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The Cerebellar Cortex

A model of the cerebellar cortex (1969 Marr )

1. Introduction of Cerebellar Model Articulation 
Controller (CMAC)
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Mapping : Transforms the input vector    into 
an association memory selection vector              . 
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receptive-field (binary receptive-field). 
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Gaussian receptive-field basis function :
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The output of CMAC

The receptive-field Bc with including a Gaussian 
receptive-field basis function.
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Formulation of Missile-Target Engagement
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The 3-D missile-target pursuit diagram.

2. Missile Guidance Law Design Using CMAC
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The motion of the missile in the inertial frame.
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The tracking error dynamic equation
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The CMAC control system.
The control law:
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A feedback linearization control law

]),()[,(1 eKeKxFxGu pvT tt   

Substituting (2.6) into (2.4), yields 
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Theorem 2.1: If the control law is designed as (2.5), 
in which the adaptation law of CMAC

and the compensation control is designed as

jmj
T

wjjj PGEww   ~ˆ

then the stability of the guidance system can be 
guaranteed.
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(2.13)
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Choosing (2.12), then (2.16) can be simplified  
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Numerical Simulations
The target motion model. 
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The feedback linearization guidance law 
]),()[,(1 eKeKxFxGu pvT tt   
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Engagement scenario 1 with feedback linearization 
guidance law. 
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Engagement scenario 2 with feedback linearization 
guidance law. 
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Engagement scenario 3 with feedback linearization 
guidance law. 
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Engagement scenario 1 with adaptive CMAC-based 
guidance law. 
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Engagement scenario 2 with adaptive CMAC-based 
guidance law. 
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Engagement scenario 3 with adaptive CMAC-based 
guidance law. 
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Summary

CMAC guidance law can achieve satisfactory 
performance for different engagement scenarios.

CMAC guidance law performs better than the 
feedback linearization guidance law.
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3. Linear Piezoelectric Ceramic Motor (LPCM) 
Control Using  Adaptive CMAC

Structure of LPCM

Unknown dynamic equation
);()();();()( txdtutxgtxftx  (3.1)
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Adaptive CMAC Control System

The adaptive CMAC control law 

CCMAC uuu  (3.2)
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Tracking error
xxe d 

Performance index
 dekeketr t

 012 )()( 

Ideal control law
]);();([);( 12

1 ekektxdtxfxtxgu dT   

Substituting (3.5) into (3.1), then
0)( 12  ekeketr 

(3.3)

(3.4)

(3.5)

(3.6)
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CCMAC uuuu  wvmwq ˆ)ˆ,ˆ,ˆ,(

Adaptive CMAC control

Error equation
])ˆ,ˆ,ˆ,()[;()( CCMACT uuutxgtr  vmwq

(3.7)

(3.8)
A minimum approximation error

T
TCMACT uuu ***** ),,,( wvmwq  (3.9)

According to (3.9), (3.8) can be rewritten as 
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Theorem 3.1: The adaptive CMAC control law is 
designed as (3.8), in which the adaptation law

then the stability of the control system can be 
guaranteed.

with bound estimation algorithm given in

and the compensated control is designed as
);()(ˆ txgtrww

)];()(sgn[ˆ txgtruC 

|);()(|ˆ txgtrc 

(3.11)

(3.12)

(3.13)
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Proof: A Lyapunov function is chosen as 
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According to the gradient descent method,
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The adaptation laws can be reconstructed as 
(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

The        in the tuning algorithms can be reorganized  
as                           in practical applications. 
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dx
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Servo Control Card
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Digital
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Linear Piezoelectric
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 Moving
Table

The PC-based experimental control system.
Experimental Results
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Block diagram of PI position control system. 
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
u x


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Reference
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*x

+  +
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x

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

,20SK ,1PK 25IK

36.7313.17s
36.73

2 222

2




 sss nn

n



The reference model for the periodic step command: 

(3.25)
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Experimental results of PI position control for LPCM 
due to periodic step command. 

Reference 
Model
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(a)
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Reference 
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Experimental results of PI position control for LPCM 
due to sinusoidal command. 
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The adaptive CMAC control 
Parameters

,04.0w 01.0c,02.0 vm 

20ikv
]35,25,15,5,5,15,25,35[

],,,,, ,,[ 87654321


iiiiiiii mmmmmmmm

The initial values of the parameters are chosen as 

,251 k ,102 k

,4 ,5En 422 Rn

]/)(exp[)( 22
ikikiiik vmqq 

The receptive-field basis functions are chosen as 

,42Bn
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Reference 
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Experimental results of robust CMAC control for 
LPCM due to periodic step command. 
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Experimental results of robust CMAC control for 
LPCM due to sinusoidal command. 
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Summary

The successful development of adaptive CMAC 
control system.

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 








xy
tdtugfx n )()()()()( xx

The tracking error vector is defined as
Tneee ],,,[ )1(  E

(4.1)

(4.2)
The ideal control law 

])()([
)(

1 )( EKx
x

Tn
dI xtdf

g
u  (4.3)
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The error dynamics
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)(   ekeke n

nn 

Recurrent CMAC
Architecture of a recurrent CMAC 

(4.4)
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The inputs of every block                                       
are represented as 

nT
nrrrr qqq  ],,,[ 21 q

)1(  Nyorr wqq (4.5)
The receptive-field basis function 








 
 2

2)(exp)(
ik

ikri
riik v

mqq (4.6)

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

T
orrRCMAC yu wwvmwq ),,,,( (4.7)
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Recurrent CMAC Control System
Control law

CRCMAC uuu 

Recurrent CMAC



riikikk wvmw  ˆ,ˆ,ˆ,ˆ


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Compensated
Controller

u x
 +
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 Adaptive
Estimation Law

̂

Cu

dx

e

 Adaptive Recurrent CMAC

Plant
xytdtugfx n  ),()()()()( xx

Adaptive  Laws

Tracking
Error Vector



E

+
+

(4.8)
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Theorem 4.1: The adaptive law of the recurrent 
CMAC is designed as

and the compensated controller is designed as

with the adaptive estimation law given in

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

m
T

w PBEw ̂

)sgn(ˆ m
T

Cu PBE

||ˆ m
T

c PBE 

w c

(4.9)

(4.10)

(4.11)
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On-line parameter training algorithm 
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The adaptive laws of means, variances and recurrent 
weights:
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(4.12)
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where                           and                           .

If         is unknown: 

r
T

w PBEw ̂
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Illustrative Examples

Example 4.1: Consider the Duffing forced oscillation 
system 

)cos(121.0 3 tuxxx  

)(
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1

2

1 dugf
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
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It can be rewritten as 

(4.21)

(4.22)
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State response

Time (sec)

State response

Phase-plane portrait

2x 2x
2x 2x

1x 1x

1x
(a)

(b)

(c)

Simulated results of the Duffing forced oscillation 
system (without control)
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Phase-plane portrait
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Simulated results of RCMAC control for the Duffing
forced oscillation system.



58

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

uqcqqcqqcqcqccq  3
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The state equation 

The aerodynamic parameters of the delta wing for a 
25-deg angle of attack are chosen as 

,00 c ,01859521.01 c ,015162375.02 c
,06245153.03 c ,00954708.04 c

02145291.05 c

(4.23)

(4.24)
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Two initial conditions: 

a small initial condition 

a large initial condition 
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The reference model is defined as 
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Simulated results of RCMAC control and RNN  
control for small initial condition. 



63

Initial condition

Intelligent hybrid control

RNN adaptive control

Intelligent hybrid control

RNN adaptive control

Intelligent hybrid control

RNN adaptive control

State response

1x

1dx

(RNN adaptive control)

1x (Intelligent hybrid control)

2x

2dx

(RNN adaptive control)

2x (Intelligent hybrid control)

c)
(d

eg
re

e/
se

2x
c)

(d
eg

re
e/

se
2x

(degree)1x (degree)1x

)
c

(d
eg

re
e/

se
2

u
)

c
(d

eg
re

e/
se

2
u

Phase-plane portrait

Time (sec)

State response

Time (sec)

(d
eg

re
e)

1x
(d

eg
re

e)
1x

c)
(d

eg
re

e/
se

2x
c)

(d
eg

re
e/

se
2x

Time (sec)

Control effort u

Tacking error e

(d
eg

re
e)

e(
de

gr
ee

)
e

(a)

(b)

(c)

(e)

(d)
Time (sec)

Simulated results of RCMAC control and RNN  
control for large initial condition. 
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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. 
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6. RCMAC Fault Accommodation Control of a Biped 
Robot 
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In the absence of a fault
 )(),()(1 qgqqqCτqMq   

Computed torque controller
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qqe  dwhere the tracking error vector

Error dynamics 0 eKeKe 22 

Fault occurs: 

 Robust fault-accommodation controller 
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RCMAC-based fault accommodation control
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Simulation Results The joint angle of each link

CMAC RCMAC
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Simulation Results The fault function and the output

CMAC RCMAC
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RCMAC can achieve favorable accommodation control 
for the faults of a biped robot.

Summary
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