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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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Ipusoodsimes HenapamempuuecKue aieopummsl UOeHMupuKayuu 6 yciogusx HenoiHou ungopmayuu. Cywecmeen-
HOe omauyue camoll 3a0a4u UOeHMUGUKayUyu om U3eCmusblX NPeoblOYUUX 3a0ay COCMOUM 6 MOM, Ymo Ha 6X00 00b-
exma, Kpome Ynpaeisiioue2o 6030eicmeusl, 0eticmsayem Heynpasisiemas NepemMennas, Ho KOHmpoaupyemas. B omauyue
om napamempuyeckol UOeHmMuGUKayuL, paccmampueaemcs CUmyayusl, K020a ypaeHeHus:, Onuchléaroujue OuHamuye-
cKue 06vekmyl, He 3a0aHbl ¢ MOYHOCMbIO 00 napamempos. B smom ciyuae nosgnsromes nexomopule ocobennocmu,
KOmMOopbie HeoOX00UMO YHUMbI8AmMs NPU CHAMUU NEPEXOOHbIX XaPAKMEPUCTIUK 00beKmos no paziuunvim kananam. Oc-
HOBHAsL OCOOEHHOCMb COCMOUM 8 MOM, YMO NEPEXOOHAsl XAPAKMeEPUCIMUKA N0 0OHOMY KAHANLY CHUMAEMCs npu cma-
OUnbLHOM nONOdNCEHUU OPY2020 Kanana. bonee moeo, 3a0aua udenmupurayuu paccmampusaemcs 8 yCiosusx Hopmaib-
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HO20 (DYHKYUOHUPOBAHUS 0ObEKMA 6 OmIuYUe Om paHee U3eCmHo20 N00Xo00d K Henapamempuyeckoll uoeHmu@uKka-
Yuu, OCHOBAHHO20 HA NOOaye Ha 6x00 0Ovekma Qyukyuu Xesucauoa u OarvHeliwem npumeHeHuu unmezpaia /roamens.
B ycnosusix nopmansno2o pyHkyuonuposanus Ha 6x00 06bekma nooarom CUSHAL NPOU3eoabHoU Gopmbl. Ilpu smom Ha
8bix00e 00veKma Habooaemcs coomsemcmsywull OmKIUK. Mzmepenus 6X00HOU U 8bIXOOHOU NePeMeHHbIX Ocyuje-
CMGISAIOMCS CO CAYHAUHBIMU noMexamu. B umoze umeem peanuzayuio (8blO0OPKY) 6XOOHBIX—6bIXOOHBIX NEPEMEHHbIX.
TockonbKy nunelinas OUHAMUYecKdas cucmema Mmodicem Obimb Onucana unmezpaiom [lioamens, mo npu u36eCmHuix
6XOOHDBIX U BLIXOOHBIX NEPEMEHHBIX 00beKma Mo2ym Oblmb HAOEHbl COOMEENCMEYIoWUe 3HAUEHUsL 8eCOB0L YHKYUU.
Omo docmueaemces npu OucKkpemmuou 3anucu nocieonezo. Pacnonazas nooobnou peanuzayuetl, 8 oaibHeliulem UCnoab-
3Yemcs. Henapamempuieckas OyeHKa 6ecosou QyHKyuu 6 eude Henapamempuyeckoli oyenku Hadapas — Bamcona.
Ioocmasnss ee 6 unmezpan /lioamens, noayiaem mem camvim HeRApPAMEMPULECKYI0 MOOENb TUHEUHOU OUHAMUYECKOU
cucmembl HeU36eCMHO20 NOPSOKA.

B cmamuve npuseden max dice 110060nvimublil CLyHall NOCMPOEHUs HENAPAMEMPULECKOU MOOenU npu nodade Ha 6X00
Odenvmaobpasznou QyHkyuu. Bulio unmepecHo GbIACHUMb, HACKOILKO 0elbmaoOpasHas yHKYUs MOdcem OMmaudamocs
om deavbma-gynkyuu. OyeHka 6eco8oll PYHKYUU U 6 SMOM CryHae Onpedetsiiach 8 Kiacce Henapamempuyeckux OyeHox
Haoapas — Bamcouna. Panee Oviiu npeodnodcervl Henapamempuieckue aneopummsl u0eHmuguxayuu 0 ciyyds, Ko2od
Ha 6x00 00vbekma nodasanace Gynxyus Xegucaidda. Dmo HeCKOIbKO CYICAem PAMKU RPAKMUYECKO20 UCHOb308AHUS
camotl udeu nenapamempuyeckol uoeHmugukayuu. Ecmecmeenno, 8aicHbiM S815emcst Cyual NOCmMpoeHust Henapa-
MempuyecKkol Mooenu OUHAMUYECKo20 00beKma, HaxX00AUe20Ca 8 YCI08UAX HOPMANbHOU IKCATyamayuy. Ima ocodeH-
HOCMb 5167151eMCsl Haubojiee GAdCHOU U3 PACCMAMPUBAEMBIX NPUEMOE UOEHMUDUKAYUU 8 YCIOBUSX HENAPAMEMPULECKOU
HeonpeoeieHHOCmu.

Kniouegvie cnosa: unmezpan /lioamens, nepexoonas Qpynxyus, eecosas Qynxyus, 0enbmaobpasnoe 6xo0Hoe 6030eli-
cmeue, oyenka Hadapas — Bamcona, nenapamempuyeckas Mooeis.

Introduction. The main objective of identification where

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

put process variables observations while data about the ,

object is incomplete [1-3]. The article considers dynamic x (1) = J‘ h (t—T)u(t)dz (1)
object identification under nonparametric uncertainty ! 0 ! ’

[4; 5], when the dynamical model cannot be identified up ,
to parameter vector due to the lack of a priqri dataz In this x (1) = J‘ h (t - Du(t)d-r.

case getting transient response and following estimation " 0 H

of an object weight function are reasonable. The basis . )

of this paper is Duhamel integral use, due to the principle Where £, (t~1),h,(1—1) — weight functions of u
of superposition [6; 7]. Identification algorithms of the and u channels. Weight function is a derivative of the
object in normal operation conditions are described. The

research analyses three methods of obtaining weight func- transition function A(#) =k (¢) .

tion estimation using Heaviside function [8; 9], delta- This problem becomes the weight function estima-

shaped input and arbitrary input. tion, so, first, the transition function needs to be
Problem formulation. We assume that an object is a  obtained.

dynamic system described by equation [1], x, = f(u,,1,) As it is mentioned, weight function can be obtained by

various means.
First case. We suppose that the object is described by
linear differential equation of unknown order. Under zero

output variable. initial conditions, x(¢) is found as (1). Transition function
Fig. 1 illustrates a block diagram of the dynamic proc-

ess [1; 10], with the following notations: X, — output of

where f(-)— is unknown function; u,— control input

variable; p, — uncontrolled, but measured variable; x, —

is an object reaction to input impact, namely as Heaviside
function u(z) =1(¢).

model; u, — control variable; p, — uncontrolled, but

measured variable; () — continuous time; ¢ — discrete 1(¢) :{O’M(t) < 0, )

. . . . >

time; &,,h, — random noise influencing the object and Lu(®)=0

output variable measuring channel, with zero mathemati- After obtaining transition function, to find its non-

cal expectation and limited dispersion. parametric estimation is required [11; 12]:

Variables control is carried out at time interval Af. T

Thus, it is possible to obtain initial input — output variable %(t) = _Z k.H =y , (3)
. T . se, oo c

sample {x;,u;,1;,i =1,s}, where s — a sample size. s i s

Non-parametric identification algorithm when  yhere &, — transition function estimate, &, — transition
standard signals can be input to the object. We could

assume that the object is described by a linear differential
equation of unknown order. In this case, for zero initial ~ size, ¢, — kernel smoothing, / — kernel function, 7 — time

conditions, x(7) is found as observation period [2].

function, ¢, — discrete time of measurements, s — sample
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Fig. 1. Identification scheme
Puc. 1. Cxema unentudukanun
We note that kernel function and kernel smoothing I\
satisfy following terms [11; 12]:
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where ¢(;) — an arbitrary function. g
In particular, kernel function would be considered as
Sobolev function (5): o 4 .
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Since weight function 4(¢) is derivative of transition
function (), then

() =~ ZkH'[t t’] (6)

SCy =0

where k; — transition function estimation, k; — transition

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

size, ¢, — kernel smoothing, H — kernel function, T — 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(z)z{i,teAt, (7)
At

where At , for example, is an equation Az =¢"—¢".

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.

Fig. 2. Delta-shaped function example

Puc. 2. [Ipumep nensraodpasHOro
BXOJIHOT'O BO3/1€HCTBUS

Third case. If control action and object output are
known, weight function may be described by (1).
In a discrete form:

i1 i=1
+ [xt“ —[Zs:uiA'c+iho]], i=1s,
i1 i=1

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

®)

val; u,
ured variable; x, — object output; %, — value of the

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

X (0)=— [J;Z}kH[ }(t)dt+.([;kl-1’[ S}A(‘E)dt]

or
x,(1) = [th"u(r)dijh“u(r)dr] )

0 i=1 0 i=1
where k; — transition function, 4, — weight function, ¢, —
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' =025x",-0.33x", +0.33u,,
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 p(¢) :

(10)

u, =sin(0.1z)

Fig. 3 uses following notations: u(¢#) — sinusoidal in-

put action, p(¢) — uncontrolling, but a measured variable.

We could add a random noise 4, that arising in the

channel of output signal x(#) measurement
h =Ixg,,

where &, €[-1;1], noise level /=10%.

We calculate a recovery error — w according to
the

(12)

N

Z|x[—f€,|

w=4E (13)

s b
Z|xt _f|
i=1

B R . .
where X = —Zx, — arithmetic mean, x,(¢) —model output.
Si=l

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,

. 11 . . .
u, =sin(0.05¢) (an this model could be considered as satisfactory.
Ef(.’j
02 |
0.0
H(x)
02 1
-0.4 + t + !
0 20 40 80 80 I
Fig. 3. Arbitrary input actions u and p
Puc. 3. IIpousBoisibHbIC BXOJHbIE BO3/ICHCTBUS U U 1L

x(7)

08 +

04 4

1 A

0.0

0.2 i i f f

0 20 40 80 80 !

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

Puc. 4. Peaxuust Beixoaa o0bexTa x(f) 1 MOJIEIH,
[pU CHHYCOUIAIIBHOM BXOJIHOM BO3/CiCTBHN
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Fig. 5. Object output when the input is an arbitrary sinusoidal signal and noise level 10 %

Puc. 5. Pe3ynbrarsl BeIxoga 00bEKTa, IPU CHHYCOUIATILHOM BXOAHOM
BO3JICHCTBHY NP ypOBHE ToMeX 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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