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基于神经网络的一类非线性系统自适应跟踪控制 
牛玉刚 邹 云 杨成梧 

(南京理工大学动力学院-南京．210O94) 

摘要：提出一种非线性系统的自适应神经跟踪控制方案．通过利用RBF神经罔络对未知非线性系统建模．并 

用一十滑模控制项消I}籍网络建模误差和外部干扰的影响，从而能够保证用环系统的全局穗定性和输出跟踪误差渐 

近收敛于零． 

关键词：神经网络；非线性系统；输出跟踪；逼近误差 ；自适应控制 

1 Inlroduction 

In rl~ent years，the Ile1．1~ network-based conlrol of 

highly uncertain llonline~ system has been intensively 

studied．Tbemajorpotentialisthat neur~networks can 

approximate arbitrary nonlinear fUllCtion 血r0llgh learn- 

i罐 ．For the adatpive control syslems based 011 neulal 

networks．the networkweights need幻be updatedruing 

file network’soutlet c~"or，and the ada controllaw 

is syntlae~ ed based OIL the outpm of networks．Hence． 

thecentral research topicsin thefields of naⅡal control 

include the convergence oftheweighttmlnln~algorithms 

and the stability of the dosed loop control syslems． 

However．itis diflieultthatthe stability，Cl'l~r conver- 

galce．and rol：~ tness arefully proved forthese control 

systetm based∞ off+line trained neural network beause 

0f file highly nonlinear of the II~tll'al ll~tWOl'ks【 
． The 

rec~t develolmm as using adaptivelleUI~ ne“ 咄 s for 

direct删  control，asin[2—5]．havemade agreat 

tnog／essin view 幻 solvethe above r,rob]emr,s．For exam— 

ple，~11en[ 
，

Mario[ 
， [4]'and Fabri et al嘲have 

pI唧0s。d adaptivemⅫ_al Control schemes based 011Lya— 

pUnOV synthesis approach so that the stability of cloud 

loop system and asyml~ e elTor convea'ge~ e c觚 be 

guar~teed．血 et al t6J pI osed瓤l II~IdVC neural 

~acking conlrollerfor nmdi力ear system．but the conl~l 

scheme didn’tconsiderthe effect ofthe network印p∞x· 

imalJon廿IDrthatisinlaerent due幻 lhel|se of afinite 

[1umber of unitsin neur~ networl~．in as∞ ofimple— 

mentation collsU~nt． 

Inthispaper．、 propose anew lleui~ network-based 

dii~t adaptive feedback control scI me for a class of 

nonlinear systems．TwoRBFII~tll'alnetworks Lreusedto 

modelthe dynamics ofnollliile~ syste~ns．And thell，a 

slidingmode controlterm is usedto eⅡn n珊ethe effect 

oftheinlaeretttll~twork approximation errOrsandex 

dis劬  1oe s'ueh that the prolx~ cont=,ol scheme ∞  

a1suIethe asymptotic convergence oftbe output血； g 

∽ andthe global stability ofdosed—Jo0p syst~-n． 

R岫d 帆 irma； r∞dby吐le F口und面0llofNatiotmlDeflate眈  R￡se缸clI茁sde噼 ＆nd如 lo毋 (99116 6．1Bq~14)柚dtlae№6叩越NIitu- 

nil s画蛳 R恤 日 ofO~ina(∞∞删 )． 
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2 Problem statement 

Considering n diIIear SISO afnne system 

y(“)=，( )+g( )Ⅱ+d， (1) 
where ∈ 皿 isthe st~ievectors，Ⅱis吐le~oatrolil t， 

yis the system output，，(*) g( )are llc 
n0nl Ⅱ SSYIOOth full' oils Oil皿 ， d is the e】【咖 脚 

bo删 disturbance，i．e．I d I≤ d0，w d0 known 

posi6ve ~onsta~lt． The following ~ lmptioos are l'e- 

quimd． 

A1)g( )is bounded awayfrom ，i．e．I g( )1 

≥ go> 0，withgo a knownlower hotrod．The assump- 

tionA1)im#es that g( )is sOicdy either positive or 

ll~ ivefor all ．From now o11，withoutlosing geaer- 

ality，wc shall asslRll~thatg( )is strictly positive． 

A2)The desired output yd(f)is a continuously dif- 

fematiable如 0n，andits胸 n{~ivatives y5”，·一， 

y5”aIe tmifomaly bounded． 

The control objective is to find a~ntrol u(￡)that 

will forcethe output，(￡)totrack asymptoticallythe de- 

sired outputyd(f)． 

Sinceg( )in sy蚰 n(1)is boua&d awayfrmn ze— 

ro，itsinverseiswell defined．Thus，when，( )，g( ) 
aIe known andthe 删 disturbance d does not exist． 

there ecxists the feedback linearizafion c~trol lawⅡ(f) 

： s0that resultedinput-output dy． 
g L 

namics of system(1)isy )=口(f)，where口(f)is an 

跚xiHa j珥斌 ．0  0se 

(￡) y5 )一口，一Ie(n-1)一⋯一 0e， (2) 
whcff~e y—yaistheoatl~ttracking∞ ．Then，the 

aTor,~manics of system(1)cnbe obtained asfollows 

e
( ’+ n

n一1 e
( 。。’+ ⋯ + a

0e：0． (3) 

If口 i，⋯ ， o aredmscn suchthatthepolyn~m al 

r(5)=sn+n 1 s 。+⋯ + 0 

is Hur~tz，the eE~or equation(3)is asymptot~aUy sta- 

ble．Heine，the output tracking a e of syste~n(1) 

asymptotically converges to z ． 

Define the e ~／~Gqor S：(e，e(。)，···，e(n-1)) ． 

Then，the~E0orIg~ltiotl(3)can be rewritt~l as 

= As， (4) 

where 

f 0 1 0 ⋯ 0 1 

l j 0 1 ⋯ i I 【o 
⋯  

·

．

·

． o i 
L一 0 — I 一 2 ⋯ 一口4一lJ 

is a l-lurwitz matlLx．Hence．dlc拂 is a positive matrix 

P0 saIi Ilg thefonowingLyapunov equation 

^+A P0=一J． (5) 

Now we considerthe casethatthe n0ldil ar continue 

fUl~ Ons
．  

)and g(x)aIe ccmialetcly lⅡ由 and 

d m exists∞ a【 删 disturbance d．Sinceitisfauven 

that neural nctw~ ,s can approximate a wide r∞ of 

nonline2~fib-lemonsto m desia~ degree of accctuacy， 

we Cml getthe e&~ rlation
． 
)and兽( )oflⅡ由啪  

nonlinearfunctionl厂(·)andg(·)usingmawalmtwtaks． 

And then，in a relatively曲面曲 Ⅳard m锄n ， 

will getthe~onowing modified cont~l law 

ua／ (6) 

S1】bs Ⅱing(6)into system(1)，we obtainthe em 

由 

y( )= ( )+ ( ) ( ))+(g( )一兽( )) (I)+d． 

(7) 

Duetothellse of afini~ nmnb~ of unitsin neural 

netw0 b，in re~son of implem~ on 0Dl毽岫 t，the 

network appI∞ onⅢ is inevitable．That Y／~sns 

，( )一，( )≠0，g( )一兽( )≠0． 

Thus，the stability of e~Ror ellua 咀(7)啪 n0t be 

lar n。ed． 

To elimina~ the effects ofthe m~work ap~ ximalioB 

聊 and the既 m di曲Hb锄ce d，we will工e出咖  

~ontrolle~(6)b g a compensation咖  ， 

suchthatthe control哪 u(t)becomes 

／,g(f)：／,g (I)+ (￡)． (8) 

3 Ada~ ve neural controller 

3．1 Nem'al appmxinm~on 

Now，we讪 employ t，∞ RBF nctwod~to~Woxl- 

matethe unknown nonlinearfuncfons，(·)and g(·)， 

mspt~dvcly，and getthe 血删i衄s，( )and兽( )as 

)=a ( )，兽( )= ( )， (9) 

whereal and a2 aIe 血 帆s of the 1]~t'wofk wdght 

Ⅶ咖 01 and 02，respectively． we will vc the 

adaptive唧 ng a】 幔imms ofnetwm-kwejgb扭tolXO- 

vide the suitable m∞ce of the nets．The vectors 

( )and 9( )aIe Camssi~ type of fIlnc曲∞ whose 

flhdement，respectively，a 蛳 Ⅱ。d as 

f( )=exp(一ll 一cJ I1 ／ )， 

9z(x)=exp(一II 一c2i I1 埘  )， 

二 
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with ( =1，2)聪 嚣endI培n1e。erI缸 n1e 

印Iead of n1e ftIIbasis function，mspec'~vdy．In acmral 

applica6on， and pIed哪即n edby usingⅡlel0- 

calWaining u~．hnique[ 
． 

1％xther，the following∞gu∞pd0ns am de： 

A3)Give~arbitrarily small posi6ve constant" and 

’ ，we could a1、vays find(nonm~ique)oplimal wei曲t 

vector口 and ，such that the netwoik approxhna6on 

erlDl's E，， sa~sfy 

I I I __ 1 “o eg= ( )一g( )< 
． 

⋯  

A4)Toe op~ml weights口 and am bounded． 

Then。 。llI口 fc Dn(10)，we have 

，( )= ( )+￡，， 

g( )： ( )+： ． ‘ ) 
Remark1 |rIpd0n̂ 3)mnectsthe approxima- 

tion capability of n~ *al networks．It is provea that the 

network approximation elTorc∞ b0cD眦 arbitrarily small 

whenthemmth~ ofw西gI衄 islarge enoughIs]
．  

Remark 2 It is known from as m 咄 A1)and 

A3)口lat go c卸 be dlosen such that g ( )≥ go， 

whereg ( )= ( )． 

3．2 Thedesign 0fneural controller 

To eliminate dle effects ofthe network叩 ∞dm撕oIl 

盯10rmad external di曲lrb蚰。e，we nlb妇 n1e robust 

contn~ltelm in controller(8)as follows 

，=一如8gn( 1) (12) 

with l bangthefiltered盯10r， I=只“S，Ⅵ is 

the nthlow vector ofmaU-ixP0
． k,iisthe contn~l gaill 

撕 bythe fonowi~ ％ ％ 

=  

f 4-I ud I”E 4-d 

(13) 
占O 

Subst~ the controllaw(8)into(1)。we get the 

盯10r由IIlj of system (1)as 

S=A S 4-B， (14) 

whereB=(0，0，⋯，6) ，with 

6=一 ( )一 ( )u + 

g( ) + +d． (15) 

TheweZ~tI】Fd《岫唱 al d血ms a ct删 器 

= 玑 ( ) l， = 2 ( ) (16) 

with玑and beiDg positive adap 鹏 ． 

Be~des，becausethe eootrollaw (8)is notwel1．de． 

fined when兽( )= 0．Therefore，to曰Ⅲm 魄 the 

hmn【I。血eg ofthe control 朗 al， takethefollowing 

曲m 昏 resc砸ng meehanim'n[ 
． 

When兽( )<go。letting 

2(f )= 2(f)+(助一 ( ))ll ( ) 一 ( )， 

(17) 

where r denotes n1elimewhen兽( )<go，andf de- 

n0嘧 n1elimej喊 after n1e re ngmcchmiⅢn(17)is 

activated． 

Itis easyto learnthatthe parameter- sctdngm。cha- 

nism(17)cm c【 ( )≥go after aweight reset． 

h nle following，we usc the Ly~ ov oacb to 

prove n1e stability ofthedosedloop s m． 

Theorem Comdefin~system(1)with∞ 

A1)toA4)．If n1e controlleris dc 倒 bya 

(6)，(8)，(12)and(13)，∞dthe vectors 

adjusted by IaI vemcchmi (16) (17)。then 

the output协衄 Ⅲ of system (1) 珥衄d∞1ly 

convergesto eIo． 

Proof D醯缸ng a candidateLy~ ovfilnc ∞ 罄 

= {s PoS 1 -Tl 7l- 1)+12 -2Tv2- 
(18) 

whel~0 = 一 (i=1，2)isthe e! n曲0ndI邮 ， 

and ‘． 

Diffe~ aang Vwith Ie唰 to along the state 

c咖 ies ofthe el"iOl"equation(14)，and Ils exiles- 

sion(5)， can get 

= 一 {s s一 ( )eI— ( )e1u + 

(g( ) + + +d)ei+ 

tr(升 1)+ ‘ 2)． 

Ftllther，using the Iap ve updating n1．1es(16)，the 

abovg：eXl~ ,Sion becomes 

= 一 号s S+(g( ) +E，+ +d)eI． 

Us 】g expn~ssions(12)and(13)，and∞ d髓j玎g As- 

sll珊pdonsA1)and A3)， then，nle following in- 

equality holds 

(g( ) + + +d)e1≤0． 

Hence，w get ≤一{s s≤0． 

Now，c。nside血】gthe d|mgeoffimction Vin nle淄 e 

of 2叩d珊。d by n1e pa珊叫难 re辩 ng mec Ⅱi锄  

(17)， 。llIR 日Ik2，it can be easily蛐 l。edthat 
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AV ： 

嗜( )一go+2(g0一g ( )](部 (*)) )II ≤ 

一 赤( 一曾( )) II (圳I ≤0． 
S0 ，it has born shown that V monotonically de· 

cRas∞．TheⅡ．it cm1 be concluded that the close loop 

system is 埘 ly stable and S，0t，02 are uniformly 

b0Imded． 

Furthermore，it c∞ be easUy obtaino~that"(￡)， 1 

and 2Ⅲe uniformly bounded．Hence，using bounded- 

lless of ( )and (*)，we conclude that，(*)aad 

曾( )aIe bounded． Because the m叮l Iese ng 

mechanism(17)can lsIⅡe that曾(*)≥ g0>0，we 

can get，from expressitm(8)，the u．qifollll boundedness 

0f ，andthen，the sar∞fbf in(12)．Thus，bis u- 

nifomaly bounded since allterms ollthefight of(15)Ⅲe 

bounded．Hence，(14)implies that S is uniformly 

bounded，sothat Sistmifonnly continuous． 

Let v1(f)： )一 ( +{s S)dr．sin。e 
≤一{s S，then V1(￡)≥0，sothat V1(t)is bounded 

below．Ftmher， (f)=一{s Simplesthat l(f)≤ 

0，soitis semi—negative-definite．Finally， 1(￡)is uui- 

fomaly co~inllOllS since S is uniformly ~onfinuom ． 

Hence，using Barbalat’s lanIl1a， wc c∞ deduce that 

～

liraVi(t)=0，sothatS 0 as￡ ∞·Thisimplies 

that the劬cking e柚dits derivative*e(”(k=1， 

2，。一，n)asymptoticaUy o3nvergeto D． 

4 Simulation 

C0IIsid曲 g a second-order SISO nonlinear system ； 

r 1 ： 2’ 

{ 2=一 l+(*{一1) 2+ +d(f)， 
【 ： 

． 

Assuming，(*)：一 1+( }一1) 2is unknown．d(t) 

is exteaaml disturbance，d(￡)=0．2sint．A 2×20×1 

RBF neural networkis usedto approximatethe unknown 

nonlinearf~netion，(*)．Takeinitialv~ghtvector~(0) 

= 0，the spread Qi： 0．25．'Ibe center ciis randomly 

chosen in(一0．2，0．2)．F ．1 showsthe simuia~oil re- 

suit．It can be seenthatthe closed-loop systo'nwith this 

oantrol algorithm has excellent control perrorrm ~ ． 

Fig 1 Tracking trajectory ofclosed-loop system 

5 Conclusion 

We pIq，os。d in this paper art ada ve neural ce~trol 

sdxam for a class of nonlinear systm1． ~ igbt 

Oa~ng algofitlma are derived based oilLyaptmovⅡ 州 ． 

1be slidingmodete( isused to synthesize a robes- 

termthat cm  effectivelyeliminatethe effect ofthe 

netwc~ Ⅱ ons廿Ix ml丘Tor and~mm ml disturbat~ ． 
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