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Abstract

Modern control theory is control system which guarantees the stability of the system
that assumes a design that utilizes a mathematical model of control system. However,
many of the systems that exist in modern society is a non-linear system the time change
will be usually be expressed by differential equations of non-linear. The change often to
be complex and difficult to express in formulas. Such in order to control the system, the
model-free control system design method capable of designing a controller without the
need for mathematical model of the controlled system is necessary. One is the intelligent
control using the soft computing is a calculation method using a neural network (NN)
and fuzzy. Intelligent control using the soft computing contemplates optimal control
system design while adjusting the repetition of learning design parameters to achieve
the purpose. It is a control system to continue to acquire the nature of the target system
in the interaction with the environment during the learning. "It does not require prior
knowledge about the target systems" It is a major advantage of this control method.
However, there is no guarantee the stability of the control system it is a major strength
of this control scheme. However, the stability of the control system is not guaranteed.

In recent years, the study of both the converged control scheme that ensures stability
to take advantage of modern control theory and Soft Computing both targeting difficult
system model of the controlled system have been actively.

On the other hand, research to expand the research on brain science of human brain
function also progress in particular reinforcement learning that mimics the learning
function of the brain to control systems have also been actively carried out.
Reinforcement learning is also a learning method to win the nature of the control target
in the course of learning due to the interaction of the control object. Without the need
for a mathematical model of the controlled object, it said to be included in the soft
computing, but the stability of the control system designed using reinforcement
learning is not guaranteed.

In this paper, research along the background described above, the author summarizes
the development process of the design method, which was developed with the goal of
systems with high control performance to guarantee stability and robust to changes in
the system. The following summarizes each chapter.

In chapter 1, we describe the background and purpose of this paper.

In chapter 2, as a fusion-type control utilizing both the advantages of the soft

computing and modern control theory, we propose reinforcement learning control



system and the robustness is strong adaptive control system designed method to control
the different states of nature at the same time by the cooperation. By this method, the
control is difficult to control the object you are easily controllable. Through the
computer simulation of the overhead traveling crane, we show effectiveness of the
proposed system.

In chapter 3, while the design method in Chapter 2 is using the offline learning, we
propose online reinforcement learning control system type using robust control to
uncertainty of the system and online reinforcement learning control system. This
control system named Real-time Reinforcement Learning Control System (RRLCS). We
show stability of the proposed system by stability analysis of Lyapunov function.
Through the computer simulation for controlling an inverted pendulum system, we
show the effectiveness of the proposed system.

In chapter 4, we propose a control system design method using the cerebellar model to
solve the instability of the performance by the probability inference that RRLCS
proposed in chapter 3. As previous research on the cerebellum model, there is a
cerebellum perceptron model Albus called the proposed CMAC (Cerebellar Model
Articulation Controller). The advantage of CMAC have been used in various fields
having a lookup table (Look Up Table, LUT) local learning high speed convergence since
the NN simple structure for handling. However, CMAC is because of using the LUT of
the local representation, its generalization ability is limited to the immediate vicinity of
behaviors learned. Therefore, the new cerebellar Perceptron improved model that does
not use a LUT In this paper Cerebellar Perceptron improved model (CP) is proposed,
and we propose Cerebellum Perceptron improved model using robust control system
(Cerebellar Perceptron Robust Control System (CPRCS). We show the stability of the
system by the stability analysis of Lyapunov function. Through the computer
simulation for controlling an inverted pendulum system, we show the effectiveness of
the proposed system than RRLCS.

In chapter 5, generally responding CPRCS a feedback control to improve the CP in
order to extend the feed-forward control is fast. We propose Auto-Fusion Cerebellar
Perceptron Robust Control System (AFCPRCS) based on improved CP. The control
system structure optimal CP using learning rule by the feedback error learning.
Through the computer simulation for controlling an inverted pendulum system, we
show the effectiveness of the proposed system than CPRCS.

In chapter 6, to extend the applicable control system to consensus problem of
multi-agent system AFCPRCS. Through computer simulation of the agreement issue by

six bodies agent composed of multi-input multi-output system, it shows the consensus



performance of high performance agreement and the CP.
In chapter 7, summarizes the present paper be a conclusion, we describe the future

prospects.
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> 27 L (Cerebellar Perceptron Robust Control System, CPRCS)] ##%&d4 5, VY
7 7B L B REMMTIC LY, VAT AOREEREEI L, HHEAEFNETIC X
HEPEMY I 21— 3 280, RRLCS L0 EVBIEMREEZ R L, BV ATLOHER
LN I

BHETIHE, 74— KNy ZHIEITHS CPRCS %, —fKINIISED SR THD 7 4 —
N7 40U — RHIENCIERT 272912 CP # R 3%, RM CP I L7z TH /G
I R—E T b e B BET VA AR a8 2 R li S 2 7 2 (Auto-Fusion Cerebellar
Perceptron Robust Control System, AFCPRCS)Z#£%T 5, 7 ¢ — K\ 73R T
X BN LV ii7e CP #M5T 5V AT ATH Y, BHEA S FEINLIR T 2 Hl x5 2
TAhELFREH S I 2L —2 30280, AFCPRCS 728 CPRCS LV @V iBHErEREE =~
L, BEVAT LOFMEEZRT,

% 6 = TIE, AFCPRCS v/ Fx—Y = by AT LOA BRI w722 dil i
AT DHERT D ZANZMD VAT LTRSS 6 KkOoT—Y = M X 2EEM
BOFHREKEY I 2 b—va icky, sunagEtises CP o et x =7,
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F2E MEEHE L EIS H,, HE OB R E =X

2.1 XC®IC

VT harta—7 47 AW HHIEL, AR oOmEE, AREEB L7 FETH
v, ZOREHIE L TCABOMOMAAZHM L Tc=2—F 1y FT—7, AHODHWN
FWRHEZIENT T 7 ¥ 1 B, AROFEGEN 2 2 v 2 — 2 TRAT L7 E 72
ENRBT oD, TNHIXEBNZENRT D XL ICKF/NNT A —F 2 FHOM Y K L T
LN HHiliERZ 5T 2 6 0T, FEEHINCTOEEDLZEMEDRIENTF H T W3,
FLEPICRRE L OMAEHOP THEEL AT LOWEZER L TW DT, MGV AT A
BT 2 FATAGRZ LB LE LN ERKRERBEATH D,

7o, BUREEBRGR 1L, WRRFEIEC 31T 2 M EER CLEME A IRAE L, HEEE S @ O
RREIDWEET, 220, ZANZHNRERGITWMOE D LN TED LWV JBNERAT
HDHN, BUCHITHBER D EZ 200 E 2 D IREDO B WG OET ARG LN L0 E ) M
Mo TWh, 2T, #ELE-ONRa AR MIEITHL, w3 ML, EF L%
EMEICRD PR TH D Z EEFITEE LT, BEOEWET L THLZNIZEH LSV
RKEl CHTEDOMERZEN T D, 2F 0, MBIV AT LADETNENEL T LN, LiEMEE
ek L7-Hl 5 NCTH %,

WA, V7 harva—7 ¢ o7 & BURTIEBRR O W OF| 52 R U7z flS B A oA
EDRREANATOI TN D, (REAREEIRE S LT, BEf S ELIR-OREIZ T 5
LN, TOWRFDAEDOHLEZEEL, BHEOMEOHIEITIZEE S LTV, 20D,

LR GG BEGRIL 1 BB AEXIRE LI2bDOTHY, BHEOME, RTOAED LI
PEE ORI 5 IRBEZ RIFRFICHIET 2 Z S 13 25 ORI O TIEINEE L 72> T b,

—J7, EtHonRy ML, EOHMSETBEIT L7, &I TMET 207 EDZEER
RIEXRDLEREBEBE R EZ NS, KX T, FERORERTFOAEOLR, T7hbh, AE
RMAMERED 1 B (BRHOMO EEte) 2xtg s UzfililRaxihE TR, HE

D702 2 k7 INIEERS 2 5HIIC T 5, D, ZAR72EHMITENZ o /3 R M & 58

{CFE ORI S AT A CEBTHZEEHMET S, T72bbh, SR Gl =
T LG H, R AT DO X0 B O R R D ARRE A RIRFC S92 A R
T 5,



22 BBUVRAT A

22.1 RBIRT A

BT % m BEFERIEZ Y HRE(R.1)5N), KOV (ZBI3 2 n BEIERRIE M D HFEE((2.2)
X)) TERIE SN, HEOFIEA ) u THEI SIS AT A, T70bb, 1 AJ)2HJOH#E
VAT hERGET D,

xl(m) = [1(X,X,) + g (X, X,) - u (2.1

xz(n) = [ (XL,X,) + g (X, X,) U (2.2)

ZIZT, ox, =[x, xnxi " e R x, =[xy, %, x5, € RMIZ VAT DO TR R
BB B, we RIZFHIATL,  fi(xX0), fo(X0X0) € (X0 X0 ) g5 (%) (R AKN O3 Y
BThb, x,%, ELRTEMTL L, #EOHMIKEX, X, ZZhZh
Xy, :[xlr’xlra'",xlr(m_l)]T’er =] EAIINS SR xé}:_l)]T ~NHEEDLILETHD AR
SOWTHIAT %, WHEIZQR.DR2DXDWTN1DHEZ2 T FnHN4 5,

222 BYLFEEFOME

bE LY, FEETHHI=—V o FBRH OB PN RE E OMAERIZL - T,
FONToHmE 2 ~—2 & L THMOITERRIE Z G L TS FETAThs, =—V =
MIBRBEF ZITEN L7230, TEX L7202 ORI 2595 2 & THOITENERN % 1
BT 5, TOMEIIROBY TH D,

(1) IR EOREICEBINIZZ—Y = MIIREEZ BT 5,

() HDHITENREBCRIZHE - TITEN 2 E LFEITT 5,

(B) TOTENCLY, === FOBIMBRELLH HIRED BT LUVIRIE~ S HER T 5,
(4) =—TVxr NIBREILHRNESS,

VLW AR RS Z LT, ==Y =y MIRMOBEEZ2 R 25K E Ao
Tn<,

AFR XTI b FE 7L & LT FER 7 Actor-Critic 152 FIHT %,



2.2.3 Actor-Critic > 2 7 A DR

Actor-Critic {£IXQ2.1D)X, HIH, m MO IERIL > A7 L& x5 &35, Actor-Critic
/f& I%, TD (Temporal Difference) H{bFEED—FE T, IREEAME & R ZHICRIT H7-
, DML U7 ifiE 2 F5 o8 7 CH %, Fig3.1 1T Actor-Critic Hll{#l 2 2 7 LD
55275:/1“? Actor |X system ~OFHHAT u, ZH )L, RREMEY BAREL 2D K HITFH
AT, HEES u, 234 S 5 BB0LLERE & LT, RBF (Radial Basis Function)® v ¥
— 7 W, REROEIIA 1038 e 72 v A7 LAOHl | 2 5 X 51k 2, Hil#EE

Fu, 123X TEHEEND,
1- exp(—{ é wjbj(x1)+ n(t)}}
j=1

1+@¢[_{23W3A30+”@%J 2.3)

TIT, UnlZHAORKME, JIZTEED , — R, widt s g EH 2 — R
OFL, b )NEPE B ) — FOEEME, () 1ZER ) A X Th D,

Critic 1%, REEMEY 23R L, TD #&s #M¥ %, LT, TD i/ ha<ied &
INTFEEITH, TDREZEIZRA)ATEREND,

8(e)=r(t)+ 7 Ve +1)-1() 0.4

ST, 7.(0<y, <DITHEGRE, A)iﬁm ZO TD #AENFEIZE VNS 2D 8
Z Critic Z4Rkd %, Actor & [AER, BABCEPIZRICIZRBE % hU—Z A5, 2L %,
h%ﬁ@V@i,a&Kfﬁ%éﬂéo

U, =Upmax-

J
vie)= Zijj(Xl) 2.5)

Actor & Critic Z#K+T 5 % NU—27 OHEJEIC1L RBF # LK% L THWA S, =
NEMHLI=a2—I %y NU—27 TR 2Bl 217 9 2 & 23 TX, sigmoid B4
A EEBEEE LWy FU—27 L FEHONERENZ & TmbnTng©, -

=G, bik)ixeTEEINS,
Ly —c, )
-enf-gzel]

22l HIEIATE ) — RO, X ITIREEH A~ }\/bxld)i%'éH@E?.é cilXhHE J 2
B/ — FOEEBMICHE T 2iFBANCHT 500, o XANHTH D,

FHEIZBWT, Critic (X TD #ELAZ /NS T2 X T A—=FDFEHEZITV, Actor 1E
2T LOREMEZ =< T2 K9 5% GIEAD) 2 NhT 20X 5027 A—2D%H

10



I Noise generator

A

o ——— Actor

Fig.2.1. Construction of Actor-Critic control system.

ua
»| Controller > System
A
X, (t)
A Adaptor |
A
C I + — Xor

Fig.2.2. Construction of adaptive H, control system.
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17D FOREE, Actor IXEBRIT &V VIREBMAE 2GS 4L 2 I FrEZ ST 5, Riw L
L, RBF v b T —7 72 Back Propagation(BP){E% W THE T 5, BRI
LT ORI > TREOTUER DE A Z W 2,

Critic D53
, oV 01 .,
A =gt L O 5
;= ow" oV 2 2.7)
Actor D%E
ou
AW = ——-5n (2.8)
awj

=T, il Critic (245, act X Actor IZfT 58T A= EFKT, £2, ndnlix

224 &S H, HIEIY AT LD

AREITOFTIEIZTHRQ)ZBZEBIZ LTS, LI, ZOMELZIR<%, Fig2.2 IZ
SCCERHT DS H  HIHS AT Ao AR, G H 1, &Jé%aar;@%ﬁmxff
LTHENEZFHAL DD, ﬁ%ﬂfﬁﬂiﬂ‘%@ﬁﬁ@ﬁﬁﬁ%éﬁiéﬁé“/X?AT“E!?)'0 ZDOH
1%, IREBAH X, & HAEOMREEX, IZBHESE 5 2 L Th 2, Bt Ee 1229 TERIND.

e:XZ —X,, (2.9)

BPERRZE X5 (adaptor) & AJTHE (controller) (215 H V5, AiwmLTiEQR.2)A, T72b
B, (100D X 5 72 n B é‘Ffiﬁ//xTA%:ﬁ%l Wxtg 35, HL, fK.x)gx.x,) L
HARHOER T, g, (x0.%,) O SIEMTHE LT 5,

xz(n) :fz(xlaxz)_'_gz(xlsxz)'ua (2.10)

e R e L] N LT iy 2 Ol D TS =
U R TATOREZBINT 55, v, ZHEESChH S,
ZOEEQRIOAIIIAIZEZMZIHZ LN TE D,

:AX+B[f2(X1,X2)+g2(xlax2)ua] (2.11)

[y
[y
A

12



[0 1 0 0] [0 ]
0O 0 1 0 0
A= : , B=
0O 0 O 1 0
(0 0 O 0 | 1|

Th b,
T, MR E LTEEH ,y N5 26N TWE 0925 ERAD U B v F(Riceati) )7
R A 72 9 E R TAI P DMEET D,

A"P+PA—7-PBB'P+Q=0 2.12)

i (adaptor) DRERE I, BTG Bu, DR X S AT 2585 A — A HEER ] 2T 5
Tl ThD, BERCEPIEHIRBF 2y hU—2 25, PRIE — RO s (x,)132.13)
R THE SN2,

n=1 771%1
F7-, HhE/ — RO H, 13RI TEHHE N5,
L 2
H,, =5 (x,) (2.14)
[=1

ZZT, NIiZANE—Fo¥, LiZPHE/— RO, x,., [ RIREEEOn+m K H O
F, X FHOREKEREOnFEHDOATNIXTT HHL, ni XS EBTH D,
NG A—H R A<c)iF, QIHATHE SN,

ﬁi:{FZ if (/:L>c and ¢>0)>

I'¢ otherwise, 2.15)

=720, TIEST Ay, cix io FRECH S, £, 4L 13FNERQR.16)R & (2.19)
RCEHZSNLbOLE L, PIIEER, AG)ITER, 6 EHHE 7 A—2Th 5,

¢ = ®(x, )" PBB' Pe + y/(x, |[B Pe] 2.16)
1
(D(x2)=7+7+(1+H,m) (2.17)
y/(xz):1+(H,m)l/2 (2.18)
- c—A
=|1
P (+ 5 J¢ (2.19)

13



A JJ¥(controller)iX, system ~DHIEIA S u, 2T 5, HHEE 54, 13220 N TR S
o,

u, =—/id)(x2)BTPe—/iz//(x2)sgn(BTPe) (2.20)
ZIZTC, sen I/ EEAET, KA TERIND,
1l (o>0) (2.21)
Sgn(a)_{—l (6 <0)

(220) XDGNF 1 HIT H, FIEALTH Y, SMELZI A, B EEZ G220 K527
Do 5 2 BT EREROFHEZFOHIEE ST, o DT TUNEXLZ LICLD A
TLADOLENNER DD TH L, T bOEHOFEMIZIIHER19]Z2 2R Sl

225 SRACEFHIE L S 7, BE O BBEIEIE O R T 5 ORRL

Fig.3.3 ICHREV AT A TH D WHEEHIE S 27 2 Emd, 1 EBEE x5 &3 2 IR
7T A N # 72 (2.1)22)R 0 2 BEROLBEIRIEM Y T TRbIND VAT
LzEHIExg L L, (2.1)RD x; Ol 2 58k 58 o A7 AIZE10 5 Actor OFIEUE Fu, 73,
2RO x, OHIE Z NS H , fIEE S u, DZENZENHYE L, AWITHEETORED 2
B AT IR G, system ~OH—OHIHENE B u & (2.22) 0 Xk H 1Tk L, W@ THIET 505
RERET D, 22T, 223 HlTBIT HHIHA T u, A RIREEH X DA, 224 HilZHBT D
AT u, 1T x, OFEHNTHER LTS Z LICERET S, T7hbb, 2.1)Q22)KXTHED
SNDHIERIG S 2T A%, RIREFHIEO LI, VAT LAOREEZSEILCHIET 54
BTN, 22— L THET 2 ke L, 1 AT 2 MO HIE R E %
iRt < MEER B D,

ZITHE, ZoMEEhETCULLIRRESR, BOERWAES 1 AT 1 19ERR
TR E RIS BT 2 a2 R U CHIR 25503 2, 37bb, 2.DR2)AE £
i, XL IZBETAHMOY A FI v 7 RAERBRL, QDICBIT D x,, 22)AUZEBT 5 x
TN ENANELE LA LSRR EH 21770 9, (B L, EHHITANELTIE S 5 235k %J: L
THEMEL, 25 0MAEOREN, AELTHED B 2 )6 H, S, s Bimeic
WCZDFBRERWININD Z &, &Ua%ﬁ@u&ﬁ#é;&f@“ﬁ@@%@%ﬁ%%
55, 22T, 28%% | BHO OOV T VAT ATRILT D HEE LT, —Di3iE
BB HIE, & 5 O & DILilIs Ho Sl CRE S E720, hofad b, $7hbb, sk
LB ENGER Y b Ho, I E U, WH7 3 27 A& b He HEOMABEDELEZD
héo%;f,u&,m%®%ﬁ%%§&l,&%®%&%%%&2tﬁk WO 7>
AT LD E I TR S T2 O AT MR FTRE CTH 2703, T DAL 223 BT
BRI al—varTcidRaioi, mb¥EEZz0b0R£< @%‘itﬁlﬁliﬁr%%%k L7
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DO HLZIUXERWFFIMERDSEIF CER VO TARR L TIEE L LR, Z 2T,
u=ou, + (1 - a)ur (2.22)

7272 L, a0<a<) TP bEETH S,
IRBUIEC T a ODIEZRES D Z L2k, x, EIEHlE D x, BAEGE), HI#EE 50
HEWfEIZTH ENTE D,

\ 4

Noise generator

I [

ty U
° > System
+
ua
» Controller
7y
X,
) Adaptor |« ®
(& I —l—’ — XZr

Fig.2.3. Proposed cooperated control system.
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23 EHEHBIIa2lL—Yav

2.3.1 %S

RIS E, BHEICIRTF SO TRLBICERAT o/ b T/ L—r2&E x5, 7
L— U VAT LOWNEZ Fig24 12T, 4TI 7 AIRATER biLd,

g, , 1. . cos6
0 =—2sinf+ cos“ 0 ——sin20-0 ———-F
m+M{ 2 m-1 } (2:23)
ml ml . 1
X=- cos@ + sind -0+ F
m+M m+M m+M (229)

iz, FIIANGES, 01 3ARE, xIIN0E, x XHEHE, m3RmOEE, MITaHO
B, SIXENINEE, [IHHEFORITHL, VAT AREIIT 2B AT » 71
BNTx=0.0.5.5)THY, vIa2b—ar () OHL, ErofEz 0 ITED
20, BHEEHEHAICEEIS Y2 Tho, atH ETREY AT ATH 2 BB
> 2T AOMEREZ MFET 5728, ftkik & LT Actor-Critic $50D A THHKL O+ D Ji
EHIET D AT A (LUFRERIEEMES) L OMERELIEY R 2 L—v 3 v EFTo T,

M

F Trolley X, dx/dt,dzx/dtz
>

O [\

0,do/ dt '
‘\/ Load
d*0/dt’
mg

Fig.2.4. Overhead traveling crane system.
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U=V VAT KDY AT MEHIEm=050kg], M=10kg] 1=05[m] g=98|m/s*|x
L7z, Table2.1 I3 2 2 b—ya VT LRI A —=Z{lERkd, REE 1 DT A—H
I, kil & @iy Cd % Actor-Critic VEICBT 537 A —2 DISNZ, dEis H, fil#EIZE
THRTA=EZPRBMENTND, BEL2 ONRT A= L, iV 7 AT AL biEGH,
FIENZBT 287 A =2 TH DN, u, RO HGE L U, RO DG & THE—HRe->T
Wh, THHD/NT A= TR TE HH5IER CEE LTV 25, FARRICIE, #17
HRZ KD, 2 PR ORBOKBREEZELHEH TS,

Table 2.1. Parameters used in simulation.

Parameters Proposed method Actor-Critic method
1 > (Conventional method)

1 2 - 4
J 35 49

N 2 2 -

L 25 25 ]

4 0.5 0.5 -

0 diag diag ;

104,0.4} {0.24,0.24}
for u,
diag
{0.01,0.01}
for u,

I 0.002 0.002 -

c 0.1 0.1 -

P 0.5 0.5 -

A 1.0 1.0 -

0, 0.01 0.01 -
U 3.0 - 3.0
Ya 0.95 - 0.95
0!,9 1.0 - 0.2
al 1.0 _ 20.0
o, 4.0 - 4.0
a, 20.0 - 200
fvri 0.05 - 0.02
n. 0.05 ] 0.02
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232 Ial—3Ig &

RIWNRARIE, FI3I4 7R 10 FE, ROIA R, FIMIACE, FIEE R 0 ORET, YT
U7X A4 8500288 Lo, HEFERIL 40 B2 L, HB1OAEOMKHE 45 282
et Elo, BHEOMEOHKHED 10m 282 -5 GI3RKE AR L, ZORITIXITD
0%, Ubza 180772, @S H, $I#OREEA T4y, $hbb, fHli#ll L2gss sl
HEEDONT A =2 TSN 505, HEFEOEEITEITOM Y IR LIZ XY fl#EdgGo 1 Z
A—=Z &/ LMY 5 2 L THlEgROMERERN L2 M5, AT oRED 5 O,
BHLS AR A 0£0.25[m] & MERr C & 726 2 il Lh & 2709,

R 1
#R4IE 1 1%, Actor-Critic 75 CHLiE LEEOHIEZ4T 2720, x, =[x, x| =i &L,
x,, =[x, %, | =[x, 0] &3 5. £z, W Ho, HIEIZMAE & Ml ORI 2175 720,
224 {HOFBIIERE, x, =[x,x,] =[0.6] THY, ZOHEHEE 5, ~[x,, 1, T =[00] &
%0 222)AOHAT) u 1T VHALER o OFIG TIRNADRIEAT) y, ZHAL, 1_g D
BETHEEMBEORIEBAL , 28T 52 L 2ERLTWD, 225)TT AT LORIED
VN L% o OIRE A HIE LT Y, IR £ O o 2 BB L D 1 EELLER XL
(6] >1), & U< iZAHpn x 28 B x, 1230 (0.1 BIN) 8 ity & L, 29 Th
T s &% 22T 2080502237 —ALONTY I alb—varyz{7), 2
B, HENAOOYHMIZO L LTEY, 2o, AEOMEILHNE LV EL W70,
WHIRIED o 1315 DIEETL D,

s (0>1) FE (v -01<x<x, +0.1)

a= (2.25)
1-s otherwise

FERIE1I2BIF 5 Actor-Critic DA, (2.26)D L H ITEFKT D,

r(t)=exp 1- box) * i Q9|+af mé’| +af )2 (2.26)
2(0:;‘)2 Z(a,v)z

22T, ol el e RN, R, SRR, (0, HECRT 5 EORAERTH

%, Actor-Critic YR EOHIE AT > O, FIEHECHIET S & &, 5F 0 (x1)=(x,.0)

DEERKEM 2525, £72, 22603 HRERIONLE, BE LB OB O E LR

FEAFE UMD & %, A, AEERBETHL 0 IGEWVIEEREWEME 525k 91cL
TW5,

BRYE
FRARIE 2 1, (0 & WU ORI S R T b, FEE & R ORI S R T b, Wi L b H
BIEITHT 5 720, 2.2.4 OIS H, IS 25 AORERBICHE- TRET 5, $HEE 1 O

18



& H  FIERR Y S RIS L C2 7 AT AaERT 5, dETRm O E LA T 5,
et 5 b H1EKIE (Actor-Critic 1£) 1X, A, MR, (0@, ST~ TaHlEd
HDTx= [6’,6",x,5c] L L, ZH%E Actor 3 L O Critic DA & LTz,
PERIEIZB T D Actor-Critic FEDOHRIMIZ, 2.27)XD X HITEFKT 2,

rlt)=exps— &’ B > _(x_xr)2_ i
-ty e )

Actor-Critic JED AT, IREEEHT X CTORIEZLT S 72, WRTOAE, FAFEN 0 T, 7
SRS X, THIET 2 2 &, SFD (0,0,x,1)=(00,x,.0) 0 L ZRKHM | %525, %
VAT AOWMOA L DL, RS AT A TO Actor-Critic (X d < ECLE L HED
B2 DT, FHE & FABHENR L DT H (n,5) = (1,,0) & LT ERABM 1 2525

((2.26)x0), ZHUTxt L, TERIED Actor-Critic 13 Actor-Critic DA THBE, AMEE, (7,
SHE 2 I 27200, § T ORREZHAEAE T b % (0,0,x,%) = (0.0,x,,0) Z 7= L7z & &
ZEROCHIN 1 % 5% 5((2.27 X)),

2.27)

233 vIal—arER

3 FEOVEILER o IZxT28EE 1, 2 BT 2AKEENEOH B Z LN,
Fig.2.6~2.8 |Z/k9, HAERAIE Sm HS & Uiz, Sb R HI 2 ) 2 35540 1000 [H] ok
ITZ2ATVY, 1000 BIH OFEIZ L0 G oN6lilR4E, D&, FHdSR AT 68325, #
25 11X Fig.2.5, Fig6 725 s =08 DIB OFER L 72072, s=08 DA, HIEHHIHIXIRNA
DOYEG, =10 TH D720, 225K ba=s=08 L7720, u, [CHEXZEL, Wb, Eh
AHEEZERTHZ LR TNDZ ENG, IBNADN 0 1ITEDS<, TD%, o DUV
ZIT X0 BEOHBEA~LENBY, HONIC SmOME~R L TW5, R 2 OFERT
&% Fig2.7, Fig2.8 Tl BEILs=05L72572, 3 DDsDOH Ts=051"HENTWNDHD
1%, s=05D4E, s=08 LLEL, BHEONH END OFIE, IRAADIKIZEN TN D
RIZH %, Fig2.9, Fig2 10 IZHREE 1, 2 ORBOMFKREERIEO=ZFDHKKTH L, =
HOWBTIE, A, DORARONRWIERIEICH L, BEVAT AL, 28 0 I2HN
EIZIHR U (Fig.2.9), i@ IXpeRkiEL 0 i< BEMATH D SImH ISR LT 5
(Fig.2.10), 26 LV, #BEE 1, 2 & BUERIE L AT B ITHEIMRED BN 2 & 03
WTEDL, EE L 20T, #EE2 Tlds=05ThH o720, IRNAOHIEE FH
ORI O ER S L < HIENFEFICBEB STV D, - T, HIEALNSESh, Eh
f, BHEOISFIIREE 1 JVEDHERLER-STWD, —HOFTIE, BEE 1 BRbE
NTNHEERD,

19



4] ] 10 15 20 25 30 35 40

Time[sec]

Fig.2.5. Control results of the angle by the proposed method 1

Fig.2.6. Control results of the position by the proposed method 1
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0 = 10 15 20 25 30 35 40

Time[ sec)

Fig.2.7. Control results of the angle by the proposed method 2

Fig.2.8. Control results of the position by the proposed method 2
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Fig.2.9. Comparison of control results of the angle among the three

Fig.2.10. Comparison of control results of the position among the three
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234 mNR MEDOKREE

BEEL 2 HOMEREOZFEDO a2 MEERIET 572012, F8 TH LRI %
TLERNT, Z L=V AT AO/RT A—F L AIEME, YA EE2E 2 TRIEZ1T-
7=, Table 2.2 |FHIBRNER 2 G52 5K AT DDNTA—=Z D TH 5, K5/3F7 A—HIC
BT, HROLEIIRENTGD, B/hOLEI/NS WA N MERRWE LT RREE
MRERT, ZHON, WORKNEEITREE 1 5, TRESMNIRTONRT A—20 R
ftE7> & T PRAE F T OHIERLIIFLTHIZ BV THREE 2 BSEFEICER 7 m SR MEZ R LT,

Table 2.2. Results of robustness validation.

Proposed | Proposed | Actor-Critic
method 1 | method 2 method
Maximum weight of the load 2.10 1.49 0.98
Minimum weight of the load 0.00 0.00 0.48
Maximum weight of the trolley 23.05 48.48 23.75
Minimum weight of the trolley 0.00 0.00 0.98
Maximum length of the pendulum 1.33 1.48 0.95
Minimum length of the pendulum 0.21 0.01 0.47
Maximum objective point 5.24 10.00 5.40
Minimum objective point 4.82 -10.00 5.00
Maximum initial angle 14.08 30.00 13.32
Minimum initial angle -14.08 -30.00 -13.32
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23.5 B

RIE L 2, ERIEO =ZFHOWETIE, FEE TREORE I, by E i & s H
HIEOWHEHE N, T2 MECBW T, EE 2 BNEFICEN, thz T,
s E 2 HERRGHIE O 5 L, FE OV IRL THOIEMZRETICITEN TV DN
BN Z MEIZE L ZERbND, 2O LiTu R MEOIRLOILENT 2R b R~
AL TR kﬁ%%%ﬁféé:@VH'%ﬁﬂimﬁﬁAbﬁ®mnxhﬁ THRUY
JFRERIZZENENR B AN MEZERW b b Y efii e 525, AL, W, R
MEOTE S BHIEEREO DL Z S SR ZTRRIC o7t b B2 BND,

24 FLHLABOBE

| 5 k5 &3 2 IR HIE D5 20 IRl 25 R 872 2 B30 S REIERIE Iy el T
DEINDHVAT AEHElNGELE L, ZNETEZLOERPOHY, WOFWRELS L, 1 £
ZRtG & UTo st bR e, S H ) RN X D iR e FHE A IR R L, 7 L— il
B AT AOFEHY I 2 Lb— a VIRV IRBEOAIMEE R LT, ZOHT, St H,
IR R 2 3 o b B IR 7 STk, SR bR RIS i L, AT ORlEPERR D% D 23 L
SNDHHLOD, B ANA MEENTZHIER E 2D L, FEIC &2 IR T HIEERE
NHbO0, aNAMEIH D Z AR LI, S%OERE LT, X0 EH-E2HIE 5
AT MR D ARRBIEORGRENE 2 bivh,

24



FI3E H, BRMEMESEZEA

UTNE A L5 EHIE S AT A

3.1 IIC¥»I

BRERITHFET DL < DU AT LEHMIB L AT LA THY, £ ORHBE(LITmE,
I OW o A TRT Z L1275, Lo LR D, OB CMny HfTo
TTEDPNEIC 2556 0% <, £, RIATETHLZOET MIFZ L ORHENSH
FIET D, ZOX D RY AT AORKIENCIE, FIENGROENET V2B e LRVl
DORFIDAIRERET N T Y —REEHNLEE 725, ZOET AT Y =il LT, ¥A
T DO ANHEEMEE 2 v X2 NI & BT VA2 B E LR WIESRERGHE Th L iRk
BOWHELZFMET 52 LT, BRE & OM AN THIBIRRG S rTaE7e 1 /S 2 ksl E ]
361 ~[38] 3 FHEZ TH D, m AR MEEEIENCEET 5901, REZ TR LRV, Z
D—>THh 5 LHRIB6]D 1 /32 b B HIENL, BB, B OFRR - JE D= H D EF
TR % B/ NRIZ U CHIBEIATRE & 9% Actor-Critic {52 FAWCW 5, T ORHMIL, 1787 K %
7% Actor & PI #ilfHZ:72 & O#lEIZE T 5 Nominal Controller(NC) % W AHIZELE LTV
L2 THD, PIHOEHIEIAT »~ 7 Cld Actor 1TRFE 72720, NC BHHIZZ TS, £
D% Actor X, FHITEY, WHEITHEZ: Actor ZEFHE L TV, LA LRRD, TOH
At & LT, Actor OENEAFEAMIT 5 Critic & BEBIEERELD Q-table THE L TV 5729, K
B TR IBENMEERRIZ 5 2 5 4L 2 I R O FIE S ORI AW L 72D, 2056, b
O U ORFHEDRD I AMREER O LA BZFE LT B 2179 2 & TRG LT b, STERI3TI
1%, ANELAERGER & AT G Ue s b8 C, BESNELA ) L TEIUCI R 9 25 %2175 2
& CTEREOZENCIRO GRS 2 B L Cnd, SCR[4411E, SIS o RBUT IR U TG
H il & st SR OmE S il L TR AT S S AT A Z B LTS, Ll
N5, G H I & OB 21T > T 5 SCEk[44lic B0 2 b S e L, mE
Db LRk, FANCA 7 T A K DB IR LU EE AR LT 5, S 6L,
Wi H | O OHE S 27 JMIHRT, a2 MERE LKA HA LTS,

£, ET A7V —HEER USRS LT, Saik17,[82183 % %, sck17lix, H,
BIEMREZ RAET 25 H , BIErEREMfE#R(H , Tracking performance Compensator, HTC)
CTIN T 7 Y o HEIER O O OFIEHIZ THERL L T\ D, E ORISR 1] & [FER, HIE o
FIEAT » 7%, HTC TY AT LAOHAEITS 2 & THDH, TOM, WIS7 7 ¥ 1 il
DFEEOXVEEL, TINETTDHE HTC IR -> Ty AT AOHKIEZM S, ik[32]
%, /— NEE A BB - BIFRZIT ) @GR A CO#ElL 7 7 ==2—F vy NU—
7 HilEHER(ASFENCS) & RNELE /R v AT M EZET 2 Al AMEE RO 2 S OflEHg T
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ELTWD, LLans, WEEREHEONENS, SEKRSG THLTFvX ) 7
MBET HREEHALTND,

AFSCTIE, SCHRIB6l DR AR L, ZOmpTa s L, FEMRe 2 i 2 72l o 2 7
LEMET D, D, REOIFIEOWM D TR TRIEIND AT DTHIETE, %
DREVFEE - BN ME - VAT AOREWEGE LT, FRNCA T A o ER e LB L
L2 T 7 vz A Keifb a8 il > 2 7 2 (Real-time Reinforcement Learning Control
System, RRLCS)| #4243 %, RRLCS 1E, Wiit[3610 NC ofti v iz v 5 HTC17]
Lt o FETH D Actor-Critic £ & ZAGOETZHIET 27 L TH D, BT, B¢
D L, -7 A AR D H fllOMEE ) v 7 7EEZERWT, #EIAT L0
LZEMEZREH L, HTC OEEFHRZ5 TFE 25 2 & TIBEIERE 2 miii{t 4% Actor %5
B9 %, £72, Critic % Q-table Tid7e <, BREBEICMOZLE NN CHES 5 2 & T, Xk
[36] TIIxHE AN EE T & - 7B EITE) Td 5 MR OIRELRIZ XIS FRE L T 5, &I,
BHMEENREAICEFRERE Y I 2= a ik, ftkoeTe ) —Hl#E K
[17],[32] & PEREICER 21TV, 4D AT AOREEREET 5,

3.2 flfExRROERL
WD n RIFHIG > AT D filflixt % L 5,
x = F(x)+ g(x)u (3.1

ZZT, X= [x,)’c,---,x(”'l)]T = [xl,xl ~-~,xn]T e RMFITV AT LAOIRHELESL, f,g XKD
HHREH T, g >0 LT 5, ulIATMEZTHH, NE. DA KRB ETICEXHZ 5 £ (3.2)
ATEbEND,

x = Ax + B(f(x)+ g(x)u) (3.2
ZZ T,

0 0 - 0] 0]

0 0 1 0 0

A=|: , B=

000 0

0 0 0 0] 1]
T D,

ZDOVAT AL, REEX 2 BEOREr ITBESEL 2 L2 AL LTS, KEBE
Bx L HEEE ST L OBIEGRENY e kA TERDT,

e=r—X (3.3
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ZIZT, e= e,é,---,e(”'l)]T eR“,r:[r,f,---,r(”'l)]T ceR"ch 2,
B f, g DB ThH D L X, AT ADREAN u" 1ZBARTEDbSNS,
u' =g‘1(—f+r(”) +kTe) (3.9
sz k=lk ko k] €ERMET 4= Fow s g, P g By o B G
Thb, ZOREANu #@.DRITAT L ERXEED,
e+ ke 4otk etk e=0 (3.5)

ZZT, k(i=12,---n)iZ@HRICH L, 7V E Y ORE®EMIET D L0 ICRET D,
ZORHRE LTS E, XBB5) LV, KB.DEHWIIL, lime, =012725 Z L3505,

UL, EBRICEREE f, g 3R T=a—I 02y U= 2T, &EAu" 3
%,
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3.3 H, BiEErEmERLTH LT
UTNE A L5 EHIE S AT A

BERT 5 H, BRI S22 7 0 3% MR~ 2 7 Ao S Fig..1 1077

k > Lyapunov P u,
' HTC
(2———> Equation S
v,  Actor
4
r + € ua + 4
>0 * > >O—m8m———
e 1)
Critic " | D error
Y,
P(t)
e
X u
Plant <

Fig.3.1.

Structure of real-time reinforcement learning control system

ZIT, xXITREELERZ by, r ZHEESNZ My, e ZBHGERENY MV, kKiTT
4 — KRy 7 Ay, QIXIEERFTH, PIiX) Y7 7 HBRAOM, u 1358
{5, u, X HTC AR, w TR 2~ ANES, r(e)xmm, P(t) v ssm, 7(¢)

T TD#ETH D,
RV AT LOBHRITREI LA THAT 2,
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3.3.1 H_BierErEmfEas

<V¥7 ) 7HEL>
TNE Y DEEEEMIET 5 K910, BEHEIMERICIRD T 4 — Ry 744 vk
L EERMEMTHIQ ThD U Y7 ) 7 R AL,
AP +PA=—Q (3.6)

ZiZL, Al

0 0 0

A= : 0
0 0 0 1
_kn _kn—l _kz _kl

ThV, ZVEyYDORETHTHL, VYT 7RO P %2 T HTC HhE 5%
RERLT %,

<HTC>
HTC 1%, Actor BRI R Oili#e To 5. H, BIEMEREZ RFES 2 HTC HiE 5 u,
RO L HITEFHT A17],

1

=5, e'PB
-

u, 3.7

2L, TIERRBEERS IC Lo TIREDTERTH D, Actor DM R ilHE %2 RO 5T

O], Zo HTC Tl AT 5, ZofllaHE, H Biereaz3 & 5&at Lz, €
DFEMIS KUY, BT OEHITEE 3.4 HiTHMT L,
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3.8.2 Actor DAERR

HTC O#Ei{ERE R 2 BLINT 2 Z LI XV, BRENERE
Actor 13, ASFNNI[32] CHia S5, Actor @ ASFNN DOt % Fig.3.2 \ZR~7,

(CHEN TG 2 2B IS L VRS D,

Fig.3.2. Auto-structure fuzzy neural network

IIT, niZv AT AORE, RIEL Actor ® NN &/ — ¥, 4, (j=12,--R,
P =12, )3 A A=y TR, bR — R jOBEEE, wiEHREE 2 — R

NEOREEGRIE, u TR FENIESTH D,
Actor DFTRIRTEITITL & - greedy IEH WS-, BALFE G u, 1ITRATRDb I

Do
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R

ij“b]”.’“ with probability 1-¢

=1

u, =1 i (3.8)

ij“b;’“+ns with probability €

=1
L, e REOEE, n TR A A Th%, hUE 1-s ORRT, ASFNN OHA(E
TEVATLADAIEEE L, & DT, ASFNN OIEIEEICHEE ) 4 Xn, 2Nz 1z
EREVATLAOANERE LT HZEZBRL TS, £, /— N j oA L 13K
TROSIN D,

1 .
b} ‘= HAji (e(l_l)) (3.9)
i=1

2L, TEANE, —FThD, A=y TRBA, TR0 T o7 P RTERD

Shb.
(i-1) _ act
A, (e(i'l))= exp {— w} (3.10)

4 \2
(s ) +a

2L, eI HE jEH O — ORISR 2 i FHOANITHT P,
(o P iimasy, @ s 0o/ s 2 L 2T B/ S REERTH S,

BV AT AT, Fig.3.2 @ Actor # H A& L, HEHIZ NN O / — KB - Hilkk
EATH ZEIZKD, RAICREA N AR T 2 2 L AMIFF LT D, HOMEA =
A AFRD L 91272 5[31]1~[35],

</ — Foehn>
Actor OHJE / — FOEEEO R KEIFRATERDODIND,

Frmx :max(b]{“«“f)’ J :1’2"”9R(t) (3.11)
L, R(E)HEMAHCET S/ — FTh D, /— ROBIMERTKATEDbENS,
r_()<r, (3.12)

k2L, T, e/ — FEMEETH D, (.12 Lk, +~To/ — Filid
B, T, F T Z 05, ASFNN OFRTD / — ROMAREHTIH/A20 &AWL,
Brizin/ — RZBM - £ T 5, ARENEZHLOR+IERD /) — ROEALLE, ., 5
BIIkD L H12H 2 5,

R« R+1 (3.13)
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act

Wy =W, (3.14)

e = i) (3.15)

act

R — O, (3.16)

2L, w,,o 3HEERTH D,

3.3.3 Critic D#pk & TD Rz

Critic OHEAEIE, T P, () 315 L, TD #Er(t) 2 AT %, Z LT, TD N
INEL T D LD ET D, ZORMA L TFITRT,
FRICHE - TEHLNIBIMORE V() &L, UTOLICERT S,

27 r(t+n) (3.17)

EEL, yIEEBIRTHY, 0<y<IOERTHE, GADRE, KOLHIEHTE S,

V(e)=r(e)+ 7 (e +1) (3.18)
2T, V) o TaEs Pl) 5L, TR
Me)=r(t)+ Pt +1)—P(2) (3.19)

LEHECE A, ZiEEIT TD s LT, TD EENFHIC LD /NS D L 91
Critic I3FH 7 5,
WRIZ, Critic D& Z7~7, Critic I£ NN CTHRk &4, Fig.3.3 |2 Critic D&% 7R7,
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Fig.3.3. Structure of Critic

2L, J & Critic OFRE/ — RO, w (j =12, J)3FHE j 7 — K-HAo
WAMWE, b ILTRHE — RO TS %,
TR P, () 13 TR S D,

J . .
P(e)= 2wy .20
j=1

%7z, Critic OREFEEIH H 13 tanh BIECCHERLT 5. tanh BIK £, (x) Bt ckb &
N5,

Siann (x) = :%m

BRI AT DENN ~DANPRY MV TH LT, FEEOEEBIIRATEREND,
I . .
1—exp (— Z\/jf’e("l))
i=1
I . .
I+exp (— Zv;’j’e("l))
i=1

L, TRANEOR, vi' (j=12--,J,i=12,---, I FANI)-PHE j / — FH
DFEEMETH D,

(3.21)

b;anh (e(i—l)):

(3.22)
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3.34 FEITNIY XA

Critic 1%, THIFRZEZ/NS T 2L ITFEZITV, Actor (X THIFRENIZ KE<F 5L 91
R EAT O, T ORE, Actor 1%, EBICEWERENE S SN D H R A ST 5, ABFSE
Tl%, NN 0%2E Tld—#%17: Back Propagation(BP) % AW T84 5, HARMIZIE, DL
TORITH > THECERISROEA AR T L2 LIk, FEHETI,

Actor DFE
ou
AwS® =7 - -7 (3.23)
J w act .
awf
ou
Acact — act . n
Ji 776 6Cjzict (3.24)
ac act 6“ ~
Asz%'aaar (3.25)
Gji
Critic DY
i 7 aP a 1 A2
MM =—nT. —L . —| —F
j M oW aa(z ) (3.26)
- . OP of(1.,
AVC.}.’lz— cri | v.__ —7
J? 77" aV;:l an (2 ) (327)

7272 L, cril¥ Critic (29 %, actid Actor [T 5/ NT XA —H 2 F L,
i s g AR RTH S,

Critic l2oW T, 72/2 ZFFIRI% L LGl o BP 447> TV 578, Actor 14 7 4 #3%
BRERRTHIZEY BP 2{ToTW5H, ZZI2IE, 7 14— K vw 7 ilaEm58 o &% T H
LTWa, Bib, RIS CHE) 2V S < 725 T &, Actor OBIEGIDIEE DS
UK % Z L 2L TV B,
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3.4 BRI RT LDREVEMRIT
3.4.1 H_BEtERE

BUERRAENY ML Z e, IEPERAECIMELZ: & DOl S D g ¢, , fllllORA&hid 2 ¢, &
THE, VATADL, A T
el

”é; ” (3.28)

6], = sup

g,eL2 0 t/

H HIEBEL, AT LD L) -7 A % 0 TRWIEERS LLFIZT 2 filffids 4 Kol 5
BMTHAHD

”é; ” (3.29)

sup

g,eL2 0 t/

AL, BIGRENEERS TN ZEE2ERLTEBY, 6 BN/haWEE/PINiE
ETHRIR L Z N nnd, T H BiettRez &£ o7,

<JEH 1>
WRIT H  BOErEREGR.29R A2 ERT 5 2 LN TE, H BithEie%z £b4[17],[18],

JZ e’ Qedt < e’ (0)Pe(0)+ 5 Iof gl & dt (3.30)

ZIT, b T ORAA], & 1T ERRZECAML L & O S Ofp I, 61X 0 TRV
EEH, QIZIEEMFTAH, PIEEATICTP=P" >0 Tho,

<EH 1 OFEH>

i 18] L FER D HETZ o 1 7t 35, L, -/ VA8 XONQ B IEEXFMTHITH
B EMBIRORDNEL Y LD,
2

¢ Q2 J:f e’ Qe (3.31)

2 Iy 1
g|2 :J‘O & Etdl‘ (3.32)

TIT, VAT LONMIKEL(0)=0L L, 33D, (3.32)kxE30RIKATSHE

dz _5|k” (3.33)

B L
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(3.34)

L, g eL,|0, [ chr, LienoT, (B30)RILH, BMAEG29R#EHTE, <
ER A S, O

3.4.2 ZEMMENT

<JEH 2>
HTC OHAEFZB DR EER - &, BBV AT AT H BIEMEREZ - L, VA
T LDOLZEMENRIES S,

<EH 2 OFEHA>
7] & FRE 22 D7 TULT, BEY AT AOREMMT 2 H JBRrReE s UV v 7 74
BuEHANTITY., B.4HXLD

= frau+d-K'e (3.35)

=(f+gu*+d—kTe)—(f+g“+d) (3.36)
=—kTe+g(u* —u)

L%, THAIRBEREKRT S &

é= Ae+B1(u* —u) (3.37)
7277 L,
01 0 0 0 0
0 0 1 0 : 0
A= . 0| B;=
0 0 0 1 0
=k, ko —ky <k L8]

Tho, REVAT LOHBANTRATER DS ND,
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u=u, +u, (3.38)
u I THRAEEENAEETH Y, u, T HTC OIAEETH L, Zhi@3DRITIRAT S &

é:Ae+B1(u*—u,—uh) (3.39)
Bu, & A u DIERE R

E,=u —u, (3.40)
LEFRT D, ThEB.3YXUTAT S &,

é=Ae+B, (s, —u,)

(3.41)
VY7 TREE LT
V =e’Pe (3.42)
BEZDL, MAERRMS T 5 &
V =é"Pe +e'Pé (3.43)

BADKXERAT D &

V =(e"PAe+e"PB, (g, —u,))+ (e’ APe + B (¢, —u, )Pe)
=’ (PA+ APl +2¢"PB, (2, —u,) G40
VY7 7 AE.e) Nz g &

V=—e"Qe+2¢"PB,(g, —u,)

=—-e'Qe—2¢'PB,u, +2¢'PB,c

(3.45)
=—e'Qe—2¢"PBgu, +2¢ PBge,

HTC O IE B DXNEMRAT 5 &

— —¢’Qe- (TPB) +2¢'PBgz,

= —e'Qe- {[2—‘%}@3 - 2{%}% }2 ¥ [27 %}95 (21 %}a o

L7723 »> T,
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V< —eTQe+(2riJ85(2riJeu (3.47)
\/E \/E 3.47
i % W GEE |0, ¢, | RSy T &
2
V(tf )— v(0)< —J-Otf e’ Qedr + [21 %J J‘;f g, ,dt (348

7(,)=0,7(0)=e’ (0)Pe(0) L v,

‘r 1 T g ‘T
JO e’ Qedt <e’ (0)Pe(0)+ (22’ E} L g,&,dt (3.49)
H , iBAEPERE(3.30): & bl L T

o= 22'é (3.50)

Jg

T, (3.49:UT H BIEMREZ R DL TV D, Zhud, JBIEGEAENZ ble BT ERE
g, EWRTEHS 2B I TZEPARIRD 2R LTS, DE Y, EUFRE L HRE
BrRFRTHENL, BIERELARTHD. Ko TY AT AOLEMNGEN Sz, O
LanL, g3 RMOBGRE 2O TRO XS IRET %,
0<guin S€<gm (3.51)

ZIZTC, g ligDOTHR, g HgDERTHL, ZoLx, B.500X%

o'=2r & o 22T£=§ (3.52)

gmin \/E

LB D 5,
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3.4.3 M{LFEEFOH T

(349X D EMARNTIL, ITRFEe, EWMETIS AR TH D & )RR TR Y 3o,
BEER O 1X, 85D, B.52)XLY, AR TH L, TR AEs, 1X, 400X THKDIN,
FaE AN u™ 1, BOAX, BHXLVARTHL, LovL, Mk EEETu, (38.820% L v,
HRICT H70icid, 7 — R j OB 136.9RE D 0<bi <1720T, HiHE )/
— F-HABOREE R E wi DA T TRITTR 5720,

wi“ ZHRICT H720IT, HEENL 21128 AL, #AMECHHZED 5, FEICK
O EF S D RE A LT B,

v WA W+ At < D

i act (3.53)

1 otherwise

72720, DIFAEGHE wi ORNHE TH 25, ORI, FEEORKAM T w" 23 ExHE D
A CHAVE, EHTLHIEEERL TV D,
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35 HEHEII2L—Tav

3.5.1 BEMNXEIERTF

IS RIL, ROLA T I 7 ATRDSNLEHEMNEEIRTFTH D,

mLO? sin 6 cos &

g,.sinf —
m, +m
S = 4 mcos’ 6O (3.47)
| e P
(3 mc+mj
cos @
_ m,+m
g — 4 mCOSZ 9 (348)
| = _TEEs P
(3 mc+mj

ZIT, QIETOME, 0 13EomEE, m_TEEOER, My TEFORR, L
RDES, g REAMEETH, £, WiEskE x=[x.x] =[0.6] v+3,

IO HAOE, SIAN % BHICE 2, REEEx 2 H R B riCBits €5 2 LT
%, RS AT AOBEHRE R AT 5 7=, (1710 H BRI 58 % i < 7=
7 7V 4 HIE(CL T AFC LIRS, MOS80 H CHEER 7 7 ¥ 4 = 2 — T LI
AT A(ASFNCS EFES) & OMERELHIEG Y R 2 L—Ya & (To Tz, 728, fEROR AR R
LA S 2T AT, IREEEMNS L B D bR, FEOM S OBE TRV IET Y I 2 L—
TarvEITHIZEMTEXRN, 7o, IR X7 A0 Critic DILEREIT tanh BI%E AW
Do UBOY S 2 b—y s L THZ TR TH S,

@) O

Fig.3.4. Cart-Pole system
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B EENIRT- O/ F A — 2 ORIESCHRS6]FEE, m,=1.0[kg], m,=0.1[kg], L=1.0[m],
g, =9.8[m/s?]1& Uiz, F7z, W1 E-45 4 (=-0.785[rad]), HIIAHEE O[rad/s]DIRHET, il
BREHIE 300 B, $o 7V L 72 A MiF 001 B, BEEE ST =sin(r) & L7z,

AT AOMERERHE & LT, Sl o ORI 5, il o AR Y 72
0V OREEEECERRR L) & AED 5~30 B & TORMERFEITKIT 5, fili# oo HAL R
W70 OEFEARZECELEF W) % Kb, MEE L7,

_Ef le,|dt / ty (3.49)

J/leda e, ~1) .50

2L, t EHIERER T, 4 R EE R AOMER AR TH D, 2T, 1,=30, £,=5
Th D,

V3al—va r THHALEREV AT AO/RT A —21F, T 2% 3CHR[17], [32] & [H
FRIZ, k,=5.0,k,=1.0,Q =diag{10.0, 10.0},5=0.3,g,.,.=0.6,¢,. =1.5, 1=2,7=5T,=03,0.=02,
1,=1.0,P,=0.1, 4 =0.01,1,=0.01, @ =0.001,7 =0.95,7,"=0.01,7." =0.01, 7" =10.0, 7" =0.01, 7%
=0.01,@,=5.0, ¢, =1.0, @, =0.1, p =500.0, n, =[-10.0, 10.01> —#RELEL, we, 7 (i =1,..., 1 ),( j
=1,2,..., ) OFHEIE [-1.0, 1.0]O—FkELE L LTz, F£72, 350KV 1 =0077 725,
Actor DI ) — F¥UIR=1 ¢ L, O/ —FKD/RT A —H wie et gt (P=1 1),
=1,2,..., R)DOWIHMEIX3.10)xic L W E L 7=, - |

352 YIal—TarER

Fig3.5 128> AT ADIRT D FAE 9 OHERS, Table.3.1 (245 2 AT L O D - RIRR 4R
LR ERARAE, Figl.5 [ZHB VAT LAOMEOHER, Fig3.6 [Z4 Y AT LD OBIER
2O, Fig3.7 |2 Fig3.6 ® 0~5 B OIEKX %R, I 512, Figl3 8 IT|EV AT A
@ TD 47, Fig.3.9 |Z Fig.3.8 OLKEK, Fig3.10 (ZHRET AT AD Actor & HTC OH 1D
R, Figl3.11 ITRET AT A0 Actor D/ — FEOHER, Fig3.12 IZHRE T AT LD Actor
DFEETTED )V NOHER, Fig.3.13 (2 Actor DA77 R ) — RO OIER Y (W
b IV DYOHERB Z T, TERIE & OMRRIRIZIS W T, Fig3.6, Figl3.7 L VR RAT
L(RRLCS)IE, AFC, ASENCS (ZH, A —_—Ta— kY& <, 2z, HIERES0Z
TANTT2wh, BRENNEL hote, ZhUL, B BIEEREA RO HTC & #F 2 XY
Bl Sz bl o AT LD Actor & DL S O HIEEROERIZE b0 EEZ S
b, Wb, Fig3.8, Fig.3.9 ® TD iZEOJNC XV Fgi 7258 M T T D Z &3 h
%o EHIT Fig3.10 £V, R AT AXHIEPIH BRI, HTC B FOifiliElsx LTk
D, BIZ2MZRIZHTC O3 012720, Actor BMEFOHlEIZ LT D Z L3005,
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ZDFERD G, Actor 23 2 TR ChaiiiZe NN OREEICR I LT & 52 5, ERMZRBLATIE,
Table.2.1 £V, fAEO VYRR - FHEFRAIL REVATLAREB/NI L, HNT
ASFNCS, AFC DIETH Y, $HHEZ AT ADPMERIELIVENLTND Z W05, £

Fig.3.11~Fig.3.13 £V, Actor @/ — R NN IZRHT 537 XA —F D /v Ll B 4G
%, HEONITEFHEA~POLL TWD Z Enn, FEBFOVERETRE T L, Actor 7> it 72 il
EER ORI LT Z &35, LarL, Fig3.11l @ Actor D) TF v X U o 793 %
ELTWDLZEnE, /A4 R DREREBEDENTND Z Ennnd, S bHITENIL,

Fig.3.11 @ Actor @ / — R Fig.3.12, Fig.3.13 ® / LV AOEE IR TWDLENS HE 2
%o

Table 3.1. Comparison of error areas and steady state errors of the angle among three

methods
RRLCS AFC[17] ASFNCS[32]

(Proposed)
Error area ) R

7.0x107 1.3x10" 7.8x10"
of the angle

Steady state errors

5.1x107 1.2x107° 2.7x107

of the angle

Fig.3.5. Comparison of control results of the angle among three methods
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Fig.3.6. Comparison of the tracking errors of the angle among three methods

Fig.3.7. The enlarged view of Fig.3.6
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Fig.3.9. The enlarged view of Fig.3.8
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Fig.3.10. The outputs of the Actor and HTC of the proposed system

Fig.3.11. Comparison of the number of the neurons among three methods
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Fig.3.13. The norm of center and width vector of Actor of proposed system
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3.6 i

H, BRI ERR 2 2 72 ) T2 A LI FE AT A2 RE LTz, 618, H il
HHEGROMEE Y Y7 7 HRAEHNT, IBEVATL20ZEN LR L, ZL T, A
B EENVIRF I I 2 b= g 02 kY, BRI KV IRE AT LOAEMEE R LT,

SHOBERE LT, AWML TIIREY AT AORENEGIH LB, RaBHo sk
FHZERELTEY, BRB/RMEKEROVAT LRI LIz EIEE 28, £2 7T,
RENBIFICBIT 2 U OFRME NI L LW 2T MKk DR ENE 2 GRS 2 HliE 23 4
BChn, SHIT, KFEOENIREFS I 2 L—3 3 VIIBEIEEE(G oA E) 2K LT
W, WAMEE ED S5~ BEEREAY ZE LR S ENR VAT AICBT
%, I CEREA B RE Lo HIENEOBRRBE N E 2 Hivd,
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FBAE 74— FAyIHIBICKITS

/N R—E 7 be VBB ETAFAR a RX M 2T A

4.1 XTI

INMET ST D TIgE L LT, Albus MERL, /MU AS—t 7 bo T LTHS

1% CMAC(Cerebellar Model Articulation Controller)[54] & FEEL 5 HREIEET Vv d 5,
CMAC ORIFIX, Wy 7 T v 7T —7 LU &4l ) Bl E O R =a2—J V% v
FT—=ZNN)TH L7, FEPES, "~ RNV =T IZLDFEITRESTHHZ L THD
[50], 7=, Almeida 1%, CMAC ORTH5 LUT 2ZDOFEEFHN TRy FT—7 AH
MELZRDTHIEANAT AR v 7 XX 77 Vs B@wmEsHWEZRXTZ A NY v
CMAC(PCMAC) Z R L T\ 5 [74], £ DORXREEAIL, HEEHOEBIMTHGNS CMAC
U Eo@muvilge iicd 5,

L72>L, CMAC 3 X UPCMAC IFETHIRELO LUT 2\ 5729, ZOWALEETIIEANRE
ENTATEO ZEFITRbN D, E£Tz, IREBENLZWIEE, ZHUTHLT 272D Kk
AV (Za—a Y BBRMEIC/R D, Lu bi, AEVOHLESKMEZEA LT /N2 |
PCMAC (RPCSGD) % #£ % L[56], 1tk PCMAC O A E U Z41x, SHBIZ5GS T CHBIIZHY
MEEDLZ LT L TS, LnL, AEUREINURBE 754, LUT ZKRE< bk
OTF AR AE T L, F£72, AT —%0 LUT OFPEHANOSE, ITRPRENRKELRY
RTVWREEALTND,

FEHOIX, ATVHEERERCIm, f#EtELn LSS, o, ET A7 Y —TrAX
FMEE S AT LOREMEZRIEL, FRCA T T4 VFERELEL LAWY TLH A Lk
{B2EE I > 2 7 A(RRLCS) & BEIZHER L TV 5 [43], % 2 TiE, RRLCS 723, iBREIRZED S
T, H, BletEREmiESRZ M A 7c 7 7 ¥ ¢ BISHIEZ, KOHCHER Y 7V 1 =2 —T L
Xy MU =7 2T 5 L0 BRI HIEPERR - 2 SN2 MEZRL TN D, LA LRRG,
VAT AERERT S NN OGS EORERPHZ E L7z, ERRET N7V —LF X
T, VAT AOREMITD DS T CORIECRE SN TN D, KX TiE, Lu bR
L7z PCMAC |28\ T, LUT Ofb vz, /WME/S—t7 hr(CPYEHWD Z L Z2iRET
%, A6, ek L7/ MNHoOFREORREIZER L, £0il&% PCMAC IZBAT25Z LT,
HltE s 27 AOPALRE @D, AEVEEMZ D, LEMMHITIZIBUVTIE, RRLCS TR
E L2 NN OfEAHIE O ERPAZ IR L2V a2 eT L7 ) —OflHls A7 L&
T2

72, HIERSIE Y R TEZ TR 720, HIE SR OREEIDS UTC, HIEC SR
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e S5, b, =7 b icB0 UM ER = 2 —1 (A F V)OI E
L CHiAMEZMILSE S, £72, ST 5=a—arBNR0nga, RO IREORE
WE b LITHIBML, Wi, —ERMZRanRVW=a—e I 3HIERT2ELT, B2
REER LIRS, I, b ENcma—n L OLZillE - MR S8 5 2 2T, st
GUTHYI R ENEE A L— R AT D Ry NI —2 ZWEST L, 20X 57 CP #Hn5,
U S—& 7 o U BET ARAR S 2 Ml 27 A(CPRCS)) #42%T 5, £ L
T, BEfEEIEFICLDEERK S I 2L —2 a0k, Bk 25 40D RRLCS[43]
S OYRPCSGD[56] £ #2452 Y AT A & OYEREHIR 21T\, 2RV AT 2O EZ R,

4.2 HIENEOER(L
RO N RIRIG S AT M E MR T 5,

x = F(x)+ g(xu (4.1)

Z 2, XNE x o n BEOHRMS, x= [x,)'c,---,x("'l)]T = [xl,xz,m,xn]T [ESV S ANNGEN
REZEHL~T bov, [.g I ZRMTAD 7 —Ouifg(7=72 L g>0), wldHlHANITHD,

:@VX?A@,ﬁ%%@N7FWX%E%%%N7er=nhmﬂHWKE%§ﬁ
5, DF VD, BAEEENRT Mle=r—-X%0ICTHZEHHMELTND, 22T, B f.g
DM THD EE, VAT LAORBANIRATERDEIND,

u' =g_1(—f+”(") +kTe) (4.2)
22, k=lk ko k[ ET 0= BNy s Hg oRs wor, P EEE S 00 B
R Th 5, ZOREATTZG.DRUITRAT D ERAEH S,

e k"™ 4otk _e+ke=0 43)
ZIC, k(i=1,2,...,mNEGB3)RUTK L, Ty Y OREM AT L ICRET D, £
DX HTIE LTSRS, G2REMVE, 33)R&b, }ijget =025 2 LR35,
LovL, FEBEQIE f,g IR D T, CPEZHWT, @ Au" #iLl 4%,

4.3 BRI BN —FEF KB EFL

BETD CP XRET /(LT CP)% Figl.l (2 d, R AT AT, AN, (i
=1,2,..on) B LIET =22V Tnd, Lo, #FETD CP T, ANWERAE&ET
b7, BEANTHIET, BEEOT AT LAEFEBT 5, Figdl OSHNE 1 2O=
a—Bm e B, EFREILDZ R 22 (Receptive-Field Space) & /37 A — & 22 ]
(Parameter Space)x £FF > b D LT 5, £/, FMICHBWT, L —CTEbLNTZ=2—1 T,
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ANTEHS Licdifs Shic=a—n U e RDT, 87T 5 CP OFfE LT, Z Okl

Receptive-Field Parameter
Space b Space p;,
1, L\ p’//:
)
Association /2 /) /
/ ~f\.- —
’ /_ b, UAW ». _—
\.} N\ -1
o—y VISASIR 7=

Fig.4.1. Structure of the cerebellar perceptron improved model

PRAAT 9 WG 22 (Association Space) T, AJIZEEZE T, BITEO SIS MR8 % B
THZELICKY, BUREBIZHS T 28R = 2 —n VR IRET D,

CP O—HDMBREIIROEYD TH D, FTANEEZMNT, HEZRICT, A%
EMOHD T BB OR L, L OMBEERR L, #ii=a—nr2RET D, £LT,
Wif Lic=a—ny, TOZEHGEMOA YT L Bb, « T A—ZZERONRT AR
v Kp, « YT TAMEW, OFFNZ L > TCP OMNETu, 20T %,

LIF, BARRIIZ CP OB OMERIZ DWW TR %,

ERGZER AL, L JEAOT Y T YBEEICEBT 5 i BTN T 59 c, & O
BEd, 244 TEET S,

dj=§:

i=l1

<L—cy,‘j:LL~3m (4.4)
2T, mi3E=a—nrBATIERTHD, WlEid, 2VhEWIEE, ZREIFERIZB
T=a—RrrOEEENRE 2545, Tolew, Wld, 2/ SWIRIZIES, £
DHEER NS VT a (a<m) D=2 —o v 2l 5, Ol LESETO=2—
o a2 AT, WESu, RAEKRESND,

£/, HEREZEMORE@GHRIL, HEBERICSCTEZDZENRTE D, K LTIE, 7
4 — Ry Il AT ATRET S CP VA0, Biste™ 2 ANEKI, L+
%o T OYE, BRAFEITFRFHIRE T 212oH 0 13 < 729, Hl#REREZI g e, 23
0TfHED = a—a VEENNKIEZ /R D, 207, oo T VBBOPLOI%EEE LI-(4.4)
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ATELRLL TS,
SRBER SR, BRRO= a—u U OMMRRINEICELBAE LD K D il i
%éﬂé%%ﬁﬁ?&éo@%éhk:n~m/H@jﬁax@ﬁwm%wﬁmﬁvv7
VB CRBIT S,
2
( CLZSSOC)

s = II@@ @fmmf , j=12,-.a (4.5)

i

ZIT, " o R ERER S jRBO=2a—n DA T VEBICBIT D
FEADODANCHT 200 - HETH Y, assoc | FEfE Shic=a—n U 2 @%T 5, b~
DEIE, =a—a Nk LD LA ERORE SICST 5, 72k, MHifESn7-h
D S OEAE

r
assoc assoc assoc assoc assoc assoc
C=1C1 »C sC 5 Chn s G 575Gy ] (4.6)
r
assoc assoc assoc assoc assoc assoc
G [O' ...’O' 0'12 ’...’O'n2 ’...’O'la ’...’O'na ] (47)

TH 5D,
NI A= #fE SN a—a OO L jHBO/RNT A =X Z2fIT RO
A BRY v 7K pP TEBET D,

p;ZSSOC — passoc + pl SSOCI + + paSSOC] J _ 1,2, .. -, a (48)
S PO P Py ‘#émt:;—mywﬁ%ﬂﬁxrUyaﬁ@ﬁﬁv@
5, ZOBRELESICEILESEDLZ LI , HENENEE DL ZEE2BIFL TS
@k,pﬁéhtﬁ%ﬂ7%%)y7ﬂ@%ﬁ®$é
pi = pzfsoc)ngsoca' ' ,’pzzsoc]T, l = 0,1,‘ * ',(,l (49)
THh D,
HAMEE - CP OHIE S u, 1%, KX TRDEND,
u,=b"Pw=y’w (4.10)
=72 L
vy’ =b'P (4.11)
assoc assoc assoc T ax
b:L b o b ] beR™ 4.12)
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_plllSSO(] 0 o 0 7]
0 assoc :
P- : " | PeR™
: . 0 (4.13)
assoc
0 e 0 pie)
[ assoc awoc e WZSSOC]T W e R(ZXI (414)
bﬂSY()C assoc mvoc

ThbH, ZIT, P Wi (=12, a)iEERER, R SN/ Y - T R
— B e T T AFEDO =2 —a L DEED P, WD 1 DDEFETH 5,

Bz 1%, Figdl D7 L—THEISF SN a—n o i Sn=a2—o U #F L L, Figl
DERANNIET D=2 —ar OKEMEbLPLW ETEH, TLT, EOBIEICES %5
21256, J—0O=ma—nrnEEihi-oca—n o BiZa=3 THY, HEiEINT-ZE
B« RF A= « F T AMEIZENENDD,D, 0 Py DDy, Wy W, Wy L2 % L T
R (412)ROESb OFEFITH " =b,, by =bs b7 =b,  4.13)ROELP DK EHK

assoc assoc assoc assoc assoc

P =Py, P2 =Ps.Py =D, GI)ROEEOWKEREIW =w,, W, =W,
Wi =Wy L e Bz, HE U, 1 @10)R LY
u, =b,p,w, +bspsws +b,p,w, (4.15)

LB,

43.1 BOHEETNITY XA

METHCPIL, Frln=a—mrOAREAELE RS TE=2— v U DHEICLST, =
2 — B UEOBBIEEEZ{T > TWD, 2L D, BUREBIZXHE L7z CP 2MER S, 2%
DORWHIEZ ATREICT 5, HOMEA D =X AFTRO X 912785,

Sa—u L OER | HREERILERRES S VO R MEE d T 5, ok, M
DFMEIFRATRHRE SN,

d=min(d,) j=12--m (4.16)

min

=a—nrOEREINd,, 2d, T U, Bt a—ar k2 EkT 5, 2L, d,
AERBE o D, AR SN m 2 — 0 L ORZEM DT A— X FRO L5125 %
BB,

pre
=0,¢,41) =115 O(nn) = O
(4.17)
pre pre
Poma =Po > Pima = Pi

pre

s, Pre p() ipre(l.zlyzy.“’n)ﬂiIE@'fE’j;i’C\‘g@éo —a—0 ‘/4}&7’}’[ &i, m<«—m+1T7T
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FH I D,
Sa—RUOHEE  Fma—m (=12, m)ICEEERKS 2525, S, oIiET
1.0 THY, WOXIITEFEZITH.

S, (t)-exp(- B,) if not associate
5 (t+1)= {Sj (t) [2 —exp (— B, (1 -, (t)))] if associate

=12,---,m  (4.18)

ZIT, BB 20 EEENEHTH L, EAE M CHAE SN e 2 —r VOEEE A LIS,
Wi Sneholrma—a r OEEELS FIF 5,

=a—a Y OEERMS, S, 2T, =a—ur j 2R h=a—u 2Lk
L, WET5, 2720, S, ITHEHRETHY, m>azl-TROLHEEELTD, HIHY)
W, =2 —v DEUIERA R KT, ERIRERIZ D & 418 LY, =a—u Him
T a T2 5, =2 —m U EEFREEN —BT 5720, HffShd=a—n VEEESND,
DFEV, ZOafido=a—m ) THHNEEZ HEESr IGBESE 5] B kb9,
AR LI THIEIX G 2 i b3 D Hl A U, ZHEETE 5,
Za—nUHOHHE A =X LIZEBWT, SCHER[40], [56]& OEVNE, 3Cik[40]1%, HE
ORI T T 7 VEBOHIEIC X DB L TS Z & T, CHR[56]I,
ZD=a2—mrYOHEZIT>TVRNIETHD,

4.4 /INPR—tF b rBETSARBAR g R FEH#ET AT L

ERT D/ —8 7 br B BET AVRHR g S 2 R 2 2 7 A (CPRCS) % Fig.4.2
R, BBV AT AL, Plant O OKIEILA T A T ¢ o 7 ELKE Tz m 32 Ml
#HRCO)TITVY, ZDOMIT CP il 22l gs 2 L, 4.2)NOmEA u” 23 %,
TEFIRREIC 72 D &, HEEE S 7= CP 738 Plant Ol &2 AV, RC iXf@ A u” & CP 2LV i
WA P LTz U, & otz T Hig L, MEREZ 1A E&® %, CPRCS OfilHIfEHu %
WA TEDT,

u=u,+u, (4.19)
ZIZC, u lZRCOMNTHLD, £z, ATAT 4 7 ERs #IRATERT D,
t
s=e" V4 kle("'z) +-+k, _[O e(r)dz (4.20)

2T, k(=12 )3T 4= Ry 7 S o ThH D, HIZ, IEPREEZITHHE T AR
Kl 2 R TERT D,

u==@4+0

. 25 S (4.21)

53



A

HC'
\ Cerebellar
“|  Perceptron(CP)
r + e I ; +
o | Sliding ! Robust “ S
7] surface 5|  Controller(RC) i
< +
X (73
Plant
Fig.4.2. A cerebellar perceptron-based robust control system
ZZT,

S IIHEERTH L,

4.4.1 /PENN—ET e BRET VDI

Bl 7 CP OFIEE Sul 1T A u” 2T 25 Z LR TE, ThidkATERbah D,

u ' =ul +A=y W +A (4.22)

ZIT, yLWIRENE Ly, w DEGER 7 L, AMTERERETH D, Ll EERICRK

W7 MERET D2 EIIRETH Y, WZRBRWEERH D, £ 2T, kAT
AL L7 CPHETERR ZIRD L D ITERT D,

QE

~ A A

=y w (4.23)
ZIT, PL,WiEERERY W OHEESRZ ML TH D, LT, A u" i CP
HeERR U, OWEERIEZ IR D X 5 ITERT 5.
u=u —u
=y W - WA (4.24)
=YW+ W+ W+HA
IIT, Y=y -y, W=

5, G DTA TSR AR B,
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y=D.¢+D.6+D;p,+---+D.p, +h
—D!¢+D!5+> D'p,+h (429
i=0

2T, hIIFmKRENRY RV, €=¢" —¢, 6=6¢" -6, p,=p, —P,(i=0,1,....n) TH Y,

V= [&1 W, - W, ]T (4.26)
Oy, Oy oy
D = —_r Zr2 ., Z7a
| ac Py B } B (4.27)
[ Oy, Oy 1%
D — 1 2 .. a
° | be o6 2 |_. (4.28)

0 0 0
Di: li”l l//2 e &i| ’l'zo’l’...’n (429)
op;, 0p, op |
Thb, (425N E(@2)RUTRAT L ERAEHED,
u= \’|\ITV~V+ETDCVAV+ETDGVAV+Zﬁ?DiVAV+8 (4.30)

i=0

ZoT, EEs=A+h"W+y' WTH B,
72, @00AXDRT AT 4 7B S OFL E BRI T 5 LRz 1G5,

$(t)=e" + ke +- vk e (4.31)

T, (419 Z@.DAURAT L LR E2H 5,

[y
[y

X" = f+gu, +ur) (4.32)

@30z, @2, @32)RXEHWD ERXEHES,
5(t)= (r(") — x(”))+ kle(”_l) +---+ke

=g(u* —u, —ur)
I, glERABEETHLIN, 0<g L LTH bk bhin, 22T, 0<g8<g,,
CUET D, g 1dg D ERERCTHD, GD)ROBEMED XA F I 7 A gkt LT,
TR E 7RMEIT Emax HRXETIUE, AT MMERICHEE 5 2720, CP OHNE S u, 1%
CP HEEZRM@A2)XEFBTHH-0, (4.33)RU(@30)XE2 AT D EkXE255,

(4.33)
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$(z)=gm[q;TW+ETDW +6 DW+ZI3TDW+€—M,) (4.34)

PLEDNT %2 FHWT, ZEMEMNT 217 9 [31],[56].

4.4.2 BEMENT
VY7 ) 7% E LTk EEZ 5,

1(s> wW'w ¢T'¢ 6’6 &p/p
V=—|—+ + + LS PP

p 77w 77c 770 i=0 771'

22T, e 06, (=01, ., n IZ TN ENIEDIE Z FF OB REL, p 1 IRGHTERTH 2,
WA 2 R 5 L IRKE 155,

(4.35)

. ~T A~ ~T A~ ~T A n =T~
. S W W cC C [N ¢ P
V=""+ +— +Zu
(o3

(4.36)
10 nw nc 77 i=0 771'
434 % ERUTRAT D ERAEG5,
V= VVT(—ng W+ ﬁ} + ET(—nga" D W+ i)
P 7 Y P
1+ g7 | 2o D(,vAv+i
oy Ny (4.37)
+>'p; 08 Dl.vi'+& +Sgﬂ(g—ur)
i=0 P 1; P
ZIT, @200 e SR Mgy OWRERS 2RO L HIZEFRT D,
Yo,
0=—r (4.38)
& max

ZZT, WEEEIITER p, 8 IZL o THERMIICIRET 2 EHTHH T2, BIRERO
130<g=< g DIRED T THMTHB[17],[43], # LT, KDL 5 ITHEGAIZ 52 5,

w=—w="00 (4.39)

56



W HI(4.39)K~(4.42) &2 (437 RUTMAT 5 L kA2 15 5,

¢=—C¢=""D w
5

6=-6=""p w
5

A ~ n.s ~

=—p. =1"p W,

p,=-P,="cD,

S

V=2 e-u,)

o

@2 2 Mgy, AT D ERXER/RD,

T, WA R0 | TR T 5, Ards, o RO TH 5,

zz, Ve,)z0n0c

1 ¢ 1 .
> NERUE V(O)+552 ['&a

S (54 +1)S2

5 25*

vie,)-v(0)< —%J;fszdt+ %51? &dt

i=0,l---,n

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

Lt VO)RUITER#AE e BERRBIE, ATATF 4 v VEHs 1t >0 T 0 TR

T 5[17-18],[311,[56], L= T, #EI AT LAOLEMHITFIA S 720

57



45 HEHIIz2L—Tav

4.5.1 BEMNXENIERETF

HERI g, 5 3 WEFEROL A F IV A TROINDBHEMEENIR T TH D, il
DHBNE, FIEAN w ZEFICE R, IKBEEx ZBEEEr GBS Y2 Th D, #7#
FT L/ —t 7 b o o BT AR R g o8 2 SIS 2 5 5 (CPRCS) DB TEMERE %
WEET D708, ERIED g BIETERERiE RS 20 2. 72V 7L & A Aok R fil s 2 7 L
(RRLCS)[43] L HEY AT A LREBED o R A Mg & FF> A £ U 0 B B A RIS HE 28 A
L72mr /32 k PCMAC (RPCSGD)[56] & DMEREMHG Y R = L— 3 V&2 7o Tz, A& A
SR A DR T A — S OFEIFICHR[S6]IRIER, m,=1.0[kg], m,=0.1[kg], L=1.0[m], g =9.8[m/s?]
& UTe, Fiz, WA EE-45 BE(=-0.785[rad]), #IHIMAEEE O[rad/s]OHRRE T, HITEHIRFRH]IX 30.0
B, %7V a4 a0 000 B, HIERESIZOr=sin() @ef 1) & O
7 =0.5sin(¢)+0.5cos(2¢)(ref 2) D> 2 r— 2 & Lz,

VAT AOMRERHE & LT, (3.49),(3.50)F N CRERE S D HilfHIH O£ E ORRRER AT FELS
%t 9 2 A o0 BAALIRERR] 2 72 ) O R CEARE TR & A D 5~30 B E CoREm
FELZ k9~ 2 il o0 AL IRER] 24 72 0 O RE FHRAZCEEF R A & 9 2 DO A HWT, K
AEL 7=,

V3al—yar THEALERES AT AONRT A= IRBRICLY, n=2, a=3, k
=4.0, k,=8.0, d,=0.2, B,=0.15, B,=0.15, §,=0.1, o/"“=0.2, p¥“=0.5, p!/“=10,
py=15, n,=1.0, n.=0.01, 1,=0.01, 17,=1.0, 1,=0.5, 17,=0.1 & L7=, LT, g
=10.0, p=3.0 &L, 438)XXLV F5=03 L7405, CPOYM=a—m HiIm=a=3 L L,
ZD=a2—nm DT A—=ZOYIEIZAIDRIC KV IRE LTz, 72721, Hil e, ¢, =0.0,

i

¢, =05, ¢, =05(i=1,2)& L=, £7=, CP OANER] (=1,212 1, =) ch 5,

452 vIal—TarER
fER1: BEEEODOr =Sin(t)§ref 1)

Table 4.1 |Z HAR(E 5 O(ref 1) D> AT LONW-YIFRZEHEE & V) E F WA, Figd3 IZIET
DA OWER, Figdd I8 AT AOIRT- O E OB ZOHER e DR, Figds |2
Fig.4.6 DILKM % -7,

Figd3 XV & VAT AMIAERTNLENOBEEFITBIEL TWAD Z &0 bl psh
L7z Z &85, EkikE OMREREICEWT, ETHEESOO®MIE, Figdd OXK
FIL Y, MEOBHEEAEN 0.02 LLFIZRo72E W) 1T, 0 12 SV e lERHN AT
LIINEIZHEF > AT L(CPRCS), RRLCS, RPCSGD T®H - 7=, Table.d.l DIERM2E S

58



DIERINREIL, 2% A7 A, RRLCS, RPCSGD DJEIZENTWD Z ERnyind, LiED
FERMNOIRE T AT M, BIEREOM B EEFIRBOZEIITZ, T CP D%
BICHWNT, RIS U R =2 —a o DL a2 FARRE R LT\ 5729, Eisi 7k
AT ORENTREIC o b D EZ BN,

HEEEODLEEDSBR5MAEE LT, Fig4.6 ICHREI AT L0 CP & RC OH D
HR, Figd T 1KV AT LD =2 —10 (AT V) m O, Figd 8 ITIREL AT ADiH
fishiz 3 =2 —nrOHEHA4.49XB ) O, Figd.9 ICRES AT AOHEM ST
T AMENRT Fbw DV AOHER, Figd.10 [EME SN 7o T O L
7 Rve s BT Mve D NV AOHER, Figd 11 OERE SN2 T A Y w7 XORE
<7t bp (i=0,1,2) DHERE 2077,

Fig4.6 7266, 1 BT CP BWMANEME L= L 525, £z, FHL AR Ml
% F52 RPCSGD & Table. 1() D EF WA ANA U-BH & LTI, AT =201t
EATDRMN TR0, AMSE R = o — 0 522 [ CREONE S U5 BN HIER C & 72 528
P b, FigdT D=a—a Y HRAT IV HOHBIZEBNTH, HEVAT AR b=
2= HEMZ DI ENTEIZ, L, RAIOFREZ 19 IZHBNT, =a—m1 R 1D
ML WA, Zhid Figd.8 D AT —4 L OIFEEN R b/N S W= 2 — 1 VN KHIOR
%19 BT, AEE 0.2 % Elalo7=7-0Th b, SF L 19 B E T CP X ¥ERE A
NTHY, ILRHAHESELEOT-DORINL, REIC o= a—a BT IThIBRS
NTW5, &#%IZ, Figd.9~4.11 L0, AL 1 B THENT A —=F D /) )V AP EHEH)
IR L TWAD2, /I T mBw &37 2 MU w7 Rootep, o/ VAR L TV %
EE R p TG (4.42) A iR < & BIERREOHENEE SNRWER R D720,
INT A—BOHEFHPEIATOI, TOREN ) I T NVEREELZEEZbND, I
OEEFMEIZPR S E S 2 ENRTENE, S HRLMREN EDREHLEEZEZBND,

Table 4.1 Comparison of error areas and steady state errors of the angle among three

methods for ref 1

CPRCS RRLCS RPCSGDI[56]
(Proposed) (Chapter 2)
Error area 5 3 3
3.9x10" 7.0x10" 9.6x10"
of the angle
Steady state errors
4.5x107 5.1x107 1.6x107°
of the angle
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Fig.4.3. Comparison of control results of the angle among three methods for ref 1

Fig.4.4. Comparison of tracking errors of the angle among three methods for ref 1
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Fig.4.5. The enlarged view of Fig.4.5

Fig.4.6. The outputs of the controller of the proposed system for ref 1
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Fig.4.7. The number of neurons or memories of the each system for ref 1

Fig.4.8. The distance between the input the center of the associated neuron of the

proposed system for ref 1
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= |

Fig.4.10. The norm of center and variance vector of the proposed system for ref 1
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Fig.4.11. The norm of parametric parameter vectors of the proposed system for ref 1

fER 2 . HEEEEOr=0.5sin(t)+0.5cos(2t) (xef 2)

Table 4.2 (2 HEEE 5@ (ref 2)D4 T AT LDONLJRRAHFE & ) EF 72, Fig4d.12 IR
T OO OHER, Figd.13 124853 AT LOIRT O AEOBIEGRRZOHER e DR, Figd.14
\Z Fig.4.13 OPLKRK Z 7,

Fig4.12 LV KT AT MIMAERENEN O BIEEEFITBIEL TWD Z & Bl pk )
L7z Z WD, TERIEE OMRELERIZIHV T, 0 (ZRIE L7232 o 27 A TIE
IZHEZ T AT A(CPRCS), RRLCS, RPCSGD THhH o723, #EV AT MMIA—/N—T 2 —
RAFEAE LTe 7z, RO S 5 b HERRILFHE T X 720,

Table.4.2 DE®AIRBLINORRZETE - EW WAL, % A7 A, RRLCS, RPCSGD
DNEIZENTND Z EBnnDd, ULEORERNOIRE L AT 2, HHER BIEEEOEE,
F—_"—=Ta— ERFAET HD, CP BEOIRRRIZIN Ui ble = o — v o D & & i {K RS
HLTWA72®), BROICIURL, BBt E R LTz,

HIEEZQDLEEDE L2 5MEEE LT, Fig4.15 IZRE AT L0 CP & RC oD
e, Figd.16 IZHK Y AT LD =2 —8a (A E V) m O, Figd 17T ITHRES AT LD
AL S 3 D=2 — 1 O (4.4 OHERS, Fig4.18 ITIRE T AT LAOHE S
7T T AMENRY Fbw DV AOHERS, Fig4.19 ([SEfE S o7 O I
R Fbe » DERT Fbe D/ IV AOHER, Figd.20 [ZHEFE SN 3T X MU v 7 Kofk
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¥exs b vp (i=0,1,2) DHERB & R T,

Fig4.15 726 H, 18T CP BIRBANZHEE LI L E 2%, Figd.16 D==a—1 X
AEVEOHBICENTY, BEVATLARRb=2— 0 BEMADL LN TE L, K
iz, Fig4.17 L0, HBIEIRERIK) 5 B AR = = — 0 > OfEd  2ER AR L,
Fig.4.18~Fig.4.20 £V, £/XT7 XA =2 D/ LV AL FKOKER R 5N D, T b OfER)
& HIEIREZIK) 5 ) CliciiZg CP 2L C& /& 5% 2,

Table 4.2. Comparison of error areas and steady state errors of the angle among three

methods for ref 2

CPRCS RRLCS RPCSGDI[56]
(Proposed) (Chapter 2)
Error area 5 )
8.5x107 1.3x10" 1.8x10"
of the angle
Steady state errors
3.9x107" 1.1x107° 6.8x107
of the angle

Fig.4.12. Comparison of control results of the angle among three methods for ref 2
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Fig.4.13. Comparison of tracking errors of the angle among three methods for ref 2

Fig.4.14. The enlarged view of Fig.4.14
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Fig.4.15. The outputs of the controller of the proposed system for ref 2

Fig.4.16. The number of neurons or memories of the each system for ref 2
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Fig.4.17. The distance between the input the center of the associated neuron of the

proposed system for ref 2

it

Mo of wzig

Fig.4.18. The norm of weight vector of the proposed system for ref 2
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Fig.4.19. The norm of center and variance vector of the proposed system for ref 2

Fig.4.20. The norm of parametric parameter vectors of the proposed system for ref 2
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46 F&¥

PMOFLBOBERICER L, NHA—ET hu B BETAERRELE, 518, Ih
Zu AN M 2T MTEAL, SRS S DICEM LIE{EE 2 L—X2fTbE D
HH s 27 LA TH L= 7 bu K BETARMM e S S 2T A2 R
L, BFMEENETF Y Iab—va it ky, Zoa8kER LT,

SHOER L LT, KL TIHRE Y AT LD = 2 — 1 COfE#E —EI2 LTV,
HIET G OARRRIC & o THBS A BISHICE X TO S FIEREZ B,
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EHFE 74— F7xU—FEflicBiT5ECRES

/N R—E 7 bue VB BETAFAR e R M 2T A

5.1 XC®IZC

WATETIE, 74— KXy ZHIICEB VT CMAC IZBRBEE(L~DOH IS E e L 35, =
2= O#ET) HeMHEA T =X L& MM LT, HOolE MY S—27 ha v R
TN L DN MY AT L ERE Lz, AR AT 2 L ER e
IRLTEM, HIRE L TEFRENK T, TORKAELT22o8x615, 1 DF7 44— F
ANy ZHIIIZ LD 1 RRAIRTORREZ FEITHIH 21T 5 Z LIT L HBIET, o> 1 DIFH O
EADZARIE D=a— O TA U2 R flIHEEOS RSN D £ TOREAS
DODEEHTHD, bk, HlfEy AT AOIBHES) OIK Fe—Ri e R L E(L NS 2
bIvs,

1 DHOBIEDMERIEL LT, JNADAEKROEITIENEET 57 BB TH L7 1 — I
v 7 R (FEL)[50-531% 8 A4 %, FEL TlE, E#ho HEEfuE & 77 > b O EBLE K]
DBRZEE AN TMEOHNEET VOEEEZIT S, EORGHEL, AT LREOKRELT
LEMEMRAEIC R A R 72 0ER D 7 ¢ — R3w 7 filfili#R(Conventional Feedback Controller, CFC)
ENRONIHET VLB T H=a—F Ly NT—TWNN)D | FlECTHDHLE/ —&7 K
2 > (Multi Layer Perceptron, MLP)IZ X % 7 ¢ — R 7 #+ U — Kl {#l % (Neural Network
Feedforward Controller, NNFC) CH#ik S415[51], CFC ZiizERs s L TR T 5 2 & Tk
72 NN 2Rk S 4, Jef&IC CFC ot 01272 5.

2OHD = a—nm UEEBEOMREE LT, BOME A =X A0V IZH S A
A= AN AT D, RAH=ANIK/=a—0 & LA BT OEREE 4 3 Bt
BAIZEL, 3 2 ECIEHIBRLEEEENMEW=a—a U EHIBR LRV, RbYiZ, 20
EFEO=a—m @G, HIBRTH=a2—nrOEHZKT, Zhicky), =2—n
ORI X DHE S 2T AO—RIR R LEE R Z HITIETH D,

FEL %M L 7= THF%E[43,51-52] & LC, Sabahi ©[51]X° Farivar 5[52]i%, CFC & LT
PID fill##%, NNFC & LTV 7 ¥ 4 =a—TJ /Ry hU—2 Z [\, Sabahi HIXE T AT
AIZHF LT, Farivar Hld~=t = L—&{Zxf L SRR G 2 /8Bl L=, LaxL7ans
5, NN O==a—8 b OPIMEICEREN AL ST 0 E WS fEZH LT
Do £IT, EHDIL, 74— Ay ZHITEICZBWTH BREPEREE R & eI BN
HOMER Y 7o 4 =a—TF /%y hU—Z(ASFNN)[31-35]iC L B U 7 /v & A Liifb 2338
HlfE S 27 A(RRLCS)ZHREFE L, —=—r VEOMBEZ MR L, B BIEMRE L v XA |
PEZIRLTZ[43], LI LR D, #liEI AT AME7 4 — R 7 4+ U — Nl 247 > TRz
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W, AEENE L ORMEET S, —F, @otlEolEE AT T — K7+ U —

NI & FZBL U 72 61 7iFSE[53] & LC, Topalov 51 CFC & LT PD #ll{#lZ5, NNFC & LT
MLP #H\, ZOFEEL LT, AFA47 4 > 7 F— N OB Z - 7@ s ] <17 9
Za— B A T AT ¢ vV — RHEIINASCS) 2424 L72[53], bk, 74— R7 %
U — REEBL U ZEWMIT 21TV, ARy h~=t a2 L—XHl#ENcE Lz, UL
25, SCHER[51-52] & [ARRDRIENNE 2 5D,

ARG TIE, NNFCIZH; 3 Wi 2Ry MY — 27 25T 5/ i/ ~—2 7 e v
BBETFTVCPZFRIHT S, ZOFEF M, FEL L HOC@AEA D= AL EZEATLH LT
KO AL=KT, fex 284 F I 7 ZTHhSalRe 2 il > 2 7 L& B 69, £ D728, NNFC
Z CP THESEL7- THCRA/ MM/ S —t& 7 b o o B 7 VR HREIE > 2 5 \(AFCPCS) )
BIRET D, CFCIZIZATA T 4 v 7 — R OESZ o 32 MMilf#lgs 2 VL,
I EBEEMEE UTFEL # W25 HIZ XV, NNFC THh 5 CP Il R o€ T L%
AL, 74— F74U— NllZE83 5, 2L T, BEMZHERARD5HHBS
Ral—va ik, 9k AT A0 RRLCS[43] % TN NASCS[S3] LR AT L L O
RELLER 21TV, BBV AT AOFIMEE T,

5.2 74— KXy r@EazE2H
WO n RIERIE S 2T LG &35,

X = f (x)+ g(x)u (5.1)

-z, X" x o n oS, x=[x,5c,---,x("_l)]r=[x1,x2,---,xn]Tﬂi°/7<7‘.L\O)4j<
R MV, fLglIRAMOEHEET-72 L g>0), ueRIFHIHATNTH 5,
ZOYVRT AL, REERSS MX & REEHAY e = he [ cait s
5, OFV, BURENRT Mle=r—x%=0IC7T5ZxHHELTND,
EB RSN DNEET VL, MBSO LD MEICHFET 2 £ ZE 2 b T
U0 22T, Figsl OXOIRT4—R74xU— Rz %E 2%, gL+
Z f OWET L [TAMEORNBEFATHY, 74— K7+ U— NI X - CEdhig
Tu A2HAL TS, ZOWFETVEMND L, BIRESr 2 AT LTckr ORI RO )
FBETHHIREEZH x ITRO X HIzKbINS,

x=f@)=f0q@»=r (5.2)

WREZAE X ITEEE R ric—3 L, BREEelT 012725720, BRI /2 23800
BT&x5, 20, MRITHIERISOWET NV ENTET LV TERL, 70— 74U —
R AT > T2,

WD T 4 — Py 7 AEFEEIC X HHIHI AT L% Figl IS8T, 2OV AT AL, B

72



U e
> NNFC
e amnnnns +
r + e ] Uepe ' +
> CFC lllllllll * ,V
X
Plant < LU

Fig.5.1. Structure of feedback error learning

PEERETr ZNNDOANETDHT 4 — K74 T — FHIEZERNNFC) U e & HIEE 51 &RIEZ
BxDitiEe=r—xz AL T257 14— Ky 7 HlIHZCFC) U pe THERLSND[51], Z L
T, SR Plant)~OHIHEI A u 1X

U=Uyype T Uepe (5.1)
EMR Do Uy DFBET TV XLOREIET, KERFEESZu" &L, FHOLDO

AR A R TERT 5,

E =—(u* —uNNFC) (5.2)

(5.3)

ZITC nIREOFEER TH D U — Uy D0 D EE, T 4 — KT 4 U — R U e
1T, FAHEZRHIES R TE TR, 74— Ry ZHIER Ot 73 0 12725 Z &
EREWT D, LD o T’ =y 1E U ope \CERIT 2 2 R TE D, (53RO u” —u e &
U \CIEEHRZ D &

Ol yyrc

Aw = n- “Ucpe (5.4)
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LD, TN ADRE LIMECE T 5EBHEOFEET LV THDHT 4 — KXy
PAETH TH H[50], 2D AT LD NNFC ##ET 5/ Mg N—t 7 bu VBB E7 /LT
L, MAS DHEMEZEBT LV AT LAERET D,

5.3 BRI B/PHNI—FEF R rKkBETL

FIHT /M=t 7 ha v BET LV (CP)%& Figs52 (&7~ d, T ALK
(i=12,---,2)Z AT, AJJJE(Input Layer) T, H [HIfE(Hidden Layer)DAffifii g, 2 55 L,
HRE OGS = = — 1 A RET H(Fig.s2 TiEZ L—TCTafHT Dy, £ LT, TOH Y
VT UBERD, &, T OPEEOM ) & HTIRE(Output Layer) R O & i B w, OFaf1 & /3T A
MY v 7K pick->TCPOHAu, 2RDDH 2 LNTE S, LIFIZHBOMRZHITT 5,
AN ADESL, 2 NS LI OHTE j & H O =2 —n »Ofifi g, 2559 %,

= (]i —Cy )2 .

qj=IIem)-"———7—— o J=L2,m (5.5)

il O
ZIT mid=ma—a OV, o 3R jEH O — FORKBEEIZE T 5 i
HOAINZKT DL, o IZRIER D Th b, LT 7 o7 CBEEARE VG2
a(a<m)EOFRHE=o2—u 2L, TodkE L-PREE2HCCHDZRET S,
BRI ANZL ZRNT, SR PREO=2—a s Oh 72T D LS
FAMY w7 pia it T %,

Input Layer Hidden Layer Output Layer

M
v

Fie.5.2. Structure of the cerebellar percentron improved model
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( CGSSOC)Z .

bawoc HCXp assoc > ] = 1727...9a (56)
(O-tj' )
p;I,SSOC — p(c)z;voc + pl jS‘OC] + + pamn] j’ — 1,2, .. ., a (57)

::T,Wmﬁﬁ%éﬂt:n~ﬂV®f§ﬂﬁ7v7yﬁﬁﬁﬁb,Wﬁ%kbtﬁ@
NVAEBORESTH D, GOXNTIIETOH T U7 VEMAEFFE L, (5.7)X Tt s
Nie=a—a O ZEFHENGEE LTS, Fi, pj”""&ii@ﬁ’%éhf:::~m‘/0)/\‘"7%
M) v 7 XTHY, IBIT, 7\77’*%?5(1,. RS AT 5 2 & T, ﬁ%'J?ﬁﬂ%%%%‘%%ﬂ)L:*féo
£, o (oo mEnEn, WS hE=a—ny S RHON Y ST VEEICE]
iTHOADTHKT HH - RN, Doy sPip s Day 1 ﬂ'i*f*éhtv‘;—m/@ﬁﬁ&/\
FAMY w7 ROBETH S, assoclTifiESNT-=a—n o Z2EWT 5,
AR : CP DTy 1E, TV 7 VBIOWT) EREEMEDI W™ - b & /8T A R
7K U ORITRD 5.

a

U, = Z(Wk]mbj o p?'mc) k=12,--,K (5-8)
=l

ZIT, KIZHAROEE, wp sk S e i E H — H00E k& B O AATET
D, RIEEETIVEF2ED CP & DOEWVE, %zh%zhw,‘j”“ bk p“””"@fﬂf#%'é—
D7, Wbl pit OFECENET 20 T D, ARRSCICI W TRTCRME T S B
PR AT %@%xi&wtmfﬁéo%@tmpﬁﬁdm@%i—o@kﬁ%%
&&%zéo ZLT, FEHBRRICE-STAELS CPOLE#HEMZ 5720, (5.8) N TEFKLT
W5,

53.1 BCO@ME&7TLIY XA

BETHCPIL, L =a—n O ke —FICREL o= a—n VA0S
WCEoT, CPOWELZITY., HEBEA D= AAFIRD L ST/ 5,
—a—AYOER : EPF'&?J%@?J“?y?wf%ﬁO)%/a\%:F:{bl,bz,w,bm}J:ftéo oL x,
Ho T VEBORRKEITRATHE SN,

Do :m;ax(bj), Jj=12,---m (5.9)

= om0 OERSNEDb,, <b,.b, €(0]) &l L=l #imiema—n A ERT S,
72i2L, b, ZAERBEETH D, ERISNEH TR =2 —m DR ZEMD/RT A —ZITIROD
SIchABIS,
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- 0 ¢ i(m+1) — Il' > O-l(m+1) O-ZP”@

pre pre (5' 10)

Poms1t = Po > Pima = Pi

I, G Pl pr (=12, 2R EDER T B, = —a Hm 1, m < m+1T
TSN,

—a—OVOME I RE L HE S = e — 0 R G D = — 1
L OREE AT O BB, HEE BN A EEOERA, A TERBETHD
72, B LT = 2 — a2 L SBIER G OB 2 5 ATREME S 8 5 = 212 B,
Frma—n(f =12, mCEEE R s # 5%, D e nlc=a—a R, |
rng&ﬁ1~u/@%Ar I TEEBTHLARN=a—n OEAT ] © 3 SOEAT

unnec

w5, Ik, T L ZENENT YT CREBOMBAREN S0 afOES

assoc unnec

fﬁéo::f,&@m%@mLOT&D,&@;amﬁﬁ%ﬁao

Sj(t)' [2 - exp(— 181(1 - Sj(t)))] if b €L 0
S(t+1)=45,(t) exp(- B,) if b el . j=12+m (5.11)
S, (¢) otherwise

SIT, BB BREERTH D, ERIT, M S A FREOREA T, TS =
S L, T, CHREEETY, £oMO=a—n o oREELE
L BT 5,

AT, @ BHO= 2 L OREIEN, HIREIES, <S, 2T, ~0=x—
BUEMEL, S0EEOHD LT RO - 550 (o) } o= 2 —m i
A SEHSE=amn U AHET 50 AT 5, lh, BAS=—0 g, HAT

EHRET, L OFNEHT T VEBRORLBR G =a—r T 5, AL, K
RO/ N d 28 LIZBRO b ey 2 Ffo=a—nr j (M, BREXSRE 7D,
d= 1’[]11’12‘0 _C Fassoc’ j:192""9m (5.12)

ZokE, MASkMd <d, EWirTEE, ma—ur M, =a—ur M, A Sh
Do oFD, MR LT LT, BAKEESE SRS, BOEToRRD, B
BRIERTET LS, =a—ny N,ohb - B3 (¢, (0, F)dko &5 cia Sh s,

C; <= (Cij + Cf) 2 (5.13)

o, <o, + (o7 )2 (5.14)

IoLE, @A Llc=a—n Y OREBEERELS 1T 1.0 IZRL, =a—81 2 HKmida s
W&V 1T 5, ZOXSICCP kst L, FIEEGHBRRET E 505G THAIG
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TE 2, BSRRHIE S 2T 22 FBT 5,
5B, GAINKOEET, o [ FENENalOESTERL, =a2—rOfaEIE
DEED==a

=a—a BEm N 2alL EOR(m=2a))DHTH, ZO5RMICES, T,
—BrDOHEDLZ EER,

5.4 HEMA/NMN—E7 hua v BEF AR R

g N MY 2T A

RETLHCME/ NN —E 7 b e T AR e S 2 Ml A 7 A (AFCPRCS) %
Fig.5.3 I, Hl#FIHIL CFC Th 5 m 32 MilliElgRO)DHIEH 21TV, ZEDKED RC O
i u, ZRERE L LT, CPOFPEEZITH, RCOMIy 28012705 & &, CP DFENT
TL, CPoOHu iF, PR RGEG Y (272 L 2EWT %5, AFCPRCS Oz =
T TcERDLT.

u=u,+tu, (5.15)

ZZT, RCOWNu, #RODE I ITERT S
u =

S (5.16)

ZIZT, SIIEETER, sIZATAT 4 U ITERTHY,

A
u(‘
R Cerebellar
“l  Perceptron(CP) )L
: +
Sliding [**" H Robust i, -
surface 5| Controller(RC) i
- +
u
Plant

Fig.5.3. Auto-fusion cerebellar perceptron-based robust control system
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s=e" 4 kle(”'z) +-o knﬂe(r)dr (5.17)

TERIND, 22T, k(=12,...m L7 4 — RNy I 7L THY, TVE Y DEIE
PEZ T2 L 9 ITIRET 2,

541 FETNIY XA

R AT L(AFCPRCSIZEIT A7 4 — Ry 73278 1X, RCOH ) Th Hu, ihie
B¥ e LTEEEITY, ZOHAN 0 12785 L%, CP T fl#Eg /LIS, RC
OHSu, % 0127252 L1EG160REY, CINROATAT 4 v I EHs H 0lcTbHZ Lk
FFTHDH, LB T, u OfRbVIZ, sZE#EERBEE LTHWT, ROFHAT/RT A
— X DEFEIT .

ou
assoc __ . c .
Aij - 77W a assoc (5-18)
Wi
ou
assoc __ c
Acij - 776’ ’ acassoc 'S (5.19)
ij
ou
assoc __ c
Ao-ij - 770' ’ a assoc ’ (5.20)
ij
ou
assoc __ c
Api =n; op e S (5.21)
Pi

ZZT, n,.m,.0,n,(i=0,1,. n WEEDOFHRERTH D, FEBEDIZONTs /M <72
S TWE, CPOFEENIKT 52 L2 FF LTV,
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55 HEHEI I=21L—Tav

5.5.1 BEMNXEIERTF

IS, 553 ELEREOX A F I A TRDEINLEHEMEHIIRFCh D, $7E
T5ACMAE/INE A= hr BT ARMR OS2 MY AT L OIBREVERE A2 BREET
BT, 53 WO/ Ss—E 7 ha w7 AR g 32 Ml L 2 7 A (CPRCS) & PD il
MEEE B AA— T b UHIEARICL D s —m @SR AT AT 4 7 — Nl
(NASCS)[51]& DPERERES Y R = L—Y 3 v &1T o7, BHEMEENIRT-D/8T7 A — X Off
(355 2 FIREK, m, =1.0[kg], m, =0.1[kg], L=1.0[m], g =9.8[m/s>]& L7z, 7z, #IIfaLE
-45 JE(=-0.785[rad]), FIHIINEEEE 0 OARAET, HIHEIREREIL 30.0 7, Y27V o7& A LiZ
0.01 B, HEE(E 513 r =sin(f) (ref 1) V@ r = 0.5sin(¢)+0.5cos(2¢) (ref 2) 2 77— 2 & L
77

VAT AOVERERTIE & LT, (3.49),(3.50)= N TEF AL D il o> FE O KGR 1 R LTkt
2 il o0 BEAZIRFRT XY 72 ) ORRZE AR CTEIRAZE AR & A BE 0D 5~30 F) F TORRAZAEmRIIC
%t 2 HlAE 0O HALREE 2 72 0 OEF R ZAZCEREFRZ) &V 9 2 DOEEZ W T, BREEL
77

V3alb—yalryTHHALERES AT LAONRT A= 3@tz kv, n=2, a=3,
k,=5.0, k,=10.0, b,=0.2, B =0.05, B,=0.05, S,6=0.1, d,=0.5, ¢7*=0.2, pl“=0.5 pr-
=1.0, pt*=15, n,=35.0, n,=1.0, n =10, ,=1.0, ,=1.0, n,=1.0, §=03 & L7z, /3T A
=2 P, Pl I s Mes Mos My My My 0E, REWVRRIBREL N E 2203 7%
0, MSWEREFREZROE LB E8EL 25, £z, SIHERRAZMAOND Z
EERLTVDIED, SNSRIV ATAMREREL D, LML, §E/NINS<HEL
WE D LA W BREL 2D, FEEHFTLEWHIEERIE T 2. #icks<
Ui E 2 LA 0 R TA—N—va— hPREL 2D, EFmADKELIEST
LEI., ZOLHICVAT LAOREBIZAE-T26 ZRET H Z & BXHIEMREZ R LT 50
WZBZ 72 %,

CP DM ==—v HiIm=a=3 L L, TO=a2—a 2 D/\T X=X OYHEIZ(5.10)
KX VRE LIz, 72720, Pbe, 1dc,=0.0, ¢,=0.5, ¢,=0.5(i=12)& L7z, 7z, CP O

i

ANEHL (=113 1, =/ TH 5,

79



552 v Ial—a R
R 1: BEEEDr =sin(r)ef 1)

Table.5.1 (2453 AT LDV ZEE & VP EF 7S, Figs54 ICHE VAT LADIRTOA
JE 0 DHERE, Fig.5.5 12453 A7 ADYRT DAL DIBHERR 7 e DHER, Fig.5.6 IZ Fig.5.5 D 25~30
WM OYERX 2R, & 512, Figs7 ICHREY AT LD CP & RC DI OHER, Figs5.8 1C
KV AT D=2 —n (A V) Em O, Fig5.9 ICHREV AT 20HEf sz 3 5=
— 1 > D PEEE(5.5) B R OHERS, Fig.5.10 [ITHRE Y AT LADFEEMENY MLw D /LA
OHER, Figs. 111207 VO T hve « 87 v e OHER, Figs5.12 123
T A MY w7 ROBEAR7 Fvp,(i =0,1,2)0HER % T,

Fig5.4 £ 0&Y AT NIAEN sin()ITBHELTO0D Z BRI Lz 2 &3y
DD, PERIEE OMRRIEIZHWNT, £TMAEOBLNL Figss KV, MAEOBHEREN
0.04 LLTFIZ72 572 & W9 AT, 0TI DWW ol A7 A% CPRCS 23 b <, &’
|2 AFCPRCS(H£%E> A7 1) T, NACSC g biED o7z, S HIZ, R VAT AL 012D
W, F 2V U TRREELTWS, 202 LI, Figs.7 ORI OHERE S bR
TE D, WL L EZ] 12 B CP O EHIHEHEEROIZDOF ¥ & U o 7iRZE LW, £
DN, Figs5.5 OBMEGAEOHEBICHN TS, UL, Figh6 LV, HBEV AT AT
EFIRIELRE, B AT LAOPR THROLMOGRETIRLTWD Z X 00h5b, 2D &)
5, 74— K74 T— FOREHIEHIOBEIIIRI L, ZOMiERt 2T ALV BN
7o BREEZMADHEMHOT-DIZF ¥ 2V U TRBELIZEEZ LD,

TE R 72 @l Cld, Table.5.1 XV, REZEHfEIL, CPRCS, #2483 A7 A (AFCPRCS), NASCS
DNEIZEN TN D, EFREBIZBNT, EVAT LAOBREGEAED I CPRCS £V, 03
FIZHHZENE 2D, FAEOZ Lid, Tablel OEFWADOKERICH L TCHLEXLD, ZD
ZEnh, BEVAT AIEEFIEEORESIZ CPRCS & [AIEOREF A 0 508, —HET
IVDMEE T E L, ZORRAEITT 4 — Ry ZHICHE 72 CPRCS £V &/h&<72 5
ZENTIND.

Fig.5.8 D= =2 —u U HOHBIT, #EV AT MIPMIREZIC 17 @E cHEmL, K225
F TP &R, REHICENED2a—-1, Ky 22— arTida=3ThobI 00
2a—1=5MHICIZ 5 Z LR TET=, ZhiE, 1 Eoa—ur 22830NSE, TodnbE
BEBVIEL, HRealloa—arBERDVIELZLICLY, K=o —0 U 2HEHEL
mlEZLND, LinL, AT O3 TED LIV TS CPRCS O 7238, K4l 1
PBRIZBWT, 3D =a—m U HTHEINA TS, LarL, FFZ 19 #C 4 EIcA8 %
LTWAZENLIRBANORBNEFINTNDZ ENE LD, £ LT, NACSC lE==2—
0 UEMNEED MLP THEE STV D7, AV Ial—rary TCRELRE 20 HoE E
Thbd, MEBER=a—arNEL DT, #InHI7 NN & THRERS 5,
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212, Fig5.10 X0, FHAREZNC 7 L AOENSFTHIIN L TV 223, Ziud Figs.8
D= a—0 VORI OTDThHLH, £ LT, =a—nm VD SEIZ2 5 £ Tlithx
2 VA U, 5 I 78 o 7o REZ) 2 B LARRICIEAS 2 A TR L TS, 2D Z &b,
Za—a B 5 AR ST BITFENE T L TCNDTn, JVARIEE AL 20>

TEERD,

Table 5.1. Comparison of error areas and steady state errors of the angle among three

methods for ref 1

AFCPRCS CPRCS NASCSI51]
(Proposed) (Chapter 3)
Error area
6.5x107° 3.9%x107° 1.4x107
of the angle
Steady state errors
3.2x107* 45%x107 5.9x107

of the angle

Fig.5.4. Comparison of control results of the angle among three methods for ref 1




Fig.5.5. Comparison of tracking errors of the angle among three methods for ref 1

Fig.5.6. The enlarged view of Fig.5.5
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Fig.5.7. The outputs of the controllers of the proposed system for ref 1

Fig.5.8. The number of neurons or memories of the each system for ref 1
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Fig.5.9. The distance between the input and the center of the associated neuron of the

proposed system for ref 1

Morm of weiglh

Fig.5.10. The norm of weight vector of the proposed system for ref 1
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Fig.5.11. The norm of center and variance vector of the proposed system for ref 1

Fig.5.12. The norm of parametric parameter vectors of the proposed system for ref 1
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R 2 . HEEEQr =0.5sin(t)+0.5cos(2) (ref 2)

Table.5.2 |24 AT LD YRR ERIFE & P EFRZ, Figs 13 Il AT LADIRTOA
JE 6 DHERE, Fig5.14 12452 AT LD DA EDIBIEIR 22 e OHERE, Fig.5.15 12 Fig.5.16 O
25~30 M ORI %79, S 51T, Figs.17 ITHRES AT LD CP & RC OH I OHER,
Fig.5.18 2%V AT 2D =a—n (A E V) Em OHER, Fig5.19 ITHRE Y AT L Ol S
iz 3 D= a—nua r OFERE(S.5)XB ) DR, Figs.20 ITIREV AT LAOMAEMENRY K
JVW DV OHERS, Fig.521 (2 H 7 o7 Y EEOHLRT Fbe s ey hve OHER,
Fig.5.22 (2" F A MU w7 ORI bvp,(i=012)PDHERE Z R~ T,

Fig.5.13 L0 %> 27 L34 E R 0.5sin(¢)+0.5cos(2¢) ITIEHE L TW 5 2 & 2 Bl
B L= 2 EDNy D, L L, ek TH D CPRCS XA —/3— = — R334 L, NASCS
IO AT K E AT, BIECRERD DD, ZhUE, Figs.14 06 bR TE 5, &5
72 DPERE & OVERELERIZ BT, Figs.14 K0, AEOBIGAZEN 04 LLFICR o728 0
T, 0TSV E 2N S 2T A% CPRCS e b <, KT AFCPRCS(2R Y A
7 L) T, NACSC 2N bilE->7-. F£72, Fig5.16 LV, #2E T AT MI0HIEEA & HIEE
5 0.5sin()+0.5 cos(2¢) D-1 \ZIBHETLE RN 20 2 FET DD CP OF ¥ 5 U v
THREL, UL, Figs5.15 kv, LY 27 MIEFIRELIKE, &3 AT L0 T
WRETIUR L TWA Z RSN D, ZDOZEhb, 74— K75 U— ROimibiliEes
OREFITITRII L, ORI AT A XV ENT, BREEZMZ DHEORDICTF v ¥
U IWEELEEEZBNRD,

P72 T, Table.5.2 LV, B2 FfEIL, CPRCS, #2842 A7 A(AFCPRCS), NASCS
DNEIZEN TN D, EFREBIZBNT, EVAT LAOBREREZAED I CPRCS £V, 03
BIZHDZENE R D, AEEOZ L1F, Tabled2 DEFMADTERIZH L THLE R D, 20D
ZEnh, BEVAT AIEEFIEEORESIZ CPRCS & [AIZEOREF A L8, —HET
JVDMEETE L, ZORRAEITT 4 — Ry ZHlCHE 72 CPRCS £V &/h&<72 5
ZENTIND.

Fig.5.17 O == —u Y EOHEBIX, BT AT AIPMREZNC 17 @EC¥mL, KFZ 2
WE D R, REICRIED2a-1, K Iab—varTlda=3ThHoZ M
52a—1=5MICx 5 Z LN TEZ, ZhiE, 1 Eoa—ar Z228NSE, Todhns
MAEBEVIRL, hrliloa—ar BEBDSELZLICED, Kille=a—0 2 2 fF4E
L7ieeBExbND, LL, AFVORNIN 3 TEDHILTUVSD CPRCS D23, K4 1
BLBIZHENT, 3 HO=a2—m U THEINTEBY, PIBRZAO=a2—a O
CPRCS D372y, Tk, CP DAJIZEH, 73, CPRCS [EIFHRRIE T2 1240 B
VDB e (T L, #EE T AT A(AFCPRCS)IINFHIZAEN T2 HEEE B r TH D729,
CP ORI )12 T ENREZ BILD, £ LT, NACSC 1F= = — 1 A3 E E D MLP
THEINTVDEYD, R Ial—raryTRELE20HOFETHDL, AER=a
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—a Y REL HDHTZD, WIS NN & THEREIRS B,
12, Fig.5.19~Fig.5.21 kv, WHAEZIZ 7 VLV AOBENZZITHIML TWD 2, Zhix
Fig.5.17 D=2 —ua Y EO2WEMDI-oTh b, LT, —a—a HN5MicihsdF
TITARANZ 2 VB3 U, 5 IS 70 o T2 R 4 FPRABRIZIEAS / L AITIDOR LT %, IFH)
24 BT oo —a LN
—B N SEIZRSTERITFENPET L TWDH EE R D,

JIVIDICREREB LG 2 o122 b, ==

Table 5.2. Comparison of error areas and steady state errors of the angle among three

methods for ref 2

AFCPRCS CPRCS NASCSI51]
(Proposed) (Chapter 3)
Error area
9.0x107° 8.5x107° 3.0x107
of the angle
Steady state errors
1.9x107* 3.8x10™ 8.0x107°

of the angle

Fig.5.13. Comparison of control results of the angle among three methods for ref 2




Fig.5.15. The enlarged view of Fig.5.5
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Fig.5.16. The outputs of the controllers of the proposed system for ref 2

Fig.5.17. The number of neurons or memories of the each system for ref 2
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Morm of weiglh

Fig.5.18. The distance between the input and the center of the associated neuron of

the proposed system for ref 2

Fig.5.19. The norm of weight vector of the proposed system for ref 2
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Fig.5.20. The norm of center and variance vector of the proposed system for ref 2

Fig.5.21. The norm of parametric parameter vectors of the proposed system for ref 2

91



56 F&®

74— Ry 7 A ORGHC IS &, MBI % H (S 5 0BRSS L7z
[ @A/ MM S —t 7 b a2 F AR e AR MY AT AERREL, A& )
BrrIalb—vaichy, TOEMEEZRLI, § 2 BEORELV AT L LT, &
ZEIRFE/ O CP DR EHEZE DM NS D08, EHIRAD S X0 Fili7g CP OREEEH wReT &
Ex %5, £0, FRHVUIBELOR, F—N—va— haWB T2 ERTE,

ASHBOBERE LT, sin() oL 512, FADHEHRKEET % BERE 51 6his aTRE 72 il
MOBFHBEZOND, ZHICKY, AEZOF ¥V 7Rz bn, TR
LR TE S, £, AEORIFEES OfIEES 0.087sin(t) D X 51z, BINORIE K
DEEHGEZ BND, ZORENZEY, KIRESAT ADOS LR LEMMEERTZENT
x5, Iz h, AV 2 b—3 3 2 Tidsin() < 0.5sin() + 0.5cos(27) D L 512 1 DDl
5% HELTBRERE 21T 57223, %5, sin() OFFERO=2—u v ZEA SRV L
HITHAFL, &L, 0.5sin()+0.5c0s(2t) DIBHEZATY, ZD =z —1 v OEHR GRS
5o TLT, INbD=a—urORORFZ S AIUL, 7 T4 12705705, 2 FED
BRI AR D 2 LN TE D, KBS, —a—nrOEROMGELE 2T, BERME
B LB EA EENR VAT MBI D, AL EREO K5I, BRORERE XD
D HIBEE SR OMIE S ATRETH %,
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FBEE /I—7F e HEETNVOEEME~DEH

6.1 XC®IC

0 3~5 mOHFE T I 2 L— 3 T, HADETI(SISO) Y AT A% I
7o LU, K0EMRT AT A Th D2 ANIZHTI(MIMO) Y 27 LD G2 H - T
WU, 4 BB AT ATHD M —t 7 e i BET AR 82
A7 A(CPRCS) ) 1X SISO ¥ AT A% fite s LT, ZEMMITZIT>o TW\WAH72d, 20D
VAT L MIMO VAT MGG S5 L IXREECTH DL, LovL, S EOREV AT
ATHhHD TEHCRMA DM A A—E T br L BET MBS 2 N> 27 A
(AFCPRCS)J 1%, “#EHT7 VTV XAZPERT UL MIMO ¥ 27 A b RETH 5.

Fro, I, HIER Y AT L0 KRB - EHIZEY, B—ofilidR i b, 8
B ORI BRI KT DRI T RN EEI > TWD, £OHT, ZREANBEENICER
IREZEITV, HEOV AT A(Z—V 2y ML ENG~wLVFT—V 2 hV AT A
(MAS)D W HHIEI 2N H 280 TV 5[78-96], MAS L 3RO~ =2 M3dh 5 Hm@o
HIDT=DIZ, Bx—V = R AEVOEREGD 2 & T LT, H—ClIRERiE
BYAT ABKRTERTHZETHD, L, MAS [ZIERIEIERCRIEREE & O A/EH
REDTD, DRI A T I A eolzo—V 2 FOKIEZROZGHINEELE ST
V172[78,88,95],

ZID OfEREE LC, Hou H1% NN OE AZ X 0 IERIEIECARRED S 238 F 5 HiliEx)
GDOFEAF I 7 ATH, HHFREIC L7z 0B v N2 i il il 2 2 7 2 (Decentralized
Robust Adaptive Control System, DRACS)Z 2 L, A EMES 7 +— A — a Ul 17 -
TW5[78]. LA L, NN ORNWVEO =2 —n HREEMLIN TN D2, ==Y b
DHAAT IV ADEMESOREIZIG L= a—a U EEREDO HRIMRA NV ETHDH Z L
X, TV NOBEBHEHICL > Toa—a U OYMIREN R DI KREATH, €D
7o, Fr—Vxy MIRREAMICHEUICXHET 2 Z SIXREE B b0, ZoME
R L, Do/ EMBEICB W TENZMEREZ 89 MAS (Z# H ATRE 72 AFCPRCS % #2457
5o

TR AT AOFIEZTT -0, MIMO AT AT SN T—Y 20 b 6 (RICK
HEEMBIZRENT, BIZfEREZ 7R L TV DENRD DRACS L#RET AT L L OMEREHEE
Yialb—yasilkh, ToRMEERT, MAS ZHlERIC L7ZEBIT 2 od D,

1 2%, WERETHD CPRCS LBV AT ALEOHE—~DT—V x> MZEDEHEHES 2
2l —va T, REREROENALNRNZ ETHD, LL, B—Dxz—T
FH MAS &, =—2 = NORIRR S AT LD XA F I 7 ANREHRIE T, HORMTH
HZ LB TH D, 7275 L, CPRCSIZHANHI ) AT A&ili#lixtg s LT D7=9,
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MAS DFFERED S 2 L—3 g ORISR ITIE L TR,

fihd 1 D%, BCEAE A=A LOEMEEZRTT-HOTH D, HOREE A=A,
WEkETEH D CPRCS ORIEM OFIHY 2T 2D R R E T B FETH D, =
DHEINEZE T T, HIEIXROIREEB DAL IEIT/2 D 0T MAS O-A F - 2 A
L7,

6.2 vINF—V 2V RV RATA

6.2.1 77 T7Hg

N FT—Txr bV AT AMASIZEWTC, =— Y = > MMal LA EE 7R &% BIZE
FETsxy bU—sMiEE, 797G =(V,E)cEbans, 22T, V=(,,v,,---v,)
FTEAES, nid=—Y =2 MIEAH), ECVxVITHELGTH D, TRy, OEFES
NN, ={vj eV:(vj,vi)eE}J: LTERbEND, /o, V7 7DHERY, ZiFHT—
= v FORREZER X, %, 2L, fIEASO#REHE, ==Y MOV =
FEEN, OIEHRO L5 B,

77 7w MREANCRBLT 5720126 TWA b0 L LT, BTN A, WEATHID,
V5T TTTTATHNL BB, BT A =|a, Rk cER SN B,

{1 (vj € Nl.)
a; =

0 (ven) ©.1)
F7o, WEATAID X, v, OB ATHOMAERTH LTI TH D, BID,
D =diag(d,,d,,--,d,) ©.2)

=721,

d, =Zaij

Thh, £f2, FTT7TTTLTATIL =1, |1, BRI A & WEFTRID % T,
L=D-4A4 6.3)

TERSND, O TTT7T 7T ATHNOMAT jIIRDERI, 27 4 — B3y 7 Ofilfi
AT OFFHIH N2 ((6.10) X ),
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6.3 MHIBENRDOERL

AKWFFETIE, nfAO=—T = FTHEREIND MAS 2% 2%, = —Y = MIKRD 1
PEIERRIE Ty TRl TEDb EN S,

x, =T (xl. )+ g (xl. )ul. (6.4)

TIT, X =[xx,,x, [ 1RIEATE— Y FOREELARY BV, mITREEO YO,
f,g IRAMOERAEA Y (=L g, >0), w THIEHAT~Z A ThD, £, a, =1
B 7o IRREZE R T8 % X, &3 % (Fig6.1 BHR),

A ML, MAS AEIRELZERT S - L, MBKRAFHATIRAEOT—Y =2 ME
T BHASINY bw, EHET D52 L ThD,

lim|x,(¢)-x, () =0, i,j=12n 6.5)

[—>0

ki, 797G EEN ST 7, LY, jiionTa, =a, Thd LIRET D, DL E,
S AT MIAET— = FORBEB ORI X, =0(i=1,2,....,n)IT72 5 L DT
HET 5, 22T, 20OLEOREE~Y Mra=[a,a,, - a,] FET—Tx v FoORE
EHOFEETHY, kRATEbIND,

1 n
o= ;in(o) 6.6)
i=1

22T x(0)1Ex, D=0l 2 IMETH S,
BEII 2 DEHEDBDH Y, 1 213(6.5)R AT 5 IREZ PN KTE L7, SEN
FER ST 20, o 1 S1E6.6) A TR LT SiA TP A ESER S vz L v D,

6.4 HOMAE/NMEN—ET b BTRETAFBEHES 2T A

MAS IZBWT, F=—V = MIEHT 2 B @G/ MK/ S—8 7 & e 7 R R
#1227 IA(AFCPCS)% Fig.6.1 IZ/59, ZDY AT AL, MAS NABEEEKRT HT-0D %
Ho—Yx v M ST 26, iRz —Y 2 MO —Y = O HRO B %
FIAL, &EHT 5. H#EOHIL CFC TH D 7 4 — KN v 7 S ERIEEECC) DS HE 2170,
ZOWED FCC D! 28258 E LT, CP 0¥ %175, FCC oihul 7301275
L&, CPOFEENETL, CPohul ik, HANARHERW /8- & 2EKT 5,
BRI G > AT A(6.4)FK)~D A0, Z#IRATERDT,

u, = —(uf +u'if) 6.7
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——————————————————— E
W IIIIIIIIIIIIIIIIIIIIIIIII
X J | R Cerebellar :
1 Perceptron(CP)
P : kT -ﬁ.‘-‘.:
H - e
L Equation PN Ceeene? Feedback
> (5.10) —) Consensus
: Controller(FCC)
N
A % Dynamics u,
3 (Ith agent) ]( :
Fig.6.1. Structure of the proposed system for i th agent
uC — ( asvoc) baS‘S‘O(, pavmc (6 8)
RCAES!
u; = 5 e, (6.9)
L, GBS Mle, TR TEE SRS,
e, =D l;x, (6.10)
J=l
ZIT wiEiEHT =Y = O CPOHANT AL THY, HFr—T = FAFFORA
DR MBS [g, ZERT 2HEANTH S, W IRiFEHT—Y 2 DT 4 — R
Sy 7 EEHEASTTHY, CP ICK DA ZMET 5. 72720, O ITHREHTH

D, MNSWVIFEEERENEND, @.DXEAOHIEAT E LTV HEEI, & g2
u =f /g, u/ =0ITEPLELEIZ, 6AHARLVX, =0LAD, Fx—T x> FOB)
ERSETT 200 Th D, Flz, WIS ISR~ Y b, b L S
TR T RS b, pitURERE SN T A MY v I RRT ML TH D, AEM

BB 5 b (4RI O P (DRSO AN LKL =3, Th 5,
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6.41 HFB7NLITY XA

R AT MBI D7 4 — By 7 #E%EL, 54K LY FCC D hu] %855
ELTHEEETY, ZOMNN 02705 L&, CP Ik 2HIHEN R IS, FCC DM
hu! 201295 2 LiE6.9)R LY, (610)ROAE#ELX 0ICTL L LFHTHD, L=
BoT, ul ORBYIT, e, ZRERME LTHWT, KOEBAITHAT A —2 OHEFF 17
9e

ou’
AW =1, ——oe 6.11)
i w assoc L :
ow;
ou’
assoc __
Aci — e ﬁcaslsOc "€; (6.12)
i
ou’
Ao =1, —— e (6.13)
i o assoc L :
06|
A assoc __ f
p, =n:- "€ (6.14)

1 a assoc
i

TIT, SR S NN YL T VBRORLAY L, (60 i S s
T U NVDIER YT My, o, n.,0,,1,(=0,1,.. i I EOFEEEH TH D, F
BRI SN T e, WhE L Ao TdE, CP O¥EIGKT 5 = L 2 W LT 5,

97



6.5 FHEBEHII=z2L—Tav

6.5.1 AERME

MIMO ¥ A5 A TS S5 6 ho=—Y =y FoOSEREAZ 25, 22—V b
T2 Wil FERBEITA LD TS, =2—V 2 hOX A F I 2 IR TEDLEINS,

FL I g %

ZIT, ky kTR T A= TH D,

FEZZ T AT N(AFCPCS) DB IEMERE A MRE T 5 728, TERIED = = — v V[ ER NN %
R T2 88 o R 2 RS S A 7 L (DRACS)[78] & OPERELLHE S 2 2 L —3 3 V& 4T
ST,

HITEPERE 2 RFI 9~ 2 FEHE & L C MAS RO E - G ERESZFIRT 5, £=—V =
v R OERE L S EE o B O 2 R TERT D,

(6.15)

2 2
x| = \/(in - al) + (xiz - 0(2) (6.16)
MAS 2RO i 7 (distance error)[ZRACRbOIN 5,
x% = ina 6.17)
=

BEBEOFREITRO LS ITbN D, T —TY = MIOWTOEERZEDFFEITRA
TERbEShD,

ave ave

e _ e e _
Xp =X T X _‘xil -4 +“xi2 — X 6.18)
7272 L,
1 & 1 &
ave ave
X :_inla Xy = _inz
nio n i
THY, MAS BIRDEEFR 2 (consensus error)|[IIRATRDO I D,
n
e _ e
X =) X (6.19)

i=1

HAE H AL, FERIEX A T X 7 Z(6A5IZHIEAT(6.)V 2 5252 & T, 6 fK(n=6)D=
—V s NOMEEZEBEMEO~LEINHEEE, MAS NEBEERTIHIZETHD, 7Y
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VI RA L% 0.01s], HIEIRERZ 10.0[s]& T 5, WK AT A(DRACS)E DD T-9,
TRRTTNEFRRD ==L 2 FDONNT A—=F Xy N —IiEEEZH WD, =—Y = D
BAF R0 ARDAT A—5 k. k, EFIORT,

(kll’kIZ) = (0-6,0-3)’ (kzpkzz) = (_ 0-6’0'4)’ (k31’k32) = (7'0’_5'0)

(ky1oky) = (=10.0,~11.0), (., ks, ) = (10.0,11.0), (k, ., &, ) = (0.01,10.0)

Flo, ==Y FoOYMIEE L FIZRT,
(x11’x12) = (6-050'0)3 (xwxzz) = (3'Oa3\/§)7 (x31ax32) = (_ 3'033\6)
(x41,x42) = (_ 6.0,0.0), (xspxsz) = (_ 3-073\/5)’ (x61’x62) = (3-0,—3\/5)
6.6 XLV, ARMaITETOT—V = FOFRFEFETH £(0,00L 725, MAS ERDOH
HiEX DN 0ALIFIZR 5 L&, GREZMRDET D, ZOKEEDT, ==Y =2 FOYIHIEIZ
KO OEGEBREX K45 £720, ZOR 01%U FTHDH Z &0, filffl T Th 2o
HEBZZNIEND, ZOMEEGBEXNOBMEE Lz, £z, =— V= MAKEOE#R
WEEZRT T T T7OMBATIIAIRO L H LS, *v MU — 7 & Fig6.2 [2xd 5
M 77 7 Thh,
0.0 0.1 0.0 0.0 0.0 0.6]
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Fig.6.4. The enlarged view of Fig.6.3
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Fig.6.5. Trajectory of all agents by the conventional system

Fig.6.6. The enlarged view of Fig.6.5
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Fig.6.7. Comparison of moved distance of each agent until consensus by the proposed
AFCPCS and conventional DRACS

Fig.6.8. Comparison of moved distance of each agent after consensus by the proposed
AFCPCS and conventional DRACS
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Fig.6.9. Comparison of the distance error of all agents by the proposed AFCPCS and
conventional DRACS

Fig.6.10. Comparison of consensus error of all agents by the proposed AFCPCS and
conventional DRACS
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Fig.6.11. The enlarged view of Fig.6.10

*
"

Fig.6.12. The number of neurons of each agent of the proposed system
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Fig.6.14. The error of x, of each agent of the proposed system

107



Fig.6.15. The input to x, of each agent of the proposed system

Fig.6.16. The input to x, of each agent of the proposed system
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Fig.6.17. The norm of weights of each agent of the proposed system

Fig.6.18. The norm of centers of each agent of the proposed system
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Fig.6.20. The norm of p, of each agent of the proposed system
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Fig.6.21. The norm of p, of each agent of the proposed system

Fig.6.22. The norm of p, of each agent of the proposed system
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