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The research gives nonparametric identification algorithms under the conditions of incomplete a priory information.
The identification case differs from the previously known ones due to the fact that, besides the control action, an uncon-
trollable variable, but a measurable one, impacts on the object input. In contrast to parametric identification, the re-
search considers the situation when the equations describing dynamic objects are not given with accuracy to the pa-
rameters. In this case, there are some features to study while getting the recovery characteristics of various object
channels. The main characteristic is that the transition response of a channel is taken when the other channel is in a
stable position. Moreover, the identification problem is analyzed under normal object operation, opposite to the previ-
ously known nonparametric approach based on Heaviside function input to the object and further Duhamel integral
application. An arbitrary signal is input to the object during normal operation as a result we have a corresponding re-
sponse of the object output. It should be noted that the measurements of the input and output variables are carried out
with random noise. As a result, we have a sample of input-output variables. As linear dynamical system can be de-
scribed by the Duhamel integral, with known input and output object variables, corresponding values of the weight
function can be found. This is achieved by discrete representation of the latter. Having such realization, nonparametric
estimate of the weight function in the form of the nonparametric Nadaraya-Watson estimate is used later. Substituting
this with the Duhamel integral, we obtain a nonparametric model of a linear dynamical system of unknown order.

The article also describes the case of constructing nonparametric model when a delta-shaped function is input to the
object. It is interesting to find out how delta-shaped function might differ from the delta function. The weight function is
determined in the class of nonparametric Nadaraya-Watson estimates. Previously proposed nonparametric algorithms
consider the case when Heaviside function is applied to the object; this narrows the scope of nonparametric identifica-
tion practical use. It is important to construct nonparametric model of the dynamic object under conditions of normal
operation.

Keywords: Duhamel integral, transient function, weight function, delta-shaped input, Nadarya-Watson estimate,
nonparametric model.
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Ipusooumcs nenapamempuyeckue areopummbl UOSHMUPUKAYUYU 8 YCA08UAX HenoIHoU unpopmayuu. Cyuecmeen-
HOe omauyue camol 3a0ayu UOeHMUGUKAYUU Om U38ECMHBIX NPeOblOYWUX 3a0ay COCMOUmM 8 MOM, YMo HA 6X00 00b-
eKkma, Kpome Ynpasisioue2o 030eicmeusl, 0eticmeyem Heynpasisemdas nepemMennas, Ho Konmponupyemas. B omauuue
Om naApamempudecKkoll uOeHmuMUKayuu, paccmampueaemcs Cumyayus, Ko20a ypasHeHus, onucbléarouue ouHamuye-
CKue 00beKkmpl, He 3a0aHbl ¢ MOYHOCIbIO 00 napamempos. B smom ciyuae nosensiiomes nexomopule ocobennocmii,
KOMmopbie HeobX00UMO Y4Umuléams Npu CHAMUU NEPexoOHbIX XaAPAKMePUCmux 00bekmos no pazaudnsim kanaiam. Oc-
HOB8HASL 0OCOOEHHOCMb COCOUM 8 MOM, YMO NEPEXOOHAs XAPAKMEPUCTIUKA N0 0OHOMY KAHANLY CHUMAEMCs npu cma-
bunbHOM noNoJCeHUU Opy2020 Kanana. Bonee mozo, 3adaua udenmugurayuu paccmampusaemcs 6 YCroeusx HopMaib-
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HO020 (DYHKYUOHUPOBAHUSL 0OBEKMA 68 OMIUYUE OM PaHee U3BECMHO20 N00X00d K Henapamempuyeckol uoeHmugpura-
Yuu, OCHOBAHHO20 HA nNodaye Ha 6Xx00 obvexma Qynkyuu Xesucaiioa u oanvHeliuem npumenenuu unmezpana /ioamens.
B ycnosusix nopmanvnozo ynkyuonuposanus na 6x00 06vbekma nooaiom CusHal npou3eonsHol Gopmol. Ilpu smom na
8bIX00€ 00beKma HAOMO0Aemcsi COOMBEMCMBYIOWULE OMKIUK. H3mepenus 6X00HOU U BbIXOOHOU NEePeMEHHbIX OCyuye-
CMGIAIOMCSL CO CAYUAUHBIMU nomexamu. B umoee umeem peanuzayuio (6b160pKy) 6X0OHBIX—BLIXOOHBIX NEPEMEHHDIX.
Tockonvky nunennas OUHAMUYEeCKAds CUCHeMA Modcem Oblmb Onucana unmezpanrom /ioamens, mo npu uU36ecmuvix
BXOOHBIX U GbIXOOHBIX NEPEMEHHBIX 00BEKMA MO2Ym OblMb HANOEHbI COOMEEMCMBYIOWUE 3HAYEH UL 8eCOB0U (DYHKYUU.
Dmo docmueaemcs npu OUCKpemHou 3anucu nociednezo. Pacnonazas nooobnou peanuzayuetl, 8 oaibHeliuiem UCHONb-
3Yemcst Henapamempuyeckds OYeHKa 8ecosoll (yHKyuu 6 eude Henapamempuueckou oyenxku Hadapas — Bamcona.
Ioocmasnsis ee 6 unmeepan [lloamens, noryuaem mem CamviM HeRAPAMEMPUYECKYI0 MOOETb TUHEUHOU OUHAMUYECKOL
cucmeMmbl HeU38ecmHo20 NOPsIOKdA.

B cmamve npugeden mak dice 11060nbIMHbLL CLYUAT NOCMPOCHUS. HENAPAMEMPUYECKOU MOOeIU NPU nodade Ha 6X00
denbmaobpasnou @yuxkyuu. bBeiio unmepecno 8bIACHUMbG HACKOILKO 0elbmMaoOpaA3HAs QYHKYUSL MOAICEm OMAULAMbCS
om Oenvma-@pyuxyuu. Oyenka 6ecogoll PYHKYUU 1 6 3MoM cayiae Onpedeisiidcb 8 Kiacce Henapamempuyeckux oyeHox
Haoapas — Bamcouna. Panee OvbL1u npednodiceHbl Henapamempuieckue aieopummsl UOeHmugurayuu 0t Cayuas, Ko2od
Ha 6x00 00vbekma nooasanace Qynkyus Xesucaidda. Jmo HECKONbKO cyicaem pamKu NPAKMU4ecKo20 UCHOIb308AHUS
camoti udeu Henapamempuueckol uoenmugurayuu. Ecmecmeenno, 6asicnvim s61semcs cayyail noCmpoeHus. Henapa-
Mempuyeckol Mooenu OUHAMUYECKO20 00bEeKMA, HAX00AWEe20Cs 8 YCI08UAX HOPMATbHOU IKCHIyamayuu. Ima ocoben-
HOCMb 5187151eMCsl Hauboiee GANCHOU U3 PACCMAMPUBAEMBIX NPUEMOS UOCHMUDUKAYUU 8 YCIOBUIX HENAPAMEMPULECKOU
HeonpeoeieHHOCHIU.

Krroueswie crosa: unmeepan [lioamens, nepexoonas Qynkyus, 6ecosas QyHKyus, 0eibmaoodpastnoe 6xoo0Hoe 8030eli-
cmeue, oyenxa Hadapas — Bamcona, Henapamempuyeckas MoOeib.

Introduction. The main objective of identification  where

theory is the model construction based on input and out- x(1) = x, () +x, (1),

put process variables observations while data about the ,

object is incomplete [1-3]. The article considers dynamic x ()= J‘ h (t—tyu(t)d (1)
object identification under nonparametric uncertainty ! 0 !

[4; 5], when the dynamical model cannot be identified up ;
to param;ter Vectqr due to the lack of a priori data.. In thls x, (1) = J‘ h,(t=Dp(v)d.
case getting transient response and following estimation o
of an object weight function are reasonable. The basis . .
of this paper is Duhamel integral use, due to the principle Where /,(¢1=1),h,(t-1) — weight functions of u
of superposition [6; 7]. Identification algorithms of the and p channels. Weight function is a derivative of the
object in normal operation conditions are described. The
research analyses three methods of obtaining weight func-
tion estimation using Heaviside function [8; 9], delta-
shaped input and arbitrary input.

Problem formulation. We assume that an object is a
dynamic system described by equation [1], x, = f(u,,1,)

transition function A(f) =k (r) .

This problem becomes the weight function estimation,
so, first, the transition function needs to be obtained.

As it is mentioned, weight function can be obtained by
various means.

First case. We suppose that the object is described by

where  f(:) - is unknown function; u, — control input jinear differential equation of unknown order. Under zero

variable; L, — uncontrolled, but measured variable; x, — initial conditions, x(#) is found as (1). Transition function
output variable. is an object reaction to input impact, namely as Heaviside
Fig. 1 illustrates a block diagram of the dynamic proc-  function u(z) =1(¢) .
ess [1; 10], with the following notations: X, — output of 0.1() < 0
N}
model; u, — control variable; p, — uncontrolled, but 1(¢) = {l,u(t) 50" )

measured variable; (z) — continuous time; ¢ — discrete
After obtaining transition function, to find its non-

time; &,,h — random noise influencing the object and . L2 .
Sl & ) parametric estimation is required [11; 12]:

output variable measuring channel, with zero mathemati-
cal expectation and limited dispersion - T 3 -1
: . . . k(ty=—> kH|—|, 3)
Variables control is carried out at time interval At. sc ¢,
Thus, it is possible to obtain initial input — output variable

s i=0
. T . where k. — transition function estimate, k. — transition
sample {x;,u;,p;,i=1,s}, where s — a sample size. o ] ) i
Non-parametric identification algorithm when function, ¢, — discrete time of measurements, s — sample
standard signals can be input to the object. We could size, ¢, — kernel smoothing, /7 — kernel function, 7 — time
assume that the object is described by a linear differential  gbservation period [2].
equation of unknown order. In this case, for zero initial

conditions, x(?) is found as
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Fig. 1. Identification scheme
Puc. 1. Cxema naenTudukanuu
We note that kernel function and kernel smoothing f\
satisfy following terms [11; 12]:
10+ 1 M
17 I3
_I [ ]dt_l lim— j¢(;)H[ t=0(t,), = e
c,
s Y (4) )
t—t. . . 6 +
H(—’] >0, ¢,>0, limsc, »>oo, limc, >0,
CS CS*)OO §—>0 4 |
where ¢(#;) — an arbitrary function. i
In particular, kernel function would be considered as
Sobolev function (5): o 4 .
0.t —,|> ¢, 0 At 5 t
H= (1) t—t|<c.. 5 Fig. 2. Delta-shaped function example
0.827 e[(t—t[)z—cyz , Je-t]=e ) g p p
c Puc. 2. Ilpumep nempraobpa3HOro

s

Since weight function A(¢) is derivative of transition
function £(%), then
( Cs \J

where k; — transition function estimation, k;

h(t) = Z k,H' (6)

Cs i=0

— transition

function, ¢, — discrete time of measurements, s — sample

size, ¢, — kernel smoothing, A — kernel function, 7' — time

observation period.

Second case. The weight function could be obtained
when a delta-shaped function is input, shown in fig. 2.
It has got step function type (7), At — discretization interval

SA(t)z{i,teAt, (7)
At
where At , for example, is an equation At =1¢"—¢".

Identification algorithm under normal object op-
eration. Constructing an adaptive object model often re-
quires identification of measuring channels under normal
object operation [2; 8; 13]

Therefore, the third case has got the priority in solving
the problem of nonparametric identification [4; 6]. The
following algorithm when input impact has got sinusoidal
type function (as an example) is analyzed below.
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BXOJHOT'O BO3Z[eﬁCTBPI5[
Third case. If control action and object output are

known, weight function may be described by (1). b
In a discrete form:

+(xt“ —(ipim:+ih0]], i=1,s,
=1 i=1

where s — sample size; At — variables control time inter-
— control variable; p, — uncontrolled, but meas-

h =

1

ZuiAr + iho

S
u
Xy —
= i=1

i=1

®)

val; u;

ured variable; x, — object output; 4, — value of the

weight function on previous iteration steps.
Therefore, nonparametric process model is:

T

0 i=1
or
x,(1) = [jz;z“u(r)dw j Zh“u(r)dr] )

0 i=1 0 i=1
where k; — transition function, A, — weight function, ¢, —

(r)dt+IZkH

0 i=1

kernel smoothing, s — sample size, T'— observation period.
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Computer experiment. We suggest that dynamical
an object is described by a second-order differential equa-
tion. It can be represented as:

X, =x +x,
X' =0.25x", —0.33x;", +0.33y,,
at=0.25x",—-0.33x" , +0.33u,.

We could suppose that the equation (10) is used to ob-
tain sampling points. Nonparametric algorithm does not
mean the known form of the differential equation, only
information on the linearity of an object is known, in con-
trast with [14; 15]. It should be noted once again that cer-
tain equations accepted in this computational experiment
remain unknown. Only a priori information about its line-
arity is known as well as the presence of the principle of a
super position. It is important, that taking the transient
characteristics for each object channel occurs when the
other channel stabilizes [16; 17].

As an arbitrary input signal in the conditions of normal
operation of the object, we give a sinusoidal input action
u(t) , it is not a controlling action, but a measured one (¢) :

u, =sin(0.1z)

(10)

Fig. 3 uses following notations: u(#) — sinusoidal in-
put action, p(z) —uncontrolling, but a measured variable.

We could add a random noise 4, that arising in the
channel of output signal x(#) measurement

h =Ix5,, (12)

where &, e[-1;1], noise level /=10%.

We calculate a recovery error — w according to the
formula (13),

S

Z|xt =% |

W= i=1

s b
let _)_C|
i=1

1< . .
where X =— Z x, — arithmetic mean, x,(#) —model output.
S =1
Implementing the algorithm (1), we construct a model
of the object, shown in fig. 4.
Fig. 4 uses the following notations: x(z) — object out-
put; x(¢) — model output; noise level / = 0%; recovery

error w — 0.047, according to the chart and recovery error,
this model could be considered as satisfactory.

()

. . (11)
1, =sin(0.05¢)
E.'I:fj
02 |
0.0
02 1
0.4 : =
0 20 40

50 80 I

Fig. 3. Arbitrary input actions « and p

Puc. 3. IlponsBosibHbIE BXOAHBIC BO3ACHCTBHA U U [ BO3IEHCTBUS

x(f)
06 +
04 1
; x(f
0.0
-0.2 f f : :
0 20 40 80 g0 I

Fig.4. Object output x(#) when the input is an arbitrary sinusoidal signal

Puc.4. Peakius Boixoga o0bekTa x(f) ¥ MOJICIH,
NpHU CHHYCOUTATBHOM BXOJHOM BO3/CHCTBUU
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Fig. 5. Object output when the input is an arbitrary sinusoidal signal and noise level 10 %

Puc. 5. Pe3ynbTarhl BeIXoAa 00bEKTa, IPH CHHYCOUIATHHOM BXOJIHOM
BO3/ICHCTBUH IIPH ypoBHE oMeX paBHOM 10 %

The case when / = 10 % and recovery error w — 0.112
is shown on fig. 5.

Conclusion. The research analyzes the problem of
nonparametric identification of linear dynamical objects
under the conditions of incomplete data. The main result
of this paper is resolution of identification problem in an
object normal operation conditions. The paper submits
nonparametric linear dynamical system models based on
Duhamel integral estimation by means of Nadaraya-
Watson statistics.

The main conclusions based on the extensive numeri-
cal research of nonparametric models are following:
although in practice delta function cannot be submitted
to the object input, sometimes it is possible to submit
delta-shaped input signal and then construct a satisfactory
model. Undoubtedly, noise increase in input-output
variables measurement and increase in discreteness
of input-output variables control deteriorate an accuracy
of nonparametric models.

In addition, it is important to note that a researcher
does not know a particular object equation and a differen-
tial equation order; moreover, all equations described are
analyzed as examples. Therefore, algorithm does not de-
pend on the type of input impact, the main condition
is observance of the superposition principle.
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