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Dynamic TOPSIS fuzzy cerebellar model
articulation controller for magnetic
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Abstract. This study proposes a fuzzy Cerebellar Model Articulation Controller (CMAC) using a dynamic Technique for
Order of Preference by Similarity to Ideal Solution (TOPSIS) technique for dealing with the metallic sphere position control
of a magnetic levitation system (MLS). The proposed Dynamic TOPSIS Fuzzy CMAC (DTFCMAC) incorporates a multi-
criteria decision analysis with a fuzzy structure to decrease the computational load for parameter learning and to enhance the
fuzzy reasoning inference for a CMAC. The Shannon entropy index is used to derive the objective weights for the evaluation
criterion. By combining entropy weight and TOPSIS, the optimal threshold value for suitable firing nodes is determined
automatically and easily. In the proposed method, the dynamic back-propagation algorithm is applied to train the proposed
DTFCMAC online. Moreover, to guarantee the convergence of output tracking error for periodic command tracking, analytical
methods developed from a discrete-type Lyapunov function are used to determine the optimal learning-rate parameters for the
proposed DTFCMAC. The proposed DTFCMAC is applied to the MLS, and its performance is verified through simulations
and experiments. Our findings indicate that the proposed DTFCMAC control system achieves stability and desired control
performance for the MLS.

Keywords: Dynamic, TOPSIS, entropy, fuzzy inference system, cerebellar model articulation controller, and magnetic
levitation system

1. Introduction

The magnetic levitation system (MLS) produces
magnetic force using the electric current flowing
through a coil. This technique is used to suspend
an object in the air without incurring mechanical
contact, friction or noise and can be used for pre-
cise positioning. Because of these advantages, it has
many applications, such as for maglev trains, mag-
netic bearings, wind tunnels, and conveyor systems.
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2209; Fax: +886 3 4536022; E-mail: cml@saturn.yzu.edu.tw.

With the rapid development of industrial technology,
ML.Ss have become increasingly widespread. How to
design a simple and effective control algorithm is an
important issue of MLSs, which has attracted much
research interest.

Over a decade, many new control methods have
been proposed for MLSs. In 2006, Chiang et al. pro-
posed the concept of integral variable structure grey
control [1]. Yang et al. [2] published the method
of adaptive robust output feedback control [2] and
a robust nonlinear output feedback control in 2009
[3]. In addition, a robust dynamic sliding mode
controller using adaptive recurrent neural network
was recommended by Lin et al. [4]. Then in 2011,
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Lin et al. offered an adaptive PID controller [5].
Three years later, Lin et al. introduced a function-
link cerebellar model articulation controller (CMAC)
[6]. Complementing these control methods, Lin et al.
[7] proposed a Dynamic Petri Fuzzy CMAC (DPFC-
MAC) [7]. However, these controllers have some
drawbacks. They are difficult to explain and sensitive
to the training data, and require complex computa-
tion for better control performance. In DPFCMAC
introduced by Lin et al. [7], the threshold value of
receptive-field basis function in association memory
space is between 0 and 0.2 so the values of receptive-
field basis function in association memory space must
have a value that is larger than the threshold value.
Lin et al. [7] demonstrated that if this threshold value
is small, the tracking error is large. A more detail
of this threshold value is presented in the following
section.

Various Multi-Criteria-Decision-Making
(MCDM) approaches have been developed and
applied to solve many problems [8—10]. As one
of the well-known classical MCDM approaches,
TOPSIS (technique for order preference by similar-
ity to ideal solution) method was firstly developed
by Hwang and Yoon [11]. For TOPSIS, the most
preferred alternative must have the shortest distance
from the positive ideal solution and the farthest
distance from the negative ideal solution. In this
work, the TOPSIS method involves the following
seven steps: (1) create an evaluation matrix, (2)
normalize the decision matrix, (3) compute the
weighted normalized decision matrix, (4) determine
the worst alternative (A”) and the best alternative
(A%), (5) calculate the separations of an alternative
from A* and A’, (6) calculate the threshold index
(i.e., the relative proximity of an alternative to
A™), and (7) select the optimal threshold index to
obtain the appropriate values of criteria. Generally,
the advantages of TOPSIS include: (a) simple and
logically understandable model, (b) respectable
computational efficiency and (c) the ability to com-
pute the relative performance for each alternative in
a simple mathematical form.

A cerebellar model articulation controller (CMAC)
is classified as a non-fully connected perceptron-
like associative memory network with overlapping
receptive fields [12]. It serves to resolve the fast
size-growing problem and the learning difficulty in
currently available types of neural networks (NNs).
Inrecent decades, CMAC has many advantages more
than NNs [13]. CMACs have been widely applied for
the control of complex dynamic systems because they

allow simple computation and have good generaliza-
tion capability and fast learning properties [14, 15].
Because of these advantages, this study incorporates
a TOPSIS with a fuzzy CMAC into a novel Dynamic
TOPSIS Fuzzy CMAC (DTFCMAC) to determine
suitable firing nodes, based on threshold values. In
recent years, to achieve better learning performance
for CMACsSs, Petri net has been used to construct a
DPFCMAC [7]. However, the threshold value is cho-
sen between 0 and 0.2 through trial-and-error. In this
study, a TOPSIS is combined with entropy method to
determine the threshold value automatically. Because
the TOPSIS transition space filters unimportant input
variables, it alleviates the computational burden that
accompanies the learning of parameters and increases
the number of fuzzy reasoning inference of a multi-
input CMAC. The proposed DTFCMAC combines
the advantages of CMAC, fuzzy system and TOPSIS.
In this study, the proposed DTFCMAC is applied to
control an MLS. Simulation and experimental results
of the MLS are presented to confirm the validity of
the proposed control strategy.

Notations: R™*"i defines all real matrices with
dimension m; x nj. “*” and /" represent the opti-
mal term and worst term, respectively. m;j, vijk,
and f;j are a mean parameter, a variance parameter
and a value of receptive-field basis function with the
i-th input, the j-th layer and the k-th block, respec-
tively. In addition, F is an evaluation matrix, e,, is
an entropy index of criterion ny, dd,, is the degree
of diversification of the measurement quality, Wy, 18
the objective weight for each attribute, CC;, is the
optimal value of the relative closeness to the ideal
solution, by, is the dynamic threshold for selecting
appropriate firing rules, and ;i is the suitable firing
value in the TOPSIS transition space. vy, Vm, andy,
are the learning-rate parameters of the weight, the
mean, and the variance of the Gaussian function,
respectively. A is the error term.

2. Description of magnetic levitation system
2.1. Magnetic levitation system for experiment

The magnetic levitation system (MLS) is nonlinear
and unstable, and it is sensitive to initial conditions
and noises [5]. The system is divided into two parts:
the peripheral circuit and the MLS, as shown in Fig. 1.
The proposed DTFCMAC is implemented with the
PCI-1716 multi-function card, which has 250 kS/s,
16-bit, 16-ch, an onboard 1K sample FIFO buffer for
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Fig. 2. The construction of magnetic levitation system [5].

A/D, 6 single-ended or 8 differential or a combination
of analog inputs, 16-bit A/D converter, with up to 250
kHz sampling rate, 2 analog output channels, 16-ch
digital input, and 16-ch digital output.

2.2. Modeling of magnetic levitation system for
simulation [4-6]

Figure 2 shows a single-axis MLS. The control
input is a voltage, which is converted into a current
through the current driver. When current flows, the
electromagnet creates a corresponding magnetic field
in its surroundings. The metallic sphere moves along
the vertical axis of the electromagnet. The position of
the metallic sphere is measured by an infrared sensor.

According to Newton’s second law of motion, the
behavior of the metallic sphere is specified by the
following equation:

Ma = F(x,I) — Mg,,, (D

where M(kg) is the mass of the metallic sphere,
gm(m/s*) denotes the acceleration due to gravity,
a(m/s?) is the acceleration, x(m) is the distance of

the sphere from the electromagnet, /(A) is the current,
and F(x, I)(N) is the magnetic control force.

The magnetic control force of MLS in an (x — I)
equation is expressed as:

N*I2S
Fo, ="
8
2
Ry + /R34 (x + h)? Ri++/R}+x2
(x + ) 1In +xIn R
Ri++/R} + (x + h)? Ry++/R3+x2

(@)

where o(Wb/Am) is the permeability of free space,
h(m) is the length of coil, N is the number of turns
per meter, S(m?) is the material surface crossed by
the magnetic flux, R (m) is the minimum coil radius,
and R,(m) is the maximum coil radius.

Equations (1 and 2) are used for simulation only
in this work. During the design and practical imple-
mentation of the proposed controller, these equations
are not required.

3. TOPSIS method and structure of the
proposed DTFCMAC

The system dynamics of an MLS is intricate and
highly nonlinear; hence, it is difficult to design a suit-
able control scheme without mathematical dynamic
modeling for achieving highly precise position con-
trol. Thus, the proposed DTFCMAC is used, which
incorporates the TOPSIS method and the fuzzy infer-
ence system with a CMAC. The structure of the
proposed DTFCMAC is presented as follows:

3.1. Dynamic TOPSIS fuzzy cerebellar model
articulation controller

This work proposes a novel DTFCMAC as shown
in Fig. 3. This proposed DTFCMAC uses the follow-
ing fuzzy inference rules:

RlIIf ]1 is fljk,lz is fzjk,...
ojk=wjkforj=l,2,..., nj, k=1, 2,..., g,
and/=1,2,...,n,

, and I, is f,, i, then

3)

where n; is the input dimension, 7 ; is the number of lay-
ers for each input dimension, n; is the number of blocks
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for each layer, n; is the number of fuzzy rules, fij is the
fuzzy set for the i-th input, j-th layer and k-th block, and
w i is a singleton output weight in the consequent part.
A schematic diagram for a two-dimensional (n; = 2)
DTFCMAC with four layers (n; = 4), with three blocks
(ny = 3) in each layer, is described in Fig. 4.

A DTFCMAC comprises an input space, an asso-
ciation memory space, a TOPSIS transition space, a
receptive field space, a weight memory space and an
output space. The signal propagation in each space is
described as follows:

1) Input: Set a vector I = 1[I, ..., I;, ..., I,,,]T €
N, each input state variable /; is quantized into discrete
regions (called elements or neurons) according to the
specific control space. The number of elements 7, is
termed as a resolution; for example, n, = 9 in Fig. 4.

2) Association Memory Space (Membership Func-
tion): Several elements are accumulated as a block. In
this space, each block performs a receptive-field basis
function. The Gaussian function is used as a receptive-
field basic function, which is represented as:

fi(Fijp) = CXP(—E-?;(),
fori=1,2,...,n; j=1,2,...,nj, 4
and k =1,2,..., ny,

where Fij, = ﬂ,
Vijk
m; jk is a mean parameter, and v; jk is a variance param-
eter.

3) TOPSIS Transition Space: TOPSIS is a multi-
criteria decision analysis method, that was firstly
developed by Hwang and Yoon in 1981 [11], this method
was improved by Hwang et al. in 1993 [16]. The main
technique of TOPSIS method has been presented in [11,
17]. In this space, TOPSIS method is used to determine
the optimal threshold value for suitable firing nodes.
In addition, the entropy method is used to derive the
weights for the evaluation criteria. All the steps of TOP-
SIS are described in detail as following:

Table 1 includes all of the values for the receptive-
field basis function in association memory space. Let
Ay, Ay, ..., A, be the alternatives and Cy, C,, ..., C,
be the criteria. Alternatives are the layers and crite-
rion is the receptive-field basis function f;j or a block
in the CMAC of the proposed control system. Each
alternative has n; blocks. Each block has a specific
value fij and each of these values is calculated in
Equation (4).

i. Create an evaluation matrix:
Set the matrix F = (fijk)(mxn) = (qun‘.)(m Xn)s

Sin fuz fis oo fimg
Sizo o Sz Sz Sfion
S fiz Sz fiog
S fue fus oo fian,
San Sz faz oo fon
S fa2 fas .. fao
F=1 fa1 fa2 fa33 ... fon
S faz Sz oo foan,

fin  fip fin oo fim

fn,-njnl fn,-njnz fn,njnk S fn,vnjnk

qin 412 413 --- qiny, -+ 4in
q21 4922 423 --- q2n, --- 42n
q31 432 433 --. 43u, --- 43
441 442 443 ... q4n, ... {q4n
451 452 453 --- 4sn, --- 45n
qde1 462 463 --- qon, --- Yqon
=491 49712 4913 --- 4y, --- 47n %)
qs1 482 483 --- 48n, --- {8n

qm.1 9m,2 dm3 - - - qm,(ny <o Ymn

qmt 9m2 q9m3 --- 9mn, --- 9mn

where m is the number of alternatives and » is the num-
ber of criteria, i =1,2,...,n;, j=1,2,...,nj, and
k=1,2,...,n.

In this study, the number of inputs, the number of
layers and the number of blocks are n; = 2, n; =4 and
ny = 3, respectively. Therefore, the proposed DTFC-
MAC has eight layers in total and each layer has three
blocks; thus in this case, the matrix F has eight alter-
natives (m=28) and each alternative has three criteria
(n=3).



C.-M. Lin and T.-T. Huynh / Dynamic TOPSIS fuzzy cerebellar model articulation controller for MLS 2469

TOPSIS Transition space Weight Memory

space

Input space

Receptive-Field
space

Association Memory
space

Fig. 3. Architecture of the proposed DTFCMAC.

The alternatives and criteria in matrix F are expressed
as:

Qm,‘n‘. = qminiy s for my = 1, R (/N
Al = [QI] QIZ QI3 ], Emi;l rznxny
Ay =[421 922 923 ] - andny,=1,...,n 7
q11
Az = [931 932 933 ] . ® §m,n, is aquality value at criterion n, for alternative
m, of input ;.
Ay =[941 942 943 ] q31 p— . . .
» . /Zmi;l qfnxny is the summation of all quality val-
As =[951 952 453] C, = ; ues g n, at criterion ny for all alternatives m, of
51 input /;.
Ae = [9e1 q62 963 ] qe1 ® O, is the measurement quality value. It is the
A =[q11 472 473 ] qm ratio of quality value g, to the sum of all quality
gs1 values.
Ag = [¢81 982 483 ] c T (6) ) . ..
iti. Calculate the weighted normalized decision
matrix:
-412 7] _q13 7] Umn, = (wnv Qm*""«")mxn
f ®)
q» g3 ormy,=1,...,m, andn,=1,..., n,
q3 q33
942 943 St _jwy,=land 0 < w,, <1
G = G = ny=1"ny — ny : €))
qs2 qs3
ge2 q63 Determination of the Evaluation Criteria Weights
gn P Shannon has proposed the entropy concept, which has
‘ been highlighted by Zeleny, for deciding the objective
| 982 ] 483 ] weights of criteria [18, 19]. In this study, the Shannon
ii. The matrix F = Q,, . is then normalized entropy method is used to derive the weights for the
If the value of matrix F has different dimensions, evaluation criteria. An entropy can be defined as [18,
it must be normalized. This implies that all the values 19]

of O, are between 0 and 1. ny
| H(ox, ) = =) xilogls). (10)
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Fig. 4. The organization of a 2-D fuzzy CMAC.
Table 1
Decision table in the TOPSIS method
Alternatives A,, Layers Criteria C, Values of criteria
ny blocks
—_—
Alternative 1 Layer 1 Ay, Ay, Az, Apy Sunfuzfuz . fuimg
Alternative 2 Layer 2 By, B>, B3, ..., By, f121 fizz f123 - - - fiom,
Alternative 3 Layer 3 C],Cz,C:;,...,an f131f132f133...f13nk
Alternative 4 Layer 4 Dy, Dy, D3, ..., Dy, Sf1a1 f142 f143 - . . fran,
Alternative 5 Layer 5 a,az, as, ..., an, S fazfaz . fain
Alternative 6 Layer 6 b1, by, b3, ..., by, fa21fa22 223 -+« foom,
Alternative 7 Layer 7 C1,€2,C3y vy Cny J231 /2320233 -+« f23m,
Alternative 8 Layer 8 dy,dr, ds, ..., d”k faa1 fra2 fra3 ... f24"k
Alternative m Layer m, X1, X2, X3, ooy Xy, fijlfijZfijS "'fij”k
Alternative m Layer m 212223 - - - 2y, Snin 1 fuinj2 Fnin;3 - - - uin iy
where x; (i = 1, 2, ..., ny) are the probabilities of ran- k = ﬁ is used to guarantee 0 < e, < 1.

dom variable being computed from a probability mass
function X. Entropy is a measurement of the degree of
disorder in a system. The entropy value e, of criterion
n, is defined as

€n, = _ﬁ ZZX:I meny In (meny) s

form,=1,..., m, andn,=1,...,n,

an

where e,, € [0, 1], e,, is an entropy index of criterion
ny, which is a sum of all measurement quality values
Oum,n, atcriterionny, for all alternatives, and the constant

For a given criterion n,, the larger the diversification of
QOum.n, becomes, the smaller e, is; this means the more
important is the role that is played by criterion n, in the
comparison. Therefore, set

ddnv =1- €n,, My € [1,n], (12)

where dd,, is the degree of diversification of the mea-
surement quality, and the larger dd,  is, the more
important the criterion is.
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The objective weight for each criterion is calculated
as:

_ dd,
> dd,,

ny=1

wy (13)

y

and it is viewed as the degree of importance for criterion
ny.

Finally, by following these steps, the entropy weight
vector W = [wy, wa, ..o\, Wy« v+, Wy is obtained.

iv. Determine the worst alternative (A') and the best
alternative (A*):
This step determines A* and A’

A*:{vj‘,...,v:v,...,v,ﬁ}, (14)

where

vnv*:{max(vmm\,) if ny € ]*;min(vmx,,y) ifnyeJ' }

’

A’:{vlf,...,vny,...,v,,,}, (15)
where

. . - % .
v, = {min(vy,,) if n, € I max(vy,,,) if ny € J'}.

i .. . . .. .
J is a set of positive criteria or positive impacts.
J' is a set of negative criteria or negative impacts.

v. Calculate the separation distance for each alterna-
tive:
The separation from the best alternative is:

n

S = | 3 o o)’

ny=1
formy,=1,...,m, andn,=1,...,n, (16)

Similarly, the separation from the worst alternative is:

, n 2
S, = 1/ 2 (th, = Vi)
ny=1

a7

form,=1,...,m, andn,=1,...,n,

vi. Calculate the relative closeness to the ideal solu-
tion CC;, :

’

Sm
ccl, = :

ny m, 0< CC*mX < 1, (18)

where CC;, = [CC},CC3, ..., CC;,

mg *

... CCp].

CC,, = lif and only if the alternative solution has
the best condition.

CC;"nY = 0 if and only if the alternative solution has
the worst condition.

This step is to find the optimal value of CCan, which
is also the threshold value of f;j for selecting the suit-
able firing rule.

In this study, the threshold values are calculated as:

by = max(CCy,) 19)

Particularly, if the threshold value is set manually

to obtain the fuzzy rules, the proposed DTFCMAC
becomes:

1. If the threshold value by =0 is set, the pro-
posed DTFCMAC is the same as the FCMAC [20]
because all the rules are fired at this case.

2. If the threshold value by, = B, is set, the proposed
DTFCMAC is the same as the DPFCMAC [7].

vii. Select the best value of [jj:
The optimal threshold value for selecting a suitable
firing node is expressed as:

20
0, fix < bu, 0)

{ Jijks fije = ban
Mijke =

where ;¢ is the suitable firing value and by, is adynamic
threshold value.

If the values of the receptive-field basis function in
association memory space are larger than the threshold
value, the fuzzy rules are fired and their values are unal-
tered. Otherwise, the fuzzy rules are not activated and
their values are set to zero. Equation (20) is applied to
calculate the multi-dimensional receptive-field function
presented in Equation (21) and the error term in Section
4.2.

4) Receptive-field space (hypercube space): The
multi-dimensional receptive-field function is deter-
mined as:

n; n; n; - 2
rie = [T i =1 fin(Fig) = [[ exp [— (Ivij:'k) }
i=1 i=1 i=1
(21)
fori=1,2,...,n; j=1,2,..,njand k=1,2, ..., ng,

where 7 is associated with the j th layer and the kth
block.
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The multi-dimensional receptive-field functions are
expressed in vector form as:

r=1[ri... g, M1...Tn, Tnjl - .r,,,.,lk]T € N
=[r,...,r, ...,r,,,]T e N,
(22)
5) Weight memory: Each location for the receptive-
field to a particular adjustable value in the weight
memory space is expressed as:

— T \njn,
w=[wiq .. - Wipg, W21 - - - Wogy, Wyt ...w,,/.,,k] € Rt

=[wi, ..., wy, ... w,]T € R\,

(23)
where w j denotes the connecting weight value for the
output that is associated with the jth layer and kth block.

6) Output: The output for the proposed DTFCMAC
is the algebraic sum of the activated weighted receptive-
field, and is expressed as:

J n ny
T
UDTFCMAC = 0 = W I = E g W k! jk = E wiry.
=1

j=1 k=1
(24)

4. The DTFCMAC control system for MLS

4.1. The DTFCMAC-based feedback control
system

This section introduces the proposed DTFCMAC
control system for effective control of the sphere posi-
tion of an MLS. The block diagram of the proposed
DTFCMAC control system for the MLS is depicted in
Fig. 5, where x; is the reference signal and x is the
tracking output signal of the MLS. The inputs of the
proposed DTFCMAC control system are the tracking
error e(K) = x4(K) — x(K) and the derivative of track-
ing error Ae(K) = e(K + 1) — e(K), and the output of
the proposed DTFCMAC control system is # prrcmac-
The newly designed DTFCMAC structure is described
in Fig. 3, with the TOPSIS transition layer being the
most important difference between the FCMAC and the
proposed DTFCMAC.

4.2. Online learning algorithm

In this study, to point out the online learning
algorithm of the proposed DTFCMAC, we use the super-
vised gradient descent method. The energy function E
is defined as:

_)| Magnetic Levitation System '_

Aw, Am,, and Av,, b

“’F‘l TFCMAC

2

[[Adapive taws | |'I1)PSIS’mcthﬂd}(‘—
€

Wp m;fl: and v”k

Yy ¥y and 7, b b e

Onlinc lcarning algorithm

Desired input signal

Fig. 5. Block diagram of DTFCMAC control system.

E=lay-wp=le 25)
= —(x; — X = —e .
2 2

With the energy function E, the error term to be prop-
agated is specified by:

oE _ JE de 0x ox

M=——"----"=—— =e s
duprrcmac  0e 0x duprrcmac 3MDTFCMAC( )

and the updated weight is derived using the following
equation:
oE oE

Aw; = —VYwiT— = VYw
owy ouprremac owy

U prrCMAC

= Vw)\'()rla
@n

where y,, is alearning-rate parameter for all w;. The con-
nective weights are updated according to the following
equation:

wi(K + 1) = wi(K) + Awi(K), (28)

where K denotes the number of iterations. When the
weights in the rule layer are unified, the error term is
calculated and propagated by the following equation:

&

_0E [ oE } (3MDTFCMAC) ) rown #0
Ton ary ~ )] 0. n=0.

(29)

U pTFCMAC

In TOPSIS layer, the error term is calculated as the
following equation, and based on the Equation (20), it
is obtained as:

Dk = — oE [_ JE BMDTFL'MA(?] ary
ijk Bfiik duprreMac ar 3f:/k

{ &r = owiry, fi = fijks fik = bm (30)

0, ik =0, fix < ba.



C.-M. Lin and T.-T. Huynh / Dynamic TOPSIS fuzzy cerebellar model articulation controller for MLS 2473

tracking position

|— — reference position
0.01 T T

position (m)

_0.01 | . | . |
o 5 10 15 20 25 30
time (sec)

control effort (v)
[§)

ol _
5 l l l ! ! l
(o] 5 10 15 20 25 30
time (sec)
0.01 . . . . : .
E
§ o
5
_0.01 l | l ! ! |
(o] 5 10 15 20 25 30
time (sec)
(a)
| tracking position
-— =— reference position
___ o.01 y ; ; y : d
£
5 ° —__—/—\__/—\m_/——\
_‘%
=8
_0.01 l | l | | l
5 10 15 20 25 30
time (sec)
= 10 ; 1 : : ! :
=
= 5 N
] e —
S or .
=
8 -5 1 1 1 1 1 L
o 5 10 15 20 25 30
time (sec)
0.01 . ; : . ; :
E
§ o
5
_0.01 ! ! l I ! I
o 5 10 15 20 25 30
time (sec)
(b)
Fig. 6. Simulation results of the PID controller (a) Sinusoidal command and (b) Trapezoid command.
The updation laws of 1 and vy are denoted as: respectively. The mean and variance are updated as
follows:
o, 0E ___OE__ Buprrcuac | ( ik min(K+1)=m;3(K)+ Am; (K 33
Am,jk_ Ym g Ym [ Ty FT :| (3mijk ), ljk( + ) l/k( )+ Ijk( ), ( )
2l —mi) Vi (K + 1) = v (K) + Avgp(K). (34)
= VmPijk =z =
! 31) If the plant model is obtainable, then the Jacobian
of the system 0x/0uprremac can be calculated. If the
Avig = —y e _ e 0 oupmreunc | (i planF model is unknoyvn, tl'1en 8)'c/8u,')TFCMAC cannot.be
ijk Y Qo V| duprremac  fin v )’ obtained. Though an intelligent identifier can be applied
= Yolijk 20 *Smuwz to identify the system model [21], but heavy computa-
Vijk tion exertion certainly occurs. In this work, we used a
(32)

] simple approximation of propagation error term as [22]:
where y,, and y, are the learning-rate parameters of

the mean and the variance of the Gaussian function, Ao = Ae(K) + e(K). (35)
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Fig. 7. Simulation results of the DPFCMAC (a) Sinusoidal command and (b) Trapezoid command.

4.3. Stable convergence analyses

The learning laws in (27), (31) and (32) require
the appropriate selection of the learning rates
Yws Ym» and y,, respectively. If the learning rates are
set too small, the parameters for the proposed DTFC-
MAC control system can converge easily. However, it
decreases the learning efficiency. On the contrary, if
large values are given for the learning rates, the learn-
ing speed is fast. Nevertheless, the proposed control
system becomes more unstable when the parameters

cannot converge quickly. In this study, the convergence
analysis is derived to specify the learning rates to assure
convergence of the tracking error.

Theorem 1. Set y, is the learning rate for the pro-
posed DTFCMAC control system and define T,(K) =
a’“”’g%, for z = w, m, and v. Then the convergence
of tracking error is guaranteed if y, is selected as:

2

O0<y, < —xz
IO |25 ]

(36)
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Fig. 8. Simulation results of the proposed DTFCMAC (a) Sinusoidal command and (b) Trapezoid command.
e . . T
where || .|| is the E'uchdean norl.n. Mor'eover, the vari A prFCMAC QM pIFCMAC A prFCMAC
able optimal learning rates which achieve the fastest w7 aw T oy, ’
convergence are obtained as:

N 1

—_ (37)

IO |25 ]

Proof. Since T,(K) = M for z = w, m and v.
Tw(K), T,,(K) and T,(K) are calculated as follows:

0l
T,(K) = UDTFCMAC _

ow

(38)

T (k) = HPCIAC

r
T . T T
U prECMAC uprremac U prrcmMac
e seees \ m—T— seees | T—— s
oy ji omiji i j

(39)
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Fig. 9. Experiment results of PID controller (a) Sinusoidal command and (b) Trapezoid command.
where Define a Lyapunov function as:
duprremac — | Quprrcmac duprrcmac  dUpTECMAC
oy, ji ;11 T Mgy om0 1 5
T V(K) = Ee (K). 43)
duprrcmMAC duprrcmMac uprrcmac
T Ompom, T O T Ompn g
(40) Then the change of the Lyapunov function is obtained
T(K) = 3MDTaF:'MAc _ as.
T T 7 1 2 2
(3MDTF(7MAC> (3MDTFCMAC) <3MDTFCMAC ) AV(K)=V(K+1)-V(K)= 5 [e (K+1)—e (K)] .
g ) T g ) I, jk ' (44)
(41) The error difference is signified by:
where Be(K) T
duprrcmac __ | duprEMaC duprrmac  QUDTEMAC e(K
o [ B 1 E Boag e(K+1)=elK)+ Ae(K) =e(K) + [ % ] Az.
T
duprrCMAC duprrcmMAC uprrcmac :| (45)
T v W I ) . .
i i i Using (26), yields
(42)
uprrcmac duprrcmMac 2(i—mij)
q ow) =T, omge wiry vl.ij ’ % . % 0x OU pTFCMAC _ Ao T.(K)
an and 2omrciac _ ) 2immip)® 0z Ox duprrcmac 0z e(K)y © 7
v A (46)
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Fig. 10. Experiment results of DPFCMAC (a) Sinusoidal command and (b) Trapezoid command.
Therefore, w12 )
27: [ | 1T —2 =0
« 1 (49

T
e(K +1) = e(K) = | 5 Tu(K)| i (K.

= oK) [1 = () T OT(80) “

From (44) and (47), AV(K) is represented as:

Ao

1
AV(K) = Emé 17,511 [y (m

2
) IT. (K| — 2} .
4g)

If y, is chosen as in (36), AV(K) in (48) is
less than zero, the Lyapunov stability of V(K) >
0 and AV(K) < 0is guaranteed. Therefore, the conver-
gence of tracking error e(K) is guaranteed. Moreover,
the optimal learning rates which achieve the fastest con-
vergence correspond to:

T mor ]

which come from the derivative of (48) with respect to
y. and equals zero. By using this learning-rate value
(49), the stable convergence of tracking error e(K) is
guaranteed as fast as possible.

5. Simulation and experimental results

5.1. Simulation results

The specifications of the MLS are as follows:

N=2850, r = 0.012(m), r,=0.038(m), A = 0.005515(m?),
1o =47.10~7(Wh/Am), M=0.0216(kg), and g, =9.8(m/s).
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Fig. 11. Experiment results of the proposed DTFCMAC (a) Sinusoidal command and (b) Trapezoid command.

To compare the control efficiency, a conventional PID
controller, a DPFCMAC introduced by Lin et al. [7] and
the proposed DTFCMAC are used to control the MLS.
For the conventional PID controller, the PID gains are
Kp =5000, K; = 1000, and Kp = 3. For the DPFC-
MAGC, the parameters for calculating the threshold value
are chosen as a = 0.5 and 8 = 50. For both the pro-
posed DTFCMAC and DPFCMAC, the initial learning
rates are chosen as y,, = 10, y,, = 1 and y, = 0.1, and
then they are adjusted through (49). The initial position
of the metallic sphere is set at —1 mm. The MLS is con-
trolled to follow a sinusoidal command signal of sphere
displacement of 1 mm, as shown in Figs. 6(a)-8(a), and
a trapezoid command signal of sphere displacement of
1 mm, as shown in Figs. 6(b)-8(b).

The respective threshold values of the DPFCMAC
are 0.35 with sinusoidal command and 0.0545 with
trapezoid command. In the proposed DTFCMAC, the
threshold values are between 0.4864 and 0.5187 with

sinusoidal command, and between 0.4962 and 1 with
trapezoid command, respectively. The comparisons of
these simulation results are listed in Table 2. The
RMSE value for the proposed DTFCMAC is clearly
smaller than those for the PID controller and the DPFC-
MAC. In addition, the threshold values for the proposed
DTFCMAC control system are also obviously larger
than that for the DPFCMAC. The simulation results
show that the proposed DTFCMAC achieves the best
control performance with the smallest RMSE. In our
study, the computation time for each epoch of the
PID and DPFCMAC algorithms are 0.000075 second
and 0.00014 second, respectively; and the computa-
tion time for the proposed DTFCMAC algorithm is
0.00023 second. It shows that the proposed method
takes a little longer computation time than the other
methods, but it is acceptable. Therefore, the proposed
method can achieve better control performance by sac-
rificing a little longer computation time. The comparison
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Table 2

Comparison of simulation results in RMSE

Controller Computation Sinusoidal Threshold values for Trapezoid Threshold values for Degree of algorithm
time (s) command (mm) sinusoidal command command (mm) trapezoid command complexity
PID controller ~ 0.000075 0.1179 0.1052 Simple
DPFCMAC 0.00014 0.0431 dy, = 0.35 0.0321 dy, = 0.0545 More complex than
the PID controller
DTFCMAC 0.00023 0.0238 dy, € [0.4864, 0.5187] 0.0187 dy € [0.4962, 11 A little bit more
complex than the
DPFCMAC
Table 3
Comparison of experimental results in RMSE
Controller Sinusoidal Threshold values for Trapezoid Threshold values for
command (mm) sinusoidal command command (mm) trapezoid command
PID controller 0.1176 0.0831
DPFCMAC 0.2835 dy € [0,0.2] 0.2805 dy, € [0,0.2]
DTFCMAC 0.01287 dy, € [0.4216, 0.5214] 0.01174 dy, € [0.4237, 1]
Table 4
The number of firing rules and the total number of CMAC parameters
Structure Number of firing rules for each state variable The total number of CMAC parameters
FCMAC [26] 36 (fixed) 84 (fixed)
DPFCMAC [7] Less than 36 Less than 84
DTFCMAC Less than DPFCMAC’s Less than DPFCMAC’s

of degree of algorithm complexity is also shown in
Table 2.

5.2. Experimental results

In this study, we use a practical experimental MLS,
which is shown in Fig. 1. To compare the control effi-
ciency, a conventional PID controller, a DPFCMAC
introduced by Lin et al. [7], and the proposed DTFC-
MAC are used to control the MLS. For the conventional
PID controller, the PID gains are Kp =4.4, K; =
2.46 and Kp = 0.17. For the DPFCMAC, the param-
eters for calculating the threshold value are chosen
as a = 0.2 and g = 20. For the proposed DTFCMAC
control system, the initial learning rates are chosen as
yw = 0.01, y,, = 0.001 and y, = 0.001, and then they
are adjusted through (49). The experimental results for a
sinusoidal command signal with initial control parame-
ters are shown in Figs. 9(a)-11(a), and those for a trape-
zoid command signal are shown in Figs. 9(b)-11(b).
From these experimental results, our findings indicate
that the proposed DTFCMAC control system controls
the MLS to follow the command signal well.

Moreover, the threshold values for the DPFCMAC
are between 0 and 0.2 with both sinusoidal command
and trapezoid command. In the proposed DTFCMAC,
the threshold values are between 0.4216 and 0.5214

with sinusoidal command, and between 0.4237 and 1
with trapezoid command, respectively. The compar-
isons of these experimental results with both sinusoidal
command signal and trapezoid command signal are
summarized in Table 3.

As seen, the RMSE values for the proposed DTFC-
MAC are obviously smaller than those for the PID
controller and the DPFCMAC. In addition, the threshold
values for the proposed controller are obviously larger
than that for the DPFCMAC, and the number of firing
rules and the total number of CMAC parameters are also
less than that for the DPFCMAC. In addition, the number
of firing rules and the total number of CMAC parame-
ters are shown in Table 4. According to the simulation
and the experimental results, highly accurate position
tracking responses are achieved by using the proposed
DTFCMAC. Compared with the other control systems,
chatter and transient tracking error are greatly reduced
by the proposed DTFCMAC control system.

6. Conclusion

In this paper, the proposed DTFCMAC control sys-
tem is successfully applied to control the position of the
metallic sphere in a magnetic levitation system. This
controller incorporates a TOPSIS with a fuzzy CMAC,
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to select suitable firing nodes. The TOPSIS is combined
with entropy method to determine the threshold values
automatically. This control system is designed without
hard computation, and possesses the advantages of the
CMAC, such as, reducing the computation burden of
parameter learning. According to the adaptive tuning
laws, good control performance is achieved by modify-
ing the control parameters to reduce the approximation
error. Furthermore, to guarantee the system stability,
a Lyapunov function is used to determine the optimal
learning-rate parameter. Finally, the proposed intelli-
gent DTFCMAC is implemented with the PCI-1716
multifunction card, to achieve the design goals of small
size, low cost, fast execution speed and high flexibility.
Both simulation and experimental results of the MLS
show that using the proposed controller can achieve
highly accurate position tracking responses. The pro-
posed control method is a viable alternative for the
control of non-linear systems to achieve better per-
formance. Therefore, the proposed control method is
suitable for this problem and is also applicable to other
unknown non-linear systems.
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