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1. Introduction of Cerebellar Model Articulation
Controller (CMAC)

@ The Cerebellar Cortex

=t A model of the cerebellar cortex (1969 Marr )
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" Original Cerebellar Model Articulation Controller
# The basic concept of an original CMAC (Albus 1971).
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£ Mapping @ — 4 : Transforms the input vector ¢ into
an association memory selection vector a(q)e 4 .

a(q) =[21(9). a>(q), -, 3 (@), an_ (@)]' (1.1)

% Mapping 4 —T : Each location of 4 corresponds to a
receptive-field (binary receptive-field).

= Mapping 7 >w :
W=[W1,W2"“’Wk,“‘,WnR]T (1.2)

% Qutput computation Y :

Volg)=a' (q)w= kZRak (q) Wy
=1
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% The schematic representation of a
2-D CMAC. (binary receptive-fields )
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@6General Cerebellar Model Articulation Controller
% The schematic diagram of a general 2-D CMAC.
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% Gaussian receptive-field basis function:

(A _m. )2
qﬁ.k(qi)=exp{ i~ i) }

Vik

= Multidimensional receptive-field function:

(ql lk)2
by (g, my, vy ) = H¢k(q|) exp Z
|k

1I=1




= The receptive-field Bc with including a Gaussian
receptive-field basis function.

Variableq,
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Variable g,

% The output of CMAC

NR
Yo =w' T(g, m,v)="> Wb (q, my,vy)
k=1




CMAC

Association Memory Space A

Input Space

Receptive-Field Space T

Good generalization capability
Less computation
Better approximation ability
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2. Missile Guidance Law Design Using CMAC

@ Formulation of Missile-Target Engagement

2= The 3-D missile-target pursuit diagram.

Z,

Ground tracker Je=




.
A5

Ground tracker

The motion of the missile in the inertial frame.

Xy = @y COS Oy COS ¥ 1y — Ay (SIN Ppe SIN Gy COS W 1y + COS P SIN Yy )
— 8, (COS @y SIN B, COS Wy —SIN P SIN W )

Ym = 8x COS Oy SIN Wy — ¢ (SIN Py SIN Gy SIN Yy — COS Py COS Wy )
— 8, (COS @y SIN B, SIN Wy +SIN Py COS W )

Zm = @y SIN Oy + @y SIN P COS Oy + @4 COS Py €COS Oy — Gy

Wm = ayc COS Pme (Vi COS Oy ) + @y SIN Ppe /(Vy €COS Oy )

Om = @yc SIN Pye / Vi + 8¢ COS Gy / Vi — 9y, COS Gy [V




2= The missile position in the LOS frame.
{el}{ —sin(c. —o) coslc. —o) 0

& ] L-sin(,—7)coslo, —0) —sinly, —y)sino, —a,) cosly, —7)| "




. Define
XA[Xq, X0, X3, X4, X5, Xg+ X7, X8]T

; . T
AlXms Yms Zms Xmy Ymo Zmy Wi O

T T
”é[ull u2] A[ayc’ azc]

% The tracking error dynamic equation

Fl} _ { Fl(x’t):| +{Gll(x,t) Gyo (x’t)}u(t)

& ] LR(x1)] [Galxt) Gp(x,t)

AF (x,1) + G(x,t)u(t)




The CMAC control system.
The control law:

u=u_ +u

CMAC

Compensation
Controller
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Calculation of the f | Missile
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= A feedback linearization control law
up =G (x,)[-F(x,t)- K,é - K el
Substituting (2.6) into (2.4), yields

e+ K+ Kpe=10

%= The minimum approximation error

&j =Ucmacj(gj, wj) —Ur;

# CMAC control system

~ ~T
ur =ucmac (¢, w) +uc(q) =w I'(q)+uc(q)

Error equation
¢=-K,e—Kye+G(x,)ucpmac +uc —ur]




# The error dynamics in the state-space form
E = AE + Gy (x,V)[ucmac +uc —ur]

= AE + G (x,t)[Ucmact +Uc —Urq]

+ G (X, 1) [Ucpmac2 +Uco —Ups]
where

EAle;, €, €5, 6] [ R ]

Gp1(x,t)  Gpap(x,t)
0 0)
| Gor(x,t)  Gpolx,t)_

Gm (x1t) : [Gml(x,t), sz(x’t)] =

[ 0 1 0

_kpl _kvl 0
0) 0 0 1
0 0 K

17

A=




% Theorem 2.1:If the control law is designed as (2.5),
in which the adaptation law of CMAC

Wi =w;=—PyE' PGyT; (2.12)

and the compensation control is designed as

Ugj =—5; SON(E" PGy;) k)

then the stability of the guidance system can be
guaranteed.




% Proof: A Lyapunov function is defined as

VO = ETPE+ (2.14)

2Wl

The Lyapunov equation
A"P+PA=-R (2.15)
Taking the derivative of the Lyapunov function.

V (t) = —%ETRE LV

wl w2

+EPG [u +&]+E'PG W T
+EPG [u_ +¢&]+E'PG W T




Choosing (2.12), then (2.16) can be simplified
V(t) < —;ETRE+ E'PG u, +EPG ||¢]|
+E'PG u, +E'PG_||< | (2.17)

Setting (2.13), then (2.17) can be rewritten as

V (t) S%ETRE+(| £|-0)EPG |+(¢&|-06)EPG,|

S—%ETRESO
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* @ Numerical Simulations
% The target motion model.
Xt = —ayy SINw; —ay, SN 6 CoSy
Yy = &y COSy —ay sin &, siny;
Z; =@y Cost} — g,
Yy = ay /(v COs &)

6, = (8, — 9y COS )/ vy

£t For scenarios 1 and 2:
ay =99y ay =—0y for the first 2.5 sec
Aty =-509, a; =509, until inTer'cep’rion

£t For scenarios 3:
ay =—-9gy ay =0g,for the first 2.5 sec
ay =059, a, =-g, until interception




#- The feedback linearization guidance law
up =G (x,)[-F(x,t) - K,é - K el

14 0 49 0
ere K, = : =
ELE {o 14} . {o 49}

%+ Adaptive CMAC-based guidance law

The design parameters are set as follows:

588 83 0 0
83 16 0 O
0 0 588 83
0 0 83 16




# Engagement scenario 1 with feedback linearization
guidance law.

6 7
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7
Time (sec)




# Engagement scenario 2 with feedback linearization
guidance law.

6 7
Time (sec)

e ’T’é:rget trajectory- /- :
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L
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# Engagement scenario 3 with feedback linearization
guidance law.

7 8 o
Time (sec)

7 8 o
Time (sec)

a,. (m/sec?)

78 o
Time (sec)
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g o
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- Engagement scenario 1 with adaptive CMAC-based
guidance law.

4 5 6 7
Time (sec)

s 5 6 7
Time (sec)

a,. (misec?)

MD=0.5737m

7
Time (sec)

a,. (m/sec?)

7




- Engagement scenario 2 with adaptive CMAC-based
guidance law.

7
Time (sec)

rget trajecton

7
Time (sec)

a,. (m/sec?)

a,. (m/sec?)




% Engagement scenario 3 with adaptive CMAC-based

guidance law.

6 7 8 o9
Time (sec)

g o
Time (sec)

. .
6 7

2000 \‘ﬂ
> A\
MD=0.2781m

a,. (m/sec?)

.
8 9

6 7
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@ Comparison of Miss-distance

Scenario
Guidan
Law

Scenario 1 | Scenario 2 | Scenario 3

Feedback
Linearization
Guidance Law

Adaptive CMAC-
based Guidance
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@ .Summary

2= CMAC gquidance law can achieve satisfactory
performance for different engagement scenarios.

% CMAC guidance law performs better than the
feedback linearization guidance law.




-3. Linear Piezoelectric Ceramic Motor (LPCM)
Control Using Adaptive CMAC

@ Structure of LPCM

Unknown dynamic equation
K(t)=f(x;t)+g(x;tu(t) +d(x;t)




@ Adaptive CMAC Control System

The adaptive CMAC control law

U=Ucnmac tUc

LC Resonant | Linear Pl_ezoelectrlc
Inverter Ceramic Motor

Linear Piezoelectic Ceramic Motor Drive System

A

% ,Z)'r’hik’vik

CMAC : Performace

— Index
dt

—1“> Adaptation Reference

Nur s o7, —»{  Laws Model

Compensated T
Control




# Tracking error
€=Xq —X

£t Performance index
r(t) =e+koe+ky [ e(z)dr

£+ Ideal control law
ur = g(t) Ky — f (1) —d(X;t) + kot + kee]
Substituting (3.5) into (3.1), then
r(t)=6+K,e+ke=0




" Adaptive CMAC control

U=Ucmac (g, W, i1, 9 ) +Uc =w' T +Uc
< Error equation
r(t) = g(x;t)[ur —ucmac (¢, w, m,v)—uc]

£ A minimum approximation error

*

£ = UT_UEMAC (g w . .m ,v)= Ur — w T
According to (3.9), (3.8) can be rewritten as
rt) =gt +0w —w) T—-uc]

= g(X;t)[5+vT)Tl"—uC]

(3.7)

€X)

(3.9)




2 Theorem 3.1: The adaptive CMAC control law is
designed as (3.8), in which the adaptation law

w=£,rt)g(x;t)T (3.11)
and the compensated control is designed as
uc = sgnfr(t)g(x;t)] (3.12)

with bound estimation algorithm given in

5= rt)g(x;t)| €RE)

then the stability of the control system can be
guaranteed. :




% Proof. A Lyapunov function is chosen as

V(t)zérz(t)+iww+i52

2w 25

\/’(t):r(t)g(x;t)[g+wTr—uC]—ﬁiﬁ;Tﬁ;—iSS

W C

Substituting (3.11)-(3.13) into (3.15), gives

V(1) = r(t)g(xt)e — rt)g(xt)uc —%55

C

<9t || -rM)g(xtuc —ﬂi[a—élé

C

=—(0-|e])[r()g(x1)[<0




2 According to the gradient descent method,

A oV oV
Wi = ﬁwr(t)g(X;t)bk E_IBW :BW P bk
OWj UcmAc

#: The adaptation laws of means and variances

A oV Rou ob, ©
e = 3" emac Pix

Ucmac k=1 OB Odhy oMy

= Bl (1)9(X; '[)Zwk 2(9; — My )
= (v |k)

4 oV Rau ob, 0
b =, 5" Uemac N ¢|k

Ucmac k=1 OPx Oy oV

— A% t)Zw py 29~
(Vik)

(3.17)




% The g(x;t) in the tuning algorithms can be reorganized
as | g(x;t)|sgn[g(x;t)] in practical applications.

%+ The adaptation laws can be reconstructed as
w =1, f (t)sgn[g (x;t)IT (3.20)
uc = osgn[r(t)Isgn[g(x;t)] (3.21)
5=nc Ir(®) (3.22)

e = 7k ()SI[G ()] Wby 2~ i) (3.23)
k=1 (Vlk)

2
Ou = r©)sgn[g (O] by 2%~ M)
k=1 (Vlk)

(3.24)




® Experimental Results

# The PC-based experimental control system.

: Linear Piezoelectric .
Digital Ceramic Motor Moving Table

Oscilloscope y Linear
Scale

D/A LC Resonant
Converter | Driving
Circuit

Parallel |
/0

Encorder
Interface
and Timer

Personal Computer

Servo Control Card




4 The reference model for the periodic step command:
o; k 73.36
% +2(w,S+ > $°+17.135+73.36

(3.25)

= Block diagram of PI position control system.

Reference Ky 4 LC Resonant . Linear Piezoelectric
Model s Inverter Ceramic Motor

Linear Piezoelectric Ceramic
Motor Drive System

The parameters of the PI position control
system are chosen as follows:

KS :20, Kp :1, K| :25




Experimental results of PI position control for LPCM
due to perlodlc s‘rep command

I Reference

= 2 No load case
2 Load case

T Position ; r ]‘ Position

Start L Start

%IO.S-cm :

"\

|

I 5V Control Effort




'« Experimental results of PI position control for LPCM
due to sinusoidal command.

 Reference 1 - ' - Reference
- Nodl : S e SR S S

NANAAA OANANA

©)

Trackir@g Error

©

Contro.@ Effort y : C‘ontroi Effort : :




# The adaptive CMAC control
Parameters
ki =25, k, =10, n,,=0.04, n,=n, =0.02, . =0.01

,024, I’IE=5, nB:2X4, nR:2X2X4

The receptive-field basis functions are chosen as

S (@) = exp[—(a —mi ) * /i ]

The initial values of the parameters are chosen as
[Mig, Miz, Mz, Mig, Mis, Mig, Mi7, Mig]
—[-35, - 25, ~15, -5, 5,15, 25, 35]

e 20 -




Experimental results of robust CMAC control for
LPCM due ‘ro pemodlc s‘rep command

Reference ; : Reference
[ Model 45¢cm ; - Model

: T Position

L Start -

I 0.5.cm Tracking Error

: Controi Effort




s Experimental results of robust CMAC control for
LPCM due ’ro smusondal command

Reference : _ Reference
- Model 45cm

oo
%vavvv

Start : : Zsec

(a) ©)

I 0.5cm Tracking Error o o Tracking Error

O

‘ Controi‘ Effort
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@ Summary

% The successful development of adaptive CMAC
control system.

2 The successful application of adaptive CMAC control
for an LPCM.
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" 4. Recurrent CMAC Control for Unknown Uncertain
Nonlinear Systems

@ Problem Formulation
£ The nth-order nonlinear dynamic system

{x(”’ = f(X)+g(x)u(t)+d(t)

y=X
# The tracking error vector is defined as
EAle,e e
%= The ideal control law
1

I [ f(x)-d(t)+x{" + K" E]

U|:




% The error dynamics

e 1 ke 4. 1k e=0

@ Recurrent CMAC
== Architecture of a recurrent CMAC

W

rl

Association Memory Space 4

Weight Memory Space W

Input Space Q O

»
>




The inputs of every block ¢r =[0r, Gra. -+ O] €R"
are represented as

qr =4 +wr Yo(N 1) (4.5)
= The receptive-field basis function

B LS 2
qﬁ.k(qri)=exp{ Cl zm'k)} (4.6)

Vik

%= The RCMAC is utilized to estimate the perfect
control law, so that

T
Uremac (@rwom,v,w )=y, =w' T




2
F

¥ © Recurrent CMAC Control System

2 Control law

U=Urcmac +Uc

Plant X
> X
X = £ (x)+ g(x)u(t) +d(t), y = X DX

®

A
Tracking
Error Vector

Adaptive Laws |

Adaptive Recurrent CMAC

X 4

Compensated
Controller

Adaptive
Estimation Law




#: Theorem 4.1: The adaptive law of the recurrent
CMAC is designed as

w=f,E' PB,T X))
and the compensated controller is designed as

Uc =5sgn(E' PB,,) (4.10)
with the adaptive estimation law given in

S=p.|E"PB. | (4.11)

where Aw and 5. are positive constants, then the
stability of the control system can be guaranteed.




# On-line parameter training algorithm

oV OUgcmAC

A T
We = BuE " PB by (qr my, v, wp) == By

OURcmaCc  OW

oV
:—ﬂw bk(qr,mkyvk1wr) (4’11)
OURCMAC




# The adaptive laws of means, variances and recurrent
weights:

|k —ﬂmE PB W 2(qr.V2 ik ) (412)
ik

2
Vo = B, E' PB W b, z(q”\/;mik) CRK)
ik

oV Oupcmac By Odik OQyi
OUpcmac 90 Ok 00y OW

(M — s
= B, E' PBW, by (mls_z q“)uRCMAC(N -1) (4.14)

- _,Br




2 Tf g(x) is unknown:

v =n,E' PB,T
Uc =5sgn(E' PB,)
S=n,|E" PB, |

: . 2(q,; —m;
1%

2
: ,\ 2(0, — Mm;
ik

~ v 2(Miy — Gy
Wi :UrETPBer by ( Isz qu)URCMAC(N -1)
Ik

where 7 =p|9(xt)] and B =[0,0,---,1]




@ Illustrative Examples

. Example 4.1: Consider the Duffing forced oscillation
system

K+0.1% + x> =u +12cos(t) (4.21)

It can be rewritten as

2o oll]ls)erouro




Simulated results of the Duffing forced oscillation
system (without control)

Phase-plane portrait

) 40 45 a0
Time (sec)




# Simulated results of RCMAC control for the Duffing
forced oscillation system.

Phase-plane portrait i State response

W‘E W‘B 20
Time (sec)

Tacking error e

R o : ' : : i ‘ ‘ 1;5_1'5 20
Time (sec) Time (sec)

Control effort u

RVAVAN

1‘5 W‘E! 20
Time (sec)




% Example 4.2: The delta wing of the wing rock motion
control

0=Co+Cy0+C0+C3|qla+Cs |0 +C50° +u (4.23)
The state equation

) o o)) la)rravo (4.24)

The aerodynamic parameters of the delta wing for a

25-deg angle of attack are chosen as

co =0, ¢ =-0.01859521, ¢, =0.015162375,
C3 =-0.06245153, €4 =0.00954708,

cs =0.02145291




Two initial conditions:

a small initial condition
X (0) = 6deg
X5 (0) = 3deg/sec

a large initial condition

X1 (0) =30deg

X5 (0) =10deg/sec




The reference model is defined as
X1 B 0 1 Xd1
X4o | |—0.64 —1.6]| x4,

The parameters are selected as

9 2 5 1
77W — 625’ ]7m — 77V — 075, 77r = 001, 77C = 005

K:[9,6]T,R:{90 9} P:FO 5}’




Simulated results of the wing rock motion system
(without control)

Phase-plane portrait Phase-plane portrait
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(b)
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Simulated results of RCMAC control

control for small initial condition.

[
[
=
(=2
(<5}
O
~
7
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\ “
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B 7 a8
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X, (RNN adaptive control)

. 1‘11 16
Time (sec)
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X, (degree/sec)
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“/x2 (Intelligent hybrid control)
X

d2

N

X, (RNN adaptive control)

Tacking error e
ntelligent hybrid control

" RNN adaptive control

Control effortu

T~

Intelligent hybrid control

u (degree/sec®)

RNN adaptive control

WIA 16
Time (sec)

. 1‘4 16
Time (sec)
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Simulated results of RCMAC control and
control for large initial condition.

Phase-plane portrait étate résponsé

L« X, (Intelligent hybrid control)
Initial condition t

X, (degree/sec)
X, (degree/sec)

X, (RNN adaptive control)

10 2 14 1
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©

State response

Tacking error e
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L 1 " Y L
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@ .Summary

&= An RCMAC control scheme has been proposed for a
class of nonlinear dynamical system.

> RCMAC is introduced which has both the merits of
RNN and conventional CMAC.




" 6. RCMAC Fault Accommodation Control of a Biped
Robot
© Sfr'uc'rur'es of MIMO RCMAC

Prik (t) = Pi (L) + fig 44 (t—T) (5.1)

Weight Memory

Recurrent Unit

Input Space I,

Output Space O,

P

Pn,

| Receptive -Field
Space R,

Association Memory




- A biped robot is subjected to nonlinear faults

§=M(q)z—Clq.9)q—g(q)+2t—t) fi(g.9) (B.3)

- The unknown fault-occurrence time

/’L(t—to):{

O, if t<t0
L i t>t

(5.4)




£ Tn the absence of a fault
=M (q)[r-C(q.4)4 - 2(q)]

£: Computed torque controller

To=M (q)(iid +2Keé+ K 2e)+ C(q.9)q+g(q)

wheree=q4 —q the tracking error vector
# Error dynamics é+2Ké+ K%e =0
Fault occurs:

» Robust fault-accommodation controller




@ RCMAC-based fault accommodation control

& = o (q-o)+ M (g)[r

~C(q.9)q— g(9)]+ f; (5.8)

= RCMAC

Biped Robot

To estimate the nonlinear fault

Nonlinear

Estimation Model

A

fo.
—\ M (q) RCMAC

/,‘\ N . .
T W, e, v, r

T Mo My s 77r Adaptive Laws le

Computed Torque |«1%:4] ) [9.4]

To

qdq

Controller -
[‘Id qd

RCMAC-Based Fault-Tolerant Control System

“:Accommodation controller
= M(q) fi(q.4) (5.9)
 Fault-accommodation control law

T=T7— T, (5.10)
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Simulation Results The joint angle of each link
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RCMAC can achieve favorable accommodation control
for the faults of a biped robot.




L] 4
W ¢
u A 3
F &

¥ @ Referred Papers

% Chih-Min Lin and Ya-Fu Peng, "Adaptive CMAC-based supervisory
contfrol for uncertain nonlinear systems," IEEE Trans. System,
Man, and Cybernetics Part B, Vol. 34, No. 2, pp. 1248-1260, 2004.

== Chih-Min Lin, Ya-Fu Peng, and Chun-Fei Hsu, "Robust cerebellar
model articulation controller design for unknown nonlinear

systems," IEEE Transactions on Circuits and Systems-II, Vol. 51,
o. 7, pp. 354-358, 2004.

22 Chih-Min Lin and Ya-Fu Peng, "Missile guidance law design using
adaptive cerebellar model articulation controller,” IEEE Trans.
Neural Networks, Vol. 16, No. 3, pp. 636-644, 2005.

# Chih-Min Lin and Chiu-Hsiung Chen, "Robust fault-tolerant
confrol for biped robot using recurrent cerebellar model

articulation controller,” IEEE Trans. Systems, Man, and
Cybernetics, Part B, Vol. 37, No. 1, pp. 110-123, 2007.







