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Abstract. This paper presents a neural network controller for nonlinear
system trajectory tracking, which works in an iterative learning manner. The
controller is composed of many local neural networks and every point along
the desired trgjectory has its own one for approximating nonlinearity only
nearby. This makes that every loca neura network can be possessed of a
simple structure and less neurons. Because the neura networks are
independent from each other, the whole trgjectory training can be divided
into several segments training, where we train a segment repetitively and
extend the trained segment step by step. Stability of the controller is ensured.

1.Introduction

In the last decade, some neural network controllers leading to stable control have been
presented[1][2][3]. One of common feature of these approaches appears to be that
they try to combine both adaptive control and the robust control technologies for
designing neural network controller. Where, the neural networks are used to
approximate the uncertainty with only unknown linear weights, the adaptive
technologies can then be adopted to update the weights and the residual modeling
error is controlled by arobust control scheme. Because the neural networks have to be
able to describe the system in a rather large working space around the whole
trgectory, the size of the neural networks may become very large for keeping the
modeling error within a permitted region. On the other hand, because of correlation of
neurons, the network training will face the interference from an other trgectory
segment before the ideal weights are achieved. This means that segmental training,
during which one segment of the trgjectory is repetitively trained, is difficult. Another
problem is that the tracking errors may be quite large during the early stages of
learning because of poor approximation. In some cases, such as manipulator operating
on a complicated workspace or a mobile robot moving within a highly uncertain
environment, a large deviation from the desired tragjectory may cause collision or even
damage.

In this paper, we present a different neural network to control a nonlinear system,
where the unknown nonlinearity can be represented by a linearly parameterized
approximation model. At first, in contrast to previous global parametric networks or
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local networks such as RBF neural networks where the neurons are distributed in state
space, we give every point along the desired trgjectory an independent neural network
where the neurons are distributed along time axis. Then, it is trained from the view
point of iterative learning control (ILC)[4][5][6] instead of adaptive control. By
iterative learning control, the tracking performance of every point along the trajectory
can be improved through tracking the same trgjectory many times. It is very suitable
for tracking a non-periodic trajectory with a finite time interval, which exists widely
in practical applications. On the contrary, the adaptive control based neural networks
can only converge to a desired continuous trajectory when the time t goes into
infinity. Moreover, in our scheme, the training of every local neural network is
independent of the others. This makes the segmental training become possible. The
ability of segmental training is very useful in many cases. For example, it can be used
to ensure uniform boundedness of the tracking error during the whole process of
training. We can let the controller always measure the maximum tracking error along
the trgjectory during the training. if the tracking errors at any trajectory point exceed a
predefined bound then the trgjectory from this point is divided into two segments.
After that, the networks of the first segment are trained repetitively and the next
segment can be trained until the tracking of the first one has reached a desired
precision. Therefore it worksin a step by step manner and finally the whole trajectory
tracking can reach the desired precision. In addition, because every loca network is
only used for approximating a local region around a specific point in the desired
trgjectory, its structure can be selected to be very simple and with only less neurons.
Training this kind of simple neural networks can be easy and fast.

2. Description of iterative learning neural networ k

We start from a desired trajectory x (t),0<t<t, . Our objective is to force the state

vector x(t,i) of the subsequent nonlinear system with affine input to follow the
desired trajectory exactly after a series of iterative learning:

X(t,i) = f(t,x) +G(t, Xu(t,i) ost<t, (1)
where the i expresses the i iterative training or tracking,
f(t,xJ R" and G(t,x) OR™™ are unknown nonlinear continuous functions,
andx(t,ij] R",u(t,i)0R™ are the state and control input of the i training at time t,
respectively.

Because of the approximation capability of a neural network, we employ a linear
parametric neural network to express the nonlinear functions f(t,x) and G(t,x) as
follows:
Bt )W, ()D
f(t,x) =W, () (t,x) +&;G(t,x) =GT(t,X) +¢, = 0 : Bﬂ:z
ot )™W, (DH
where ¢(t,x) OR" IS a vector composed of basis functions, which depend on what
kind of neural network we are using, for example, it may be a radial basis function
network [1][3], a high-order neural network[2], etc., it can even be any mathematical
approximation model with linear parameters such as a Taylor series, spline functions,
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etc.. The w, (g R™ andW () ORY™,I =1...n, ae the corresponding unknown
optimal weights of the neural networks. The quantities ¢ ande, are the modeling

errors of the approximation and are supposed to be bounded on a compact region Q.

Note that the above neural networks are different from the adaptive neura
networks[1][2][3], where it is assumed that the optimal weights are unknown
constants for the total trgectory. In eguation (2), the optima weights
W, (t) and W, (t) Can be time varying. This means that, for every time t or more exactly

every point along the desired trgjectory, one can have different optimal weights. So,
instead of a unified neural network for the whole trgjectory, equation (2) describes a
series of local neural networks for every point along the desired trajectory. From this
point, equation (2) is composed of local neural networks for every trgjectory point but
the adaptive neural networks are global for the whole trajectory. Because every local
neural network is only concerned with the uncertainty in a neighborhood around a
particular point of the desired trgjectory, the local networks are independent from
each other and the basis functions can be selected to be very simple.

3. Iterative training of the neural networks

At first, let the i™ training error be e(t,i) :[q(t,i), ,en(t,i)]T =X, () = X(t,i)- In
order to deal with the modeling error, we adopt a deadzone scheme [6] and define a
modified error vector as

e, (i) =e(t.i) ~o(t.i), whereg(t.i) = [e, sale (i) /e,)) - esaleti)e ) O
and g, = [g”, - &, [ isann-dimensiona width of the deadzone.

Furthermore, we train following neural networks so that their outputs approximate the
unknown nonlinear functions at time instant t:

(60" (1)
f(t,x) =W, (t,)¢(t,x) and G(t,x,i) = : 0
Mt "™W, (t.i)H
where w, (t,i) and W, (t,i),| =1.--n, &€ the i" identification of the optimal weights in

4)

equation (2).
Suppose the equation é(t,x,i)x =y has a solution on a permitted region around the
desired trgjectory x, (t), which can be ensured by the projection algorithm [7]when a

rough knowledge about the bound of the parameters is available, then a control law
with least norm can be proposed as

u(t, i) =6t %) (i ©) - Ftx.) + Kyt ) + Ke(t,i)) ®)
where G(t, x,i)* denotes the pseudo-inverse matrix of Gt,x,i), x,(t) IS an estimated

velocity of the desired trgjectory. So, in our scheme, only the state of the desired
trgjectory should be given but its velocity is not required. Thisis also a different point
from adaptive neural networks. In some cases, when the desired velocity has to be
obtained by differentiating a given trgjectory, for example, the derivative may be
sensitive to the image noise for the feature based visual servoing, this point has
benefit.
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In this control law, we combine neural network compensations for both the velocity
and the nonlinearity with robust control (linear feedback). The linear feedback terms
of Ket,i)andK,e(t,i) are included to counteract the influence of the modeling errors

of ¢ ande,, respectively. Substituting (5) and (2) into equation (1) gives:
(L) =W, (B (t, %) +&, +(B(t, xi) +&, u(t.i) +(G(t, %) - B(t x.) u(t,i)
=X, (t) +(vvf (t) W, (t,i))(b(t, X) +(GD(t, x) -G(t, x,i))J(t,i) +(g, +K,e(t,i)) +(g,u(t,i) + K,e(t,i))

(6)
From the criterion in [6], if the width of the deadzone is kept to be constant and the
initial error of the system can be controlled within the deadzone for every training,

N .
namely \ej (O,i)% g4, F L--nfor Ois then Ze} (t,i)e(t,i) < y2 ensures that the tracking

error of every point along the tragjectory will be less than a specified value described
by the deadzone, i.e. Iim\e- t i)\ <g, when the system tracks the desired trajectory
| (A i

repetitively. Then, based on equation (6), we want to meet above condition:
> eLweei) =3 il ® )+ el ) -w oo+

iez )6 xi) -Gt —ie} (i), +Kelti) - ie}(t,i)(ezua,i) +Ke0)

For the first term, we know that, although the desired trajectory x (t) is a function of

time t, it always remains constant at any specific time t for the repetitive tracking.
Hence, from the property of a postive rea transfer function, if we select the
estimation of the desired velocity as

id(t,i):ZF(i—j)eA(t,j) ™

where F(i-j) can be any positive definite discrete matrix kernel whose z-transformis a
positive real discrete transfer matrix with apoleat z=1 , then we get

iez (L), ()~ t.0)) = iez (t.i)%xd -3 Fi-De, (t,i)Es 2 ®

For the same reason, The second term and the third term are upper bounded if the
weights of the neural networks are updated by

Wi (t.0) =—Z Fo (- et et ©)

W (t,i) :'ZF' (i - )end(tu" (t, ), 1 =1-n (10)

where Fo(i-]) and F (i - j) are positive definite discrete matrix kernels as well.

Note that the training laws (7),(9),(10) are updated through accumulations of the
repetitive tracking histories at a specific time t (a sample period in application). They
are different from the training law used by adaptive neural networks where the
weights are updated through integration of the state along the time axist.

The next two terms are the robust control terms. The first one for the modeling error
g, can be written as
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—ie} (Li)(e, +Kaelti) = —i &L (L)e, +Koes (i) + Kplt])

“led, ~[estt.i)

N
< Z ﬁ-e} (6K, (40)e; +ey (L)
=[en i) e D] fe], =[e B0~ A"
If we let K, =diag(K,,, - Ky,)>0 and K&, >e,_» which is bounded when we

consider the tracking problem on the compact region Q, then it isless than zero.
For the last term, at first, we rewrite the control law in equation (5) to be
u(t,i) = G(t, x,i)* (U +K,e(t,i)) and E =¢£,G(t, x,i)*, then

—i el (ti){E.u(ti) + K eft.) = —i ] (ti)(Eu + EK e(ti) + K,e(t.1)

TKe, 5

where ‘eA (t.i)

= —i (€] t.)EK &, +e] (t,i)KzeA)—iez (6 (Eu + EK,¢(t,i) + K,a(t,))

If we let the control gain Kk, be a positive scalar and further suppose that the
maximum norm of the E satisfies IE],, <‘5f‘m/‘gf‘M slwhere‘gf‘mand‘gf‘wl are the

minimum width and the maximum width in the deadzone vector, respectively, then
N

=Y el ti)euti) + Koeti)
1=0

<3 K-l Do+ 5 e
< iHeA(t,i)

> [esll-Kele ], -1l i, J+ €L,

When we let the control gain satisfy

u'

JEl,

+K, e, (1)

IIE],, et )

Kole, (t.i)
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‘ o

+JE] e )
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(K| +IEL, I
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(11)

© e, - IEL
then the last term isless than zero too.

In fact, the matrix E reflects the relative error of the approximation for the input
matrix G(t,x). So we should select a suitable type of basis functions such that they can
approximate the input matrix with a precision less than the ratio between

\ef ‘ and ‘gf‘ . When we make each width of the deadzone for different states equal,
m M

this permitted range of the relative error can reach 100%.
Finally, we have that iez(t i)e(t,i) 1S upper bounded and limle, i)
) , | A

<g;-

The proposed neural networks in (2) are the approximations around the desired
trajectory for every time instant t or every sample period in application. Therefore,
they are independent from point to point or from segment to segment. This means that
we can divide the whole trajectory training into several segments training. This can
help us to avoid large deviation during the training. At the beginning, the system is
controlled by a untrained neural network controller. Under the control of this kind
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neural network, usually the tracking error will increase along with moving of the
desired tragjectory. If the tracking errors at any trgjectory point exceed a predefined
bound then the trajectory from this point is divided into two segments. After that, the
networks of the first segment are trained repetitively and the next segment can be
trained until the tracking of the first one has reached a desired precision. So it works
in a step by step manner, and finally the whole tragjectory tracking can reach the
desired precision. It makes the tracking error during the training not exceed the
predefined bound. We think that step by step is also the learning manner of human
being. People prefer to resolve a complicated project into several segments, then they
learn all simpler segments repetitively. Before some basic goals are reached, they will
never move to the next step. In addition, although we distribute the networks over al
trgjectory points, it does not mean an increase of the size of the networks because of a
simpler structure of every local network for every trgjectory point. The training of
such asimple local network isfaster than a global parametric neural network.

4. Conclusions

We have proposed a neural network controller for nonlinear system trajectory
tracking. The proposed method can be used for any approximation model with linear
parameters. In contrast to the adaptive neural network control scheme, our training
agorithm is derived from the view point of iterative learning control such that every
local neural network for a particular point of the trgjectory is independent of the
others. This makes the repetitive segmental training become possible and every local
network can be selected to be very simple. This training law is described by a history
accumulation with a gain of positive definite discrete matrix kernel. It guarantees the
stability of the tracking system.
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