13 EE S W = TR R ¥ WRAKRERER) Vol.13 No.5
2012 4E 10 H JOURNAL OF AIR FORCE ENGINEERING UNIVERSITY (NATURAL SCIENCE EDITION) Oct. 2012

AREFEEHERRED BIE N R HE LR ERE G

A&, ROART, waR
(1. AR HUK K2 H s bR S A TR, 65T, 100191, 2. 25 45 TR KAF M as it K T AR 2% B, B Py pg
4710038 ,3. 94579 HREA , LLIARHTEE,271206)

WE - LEARpEAEBRNRRAGASHEEEAERLE, R—E T — 8 &N
LomiEHER Tk, REEH N n-1 FEEFASTEH AR ENEFHE, & 0 FRE
AN WERNEBREBABIMERAT AR ELHERR,FE T HET L5 P LR
BB E N AW A EE R BTN R, A RBERT AR SR A ENE R HE,#
BT RS E T BRI T NGB IR 2R E T4k B R B R AME TR TR EAR R
ZMBEBHEITRZNDH, KETRARERE, BRONIEHARRATAE T2/ —X
REAR AFEERFRE TR Ea R,

KERIA B A P AR R AR IR R B A E

DOI 10.3969/j. issn. 1009 —3516. 2012. 05. 004

FESES V448.2  XEERIRAE A XEHRS 1009 -3516(2012)05 -0014 -06

AN RE AR LA 2R G 47 ) 1R AL D A S A2 T S0 A 22—, L PP B AR 5 A 2 1 S — R A R 7
W (HELR RGO HE R R DT I A0 T ARDU BN AL R G, — R 3 I S HE ( Back—
stepping) il = s OT AR R BTl R A 5 | A A (8] R 40048 ) B y HET Lyapunov BREEHEIEA T
ARG, SR, B IE N RHERE I EOR RGEAE M S 8RR | JF BAATET TS et A e v
PEARZRVERI Y | A5 2 LA S B

UTAFR , —Se e B R AR G R il 5 L N S AR AR A 5 UG T —E WS R . SCHR[ 4 ] 513 —
FKdr/ MHCL O S ARLNME R G, Vit 1 H 38 0 S AHE I B S5 A4 65 5 SCBR( 5 1 R 1 I BHIR K — il i
72 T F N S A 2 PSR B R G b TR R ORI R GRS 2 TR
TEAES AT E M ; SCHR[ 6 ] FEXT— AR Ltk B O NI 8 7™ 4 S s JE et R e 42 1l 17— b
M0 T S A A SR R S TR 1R T 0k T n DS RRURHE SR, B O (n) DBORIIE T8, (1547 1
i Y S AR A

AR BA AR AR R ECFIAN I E TR ™A% SR AR RGeS ) 1 — il 1 3 A 22 ) 4%
S AR PR 2 s P RS T T 5

1 R EER R TR R

RN AN TS S AR R S
N =x +fi(x), =12, ,n—-1

{x =fi(x) +bu +d(1,x) (1)
Yy =%

WA EHA 2012 -07 - 11

EEWA . FH% A KRB RSB BT (60543006)

EEBN X ZR(1984 - ) B ITEEASMNA A, 2RI W A A4S Hl i oT.
E — mail ;liudong_156@ sina. com



55 R ZRAE AN RE ALk R G 1 I S A2 i A 15

K =[x 20,2 eR e =[x 0, ,x, ] eR" HAMPRAE R 1, ye R 5910 RGeHH A F
Hafi(x), i=1,2, 0 n IARBAHELIE SRR b #0 NEIFEd(1,x) IARMINEIR S AT E I,

Bi%1 XV (¢r,x) eR. xR AFERFERE p", i=1,2,,n -1 M 1d(t,x) | <p” d&(x) ,b(x) N
NIRRT PR AR

AR RBF #2245 18T RGEARFAELM: R, T RR

ha (Z) =W E(Z) (2)

KA ZeQ, CR"  n WM RBALER W =W, W, W,] eR HIZEMERE R, >1
KRS EEGE(Z) = [6(Z) ,6(Z) -+ ,&(Z)]" e R ki &, VEEEL RS £ (Z) AT B9 5307 bR
5.

b i:1,2"“,

(Z—Mi>T(Z—MI) /

Vi

&(Z) =exp

A = Loyt ) BT RO TP L v, TR T R R TE
RBF #1224 (2) BENG 1 548 Q, CR' FLMERORE L @I e B (Z) -
h(Z) =W "&Z) +e(Z) ,YZeQ,CR"
18 (Z) HAHZMEEITIRIE AT T W BRI, W BRI X T Z e O, i1 e
(2) 1 955/ WA B
W' =arg min | sup 1h(Z) -W £(Z) 1| (3)
g2 MAMKERRE (2) AR, Mle(Z)1<e’, VZeQ,CR"&" >0 NAMHLL
S T H 55 A IR, AR SO | ASCHIR[ 7 ] 42 th 0 28 LTS 0 P ¥ R R g () 1AL AL AR A 45 o

5.
1 -—exp(=vs) 1 —exp(_—vs 1
Lg(s) "1 +exp( —vs)’ Yv>0,HO=Isl -5 1 +exp( —vs) < v
2 s SRRE T

PRl g
Step 1 FEHMRRG (1) BT RS 4 =/ (%1) +20, 8 LRGMREIRER R e =n1 -y, , MRS
PRERIRZE e = e WPIRASERERIR2E o) KA
ér =fi (%) +x2 =y (4)
AARZNME KA S (o) B0 RS AT BT T e I A
Bl* =x;= —kier —fi (x1) +74.
FrARLAE SR BOR N, R PR 28 I 48 180T, A SCHAE BT G — PR I R AR et R TR M B —
By RGeS R
B = —kier +y. (5)
EEXPALGE SR T B S A2 R A SR 3 B 2k L, SR Sh A R R R L 5 IA
— AR D A 0T R AR A T U, B A B TR

Tid +on =B, o (0) =R (0) (6)
K r MRS R E L, B R ZIRER .
o = - B (7)
FESCIRSIREFIR 2 e, =0, —ay, HHFU(4) F120(5) AT 4.
ér=fi(x1) —kiey +e, + o (8)

Step i BIEMIIFRGE(1) B i M T RGE 4 =/ (x:) +xi1, 2<i<n -1, ESCIRBIREFIRIE e, =, -
oy R HSR A
é; :ﬁ(xi) +2i — Qi (9)
MRAE b BT ez e



16 SETRRZAR(ARBER) 2012 4F:

B=—e_ —ke +a_, (10)
XF B AU A B S ) o, U i Y T RGN IR EN
o = =B (11)
HPRASERES R 2E ey =x00 — o SX(9) FI(10) AT A%,
¢ =fi(x;) —ei.y —kie; +eii +&; (12)

Stepn ZEMHRRG (1) BF n T RS %, =f,(x) +bu(t) +d(t, x) o HARBREEIRE e, =x, -
o, K e, SRS,

é, =fu +bu(t) +d(t,x) — 6, (13)
HT AR RS R G SO AT PR ESORS B | AR SCSR N T 4Ry s 2 s i ©
§= —os —Bs” (14)

A s =,:;ciei +e,,a, B>0,p Al g MIEAE H p >qo X s KFIFHX(14) A5,

Zciei+e,,+a.s+ssf:0 (15)

Y pREL s TS AT s A % o BRAE , o R, WS S R ; S VT pR R s B S
s POWCBIEE E B B BRAE , B R W BSUH E R
F(8) . (12) HM(13) FRAS(15) £

n-1
Zci(ﬁ — kie; + e +85) - Zciehl +fn +bu+d-o,, +as+ BST’L =0 (16)

AR PR L Z cfi + fo K RBF #4583, 15 .

n-1 n-1

Z{c,;(e,;ﬂ — ke, + &) - ZQCieH +W'E+e+bu+d—-oc,, +os+ Bs'i =0 (17)
KXPW WERKNZ,Z =[x ,%, 5] e Q CR", HANZ ML @R 2R E T LI T A%,
- et+d<e +p dlx) <d dlx) (18)
A8 =maxie , p i d(x) =1 +d(x),
B

U = Uy + U

n-1 n-1

Uy = — bil[ Zci<ei+l - k,‘,e,‘, + 8,‘) + WTg - (SL,,,l + os + B?fr - Zciei,]J (19)

[1 — exp[ — v3d(x)s] !
{1 + exp[ —vddb(x)s ]}
FIA o - BIEJED MR MBALUE B SR W AISEAE N S ST .
W=T(s&-0uW), 8=~(dlsl-c,d) (20)
KXPT =T > 0 HHENIHEIERE,y > 0 HGENHEERE 0 > 0,0, > 0 FiEITHS%L,
FE1 XFTHARGE) SEHE19)  HIENE(20) AR RS, HE XHIHEE Q.

n-1
O ={52 + Z(ef +e) +WI'Way'p SZ)\}-
N AT A TS 1 - 2 /0 T FEFE S8 o, B,p,q, Ty, 00,00 ,0 Al ke, Tiyi = 1,2, 0 =

1, AR RG22 JR— B SS A B, H R G MR R 1R 22 S S it o B3 i — A~ /NGB sk Y
E XS RS(1) 1 Lyapunov PREL.

e =—b ' 3b(x)

5t e (21)
XV ] ¢ KT
V = ss + Z (eiéi + 8[3[) + WFFJW + 'Y718~8A (22)

EE &€ =0Q; — Bi %a‘ & =- 8i/<Ti - B;) ,Hﬂiﬁjﬁ[9r45_l46 ﬂ%ﬂﬁjﬂz Ko %g‘ﬁ Ki1 %n K /fﬁ,Kil </ Bi | ? =



%519 R ZRAE AN RE ALk R G 1 I S A2 i A 17

Ko, X s K ARAZ(8) L (12) FI(13) Jed=ihilH(19) 15 _
v&b(x)ﬂ

S=—as—PBs' ~Wetre+d- a¢() = expl =

|+ expl - 080()] (3
rak(23) MRARK(22) , IFHRYE ki <I B 17 < ko, FIUA W HI 8, A]715
n-1
V< Z{ Ce el e Lo Kl N e e WW — 0,84 (24)
= 4 T, 27 2 v
e Cduohy — Schwarz ANFEZ, X (24) 7] R .
V< {—km —_L_ﬁm,w}-a 2-% Wi -2 s+ 25
2’ e 4 2“ s 1w’ || 1" + o (25)
n-1
N _ N 0'10 0'11 x
iﬁ*:@—zz W ||8 I s =+ 1,
A= Zmin‘{ Koo 5 "(‘°F]>,"‘2”}, M o= ke/[2(p=1/7 + /A1 <i<n-1,30A(25),

FV<-wW+e.Hn> @\, FEV = )\J:7ﬁV$O,ﬁﬁl/< )\~%*/I\ NAREE PR, Y RS R A V(0)
N XFFRTAR > 0, 0[5 V() < N, e e ,s, WHI S P2 m—BUER A R TR RS (1) RS
EIRE o AR M ARGIREIRE e = o WELE] R GEIR 5 T B9—A~/INER IR

fﬁ//\?ﬁ

3 PiEA B

5 BT B T SR M R G
%1 =f1 (%) +22
{xzfz(xl,xz)+u+d(t,x) (26)
y=x
HHf (x) =0. 1x; So(xr,00) =0.2e 2 +aysin(x ) RF; AHE T (e, x) =0. S(xf +9c§)sin3 (t) RH,
& W AL i e SN ca =2 ,B=1,p =5,¢ =3, =diag[0.2] ,y=0.2,0,0 =01, =0. 5,k =
3.5,¢, =2.5,7, =0.04;RBF #IZSM48 W' E(Z) 48 1 =25 D55, it w(i=1,2, -, 1) 354501
FEZSE][ -4,4] x[ -4,4] [ 38 v =2,i=1,2,- ,z,%ﬂa%m%m{av&mﬂﬁ W(0) =0, Z%5MiH 91 &
(0) =0; RESHHAN y, =sin() FIHIRE x(0) =[0.5,0.5]",

WL TR BT A 30 IV 28 W26 S T A ) 7 28 5 AR BRI 1 (R4 e b T LT L, B
ok s = — as — psigns, p 4 FPU B SR 35 HLATH B A S TS BOR AR SCBE T s O ST S 5
B8 i EEE R IR 1 -

K1 RS X E’J{ﬁﬁﬂﬂ%’% 2 FIIE 3 23 B2 R AR TG KR || W || R &I S50 S B L
5T 4 Sy 2 Rl 7 v i R G BR BRI 2SN LR 18 5 R 6 2040 2 FhOT ik s Rl AL, R AR SCR
HE TR [ 7 S A s P R )k T LU 2R e MR B 2 A 0 s S S5O 1, EL s il el A MR
0.9
0.8

0.7
0.8

T L L

0.4
0.3

0
D 5 1015202/5 3¢ 35 40 45 50
e

BT RS x, 2 WARRETLS ) W K3 AENSES
Fig. 1  State variable x, Fig.2 Nomm of neural network weight vector | W | Fig.3 Adaptive parameter &



18 SETRRZAR(ARBER) 2012 4F:

1.8 2
1§ . kA AN f\
SRt \
14 — PR on f\/\ﬂ \ (\/\/\ J\/
12 Y \ Vo
1
.08 -
0.4
0.4 -5
0.2
of- =
=0.2 L L L L 1 - L L { R e | L1 L1
[ 10 20 30 44 5¢ ¢ 5 1015 20 25 30 35 40 45 50
e sfa
B4 AR S RERERE BS B dEEEH A o Ko a2 B R A u
Fig.4  Tracking error e by different methods Fig.5 Control input u by exponential Fig.6  Control input u by global

reaching law sliding mode fast terminal sliding mode

4 ZERIE

ARSCE A — AT AR AR BN E T LB A% SO E R PE R S, S il T —Fh &8 [ & N S HE
Lom BT % o AR SCHEHI b 0 T ARG ERE A7 AR AT A2 2 P R AL, SR FH A i TS P B v 1
A GERCSCHE L AR A BRERGIE . (7 AR A SO R A 1 7 T 00 AR AR LA e BN B 40 R
AT SRR ZRGEIREA TR IE LAY BRI 6] P SCSICER B BRI P — >/ NI, 36 5 57 T P HIR B G (T
SEPRRE o

S Lk ( References)

(1] i, AR Rl 3R S it vk [ M. dbat Bk ikt 1996.
GAO Weibing. Variable structure control theory and design approach[ M]. Beijing:Science press,1996. (in Chinese )
[2] Kristic M, Kanellakopoulos I,Kokotovic P V. Nonlinear and adaptive control design[ M ]. New York:John wiley and sons,1995.
[3] WuZJ,Xie X J,Zhang S Y. The reduced — order design of robust adaptive backstepping controller| J |. Acta automatic sinica,
2006,31(4) ;543 -548.
(4] 2R RTER. JEVERCAH € JELeME Ry FAE N SO Bz ml [ ], 420 5098 ,1999,14 (1) 146 -50.
LI Jun,XU Deming. Adaptive sliding mode controller for nonlinear systems with mismatched uncertainties based on adaptive
backstepping scheme[ J ]. Control and decision, 1999,14(1) ;46 —50. (in Chinese)
[5] Bartolini G,Ferrara A, Giacomini L,et al. Properties of a combined adaptive/second — order sliding mode control algorithm for
some classes of uncertain nonlinear systems [ J]. IEEE transactions on automatic control ,2000,45(7) ;1334 - 1341.
[6]  JHmN, 2K AR, —FhEE T RO TR Y i 3 N 2 el [ )] 2 BE 5, 2009,26 (6) 1678 - 682,
ZHOU Li,JIANG Changsheng,DU Yanli. A robust and adaptive terminal sliding mode control based on backstepping [ J]. Con—
trol theory and applications,2009,26(6) :678 —682. (in Chinese)
(7] EAGINE EFFTE. ARSI E SV I M. 522 . PYdb Tl K27 H ittt 2008.
HU Jianbo ,ZHUANG Kaiyu. Advanced variable structure control theory and applications| M ]. Xi’ an ; Northwestern polytechnical
university press,2008. (in Chinese)
[8] Swaroop S,Hedrick J K,Yip P P, et al. Dynamic surface control for a class of nonlinear systems[ J]. IEEE trans — actions on au—
tomatic control ,2000,45(10) ;1893 — 1899.
[9] Khalil H K. Nonlinear systems[ M ]. New Jersey: Prentice — hall ,2002.
(%% AR
748 S e b ST
(1] E B, 0 R, W 6 28, BE T /NI 4 i sl il KA T a8 FOE AR ROBAE [T, S AT R A2 4k FAR
RN, 2012,13(3) :15 = 20.
217 VERE AR AR, 5. BENLBRE RGUIRSAE T SRR R )], S E TR RS M. ARFEM,2010,11(4)
31 -36.
[3]JAREE Loz, —JERIERGER FUE N RS R[], S E TR S AR, 2007,8(3) 119 -22.
[4]SFAFE, TR, 20 MRS BRI AF SO TR RGN B BT [J]. S5 TR 224 ASARL# R, 2005,6 (1) 130 -
32.



55 X IRAE A E AR LRIE R GE R H 180 S L St AR s 19

Adaptive Aackstepping Terminal Sliding Mode Control for Uncertain Nonlinear Systems

LIU Dong' , WU Jie’* | YANG Peng - song2
(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics,
Beijing 100191, China; 2. School of Aeronautics and Astronautics Engineering, Air Force Engineering University,

Xi’an 710038, China; 3. Unit of 94579, Xintai 271206, Shandong,China)

Abstract : An adaptive backstepping terminal sliding mode control scheme is proposed for a class of uncertain non—
linear systems in strict — feedback form with unknown nonlinearities. The dynamic surface control is combined with
the first steps of backstepping method to design the virtual controller. In the —th step, only one neural network
functions approximator is adopted to compensate all the unknown nonlinearities, and a adaptive neural network con—
troller based on global fast terminal sliding mode design is obtained. The proposed controller design approach avoids
the explosion of complexity in traditional backstepping design, and improves the convergence rate and steady — state
tracking accuracy of the system by introducing approximation errors and adaptive compensation of uncertainty
bounds to eliminate the errors of modeling and parameter estimation. By theoretical analysis, all the signals in the
closed loop systems are guaranteed to be semi — globally uniformly ultimately bounded. Finally, the simulation re—
sults validate the effectiveness of the proposed method.

Key words : adaptive neural network control; Backstepping; terminal sliding mode control ; dynamic surface control
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Numerical Research on Effect of An Improved Slot
Configuration on the Flow Field Characteristics of Cascade

WANG Ru - gen', LUO Kai' ,WU Yun',CHEN Bin — bin’
(1. School of Aeronautic and Astronautics Engineering , Air Force Engineering University, Xi’an 710038, China;
2. Unit 95275, Liuzhou 545004, Guangxi, China)

Abstract ; Based on the thought that the jet flow from slot outlet can control separation of boundary layer on the suc—
tion surface, an improved slot configuration is designed to obtain better flow field characteristics of cascade. The
CFD measures are used to analyze the effect of blade slot treatment on performance of cascade. Different slot outlet
angles are studied. The results indicate that the improved slot configuration can help obtain better flow field charac—
teristics, higher turning angle and static pressure rise, and lower total pressure loss. Slot outlet angle obviously af—
fects the flow field characteristics of cascade.

Key words:cascade; blade slot treatment; jet flow; boundary layer; flow field characteristics



