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The paper considers the problem of dual control of an inertia-free object whose input is affected by a control vari-
able and an observable but uncontrollable variable. The idea of dual control belongs to A. Feldbaum and was devel-
oped on the basis of Bayesian approach. In this case, the probability densities of interference, as well as input output
variables are known. In particular, the case of Gaussian probability densities was investigated. As a result, algorithms
of dual control with the simplest objects of the inertia-free class were obtained. In the case of combined control systems,
these studies were carried out by Feldbaum’s followers.

Further development of dual control theory was described by Y. Tsypkin. The probability density of the interference
was unknown, but the stage of selecting the structure of the control device and the equation of the describing object
were necessary. In Tsypkin’s works, the corresponding parametric algorithms for dual control are given. In this case,
a simultaneous estimation of the coefficient of the model and the regulator was made on the basis of the method of sto-
chastic approximations.

Later on nonparametric dual control algorithms were proposed. It is this way of control design that is discussed
in the current paper. The parametric model of the object and the parametric structure of the controller were unknown
in the problem statement. Nevertheless, it was known from a priori information that the characteristic of the object was
one-to-one in control. Below we consider nonparametric control algorithms that combine the processes of simultaneous
control and the study of the object with an accuracy of the structure unknown to the parameters, but a priori with
a given number of delayed elements of the output variable of the object. In other words, the depth of the memory of the
managed object was determined. In this case, a nonparametric algorithm for dual control can function in conditions
of passive and active accumulation of information. The technique for representing a one-dimensional inertial-free
dynamic system to a multidimensional static one is presented in the paper. Some results of numerical investigation of
nonparametric algorithms of dual control are also presented.

Keywords: object with memory, dual control, combined system, nonparametric algorithms, bandwidth parameter,
parameter setting.
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Paccmampusaemces 3a0aua dyanvrozo ynpagneHus 6e3bIHEPYUOHHBIM 00BEKMOM, HA 6X00 KOMOpOo2o Oelicmayem
VAPAGNAIOWAst NePeMEHHAsL U HEYRPAGISIeMAsl, HO KOHMPOIupyemast nepemennas. Moes 0yanvbho2o ynpasienus npuHao-
aedxcum A. A. Penvodbaymy u OvLia pazeuma Ha 0CHOBe 6AatiecO8CK020 NOOX00d, 8 FMOM Clyyae NIOMHOCMU 8ePOSIMHO-
Cmu NoMex, a MaKice 6XOOHbIX-6bIXOOHBIX NEePEMEHHBIX U3BECHIHbL, 8 YACHHOCHU, UCCAeO08ANCS CIYHAll 2AYCCOBbIX
nromuocmetl gepossmuocmei. B pesyibmame Obuiu noayuenvl aneopummvl OYaibHOL0 YNPAGIEHUsL C CAMbIMU NPOCHbIMU
obvekmamu Kkiacca Oe3vinepyuonnvlx. Ha ciyuail KOMOUHUPOBAHHBIX CUCMEM YAPAGIEHUs IMU UCCIEO08ANUSL NPOBO-
OUNUCH 20 NOC1e008aAMeNIMU.

Janvhetiwee pazeumue meopuu OyanbHO20 YnpaeieHus onucvleaemcs ¢ kuuee A. 3. Llvinkuna, 20e niomuocmo
BEPOSMHOCIU NOMEX YoIce HEeU38ECMHA, HO MaKdice HeobXoouM ObL1 dman evloopa CMpPyKmypbl YAPAGIAIOue20 yYC-
poticmea u ypasHenus onucvigarouje2o oovekma. B pabomax Llvinkuna npugedenvt coomeemcmayiowue napamempuye-
CKUe aneopummbl 0yarbHO20 ynpasienus. B smom ciyuae ocywecmensnacy o0nogpemennas oyenka Kodguyuenma
Mooenu u pe2yiamopa Ha OCHOBE MemMood CIOXACMUYeCKUX annpoKCumMayuil.
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Heckonvko nosoice ovliu npednosicenvl nenapamempuieckue aneopummsl 0yaibHoz2o ynpaeienus. HUmenno smom
nyme U paccmampusaemcs 8 Hacmosaujel cmamve. 30ech yoice He U36eCMHA HU NApAMEmpuyecKds Mooeib 00beKma,
HU napamempuyeckas cmpykmypa pezyiamopa. Tem He MeHee, U3 ANPUOPHBIX C8e0eHULl U38ECIHO, YO XaApAKMepucmuxda
00vekma AGNAemcs 83aUMHO OOHO3HAYHOU no ynpasienuro. Paccmampuearomces Henapamempuueckue aneopummbl
YNpAeieHUs, cogmeujaroujue nPpoyeccbl 0OHOBPEMEHHO20 YNPasieHus 00beKmMoM U e20 U3YYeHUs C MOYHOCINbIO Heu3-
8eCMHOIL 00 NAPAMEMPO8 CMPYKMYPbl, HO ANPUOPU C 3A0AHHBIM YUCTOM 3ANA30bI8AIOUUX DTIEMEHMNO08 8bIXOOHOIL nepe-
MeHHOoU 0bvekma. MHvimu croéamu, 2nyouHa namamu ynpagnaemoco oovekma onpedenena. B amom ciayuae nenapa-
MempuyecKull aneopumm OYaibHO20 YAPAGLEHUs MOXHCem (QYHKYUOHUPOBAMb 8 VCIO08UAX NACCUBHO20 U AKMUBHO20
Hakonnenust ungopmayuu. Ilpusedena memoouka npedcmagienus 0OHOMEPHOU De3bIHePYUOHHOU OUHAMUYECKOU CUC-
membvl K MHO2OMEpHOU cmamuyeckol. [Ipedcmasnenvl makoice HEeKOMOpbie pe3yIbmambvl YUCIEHHO20 UCCIe008AHUS
paccmampusaemvix HenapamempuiecKux aieopummos 0yaibHo20 YNpagieHus.

Kniouegvie cnosa: obvekm ¢ namsmvio, 0yaibHOe ynpasienue, KOMOUHUPOBAHHAS CUCTEMA, HEenapamempuyeckue
aneopummbl, NApAMemp pasmulmocmu, HACMpOoUKa napamempos.

Introduction. The problem to be solved in the paper
is the design and implementation of nonparametric con-
trol algorithms. An object under control is assumed to be
inertia-free and it is described by an equation with an un-
known structure with respect to its parameters. Together
with the control effect the object is influenced by uncon-
trollable but observable input. The nonparametric dual
control algorithms under consideration were investigated
for various tactics of determining the bandwidth parame-
ters at each clock cycle. A concept of dual control was
created by A. Feldbaum [1] and developed by Y. Tsypkin

Problem statement. The following notations are in-
troduced: let x =(x, ...x,) € R" be output of the object,

u=(u .. uk)eRk be

pw=(4 ... u,,)€R™ be uncontrollable but observable

controlled input effect,

input, and x* = (xl* x:) € R" be reference of the object

under control (fig. 1) [8].

In fig. 1 the control device is denoted by ‘yy’, the ob-
ject under control is denoted by ‘O’, and random station-
ary noise effects influencing both the object itself and the

[2]. It was originally intended for Bayes control problem
statement when the object under control was inertia-free.
The main idea of the concept was simultaneous control
and learning of the object. That involves procedures of
parametric identification [3] together with implementation
of control methods in the parametric formulation [4-7].
It should be noted that a dual control system is an exam-
ple of a control device with memory.

object measurement channels are denoted by &,,/, . We

assume these noise effects to be unbiased and to have
limited variance. The unknown model curve of the object

x=f(u,p) is assumed to be one-to-one with respect to
control effect ue Q(u) e R for the fixed vector

pe Q(u) € R™ in the feasible domain of u € Q(u)

E¢
u(t) x(t)
= =
R u(t) 0 h*
t = 3
W ) A
o kY
Uy X
o
by VY

X¢

Fig. 1. The scheme of a nonparametric control system, where (#) denotes continuous time,
and the subscript ¢ indicates discreet time moments of measurements

Puc. 1. Cxema HenmapaMeTpUUECKOi CUCTEMBbI YIIPABIICHUS:
¢ — HenpephbIBHOE BPEMS; / B KAYECTBE MHJIEKCa — JJUCKPETHOE BPEMsi KOHTPOJIS H3MEPEHUS

712



Mamemamuxka, mexanuxa, ungopmamuxa

Nonparametric combined control algorithms.
A nonparametric control algorithm is based upon Nadaraya
and Watson [9] nonparametric estimates of regression.
A nonparametric dual control algorithm in the form [10]
for a single-input case is represented by the expression:

iu_q) Xeel =X o) M1
= a a
= +Au,,,,
t X
i=1
For the multiple-input object a nonparametric dual
control algorithm can be expressed by

n o _

t+1 —

iurﬁ@[ } [

_i= el

iﬁq)[x*j:xijJﬁq)[u’—uiﬁj
(& j=1 CtH

n=1k,

i=1 j=1
where u; are learning sample elements, ®(-) is a kernel
function with the following features:

o

Vv is an arbitrary argument; c¢; ,c' are bandwidth parame-
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ters that satisfy the following convergence conditions [8; 10]:
¢, >0; limtc, > o0; lime, 0.
t—0 t—0

Estimate (1) is control algorithm for a combined sys-
tem described by the following equation:

X = f(:1,58,), ©)
where the shape of the function f () is unknown, but we

know that f(-) is a continuous one-to-one stationary

function up to its arguments [11].

A single-dimension nonparametric dual algorithm
functioning can be explained as follows. A learning
process begins with the first ternary of observed variables:
X, u;, Y. The initial stage of the control process is
mostly concentrated on active accumulation of informa-
tion in order to bring the object to the target state.

Here two key problems should be solved: how to fit

and c", and which of them

bandwidth parameters ¢, "

should be found first.
The bandwidth parameter ¢ is found by means of the
weighted residual calculation [12—14]:

x _ * 0
G _ll‘xt X

4)

. * . P .
where x! =mm‘x —xi‘,l =1Lt, and coefficient /, >1.
i

>

After repeating the control process p times one receives
the data set {xi,ul-,p.l-},i = E .
Further we reduce the set {x,,u,u,},i =1,p taking

into consideration only measurements that satisfy the fol-
lowing condition:
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©)

where /[, is a coefficient to be found experimentally:

no_ 0
¢ =hluag —Hp

>

I, >1. ug is found from the optimization process
ug =min|u—ui|,i =E. Finally we get a new reduced

data set {x;,u;,,},i= 1,5, whose size s satisfies the ine-
quality s<p .

Judging from our experience, the algorithm (1) is in-
sensitive to the sequence of ¢ and c¢!' bandwidth
parameters fitting.

Let us pay attention to learning process of the nonpara-
metric dual control algorithm. It was discussed in [10], and

is represented by the iterative scheme:

(6)

Information about the object under control is con-

*
Uy = Uy +Aut+l .

tained in u,* , and learning capabilities are fulfilled by the

search additive Au,_,:

(7

where o is a coefficient defining search amplitude that
should be fitted. We require that Au,,, — 0 with the

growth of ¢.
It is a well-known fact that the output of a discrete
dynamic object can be represented as follows [3]:
X = f(xt—l e XUy )- (3)

In this case x,_, ...x,_;, can be interpreted as supple-

s
Aut-v—l = OL(xt+l X4 ) >

mentary incontrollable inputs in terms of previously
introduced static object modeling routine. Fig. 2 describes
the approach.

In fig. 2 the following notations are given: x,* is a ref-
erence output variable of the object; # with round brackets
is a continuous time variable; subscript ¢ denotes discrete

k" are random noise in measurement

time indices; A/,
channels corresponding to the variables of the object;
&(¢) is an unobservable random effect.

Thus, for the uncontrollable but observable variable
Xi—is

rithm (1) can be rewritten in the following form [15]:

i=1k as the input effect of the object the algo-

+Au,,,i =1Lt

A general control theory of similar objects control is
explicated in [2]. Implementation of the corresponding
dual control algorithms can be found in [16; 17]. Below
we will focus on numerical experiments with a nonpara-
metric dual control algorithm (9). During the experiments
the object under control will be substituted by either an
inertia-free (memory-free) operator or a dynamic operator.
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It should be noted that the control algorithm does not
possess information on the equation (operator) of the
object under control excepting the type of the operator.
The use of dual control algorithms is presented in [16; 17].

Numerical experiments. To perform the first batch of
numerical experiments the object was substituted by the
expression

(10)

where x(f) is an output variable; u(f) is a controllable
input; p(z) is observable but uncontrollable effect, taken
as the process

Xppp = Uty

an

The control procedure starts with the first point
(x,u;,1,) . Further data accumulation results in active

1, =0.5+0.3sin(0.2¢).

learning of the control algorithm. As a consequence the
object can be more effectively driven to a reference state
or follow a reference trajectory.

Functioning of a nonparametric control algorithm is
illustrated by fig. 3 and 4. A particular experiment was
conducted to demonstrate the ability to follow the step-
wise reference trajectory x *(7).

Fig. 4, a shows an enlarged scale of reference x*(¢)
and control x(#) processes depicted in fig. 4, b. A non-
parametric dual control algorithm can effectively solve
the control problem even for a noticeable level of noise.
The case when random noise with amplitude up to 3 % of
the output value is presented in fig 5.

Let the reference to the control process be given by
the expression xl* =2 +sin(0.1¢) . For the case the corre-
sponding control process is depicted in fig. 6.

Except stepwise functions and continuous reference
functions one can construct other references using even
random functions. To illustrate capabilities of the control
algorithm (1) to follow random reference the following
experiment was carried out (fig. 7). x: is defined here as

a sequence of sine function and purely random effect
evenly distributed in the interval [0.5; 2.5].

. &0
X2
xt—1 x: -
s S B
R
X X
[—I L ——
l L

Fig. 2. A control scheme for an object with memory (dynamic object)

Puc. 2. YrpasieHue 00bEKTOM C MaMATHIO

oe L
07 1
oE }
0.5 X
o4 4
o3 4

0z}

014

u(t)
T

0.0 ; ;

60 80 100 t

Fig. 3. Uncontrollable effect pu(¢)

Puc. 3. Heynpasisiemoe BXOAHOE BO3/€ICTBUE
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Fig. 4. Control process for a stepwise reference value
Puc. 4. YrpaeieHue mpu 3a/1ar0IieM BO3JICUCTBUN B BUJC CTYIICHYATON (PYHKIHA
. Xy x*
=0 A £ P A r’,\/u(_
LTy ey
1.5 4
1.0 4
0.5 +
0.0 $ t t t T T
o 20 40 &0 20 100 120 L
Fig. 5. Control process in case of 3 % random noise applied to the object output
Puc. 5. Ynpasienue npu 3aaaomeM Bo31eHCTBUH ¢ IOMEXOH
M
- - oo ; . ; ; . >
) T - . 0 20 40 &0 a0 100 I

Fig. 6. Control process for continuous reference

Puc. 6. YnpasieHnue npu 3aaaromieM Bo3IeHCTBUH B BUJE TPACKTOPUU

Experiments with the control algorithm operation
make it evident that it is able to deal even with random
references. On the contrary, standard P, PI, PID control-
lers cannot reach the level of control quality, because they
are not based on data accumulation and analysis. More-
over, settling time is expected to be much worse for the
controllers.

The control process in fig. 7 demonstrates satisfactory
quality. That is an exceptional functionality of the control
algorithm (1) can be noticed. It should be noted that none

715

of already existing controllers can reach the same level of
control accuracy and velocity.

Let us take into consideration another case when the
object is represented by the dynamic operator (8). The
equation is accepted in the form of the first-order discrete
operator:

X =f(x[_1,ut). (12)

Particularly, the linear first-order object is described by

x, =Py, +Pox, (13)
where B, and B, are finite constants.
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For the case we describe peculiarities of the control
procedure. The learning process begins with a pair of
measurements, namely (x,,u,) and (x,u;). The initial
phase of control is devoted to data accumulation needed
to bring the object to the target state. Further, time to
reach the target diminishes to a great extent.

Let us demonstrate functioning of the algorithm (9).
Let control reference be a stepwise function. Control
process for the reference is depicted in fig. 8.

Fig. 9 demonstrates functioning of the algorithm when
reference is a combination of a sine function and a ran-
dom function. Again, the control process can be qualified
as highly effective.

20 40

K'Y

a0 50 100

ik

Fig. 7. Control procedure for combined reference containing random noise

Puc. 7. YnpaBnenue npu 3aaomeM Bo3IeHCTBUU B BUIE TPAEKTOPUHU U CIyYalHOTO 3a1aHus

M
s L
34 x”
2 Xe

/7

1

s
o :

o 50

100 150 i

Fig. 8. Control process in case of stepwise reference

Puc. 8. Yrpasnenue npu 3agaromeM BO3IEHCTBIN B BUJIE CTYIIEHUATON (QyHKIUH

A X¢
3.0 1
2.5 ;' *

20 ¢

a 20 40

e
} + } —
60 20 100 t

Fig. 9. A random reference test for dynamic system dual control

Puc. 9. Pe3ynpraTsl ynpaBiieHHS TIPU CITy4aitHOM 3aJaHUN
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Thus, the algorithm (9) is able to control a dynamic
object with memory, providing good quality due to data
accumulation and proper model-based control synthesis.

Conclusion. The problem of dynamic system control
in case of nonparametric uncertainty conditions is discussed
in the paper. After re-designation of object variables this
problem can be reformulated in terms of multidimen-
sional inertia-free object control. Bandwidth determina-
tion techniques for both controllable and uncontrollable
input effects are proposed. Two variants of nonparametric
control algorithm learning are discussed. Illustrations
of some numerical experiments with the algorithm prove
that it can be used in various computer-added systems of
adaptive control. The key point of the algorithm is the
capability to control continuous production processes with
discrete-time measurement equipment.
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