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非最小相位非线性系统的简单递归神经网络控制 
李 翔 昧增强 袁著祉 
(南开大学自动化系一天津，3111r／1) 

摘要：从简单递归神经网络的统一结构出发设计了简单递归神经网络控镧器，在引人了控{}I加权的目标函数 

下优化神经网络权值学习，因此是通常意义的神经网培控制器的推广．证明了整个系统的稳定性，井通过仿真验证 

了控制器的有效性． 
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1 In臼∞duc吐0n 

Nettral ne 口Ikm∞ has乎lj玎刮 achjc、．a黜  

in the control瑚目锄】∞ 山ese ten years．O咖 to 

珥Ik stmctuie m dynamical mappljⅡg e．~ability， 

斑Dpli脚 rectm~ertt lIet has attracted tllOl~ 

andⅡ哪 a恤朗mon．based upon which蛔vel~eardlers 

~IIDWIItheir cII岫  a缸rI ontO deve]~ ing 且ds of control 

paradigms[ -6]
．
For 纽ncc．thereis an0nIiI arn目Ⅱa】 

controllerw diagonal n既】mI netw池 in[1 J，with 

s。me detailed翔0di丘 oIIs in[2] sinli~ control 

scheme proposedin[3】．In[4，5]there aIe studies on 
nonlineⅡm0d ngⅡd vc predictive contro1

．

based 

OI1E network，wl~ile in[6J a stable a【 坩ve o0n_ 

台幽 Was si删 ．ttc~ever，all也ose 0scdwor 

took肿 acc咖 lt oftheir eot~vl si al Variadonintheir 

∞nnoners’o0 fl／llc~oll$，and h have di丘_呲 ldcsin 

com∞uing吐le Iigid删卜m _mI眦 phase n(mli脚 sys— 

tlmls． 

In this paper a illlifornl s lcn1Ie of血npk Iec~rrent 

_al nc l删 (SRNN)is giv∞．Based OI1it，a~illl- 

ple IecI耵吼t璀=lⅡal netwo血 00n臼。l町rsten1(SRNNC) 

w l c0ns拓船of ne啊丑l馏幅『o idemifi~ (NNI)卸d 

nel】吼】network eo~'vller(NNC)is d js。din衄 fol- 

lowing．Not me s as the usual NNC 0p0sed be— 

role，a I gc∞ al cost function for Ⅻ ne押 k 

c0nH0lleris given，where a咖 iⅡclI蛐 thewei 吲 

control啦叫 sisintroducedinto controller’s COSt矗丑|c一 

0n．H豇lce，吐le g血 0dNNC is c臼 出Ie of 0叩m，u-mg 

吐 nO啦．Ⅱ面 卫llⅡn Dhase n0n IIear systems．(砬vl：n 80me 

e~ ditiom thele~aing rates~ fied，it is dtmlomirated 

inthefNk~fing sectionslhatthewhole control 咖 ’s 

曲tbi1ity can be 删 ． 

2 S．Ⅱl Ie 恤 日吐n既嘲 ne1 嘣 【sIn助 te 

In【1—6 J，ldDI|s of醯【npu五edI∞岫 lt neuralIl 

wOrks呲 嘛 s have been‘liscI塔s。d．However．吐唧 aU 

锄 1 be unified 吐le ilnifol~ll stnlc~u／e intmduced in 

衄 following(Fig．1)． 

We can get network descriptive eq岫d0nsforf ．1 

· 鼬  im ：唰 by 863 (863—511—945—010) 

惯衄 K T ·凼薯 衄d_ ∞时M岫 of EdIlca6∞ (0嘶5)． 
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asfollows： 

r0( )= ( ) 

{s( )=h( ( )+ ( 一1))， (2．1) 

L ( )=S( 一1)． 

h(·)is s|窖modal ac吐朔d∞ fl】 0Ⅱ．The∞n c)=tlayer 

(k)=s( 一1)如nc妇  them蛐0 ofthe hid- 

d即 layer s娥 ，andit alsohiI I ab．mdaIlt由marn 

icsinto SRNN tkm that ofmulti·layerfeedforward ncll— 

ral netw~k． 

output layer 砷 

Contextlayer S 《 Inputlayer X(k．11 

Fig 1 SRNN uniform structure 

FromFig．1，ifthe 眦layer (k—1)Im ∞ one 

Il0deⅡ( 一1)。 willbe FJa"rlJtll-$~ networks 

jn[4．6]．FI】Ill1a ，ifY(k—1)，⋯，Y( 一n)are 

involutedinto the i州 layer，it will be the懿 也na。d 

El衄 ne钾 d in l 5I．Giventhe讲可，ial培∞曲oI se． 

q啦札∞ iIIlp删 协 thej nnlayer，thenetwork曲Ⅻ 

0f【l，3j is a s口ecial ca9e of OUI"uni~nll NN．Vail 

黜 ofthe n曰 |a 玎】cnlIesmentioned above havethe 

sa皿 ch盯ac缸，i．e．．血dr 0Iig．mis amulti-layer 。df0r- 

waId n时wo (M刚N)．柚d Ihey all have the 

contextlayerwhich s 惜 吐le adi ∞ 瑶sD0nse ofthe 

l dd啊l layer． In tbis p叩 ，mese ldnds of珊押袖  

bave been un嫡。d the un讧l唧  nM湘Ⅱe showed in 

Fig．1 named after s．m le real玎eⅡt n朗】ralnetworks． 

Fig 2 SRNNC$tructllre 

飚 ．2 is the of 0ur proposed SRNNC．The 

sy曲 n~ trol s alis generated丘。m NNC，and 

m~lels the no near sys 幻印 Dxim赴 dyⅡ叽- 

ics．As a nm  genial∞ st neI a|cOnnOIkr矗加c吐阻 

(I1an血砒of[1，3]，(2．3)takes∞。o叫 of nle I 

sij 丑l variation砌 a咖 舾 thewdg ed。。曲0I咄· 

珊Ils a&tedintothe∞stflⅢla ．In吐le ca5e of sy咖  

0sd蜥 Dn Or diverge~ ，∞ r“：l】ral eon~ l sy咖 de· 

si乎ledlate~will~ tram the divea'gence棚ld 目 咖 ∞e 

thewhole system pe戚∞ andits stability，s0 SltN· 

NC will be In。Ie gen ial~plicable 岫 吐K坶e Ⅱa岫：al 

ne伸0rk c~ntrol schcm∞ pI唧0sed before．InHg．2， 

( )= y( )一，( )] ， (2．2) 

( )：I EY
r( )一y( )] +鲁u ( )．(2．3) 

andM b0Il1 arethe咖耽 0fSRNN( ．1)， 

andtheir a咖Iltm叩 are |ed勰 ua孵： 

NNI： 

，( )=oak)=∑叼( )与( )， (2．4) 
』 l 

与( )=h(∑ ，( ) ( )+∑ ( ) ( ))； 

(2．5) 

NNC： 

Ⅱ( )=oak)=∑嵋( ) ( )， (2．6) 

rAk)=g(∑ ．，( ) ( )+∑ ．，( ) ( ))， 

(2．7) 

such nle剃 vc血 (·)增(·) 印ed 

here ( ) g( ) L_· 
3 Simple m t neural network 00n· 

troller design 

W iththe uni丘lⅡn SRNN slnlcn shownin&∞d∞ 2． 

o 赳ldNNC，and吐曲 wei出 ， 。， ， and 
。

， ．
V ，will be adap刚 asfollows， 

W(k+1)= ( ) f一 0~五-‘A S ／、．(3，1) 

+1) 叭 (一 )．(3．2) 
Note。，( )=y( )一，( )，the nmiIIgfor NNIis 

州  W(k+1)一 ：帕 ㈤  ． 

(3．3) 
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似  吣  ， 

琊 嘞 吣  一 

(2_5)， are~follows； 

『 

【 k= k k 喇． 【a ，J()一aS() ()⋯ ⋯“ 

—

sOt
—
(k)!墨 

一  

a ，( )一aSj(k)a 』( )一 

( (si( 一1)+耋 J( ) )． 
(3．5) 

C,encrauy，the modification of W(k)in every 6me 

stepis very small ，s0itis presIllned 

OS,(k一1) aSt(k一1) 

am,』(k) 一am
, 
( 一1)’ 

and(3．5)cm be 呦 as： 

aSl(k一1) 

a 』( 一1) 

(3．6) 

As∞ adapnngfor NNC，wln,J~ 

， ) ㈤  

we olXain 

丽aL(k)
：  

)而aeo(k) ) 
av(k)： 

㈤  ㈤  ． (3l7) 

If~(k)is first eleanent in sequetg3e (k)and 

= ∑町( ) ． ( )，then 
= 1 

旦 
一

旦 
一  

av(k)一au(k)aV(k)一 

j=l

哪 Ⅲ ㈤  =h ． 

Denote e。(k)皓 ．The Betworkwei 昭缸ningfor 

AV(k)：V(k+1)一V(k)= 

‰  ㈤ 】 ．(3．8) 

For c V。(k)，V ( )，V (k)，from (2．6)，(2．7) 

∞ gd ，sinfilarto~ se ofNNI 

=  卅  删 ． a 
． 
( )一a ( a ( )一 “ 

aoo(k) aoc(k)a乃( ) 

琢  

吣 (砌_1)+砉 ) ． 
(3．10) 

Since the dynamical b~kward pI 嚏 6．叽 al窖。 

(DBP)is usedlle to向njngthem舸Ⅻ[1【s，theIcarⅡ．Ⅲg 

ra船  ，仉 willtl~lueitce the sys~m p芒 bI旺嵋nce．Ifthe 

learning眦 is muchbigger．itwilldvtvfioratcthe~ to[c 

m control system ’s stability．wd if much smaller 

the pe缸 t syst~．pe面)r∞moewill not be ot~dued，It’ 

s t~vved k w in Thco~m 1 wd Thvolun 2 that giw  

， sa~ficd(3．11)，(3．12)respectively，NNI and 

NNC will be convcagcnt in cxponcnfal ，s0 the 

whole s咖 is as n 疵 smb~c．Define II-IJ in 

．Il】。0I咖 1。2 asthe usualEuclidean Bomain 噩 ． 

Theorem 1 If 。(k)， (k)， (k)for NNI 

(2．4)，(2．5)Ⅲc updalcd along(3．3)，(3．4)and 

(3．6)，nl衄 NNI(2．4)。(2．5)will be conveagcntin 

cxpommtial spced，咖 that its tcan~ 眦  holds 

conditi~ as follows 

0< < 2 (3
． 11) 

Pmof Define chc Lyapunov fllII ( )= 

1 
e
2
，( )：{(y( )一 ( )) ，theproofis similar R)that 

0f[1]． 

Theocem 2 If V。(k)，V ( )，V (k)for NNC 

(2．6)，(2．7)are呷d删 along(3．8)一(3．10)， 

NNc(2．6)，(2．7)will be∞n in龆pa删  

spe。d，giw 衄 虹l黜衄 眦 乳holdsthe∞ 妇  

lI ̂】㈨ 

∑ 

D—D D 

”一㈨ 吣 
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2

V 

‘ 。· 

ll a ( )I ～ 

PIDof DeSneⅡ L] ∞vfIl瞰缸。 

( )：Jc( )= 1 e ( )+{ ( )， 
ll】en 

△ ( )=[e ( )+{△ (后)]△ec( )+ 
[ ( )+ A ( )]△u( ) 

AL1( )+△岛( )， 

m出 that e ( +1)：e ( )+Ae ( )．R∞ (3．8)， 

㈤ ： 

一 【 V 】T△ ㈤： 一L a
u( )a ( )J 一 

一  e~-2u㈨】5 

㈤：一 ㈤ l + 

{ e ㈤] 8 8 ． 
Similarly， 

㈨】l 『+ 

{ ㈤] ff l ， 
一 l l [ ㈤]21 一 

{c 2 ， l 
As a~axlt．toa m NNCbe convergentin eXlXlml— 

tinl单。。d，it should beAL( )<0，i．e． 

(z山2。川 l 。． 
SO nmst s日 sfy condition(3．12)to guarantee the 

asyI叩枷 caI stabit~ ofNNC． 

R删I瞰 k InljDe system aaeo~．the gener~ mini一 

Ⅱ岫血v叫血mce co~avl(GMV：fls cost function has the 

folm ofJ自 ：( ( )一y( )) + ( ))c趾se— 

l0ct a~ffScicvtb to目la啪 t。ethe closed-lo0p s m 

dgev_Cum'fionB + 0 stable ifB istrustable．i．e． 

nou-miniranm system．If ：0，GMv姆 ades 

totheminimmn-va~ ce control(MVC，its硎  mc- 

她 hastheformofJm ：(Yr( )一Y( )) )andthe 

closed-loop system cigcafunetio~is B = 0，henceMVC 

c趾 ’t controlthenon-mininaunphase system．Nonlinear 

systems haven’t fiaeir lalydc dosed-loop eigeafune— 

lions．andthe effect of̂ inourneural system isnot~lla- 

lydc citlaer．Neural conl~ollerI】。黯gradient-besed1~I11- 

ing aIgmi totuneits wdgll螺，andthis greedy opa- 

miz~on alg01 drive~the whole l脚 to its cost 

fl／l~on’s local minima．For[1，3]，minimize the cost 

fl／l~on ={( ( )一Y( )) to蛐 its bca1 

Ⅱ niⅡ扭，i．e． 

= 0=-- )] 

[ ) 圳 = 

一  [y ( )一Y( )]． (3．14) 

Generally， ≠0．so(3．14)d均Il窘esto ( )一Y( ) 

： 0，thatisto s ，imder J：in l1，3]，thew n珀ing 

algoridmas( ad佃1t-协sed)will drive the whole lⅡal 

syste~toi扭】a咖 mh血∞∞ ( )=，( )．whilethe 

nonlinear syste~ is n~n-mininmm pha∞，血is kind 0f 
tmral e~anollerc趾 ’tcontainits c~nol ’s div~- 

gence．Sin-hl~ y． nimi∞ the∞d如  cIi∞ of0m M  

： {( ( )一Y( )) +{ u ( ) 

弛  

： 0 一y。[ ( )一y( )]+ n 

l如  loⅨd min are ( )： ． 

Inthe casc ofnon-mininmm pI∞se syst~n．0Ⅲ IⅡaI 

controllers c姐 constrain the c删呵 si ’s div~gww 

b0 叮se of the influen~ from ．In si删 蚯On sI 如  

fb[1owed．ou／"net~al砌 l乜DUer with a noTl刁eIo stir- 

ce0ds in咖 m)玎iI喀those non-mininmm pl峨 既瓤单l俗 

wbi1e the c朗nr。l1 with = 0 casc fails． 

(3．11)∞d(3，12)givemupp boundfor and 

to guarantee the wholeuvural system’s stability，and if 

sel~t d】c 删 】ca啦 m ，7 as(3．15)，the 

rapid 0r optimal leaming oom gence【 will be 

an倒 ． 

1 

隔亦 ‘ 
(3．15) 
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4 Simulation study 

ltlis nort-nlinimtm phase exan~leisidentifiedfrom a 

laboratory—sca]~liquidlevel system ．The system consists 

ofa d．C．water pumpfeeding a conicalflask whichin 

trim feeds a squaretank，giving tile s3,stem secoM -otder 

dynalnics．The controllable input is the voltage to the 

purapmotor andthe plantoutputistheh趣ht ofthewa_ 

terinthe conicalflask．Theidentifiedplantracdelis ： 

(k)=0．97722y(k一1)+O．3578 (̂一1)+ 

0．4589~(̂一2)一0．3103y(k一1) (̂一1)一 

0．04228 (̂ 一2)+0．1663y(k一2) (k一 

2)一0．03259 (̂ 一1) (k一2)一 

0．3513 (̂ 一1) (k一2)+ 

0．3084y(k一1)y(k一2)u(k一2)+ 

0．1087y(k一2) (̂ 一1) (k一2)+ 

0．z573y(k一2)e(k一1)+ 

0．2939y (k一2)e(̂ 一1)+ 

0．4770y(k一2)n(k一1)e( 一1)． (4．1) 

iteration step 

(a) The case ofA=8．5 

1teralJorl step 

(b)The caseof = 

Fig 3 System OUtput ofExample I 

Our simulalioo goal hereisto nlakl~the height ofthe 

waterin the conical flask follow the set values (̂) 

which switch betwel~l 0．5 and 一0．5 every 200 itera- 

tions in the presence of external random noise日(k) 

boundedin【一0．1，0．1】．To controlthis rigidllquid 

level system with richⅢmIi Iy and exterior noise， 

we~eleet Ⅱ 锄 d NNC s缸l】cnⅡe as 3— 7一 1．1be 

leaming rate ， both areiaitialized as0．1，withinital 

networkweight valuesin【一0．5，0．5 J．Forthe system 

(4．1)，select =8．5，after pre一嘶 ning NNI in 151)0 

epochs，st毗 elosed-l~p c0ntrol and NNC w0 (s∞ 

№ ．3(a))．While~elect =0，i．e．u她 [1，3]，№ ． 

3(b)istheplanta州 inthefirst100iterations andthe 

wholeIlCllr~lo0ntml 胁 diveages after 51)0i 枷 ons． 

5 C0ndllsi咄  

Inthe p叩er咖 new w讲ks啪 hlvesdgatedinthe 

following as ： 

．I11efirsIisthat a unifeam  gjI尬 le recurrent neural噼  

stuctl~ew越 givenjIlmis p叩er．Tbe sec0Ddis a 

costf1．1n~ onwasintroducedintothe I 

D眦woIk control，and for the n0n_加inim啪 试lase 11~1- 

linear sys咖 SRNNC，which we dc村sed in the p叩er， 

showed its lndqI advantage 0v盯 the IISU~I nc 毗  

work o0Ⅱ加)l目d 螂 ．We c锄 say the usual neural 

珊栩 0 o0Ⅱ血Dl schemes dl as【1，3 J are the s口。cial 

case ofollr SRNNC． 
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动化幕教授 研究方向为自适应控制．璜撼控制．智艟控黼．曾获麓育 

部及天津市辩技进步三等奖 

童着社 l9卵 年生．甫开大学信皇技术科学学院自动化幕麓 

授．博士生导师．研究方向为自适应过程控翻．智髓控翻．曾获国骑辩 

工委光华一辱羹和教育部抖技进步一辱羹 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com

