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Abstract：s】j血ngmode varlable stn~ture c0nⅡo】(sMVSC)is a special nonlinear~onU'ol slrategy，which has strongIo． 

bLI咖 ess ag面lst parameter vatiafioos．1oad di! ces and衄ccI诅in of system．Nevertheless，the c~ xol pcecisi~m and sta． 

bility of system will be affected bythe chatte~ g，caused by sl试 ngmode switch contro1
．
To ad~kessthe 0bl蛐 ，衄s paper 

prcypos~ thatthed倒把riI c丑nbe effectivelyminimizedbyintroducmgfuzzy self-l~ nmgin c㈣ 【r面n丑l sliding皿0dc cob ol
， 

sa∞ the啦Dng∞bl】 of 傩 si衄山 咖 research oll a dir 出 AC1jn 町s啪 is also 

Sen衄 inthe p日 

Keywonls：slidir培 mode v~iable锄 n】工e ecc~gol；fuzzy self-learnlng；chaue~g；linear system 

Doclmlent cede!A 

模糊 自学习滑模变结构控制的研究及在直线 AC伺服系统中的应用 
孙宜标 郭庆鼎 刘 洋 

(沈阳工业大学电气工程学院·沈阳．110023) 

摘要：滑摸变结构控制(SMSVC)是一种特殊的非线性控制策略，它对参数变化，负载扰动以及系统的不确定 

性有强的鲁棒性．然而，系统的控制精度和稳定性受到由滑模开关控制所引起的抖振的影响．在本文给出的方法 

中，抖振可以通过在传统的滑模控制中引入模糊自学习加以有救的抑制，而对SMVSC的强鲁棒性不产生影响．对 

于直接驱动的 AC直线伺服系统的仿真结果显示了这种方法是有救的． 

关键词：滑模变结构控制 ；模糊 自学习；抖振；直线伺服系统 

1 Introduction 

sbd mode variable st~ctme c~mtrol is a special 

dis∞Ⅱ血 u0 ls nonlinear control strategy， which has 

stroilgrobustness唱aiIIst parameW．r variations，l0ad dis· 

tuibances∞ dlulc日 of system ，withthe advantage 

of r印i血 and easy realization However，the control 

pIeci ∞ and su~ility ofthe system are affected by the 

dla抽 Ⅱg．Theilonl~lmethod tominimizethe chatter· 

ingisto replacethe switch con~ol with continued s咖 一 

rated[1onlill~ controlto smooth the disconfinuous vari· 

ables．This TIle can eliminatethe dm曲啦 ，but at 

the sarrIe dⅡle minimizes the robusmess of the sliding 

mode smlc扛lre control systemL 
． Another me~hod  is 

gopo~ inRef．[2]to controlthetendency rate ofthe 

sliding mode，which minimizes the chattering mIDllgh 

the controlofthe approaching speedofthe statevariables 

to the switch line of sliding modes．without the loss of 

the robuslness ofthe system ．Butitis difficultto decide 

the approaching in pI ce．Ref．14J inm lces 

thefuzzy theoryto minimize the ehatte~g，but it is as 

Ⅲ to establishthe actfI1a=ymIe． 

The sWategy offuzzy self-learnlng slidingmode con— 

tmlispresentedintiffspaper．Based∞ the conventional 

slidingmode control，a n1zzy self-learni ng controlisin— 

uoduc~1．It has the ability of 0ⅡUDe self-learning and 

adjus ngthe output accuratelym1dtimely．It has avice· 

control effem ，which e~lsure$theld c s眦 p ∞· 

u~a'sto surpassthe super-surface ofthe mode at a 

low即日 ，andthus pIovidesthe possibilityto minimize 

the chattering，atleast intheory． 
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Since it needs no PMLSM (Permanentmagnetlmear 

synchronous motor)，the tmdmnical switch from rota— 

tional motion toline motion，PMLSM  becoiiw．~the best 

choice ofthe high precision oralmicro-input s自∞ sys— 

tern．However，owing to the direct driving ofthe load， 

the variations of the load and a【1记r disnⅡbaIlce will di． 

re~ly afr鳅 the pe栅  ofthe servo system．The 

Iram cr variations ofthemotor under differentworking 

st．2te．s and the nonlinear factors will have bad influence 

onthe sel'vo system．Inthispaper．asthe∞ nt【oU。d ob— 

ject，the simulation results of the motor are画v∞． 

2 Slidinginode equivalent control 

Supposing the single input controlled systm'n in the 

following form 

X(f)=(A+△A) (‘)+(B+AB)H(t)+f(t)= 

AX( )+Bu( )+AAX(‘)+ABu(f)+f( ) 

(X∈盟 ，U∈噩，f∈ 皿』．) 

(1) 

w A，B are ce pⅢaIDe of the system ，AA， 

AB unklxown paratmtc~(offset)，f(f)the outer distur— 

b cc．Definethe general disturbmce as 

F(f)=AAX( )+△ ( )+f(t)， (2) 

Eq．(1)can be written as 

膏( )=AX(t)+血 (‘)+F( )． (3) 

Let the switch function be 

(X)=CX =cl l+c2 2+⋯ +c ， (4) 

whei~C=( I 2⋯cR)isthe paIam她 of switchfunc— 

don，X=[ 1 2⋯ iTthe statevectorofthe system 

Using slidi~ mode equivalent~xmlrol strategy，the 

output ofthe controlleris 

u=“ +Au， (5) 

in which“q is the equivalent part of the sliding mode 

~nlxol，i．e．the necessary known p of the control 

systemwhenda(X)／dt=OandF(f)=0，the sliding 

switch control△Ⅱ，山呻 high fmquency switch con’ 

tiol，makes the system state approach to the$upel'-SUl"- 

face of the sUct~ mode and erIsIlf％ the system state 

point ap 。aclles the stable point along the supea'-sur· 

face．Themfom．the kinematic state will not be affected 

bythe ulx~taill parts ofthe system andthe outer distur- 

bm~ce， mid thus the system shows strong mb~ ess． 

W hen the system mI1s into the sliding mode。the maitl 

ch fac g of the system is decided by the super-sur’ 

face ( )=0． 

Accordingtothe slidingmode equivalent~ ntxol coil— 

dition da(X)／dt=0 and F( )=0，the equivalent 

control can be v。dfrom E日s (3)丑nd(4)as 

H =一(CB) o ． (6) 

3 Fuzzy self_l朗m  sliding control 

The fuzzy self-learning sliding conUol sWategy are 

aaopteainthispaperto designtheAuforInini玎1i五ngthe 

caatter~ ofthe s~diagmode c。n吣1 system． 

3．1 F唧 basis fIl枷 ∞ s 

In orderto solve the pmblem ofthe convergent spe0d 

of le．mam~g algorithm ，a sw aal fuzzy control—fuzzy 

basicfunctionisintroducedinthis paper．The system is 

treated as anonlinearfunction．Itis expandedbased oil a 

series of basic functiOlIB虬d accomplishes w．tf-l~  

Ⅱ1∞ughthe correction oftheweight ofthebasicfunction 

according to the eiTol"between the input and feedback． 

The convergenceis superiortotheNerveNet(NN)【 ． 

The fuzzy~nlxol(FC)consists of fuzzy，rule base， 

fuzzy deduction and m 一fuzzy(Fig．1)． 

Fig 1 Structure ofthe fuzzy controller 

The dist&nc~b~v／oealthe kinematic state pointP(X) 

虬dthe super-surfaceof slidingmode ( )=0is R= 

口(x)／ its derivative dR／dt = (x)／ 

／̂∑c isjust the speed at which the point P( )ap． 
V I=I 

proaches the super-surface．So wc used switch fllllCfioi1 

(X)and its derivative as the iIIpIIt ofthe fuzzy coit— 

woller and substitutedthe sliding switchAuwi血 the out— 

put of fuzzy en ntro1．Assuming that the input of the 

fuzzy controller has sF level language vm-iables，its 

membershipfunctionis shownin Fig．2． 

1．0 
0 8 

0．6 

0．4 

02 

0 

- I．0 —0．5 0 0．5 1 0 

Fig．2 Membership function ofinputvariables 

Two-input-one-output stl"uClllre is aaor~ in fuzzy 
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conqUer．The rotation 押 印 口(X)． (x)and△u 

can be s as ailOOlincarfunctionwithtwo input and 

one output砸订nam 咐 c越 makefuzzy basic fi．krlcfion 

expansion．Sup~ g that the input variables口t )= 

1， (X)： 2，the fuzzy nile in the nile base can be 

pI酬 as 

Rulej： If slis Al and 2is ， 

thenZisBj， (7) 

where ：1，⋯，m(m =7×7：49)isthe manber of 

the nile，s(i=1，2)is the input of the fuzzy 

conm~ller．Z：Auisthe output，越and aretheinput 

and outputlanguage variableswiththemembershipfunc。 

fion ( )and u。，(：)，respectively-The cor~．spond。 

mg a Iessl0nis 

畔q一 
(SI~S2,Z) f(s ) ( 2) ( ， 

(8) 

where Ine柚smulliplying．aotgeeingmill~m  asin 

traditional fuzzy cxmtrollet．The Eq．(8)c掘l be 

transformedinto 

r̂ 
( )： ) ～ ( )· (9) 

The role ofthe anti一 istomap from the z ag— 

gregatein output space R to the exact point in the ． 

When i毋 c咖  一 me~xxlis used，we have 

z= ( ) ( )， (10) 

isthe valuewhen u (z)isthem ．蛐m ．h 

general，let ( )：l_SubstitutingEq．(9)into(1o)． 

the p卸 0I1form ofthefuzzy controllerouq~tis 

Au：，(s)：∑辟(s) ， (11) 
J=i 

whe[~ 

p／s)： ( ／ ( ，( ) 
inwhich n =2is妞 number ofinput，蜥 = is the 

weight，decided by the following learning algorithm． 

Eq．(12)is calledthefuzzy basicfunction(FBF)．The 

鼯paI面∞ ofEq．(11)c锄 印 0achcs arbitrary n Ⅱ。 

e缸functionwith arbitrary accuracy[5]_ 

3．2 L哪 如Ig algorithm 

Tl task of the learning algodthm is to just@ the 

蝴  to enslⅡcthe state point sliding oRⅡ super- 

surfac~．~ ：ording to the sliding mode condition口 ‘口 

< 0 andthe p~ ~it：ae of minimizing the chatteaing，the 

Jusfificationof 血e weight should make口’d decle．ase· 

is，underthe condi~on of slidingmode，the swiw~h 

function converges to zer0 and tbIe state point if,des to 

the stability point along the g mode super-slnface． 

Gradient descendmethodis usedtojustlytheweight 

△ ：一l-'rl~ia( ) ( )：一r旦 
， 

(13) 

where r>0is the rate ofleaming．Eq．(13)can be 

written as 

△ ：一 r ： 

一 r ． (14)3 一‘ 
u(t、 810i ‘ 、 ’ 

FromEq．(6)we can soethat u isdecided bythe state 

variableX but has nothingto d0 withweight (I)，so 

auq／a ：0．Ac。。IdingtoEq．(3)madF．q．(4) 

) ) = 

口( ) c( +Bu+F)]： ( )· (15) 

Combine rr．qs．(14)and(15)，we get廿Ielean~gmle 

0fthe weight 

△ =一rcm (x) = 

一

rc ( )_8Zp~i
： 一 rcm (x)PJ(d， )． 

(16) 

where ： 1，⋯ ．m． 

4 The application in linear AC ser- 

vo system  

The b,~gic smlc∞Ie ofPMLSM andthe working prin- 

ciplcs ofACmlear sem  system懈 pI 'os。din L6j． 

The directional v~tDl"control is used in the inner circle 

0fthe system．Let id：0．the smaplified model of the 

controlled ectis 

F。= i =晦 ： 

_iIf +By+m  (17) 

s ：』础， (18) 
whereM is theⅢass ofthe17flOVel7．B istheviscous缸c— 

tional coefficient， Fl is the load resistance， is the 

eaeetromagaeac thmst， Fd is the equivalent resistance 
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caused bythetop effects，Kfisthethrust coefficient，5 (SMC)andfuzzy self-learning control(FStC) 

is themechanical eispta~-oent oflllOver lsthelinear 

speed of lllOver ， is the effective flux of pemlmlent 

magnet，l-is polar distance． 

Define state variables：asstm~ g that s is Imown， 

is the actual eisp~=mentofⅡ∞Ⅷ ， I= s‘一 ，e2= 

dl，from Eqs．(17)and(18) get the e／To~state 

equation of PMLSM 

[ ]=【：一ld ]【：：】+[一 】“+[呈]，， 
(19) 

wheie 8 = B／M ，6 ： Kf／M ，d = 1／M ， ： i is the 

control element，8，6，d Ⅲe the lirmted 妇 variable 

parameterswith rated value‰ ⋯b d R印 ． 

f=F1+AMdv／dt 4-ABv 4-Fd 

isthe defined generalb凼 g disnⅡtm cc，AM andAB 

the offset of system 口m ∞ M andB，n~'peetively． 

Accordingto Eq．(4)，the switchfunction of sfiding 

mode variable s缸Ilc is d(e)= l+e2．From Eq． 

(6)， have 

Ⅱ =(c一口 )e2／b~． (20) 

tofthefuzzy∞ 0u is l：d(e)， 2= 

(e)．From Eq．(11)，thefuzzy switch control of slid。 

ing mode 

A“： s)=∑pj(s),oj， (21) 

where 

丹(s)： ( ／ 珥 ( · 
AccordingtoEq．(16)，theweightlearning~gofiltma 

△ ：一 = 

_r(一 ㈤ ) = 

一 n (e)pj(a， )， (22) 

wherej：1．⋯．m．Frern Eqs．(2o)=ad(21)，the 

output ofthe slidingmode controller 

u：u +△u：(c—n)e2／b +∑ (s) ． 

(23) 

The block di of linear servo syste~n wilfl self- 

learningfuzzy sliding mode control(SFSMC)is giw  

in Fig．3．The dash part is self-learning fuzzy sliding 

mode con臼 (班 )， 】djng slidingmode cc0atrol 

Fig 3 Block diagram oflinear$~rYo system 

with self-leaning fuzzy sliding mode conlrol 

5 Simulation and analysis 

Basedon the PMLSM scrvo STStPATI developedby our- 

selves，we simulatedtheself-learningfuzzy slidingmode 

control by usingMATLAB 5．1(fuzzytoolbox，c。n— 

troltoolbox，simulinkbox)．The paremeters al'el 

肘I ： l1．0kg，B =8．ON·s／m， 

= 28．5N／A， = 100N， = 1．0m／s． 

The~Ilnlla~on of the traditional PI and sliding mode 

cot)trol is also carried out．The parameters ofPI co ntrol 

are = 46， = 5．6，and the paraII烈日 of sli击rIg 

mode controlis c= 12．Letthe dimensionalfactors of 

the input parameters of self-learning fuzzy mode 

control d(e)， (e)be 1：12， 2=50，tespeetively， 

the pI md咖Ial factor ofthe output parameterAu is如 

= 10。learning rate isF =1000，sample periodis T 

0．5ms． 

5．1 Cmlsl~lt disturbance 

As constant disturb~ceFl=60N(t>0．6n1s)，M ； 

．
The simulational cu of H and self-learning 

fuzzy slid~ mode control am showninFig．4，marked 

with1 mxd2．respectively．It canbe s0∞ 山m the speed 

de 砌 IIg amplitude ofH is greaU~than山舡 of self- 

learning fuzzy contro1． Algorithm and the respondent 

time aIe longer．Therefore，self-learning fuzzy s1jdjI曙 

mode control has g00d协Id 培ability． 

1．5 

f 
l 0 

E 

0．5 

0 

_ 

： 

： 2 

： 

0 

tls 

Fig 4 Speed~sponscs ofthe SCTVO system 

with col~stant disturbance 

5．2 Vm'iational dtsturlmnee 

Add =40sin(25t)N，M =肘j ．The simulafional 

results aIe shownin ．5(a)and 5(b)．FromFig．5 

(a) can see血attheconvemtional slidingmode c0口。 
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trol hasgreat adaptabilitytothe disturbance，whichmdi· 

c岫 the advantage of d mode control，thatis，itis 

rton-sensitivetothe variation of owlet disturbance．But 

the chatlel~ and static elTo~still existto s0rne extent． 

It can be hom Fig．5(b)thatthefuzzy self-learn一 

'mg~ntrol minimizes the dla ng remalkably∞d has 

strong rob~ sstothe disturbance． 

I 5 

1．0 

{0．5 

0 

l 5 

1 0 

O 5 

0 

f 

0 0．2 0 4 0 6 0 8 1 0 

t／s 

(a) Conventional SMC 

f 
f 

0 02 0 4 0 6 0 8 l 0 

(b】 SFSMC 
Fig．5 Speed l'~3potlses oflhe serw)system 

with variationa【disturbance 

5．3 Parameterperturbanee 

Supposing thattheⅢass ofITiOVel"．one ofparameters 

ofthe linear system ，is M = 3 ．The simula- 

fional corvus ofPI control andfuzzy serf-learning sliding 

nxxle control are~ivenin F噜．6．"lhe cllree．s，marked 

with 1，2 and①，②，are the sp。ed responding Ctll~e$ 

when M = M and M ： 3 ，respectively． 

1 5 

1．0 

耋 
0．5 

0 

① 

t／s 

Fig 6 Speed re~oponse$ofthe sg／'vo system 

with parameter perturbance 

It can be st撒Ithatwhenthe[mrameters are pemtrb 

iIlg，PI control obviously can notfitthis variation and 

the speed curves das#ay delaying．However，the fuzzy 

self-learning ding c~trolis almostnot affected，which 

metals that the fuzzy self-learning sliding mode control 

has strong ability against parameterpeaueoance． 

6 Conclusion 

Tketmmtational results indicate thatthe st％嘲 pro- 

inthis paperis effective．Itis supmorto PI and 

traditional sliding mode contro1．It has strong robusmess 

to the tmrameter lx~ ce and outer distmbance and 

mfl-ximizesthe eaattem~ remarkably． 
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