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Abstract In the book (Adaptive Identification, Prediction
and Control—Multi Level Recursive Approach), the
concept of dynamical linearization of nonlinear systems has
been presented. This dynamical linearization is formal only,
not a real linearization. From the linearization procedure,
we can find a new approach of system identification, which
is on-line real-time modeling and real-time feedback control
correction. The modeling and real-time feedback control
have been integrated in the identification approach, with the
parameter adaptation model being abandoned. The structure
adaptation of control systems has been achieved, which
avoids the complex modeling steps. The objective of this
paper is to introduce the approach of integrated modeling
and control.

Keywords Real time identification, Feedback control,
Structure adaptive

1 Introduction

In order to design a model-free controller, we discussed the
dynamical linearization problem of a nonlinear system in
Ref. [1]. In fact, this linearization is formal. In that article,
we presented that on some conditions, the following
nonlinear model

v = fIY" ulke =D, U K] (M
could be described in real-time by the following model
combined with control law

(k)= y(k=1) = (k) [u(k —1) - u(k -2)] ()
where y(k) 1is one-dimension system output, u(k) is
multi-dimension input, & is discrete time. And

Y5 = (k1) - ,y(k—n)},n isa positive integer.
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U,f:ﬁ" ={u(k-2), --- ,u(k—m)} ,m is a positive integer.
¢ (k) is a function of US=%, Y} 7". This is called character

parameter or a pseudo gradient of Eq. (1)

This dynamical linearization is only formal rather than
real. But why does this linearization play an important role
in the model-free control law? We found through this study
that the process called dynamical linearization contains a
new idea of modeling.

Generally speaking, the mathematical model of a dynamical
system needs to be constituted in the process of designing a
control law. The mathematical model must first be constituted
in the classical method, or at least its structure must be
determined first. The more accurate the model is, the better it is.
In the design of a model-free controller, this restriction was
removed, in which a more accurate mathematical model must
be built beforehand in designing a control law.

In this case the modeling process is followed with feedback
control. The initial model may be inaccurate, while
convergence of the controller used must be held. The
model-free controller is such a kind of controller, which
models while controlling, then obtains new data, and goes back
to modeling while controlling again. This process is continued
and the model that we obtain from this process tends to be
more precise. The property of control law is hence improved.
We call this procedure the integrated approach of modeling and
adaptive control.

Here, the traditional way of adaptive control law was
abandoned. The traditional way is to achieve an adaptive
aim by designing a control law according to a model
initially built for the controlled object, and identifying the
model or controlling parameter on-line. This is traditional
adaptation. The disadvantage of this kind of adaptation is
that it is a parameter adaptation only, because the basic
structure (e.g., the order) of the model has been determined
off-line at first. It is difficult to realize the structure
adaptation.

The traditional way of adaptive control law appears to
have more drawbacks when applied in complex systems.
Because the model structure (e.g., the order) has been
determined off-line, it is difficult to satisfy the requirements
of some differences in system structure.



On the other hand, if the modeling is to design a
controlling law for a controlled system that is complex, it is
currently very difficult to model this system. This should be
avoided to the utmost extent in designing a control law.

Real-time identification and real-time feedback
correction was presented in the paper. It combines the
identification and the design of a control law. It can avoid a
series of difficulties mentioned above. The control law
structure is adaptive.

2 Universal model and character parameter

The following universal model has been presented in Refs. [1-2],
y(k) = y(k=1) = @(k = 1) [u(k —1) — u(k —2)] A3)
Without losing generality, suppose that the time-delay of
controlled system is 1, y(k) is a one-dimension system
output, u(k—1) is a p-dimension input vector, @(k—1)
is character parameter, which can be on-line estimated using
some identification method, and & is discrete time. It will
show that: in the integrated approach of real-time
identification, real feedback correction @ (k) , has clear

mathematics and engineering significance.
Suppose a dynamical system can be denoted in the
following form:

yk)= fIYE" ulk=1),U,77 k] “4)
where Y/7",UfZi"is the same with the above meaning.
Assume that f[Y!"u(k—1),U{},k] has a continuous
gradient with respect to u(k —1) . When the system Sis at a

steady state, assume it satisfies the condition that if
utk—1)=u(k-2), then y(k)=y(k-1) (in random case,

E{y(k)} = E{y(k-1)}).
Hence,

vy = yk=1) = fIY5" ulk —1),U;7] k]
IS uk=2),U 7k =1] = fIY5 uk=1),U;7] k]
—fIYE uk =2, U K+ IS k= 2),U 3 k]
S uke=2), U k1]
Let
SIS ute=2),U k= [TV
u(k=2),U3"" k=1]=&(k)
Using the mean value theorem in the calculus, we obtain:
S ule=1),U,7 k= fIY" utk = 2), U] k]
=V STV uk = 2,U 7 KT [k =1~ u(k ~2)]

where u(k —2) = u(k —2)+0(u(k —1) - u(k - 2)),0 satisfying
0<0<1 Therefore we have:
Yk —y(k=1) =V 4 fTulk —2),k]°

[uk =) —u(k =2)]+S(k) (%)
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where V., flu(k =2),k1=V o) STV u(k =2).U; 3 K]
Definition 1 If from conditions Y{7" =y} vl —ufrt,
u(k—1)=wu(k-2), it can be obtained that :

STV ule =1, USD K= fTY 0 ue=2), U2 k=11

then system (4) is an auto time-invariant system..
Obviously, if system (4) is auto time-invariant and the

function  f[y; ", u(k—-1),U; 7 k] is with

respect to ¥,", u(k —1),U; 2", we certainly have

continuous

. k—n k—m
u(k—ll)g?(k-z) S =), U K]
s
Uk Ul
= IS uke=2),U " k1]
Especially, we have

m  £(k)=0

1
k—n_ yk-n-1
Y'Y,

Furthermore, if we let w(k)= Vu(kfz)f[m, k], then

Eq. (5) can be written as:

y(k) = y(k =1) =y (k) [u(k = 1) —u(k - 2)]+ S (k) 6)

If |utk —1)—u(k—2)|#0, let
u(k-1)—u(k-2)

i =1~ (e —2)|°

then Eq. (6) can be rewritten as :

y(k) = y(k=1) = @(k =1)"[u(k 1) — u(k - 2)] (N

Note: When the system is in a steady state, when

|tk —1)—u(k —2)| =0, we have y(k)=y(k—1), in this

case, Eq. (7) can be considered naturally valid.
Eq. (7) is the universal model, which has been presented.
o (k —1) is the character parameter vector.

@k =1) =y (k) +

(k)

3 Integration of real time modeling and feedback
controlling

It is clear that the necessary condition for the universal
model:

y(k) = y(k=1) = @(k =1)"[u(k 1) — u(k - 2)] ®
to be used in practice is that the estimate value ¢(k —1) of
@(k —1) can be obtained in real-time with enough accuracy.
As for estimating @(k—1), there are several ways. For

example:
1) Recursive least square
Let

z(k) = y(k) = y(k -1)
P(k) =u(k —1)—u(k-2)
the Eq. (8) becomes
z(k) = g(k) p(k 1) ©)

when y(k),u(k—1) are observed in real time, z(k) and
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#(k) can be obtained too. The estimate value @(k —1)of
@(k—1) can thus be derived from the following recursive

algorithm:
P(k—=1) = p(k—2)+ M (k){z(k) - ¢(k)"p(k—2)}
M (k) = Pk—1)¢(k)

5, +p(k) P(k —1)p(k)
P(k) = Si {1~ M()$(hY PG 1)

k

(10)

where 6, is forget factor, / is suitable dimension unit
matrix.
2) Recursive gradient algorithm [1]:
For Eq. (9), the estimate value @(k —1) of @(k —1)

can be derived as follows:

. . )

Pk =D =@k =2)+—————¢(k)

nk +|¢ (6|

{z(k) - p(k) Pk - 2)} an

where 77, is an applicable small positive number, § is an

applicable constant .

The design problem of control law could be described as
follows:

The observed data {u(k —1), y(k)} of system S are known,

and the expected output y,(k+1) of time k+1 is given.
Find a controller u(k) , by the action of which, the output of
system S, y(k+1), equals yy(k+1) .If the system S can be
described as the following universal model:

y(k+1) = y(k) = (k) [u(k) —u(k -1)] (12a)
and suppose @(k)is known, which is the best estimate of
@(k), then Eq. (12a) can be substituted by the following
approximate formula:

y(k+1) = y(k) = @(k)" [u(k) — u((k - 1)] (12b)
In control law designing, the left of Eq. (12) becomes
volk+1)—y(k) . Eq. (12b) thus becomes the following

indefinite equation:

Yolk+1) = y(k) = (k) [u(k) — u(k —1)]
whose unknown variable is u(k) . It can easily be known
that the equation has a special solution presented as follows:

u(k)=u(k—l)+;2¢3(k){yo(k+1)—y(k)} (13)

loc]

Equation (13) can be regarded as the control law of system
S. However, when ||q3(k)||2 =0, Eq. (13) becomes singular
which is not allowed in practice. In order to avoid the

denominator being =zero, we substitute ||gZ>(k)||2 by

a+ ol

(k) =k — 1)+ —25— G0k ok + 1)~ y(K)}
a+[p)]

where « is an applicable small positive number, in case
yolk+1)=yy,»o 1s a constant, the above formula becomes

A .
— (k) [y — (k) (14)
a+[e@)|

A 1s the control parameter, whose selection is closely

u(k) = u(k —1)+

related to the convergence of control law. Eq. (14) is the
basic form of a model-free control law.

Thus far, we have obtained the framework for the
integrated approach of modeling and feedback control as
follows:

1) According to the observe data and universal model:

y(k) = y(k=1) = (k=) {u(k —1) - u(k - 2)}
Using suitable estimate method, i.e., 1 or 2, we obtain the
estimated value @(k—1)of@(k—1);

2) To find the one-step-forward estimation @" (k) of
o(k—1), a simple way is to let @" (k) =@(k—1). In control
law design, we still denote @* (k) by @(k)

3) Let the control law

(k) =l ~1)+—— Gk by, ~ ()}
a+|e®)|
act on system S. A new output y(k+1)can be obtained,
thus
subsequently.

Steps 1, 2 and 3 are repeated based on these new data,
introducing new data {y(k+2),u(k+1)} . Repeat these
steps continuously. The following discussion will show that,
if only system S satisfies some conditions, the above
scheme will lead the output of system S, y(k), to converge

forming a group of new data {y(k+1),u(k)}

to y, asymptotically.

4 Analysis on convergence of the control law

The necessary condition that the integrated approach of
real-time modeling and feedback control can be used is that
both the estimation algorithm of ¢@(k) and control

algorithm Eq. (14) can be converged. The convergence of
estimation algorithm has been analyzed in a lot of studies.
Here, we will focus on analyzing the convergence of control
law Eq. (14).

The model-free control law is the result of the
combination and interactively carrying out on-line of
identification and control law. The starting point of
analyzing the convergence of control law should be both the
universal model

vk +1)—y(k) = @(k) [u(k) —u(k —1)] (15)
and control law
A R
u(k) = u(k =)+ ———p(k){y, - y(k)} (16)
a+| @)

Introducing Eq. (16) to Eq. (15) yields;



, 2®9)

a+|p@f
where y(k +1) is the actual output of system in respect to
u(k) . From Eq. (17), it can be determined that:

—-yk+1)

Yo —y(k)—

ylk+1)—y(k) = > 0o — Y0} )

1 W 6k)

ff
J o ~y(k))

T o =k}

d+¢

2[1 GT0) <o<k> ¢<k>
@[

Lot NG
a-+[p)|
then the above formula becomes
= y(k+D)=(1-A4A) (v —y(k)}

Based on the universal model, use identification again to get
the estimation @(k +1) of @(k+1). Let:

(ke +1) = k) + — et

@k +1D{yy - y(k+1)}
then get the actual output of system y(k+2). Thus far it
can be obtained:

-y(k+2)
=(1=Andps) (o —y(k+1)
== A D) A= 4 A (o — y(k))
Repeat these steps. Then get:
h—1
—yk+m) =] [(-24,,A. )0, = y(K))

J=0

(18)

This formula is the basis of convergence analyzing. One
direct result is:
Theorem 1 Suppose that
1) 0< 4 pBpp <1

2) Z jin Do =

then:

vV h20

lim y(k+h) =y,
h—>0
The following theorem shows that if the difference
between @(k) and @(k) satisfies some condition and

||¢3(k)|| is bounded, the convergence of control law can be

assured.
Theorem 2 Suppose that the relation between @(k)and its

estimation @ (k) satisfies:

231

p(k)— p(k) = £(k)
—% < (k) (k) < 21

and
a<|p)| <b
then there exists suitable number A, = 1 , that:

lim y(k+h) =y,

h—o

Proof Notice that

A _ 2060 _[R)] +etpk)
a+pf
SO
EPULL R
2 <A < — =<
“Jotof +a loco] +a

from Eq. (18), it can be derived that:

[vo =yl + )] = Hll S P (]
provided A+ ;20 ,we have
|vo = y(k+h)
<y —y(k)lﬁ 1=, M
j=0 o) +a
< | I ¢ _%
<y —y(k)lg =Ryt

Therefore, once we let4,,, =b+a/a, it comes as

h
o Gk + | <[yo (k) [1 —%j

h
1
=[vo —¥(k)| (Ej -0 (h—> o)
ie. lim y(k+h) =y,
h—w
If the system is single-input and single-output, the

convergence can be obtained if @(k) and ¢@(k) satisfy

certain conditions of bound.
Theorem 3 If there exist constants 8>0and >0 that

satisfy:
o<ok)<p
s<opk)<p
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then there exists a suitable number 4, = 1 ,which makes:
lim y(k+h) =y,
h—o
Proof Notice
A\ _ o0 6k)

a+[g)f
then
<A, L
a+p? fT e’

Provided 4, ; >0, from Eq. (18), it can be derived that:

h—1 2
I
|vo =y + <[y = y®[ 1= Ay ——
=0 a+pf
therefore, when
2
a+p
ST

we have

h
Iy = y(k-+ ) <o — ¥k @ 50 (h—> )

i.e. lim y(k+h) =y,
h—o0

5 The convergence of control variable and analysis of
character parameter

In the integrated approach of modeling and feedback
control, when the system satisfies some conditions, the
convergence of control law has been proved. Here, it shows
that the control variable u(k) is convergent too, under the
conditions of Theorem 2 and Theorem 3.

In fact, the following theorem exists:

Theorem 4 If the conditions of Theorem 2 can be
satisfied, then it can be determined that:

1) ||u(k+h)—u(k+h—l)||§CM(%JI , Where
a

C is a constant independent of h .

0

2) Y. |lutk+h)—ulk+h=1)] < +oo

h=1
3) There exists u, such that

%im u(k+h)=u,
Proof For 1), since

ﬁ'k+h
a+|@k+ h)||2

Gk +h)[yo = y(k+h)]

ulk +hy=ulk+h—1)+

then

(ke + ) — (ke + b —1)

— |ﬂ’k+h|
a+|pk+ h)||2

Gk +h)| [y, = ylk+h)|

It has been obtained in the proof of Theorem 2 (under the
condition 4, ; >0) that:

h—1
lyo = y(k+h)| <[y, —y(k)|g(l . ﬁ}

Let 4,,;,=(a+b)/a,then:

h
Iy ~ v+ )| < |y~ y(8) @
hence
el + By — u(k + h—1)|
b)||@(k + i 1Y
SR R 8
a(a +pc+ml) 2

< e [Lj _ CMH
a 2

2a 2
where C= |y0 - y(k)|
For 2), notice that

~ _ (@+bWb (1Y
eaChe + 1) — w(k + b 1)||sc—2a2 (2j
we have:

i||u(k+h)—u(k+h—l)||

_ Cmig coclarb
a

a h=0
For 3), for any n>m, it comes that:
ek + ) — w(k + m)|
=|uk +n)—utk +n—-1)+u(k +n—1)+---
+ulk+m+1)—u(k+m)| <[k +n)—uk+n-1)
+Hutk +n—=1)—ulk +m=2)|+--+||ulk + m+1)— u(k +m)|

n-1

=D |uk +h+1)—utk+h)|

since

n-1

lim Y [u(k+h—1)—u(k+h)|=0

h=m
{u(k + h)} should be a Cauchy sequence. There must exist
an wu, satistying:

}im u(k+h)=u,

Theorem 5 Under the condition of Theorem 3, we have :



ks hon<c @t BB (1Y
1) ||uCc+n)—u(k+h 1)||sc2(a+62)52(2j

2) i |k + ) =k +h=1)| < o0

3) There exists u, that %im u(k+h)=u,

Proof It is completely similar with Theorem 4.

Thus far, it has shown that, in the process of the
integrated approach of modeling and feedback control,
when some requirements are met, it turns out that:

lim y(k -+ h) = ¥,

]{im u(k+h)=u,

then the following conclusion can be derived:

Conclusion The control law produced by the integrated
approach of modeling and feedback control can be used,
and the approach is reasonable.

The meaning of character parameter will be analyzed
next, for which reason we notice that:

u(k—ll)l—lgll(k—Z) plk=1)

[

e

= lim (pl+ u(k—-1)—u(k 2)2
e ) a2
Ui U

s(k)

In some special cases, it can be obtained that
im u(k—l)—u(k—Z)2
u(k—-)—u(k—2) "u(k ) —u(k- 2)"

k-n _ yh-m-1
kal "kakz ,

k=m .
Uy 22Uk

sk)=0

For example, consider the system:
y(k) = aexp?*-b
we have
SIS uk=2), U7 k] = aexp™ ¢

and

SIS uk=2), U7 k] = aexp™ =
it can be deduced that

Sy = fIYE" u(k=2), U} k]

~ IS u(k=2), U5 k=1]=0

In this special case, it certainly turns to that

utk—1)—u(k-2)

0 a2
UERTES
Let
Vo Slu(k =2), k]
=V [TV e =2),U 3 k]
Obviously

233

Vu(kfz)f["(k —2),k] = abexp™¢-2
From u(k—1) — u(k —2), it can be obtained that

u(k—2) > u(k-2)

So we have
lim pk-)=  lim  w(k)
u(k—1)—>u(k-2) u(k—)—>u(k-2)
o o
Uy sui! v suit
= Vu(k—Z)f[u(k - 2)’k]
The above discussion presented that character

parameter @(k—1) of the universal model has close
relationship with the gradient
Vuof [ulk—2),k]. Accordingly, the character parameter

o (k —1) can be called the pseudo- gradient.

6 Conclusions

From the above analyses, it shows that the integrated
approach of modeling and feedback control is practicable.
Therefore, when considering the modeling problem of
control system design, the classical “modeling then
designing” method can be deserted. Provided that we start
from the universal model, the convergence of the controller
can be assured under some conditions. Reversely, this can
assure the universal model of gradually becoming accurate,
on which designing a controller depends. The model-free
controller is designed in this way, with many successful
applications in practice [7] showing the rationality of this
approach.

Acknowledgements This research is supported by the Prophase
Special Research Item of the National Important Foundational
Research Project (2001CCA0400)

References

1.Han Z. G, Jiang A. P, Wang H. Q., Adaptive identification,
prediction and control-multi level recursive approach, Harbin:
Heilongjiang Education Publishing House, 1995 (in Chinese)

2. Han Z. G, Qin B., Direct adaptive control for nonlinear systems,
Syst. Anal. Model. Simul., 1997, 28: 301-315

3. Han Z. G, Designing problem of model free controller, Control
Engineering of China, 2002, 9(3): 19-22 (in Chinese)

4. Han Z. G.,, Non-modeling adaptive controller and identification of
its important parameter, Control Theory and Applications Suppl.,
1999, 145—148 (in Chinese)

5. Han Z. G, Xu M. X., The general form of model free controller
with application in refining and chemical industry. Journal of
Natural Science of Heilongjiang University, 2001, 18(3): 24-29
(in Chinese)

6. Han Z. G., Yang Y. M., The model free control law of multi-input
multi-output non-linear systems, Journal of Natural Science of
Heilongjiang University, 1995, 12(3): 1-7 (in Chinese)

7. Han Z. G, The application of model free controller, Control
Engineering of China, 2002, 9(4): 22-25 (in Chinese)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1417.323 1133.858]
>> setpagedevice


