), Pk
A 2R G4 SR A E I T DX Sl AR B ] 5, 5035 AR
gtk e A R AR PR AR 2 e R ME B DB AR, A LA
ORI T PR 3 A XA Jed B DX sl A F . 3K 2% R SR

s i Sems, AE 42 B oA — ARV Beki

H, FLARISS R G AR ERr Tk, it —2P 2k

AR gMERe, LU g a BRI B W AR 2 v D)4 s

TR .

31 ) Btk A 4R & KB AR E BBk
% (Problem—narrow stable region caused by
poles restriction)

BT RA TR AR AR E WP = [-15,
—25,—45, —55], (11)H &M T B o 1A% 328 R
G q(s), HNyquist 1 £k 51T Kl 6:

Ga(s) =

205.95% 4+ 9134s% — 8.369e4s — 3.094e6

51+ 14053 4 685052 + 1.365eHs + 9.281e5
(11)

AL, BE6HT 7R G 4 () IFINyquist i 28 (1) 55 20 il
Hh—3.33, L HLRe[s] = —1/8(8 = 1/3.34), I
ARUEGY (s) MINyquist it 28 58 400 T2 A . KAt
FAB = 1/3.34MHELLHI T AL B E, (vy) 1
R 1k B (BT, W% B 2 5 (vg) 5 TH(-1.89,

[—1.89, 1.89] (M {i, #8 vl RIEF, € [0,1/3.34]1 I
T I 4 A%, B %t Fo, € [—1.89, 1.89)HF 2k M4
PR G A 0 R E 1.

" Re[s]=—1/8(8=3.3%)

R4
Lo~

%G, ()

idea

BN A ou, B,

20 d | i
SEER :-3.33 |
-3+ | BBEF:-4.08e-016 i 4
HiZE (rad/s): 0 :
-4 L 1 L 1 1 1
-4 -3 -2 -1 0 1 2 3

Sk
Kl 6 RZNyquist i ZE A1 EH Rels]=-1/
Fig. 6 Nyquist plot of system and line Re[s]=-1/3

SR, W] LU B3 AN 28 48 0 AU Jo AR/
(K, DA Q70 R, 24T o 3 1 1 3 [ 4

XIE A H 164 I AR 2 W AT ), [—1.89, 1.89] 1
Fa X R AR R e T, f B3] K, B A AT
A5 AT AT 27 (0 H B R Ty e R A G
A, BB NUATAREAS m/s UG 57 10, BIY)
Mgk Atxo = [0,5,0, 0], FHEEMUATIRAS 28 5 5 ) 18
JE %, AR A AR 4K, BE 2 =0.1,0,0, 0],
e g5 Ran 8w, o W R G K H, t1 TR AT
JIHIE L, B 2 W AT 2% R i A0 50 R RE A
WK, e “Ridi” 123, HEGREZED IR, A
ReteE T M TR,

2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0 -
,15 C. . '
-2.0

F(v)

— JRARL g --- B INEI R P,
R Np=1334HLE S 3R L e

K7 ARSI B S0 BD) ek Ko

Fig. 7 Nonliear part Fy, and switching function pg

0.6 ; ! !
0.4

0.2

y/m

0.0

i : ‘ :
0.0 0.1 0.2 0.3 0.4




11

VRESS: AT A RE VA S AR E DI Heds ) 1215

6/ rad

-0.2 i i
“0.0 0.1 0.2 0.3 0.4
t/'s
(©) 0
10

-1 i 1 i
OO.O 0.1 0.2 0.3 0.4
t/s
(d) wy

8  WIAZAT R o RNV il 1) 15 BL 45 R
Fig. 8 Simulation results without switching control under

initial condition xq

3.2 R TT F—IAE LM U He 45 ) % vH(Solution—
nonlinear swtiching control design)

A AU EL A SR AT DL, ek HH RS KT 46 2
PF, ANBERIE R G RE L. I R B AEA AR R G
AR R B A AT A AR e R E A B, AR O 4
JRI 40 REE F, W ) IR R RE AR HI 89 AR MR,
A R JE 1[0, 1/3.34] 1l JE XA 5 PEARTE
T DU TAT 0 ARG O I L, SR B R] PR FAE
I A ) o i A HC e KA M 59, (XA SE B  B0
ORISR P, BRI AR
AR F AR S M U e i, DAHI 99 1%k
2. T AR P rh AR Ze Py 8 th 2 R TR AL, 2B
U H AR 7 BED ez i e& O 195 47 -

pO(Uy) =
V2K, (vy — vy0), vy > Uy,
0, loy| S vyo,  (12)

—V 12K, (vy + vyo)[, vy < —vyo.

K12 vy = 1.64, 5 R A, K, F5
S AR H DA D 0 R B B (v ) TR, 30 L3

K, = 0.25.

v e P ek @A —A4
BE IR e o o, ARk
vy=—-K.&+ WP, +r. 13)
OB e SR 9) B ) BN G
i, =r—- K.z — (WF,-WP,). (14

KFERZA0) A A

& =(A— BK.)& + .,
y = Cx + D, (15)
i, =r— K& — (WF, - WP).

FALAE R 1 3R T F (8, vy [0 X, Awy P, =
Po(vy), AT £3 2 E9FT 7 1) b 2 2 48, % . IS HT s
bt RG] LU, D142 6 ok £lp, (vy) © 5 SRR
PR F, ST . Kb R BB N, (¢, vy) 4
il T B 7, AT LA R AR 2 R S, (vy ) B N
JE R 55, 114 R [0, 17334110 B X ek, HE 4 [
JiP 2 B A3 B R A A R A R 45 8.

u v
r M\ " Gd(S) y

E F,(v)-P,v)

S WNIE S G N

Fig.9 Scalar system under switching control

AT RE D) A SR R A R, RS A
[R5 IS5, WG4 Fao = [0, 5,0, O) I AT
Ri&zq = [0.1,0,0,0], 75 F 45 R 105778, 7 W
FEARZMED AR R, BT S i, e LT
I PS8 STV 22, AREAVD A 2 3 18 28 /N DR 2 ) A
[ =%, UE B v AT S5 A ARSI B R

0.20

0.15
E 0.10
N /

0.05

0.00

0.0 0.1 0.2 0.3 0.4
t/'s
@y



1216 oW s N M

06 %5

v,/(m-s™)

5 :
0.0 0.1 0.2 0.3 0.4
t/s
(b) vy
10207 :
3
B
s
-1.0 i i i
0.0 0.1 0.2 0.3 0.4
t/s
(© 0
0.10 ! , ,
PR 005 .................................................. -
—I‘U)
3 ol
£ 000
,0'05 h ................................................. -
,0'10 I 1 1
0.0 0.1 0.2 0.3 0.4
t/s
(d) Wz

10 WIAGRFAT ywo I DA R 415 L 45
Fig. 10 Simulation results with switching control under

initial condition x

4 S %5 (Summary)

ARSI B Dzielskidt H IR b 23 078 2= AL
AT A i) R 5, il — R ARG AR, 18
FH R 52 B9 T B 2 AT 2% R G4t Ao 1)
FOTSAE. WG, EEFE T WS AR R RS
SE BB (1) 1) R, PR I8 477 B4 R aT LU H, i Tk
AR E AT RS L T AR E AT .

AT AER R A RGN T IRUERGVERE, I AT
AT AR L Bl ) D e 47 1 o R, (v ), S5 AT 0
[ A7 AR L VR PR HEAT B, A8 D) g2 i S e 2h
Motk 98 T REUE HIIVE L, SEBL T R g R A ke,
L B TOMR 07 F 45 SRaT LU, D147 1 S xi i
BT B BUE RO Z WA, 2P, 53
R3] K S 2 P AL T3 AN IR, i ARt 2y Be vl
e il ek B B A RO “ B gs 7, DA i
AT TR RORE B TR 2R AN . AETHAT D AAEAN E
YRR OL T, AT DU D) A SR 2 AT 2.

£ % CHk(References):

[1] SAVCHENKO YU N. Control of supercavitation flow and stability
of supercavitating motion of bodies[R]. Paper presented at the RTO
AVT Lecture Series on “Supercavitating Flows” , held at the von

Kdrmdn Institute(VKI) in Brussels, Belgium, February 12 - 16, 2001.

[2] KIRSCHNERIN, UHLMAN J S. Overview of high-speed supercav-
itating vehicle control[C] //Proceedings of the AIAA Guidance, Nav-
igation, and Control Conference and Exhibit. Keystone, Colorado:
American Institute of Aeronautics and Astronautics, 2006: 3100 —

3116.
[3] JOHN DZIELSKI, ANDREW KURDILA. A Benchmark control

problem for supercavitating vehicles and an initial investigation of

solutions[J]. Journal of Vibration and Control, 2003, 9(7): 791 — 804.
[4] KIRSCHNER I N, KRING D C, STORKES A W, et al. Control

strategies for supercavitating vehicles[J]. Journal of Vibration and
Control, 2002, 8(2): 219 —242.

[S] KULKARNIS S, PRATAP R. Studies on the dynamics of a supercav-
itating projectile[J]. Applied Mathematical Modeling, 2000, 24(2):
113 - 129.

[6] SHAO Y, MESBAHI M, BALAS G J. Planing, switching and super-
cavitating flight control[C] //Proceedings of AIAA Guidance, Naviga-
tion and Control Conference and Exhibit. Austin, Texas: American

Institute of Aeronautics and Astronautics, 2003: 1 — 8.

[71 LIN G J, BALACHANDRAN B, ABED E H. Nonlinear dynam-
ics and bifurcations of a supercavitating vehicle[J]. IEEE Journal of
Oceanic Engineering, 2007, 32(4): 753 —761.

[8] BAVANEK L, BOKOR J, BALAS G. Theoretical aspects of high-
speed supercavitation vehicle control[C] //Proceedings of the 2006
American Control conference. Minneapolis, Minnesota, USA: IEEE,
2006: 5263 — 5268.

[91 BALAS G J, BOK J O, VANEK B A, et al. Control of High-Speed

Underwater Vehicles[M]. Heidelberg, Berlin: Springer, 2006, 329:
25 -44.

[10] KHALIL H K. R REEGE3ROIMI. A SO, 1%, 254E 9, 7.
Jent: A Dol A, 2005, 7: 166 — 205.
(KHALIL H K. Nonlinear Systems(Third Edition)[M]. ZHU Yisheng,
DONG Hui, LI Zuozhou, translated. Beijing: Electrical Industry
Press, 2005, 7: 166 — 205.)



ERR Y VRESS: AT A RE VA S AR E DI Heds ) 1217

Mix A BEEEHTREESHHEARIE FHTVSEMAT I3 (AR BB LR R B S 0l an b
F.(Appendix A  Expression of model parameters)

O RC — R L|'Uy‘
T = [y vy 0 WZ]Tv u = [5c 5C]T7 B = ’ R RV’
Livy| Re—R o
0 1 —vx 0 0 0 BV TR HoAth,
A |0 a2 0 ax B=- ba1 b2 ’ vy —Re vy g
0 0 0 1 0 0 o vV 'V ,
0 ago (i a44 ba1 Tb42 vy +Rc’ oA,
G=[0g400"Q=[0q 0 ql, v
C=[0100],D=[0 0], WAT RIS N
R2
Cx = Cyo(1+0), Cp = 0.5Cx—7, 2 Rc—R o 1+H
R2 F, =V — .
11 5 133L2 ’ Ry R R JTow®
=50+ 105
1 - N g S kS %
= 5] ~ > Z
CoVS(1+n)  17nL ¥ (Appendix B General parameters for simulation)
__Ln
422 = mL 36 L
7 nCh 17 nCn 17 o A1 BEAHAT R ERAHK
424 = VTS(§ T m ) - VT(% T m )%L ’ Table 1 General parameters of supercavitating vehicle
2
ap= VLT L, el
gy = LGV TInL g A 9.81 m/s?
gﬁm m EEL 2
b1 — M<% - g), n FE AR S 0.5
_J$%S Rn A S S 0.0191 m
b = — R BAFERECER  0.0508m
—CpyV2Tn 17C, V2T L FATR R K 1.8m
b= g5, b2 = e Vo RUTHOKEEE 75 mis
s 1L T o AL 0.03
go = _E(f _ ﬁ)’ a= g Cxo VAWAE Y 0.82
L
Ki= o 1,
Rn(1.92/0 — 3) e & A
4.5 . . N s e gt
Ky = \/1 —(1- H‘; VE[ONT WM (1981—), U, BELBISUE, RO R AT
1to e FRE L sl B R, E-mail: drfanhui @ foxmail.com;
Re = Rnyj0.82—— K, WA (1958, B, O, ML 0, ST K
_§(0.82 1+ U)O'Sv(l _ 4.&)}(123/17 AR SR BT B H AR N 4§, B-mail: aooooaoo00i @ foxmail.
Re = 17 o l1+o

Ko(1.92/0 — 3) ' com.



