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ON STRUCTURAL—PARAMETRIC IDENTIFICATION OF TIME—DELAY SYSTEMS FROM REAL
IMPULSE RESPONSE
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In the paper, the new approach to structural-parametric (SP) identification of time-delay systems from real impulse
response is proposed. The approach is based on representation of experimental data that corresponds to the free motion
stage of a system in a form of formal Laurent series with the subsequent approximation using mathematical apparatus of
continuous fractions, which provides the determination of the model’s structure. The determination of parameters is
realized then with solution of the system of transcendental equation formed using transient process formula on the basis
of other stages’ experimental data and defined model’s structure.
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(0] CTPYKTYPHO-HAPAME;TPI/I‘IECKOﬁ NJIEHTUOUKAIIMA CUCTEM C 3AITIA3/IbIBAHUEM I10
JEUCTBUTEJBHOMY UMITYJIBCHOMY OTBETY

I'nywko O.B., Tkaues P.Y.

B pabote mpennmoxeH HOBBIM MOIXOA K CTpykTypHO-mapamerpuueckoit (CII) wupaeHTHOUKAnmm CcHCTEM C
3ara3AbIBAaHAEM M0 ACHCTBUTEIBHOMY HMITYJILCHOMY OTBETY. IIpelulosKeHHBIN IOAXOA OCHOBAaH HA IPEICTABICHUU
9KCIIEPUMEHTANIBHBIX JAHHBIX, COOTBETCTBYIOUIMX CBOOOJHOMY ABHMXKEHHIO CHCTEMBI B (popMme (OpMalIbHBIX PsIIOB
JlopaHa ¢ mocinenyomel anmpoKkCHUMalyeil ¢ MUCIOJb30BaHUEM HEINPEPBIBHBIX JIPO0OEH, 4TO IMO3BOJISET ONPENEeTUTh
CTPYKTYPY MOAENH. 3aTeM MPOBOAUTCS ONpE/IelIieHNEe apaMeTPOB MOJICIH U3 CUCTEMbl TPAHCICH/ICHTHBIX YpaBHEHUH,
MOJYYEHHBIX ITyTEM HMCIOJIBb30BaHUS (OPMYJIbI MEPEXOJHBIX MPOLECCOB HAa OCHOBE HKCIIEPUMEHTAIBHBIX JAHHBIX O
JIPYTUX COCTOSIHUSIX CUCTEMBI M TI0 M3BECTHOM CTPYKTYPE MOJIEIH.

KIIFOYEBAKIE CJIOBA: cuctemsl ¢ 3ama3qsIBaHueM, UMITYJIbCHBIN OTBET, HACHTHQHUKaNs, psapl Jlopana.

PO CTPYKTYPHO-IAPAMETPUUY INEHTU®IKALIIO CUCTEM 3 3AMI3HEHHSM MO JIACHTIA
IMITYJILCHIN BIIITOBIII

I'nywiko O.B., Tkauog P.Y.

B po6Goti 3amponoHOBaHO HOBUH minxix 1o crpykrypHo-napamerpuunoi (CII) imentudikamii cucrem 3
3aMi3HEHHSAM TI0  JifCHIA  IMOYJAbCHIM  BiMIOBiMi. 3ampONOHOBAaHWM  IIJIXil 3aCHOBAHWH Ha  YSABJICHHI
eKCIIEpUMEHTAJIbHUX JaHuX, SKI BIANOBIAHI BUIBHOMY pyXy cucremu, y ¢opmi dopmansaux psgiB Jlopana 3
MOAANBIIOK alPOKCUMAIIIEI0 3 BUKOPUCTAHHSIM HEMEPEepBHHX APOOIB, MIO J03BOJISE BHU3HAYUTU CTPYKTYPY MOJEII.
[oTiM MpoOBOIUTECS BH3HAYCHHS IapaMeTpiB MOJEIN 3 CHCTEMH TPaHCUCHACHTHHX PiBHSHbB, SKi OTPHMaHI LIUIIXOM
BUKOPHCTaHHA (POPMYIIH TIEPEXiTHUX IMPOIECiB HA OCHOBI €KCIIEPUMEHTAIBHUX JAaHUX TPO IHII CTaHU CHCTEMH 1 3a
BiJIOMOIO CTPYKTYpi MOZETII.

KJIFOYOBI CJIOBA: cuctemu 3 3ami3HEHHSIM, IMITYJIbCHA BIAMIOBI/b, i1eHTHIKaisA, psian JlopaHa.

1. Introduction. At present, most of the works on data can be achieved and in relevant cases even slight
system identification are still based on parametric structural divergences of the model may lead to the
models so that identification in these works is a process significant distortion of model parameters so that
of determining of unknown parameters of a model with structural identification is often needed [1].
predefined structure [1, 2]. Although many works in the field of structural and
Sometimes parametrical identification is not structural-parametric (SP) identification has been
acceptable as, generally, the more model’s structure published recently, there still not exists a well-
differs from that of the “true system” the less developed universally recognized SP-identification
conformity between model response and experimental method neither for nonlinear dynamical systems nor for
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linear ones. Such a way a further research in the field
of SP-identification is vital for control theory [3, 4].

The most SP-identification methods are based on
using frequency-domain data or step-response time-
domain data that in defined situations makes it
difficult(or even impossible) to apply them for
identification of real-life systems due to the physical
restrictions. Quite often using of impulse responses
may solve the problem so that because of reasons listed
above it can be stated that the present work is devoted
to the actual problem of system identification.

In this paper, we propose the new approach to SP-
identification of time-delay systems from real impulse
response. The approach is based on representation of
experimental data that corresponds to the free motion
stage of a system in a form of formal Laurent series
with the subsequent approximation using mathematical
apparatus of continuous fractions, which provides the
determination of the model’s structure. The
determination of parameters is realized then with
solution of the system of transcendental equation
formed using inverse Laplace transform formula on the
basis of other stages’ experimental data and defined
model’s structure.

2. Main results. In real-life systems, it is usually
impossible to generate a perfect impulse and therefore
real impulses such as rectangular, trapezoidal, saw
tooth, triangular at alias are used. If the real pulse is
short enough compared to the impulse response it can
be treated as an ideal one because in that situation the
resulting system response is close to the ideal impulse
response. However, input signal should be of the
constant energy, so that the shorter signal is the higher
power it should have that makes using very short
impulses impossible due to the physical restrictions.

The problem of identification based on the real
impulse responses is quite a complicated one as any
change of character of an input signal being not taken
into account leads to the structural error that in it's turn
leads to the distortion of both zeros and poles of
identified models.

The character of the impulse response on the
example of trapezoidal input signal is shown in Fig. 1.
Stage I of the impulse response in Fig. 1 is the reaction
on a ramp-up signal, II — is the reaction on a constant
signal, III — is the reaction on a ramp-down signal. All
stages of a process except first one are influenced by
the initial phase state of a system caused by the
previous stage.

Identification based on real impulse signals can be
realized in two stages: 1) determination of model's
poles using the down sampled backward sequence of
output value in the range that corresponds to
undisturbed motion of the system and 2) determination
of unknown zeroes from distributed motion data using
known poles.

As information on the technological process’s
parameters in modern control systems is usually
introduced in a digital form, it is convenient to use the
indirect approach which implies two consequent
stages: 1) determination of the discrete-time model, 2)

retrieving of the desired continuous model on the base
of discrete-time one.

Within the framework of mathematical apparatus
of the discrete-time systems the problem of structural-
parametric identification can be formulated as the
problem of effective approximation of the power series
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Fig.1. Real impulse response (a) caused by the trapezoidal
impulse signal (b).

Series (1) are formal Laurent series that makes it
possible to use the analytic theory of continued
fractions for the approximation (it should be noted that
the idea of using mathematical apparatus of continued
fractions for identification of dynamical systems was
proposed by V. Ya. Kartashov in [5]). Selection of an
order of approximation is the problem to solve at this
stage of identification.

The Rutishauser method was chosen to be the
method of representing analytic functions by continued
fractions. It is determined by the formula [6]:
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where egl’)e(c, qgll)e(C, f(z)e@, @:(Cu[oo];
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following relations:
() _ o4 _ (), (), ) _ S ()
n n+ n n n n+
e = —dm e sanh == -an s
em
m=1,23...; n=0,1,2,3...; except ef)n)zO and
c
Q§n) = o+l
Cn

As it is implied that in (2) e =0and

qgl’) # 0 (for m=1,2,3...), the sequence {c,} should be

shifted to the first nonzero element and the resulting

continued fraction should be multiplied by z ¢

according to the delay theorem, where d is a shift of the
lattice function.

The determination of continued fraction
coefficients can be realized by calculation of an
identification matrix
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for even j wvalues,
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ai,j = ai+1’j71 — ai’j71 + ai+1,j72 for Ode values.

The calculation of matrix (3) is finished when
coefficient of the first row equal to zero is achieved (in
practice the coefficient absolute value should be
several orders less then the previous one in the same
row) that corresponds to small absolute values of the
residual series. Such a way the order of a model is
defined.

Then, basing on the fist row elements up to the
zero-element a continued fraction is formed. The
discrete Laplace image of the process is then:

- -1
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where n — order of the Laplace image; d — discrete time

delay.

To provide the exact structure equivalence of
retrieved and original CTF the matched Z-transform is
used which is defined by formula [7]:

o In(z;)
= “)

S

where s; are roots of CTF; z; are roots of DTF; T is
sampling period, s.
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The shift of the lattice function which causes
distortion of zeroes of the transfer function doesn’t
affect it’s poles so that using formula (4) we’ll retrieve
exact(undistorted) poles of the model that need no
correction.

It should be noted that the transformation should
be carried out within the general frequency band,
limited by Nyquist frequency, so that negative roots of
z-plane are looped off during the mapping to the s-
plane.

Determination of the most appropriate values of
zeros using poles determined before can be realized
with solution of the system of equations formed on the
basis of transient process formula.
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where n; is the order of Laplace transform image of a

process at time t;; c;;are unknown numerators of

i
simple fractions that in sum representing image of a
process at time ts is time of a sample, s; kj,i are

known poles of a process at time t i> Tj; are known

Ji
coefficients, reflecting the initial state at the beginning
of a process at time t;; y(t;) is the value of the output

coordinate at time t i

It should be noted that the time of a sample is
supposed to be the time in relation to the beginning of
the stage.

Systems of equations like (5) can be solved with
numerical methods.

3. Example of identification. To demonstrate the
proposed method consider the identification problem of
object with transfer function of true system

0,5s+1

-1,33s
(s+1)(2s+1) ¢ ) ©)

Wis.(s) =

It is assumed that ADC sampling period T, = 0,15,
and the input signal is a real trapezoidal impulse
defined by the formula:

Vin(H) =2t(1-o(t-0,5))+ o(t-0,5) -
—o(t-D)-2t(c(t-1)—o(t-15)) ~

where o (t) is Heaviside step function.

The backward down sampled (to T, =1s) sequence
of the system response values is {y} = {0,0053;
0,0087; 0,0143; 0,0234; 0,0380; 0,0611; 0,0966;
0,1481; 0,2137; 0,2697 ...}

Discrete Laplace image of the process is then
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F) = 0,0380 —0,023392+0,00848
| L6088z (z—0,6065)(z—0,3679)
0,0275z
[4—ooZ
1-2,7856z

Using (4) we define poles of model’s continuous
transfer function:

sP = In(0,6065) ~ 0,5 ; s5 =1In(0,3679) ~ 1.

Then the continuous transfer function of the model
can be represented as

2
F(S) _ NIS + st + N3 ez—
(s+D)(s+0,5)

where Ny =1+ +13; N, =1,55 +0,5r, +13;
N3 =0,51; 1,1, , 13 are unknown coefficients that can

be determined by solution of the following system of
transcendental equations:

2r, + 41y — 2ryede s TleTe —4pe

+ 2rl(t1 - dTTS - Te) =Y

0.5(d, T,=t)) 0.5,

l; =51 +3,2131r, + 413
1, = 6 +4r, +4,884813
Vi =21 +1, +213

vy =61 + 41, 4 513

where 7=d,T; +7, is unknown time-delay; 7, is

time-delay sampling error (0 <7, <Tj); d, is shift of
the lattice function to the first nonzero element
(d,=13).

Let’s select t;=1,8s (from the beginning of the
process); ty =0,2s; t3=0,4s ;t4=0,5s; (t;,t3,t4 - time
from the Dbeginning of the second stage).

Corresponding  values of output coordinate:
y1=0,0584; y, =0,1129; y;=10.1687; y, =0,1967.

1 + (1'2 — 11 + Vi )eftZ eTe + (1'3 + 12 %) )Cio,StZ GO’STe =y>
n+(np-L+ vl)eft3 efe + (+1, - Vz)efo,sgeo,s% =y;3
n+(n-1+ vl)e_t“e’e +(r3+1, = v, )e_O’St“eO’STe =y4
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The solution of the system: r1 = 1.0; 12 = 0.5; 13 =
-1.5; 7,=0,03s. The model is then:

0,25s+0,5
(s+1)(s+0,5)

Wm. (S) — e—1,33S .

Thus, transfer function (6) was retrieved with a
high accuracy.

4. Conclusions. The new approach to SP-identification
of time-delay systems from real impulse response was
proposed. The efficiency of the method is
demonstrated on the example of identification of the
system with the true system (6).

Advantages of the proposed approach include high
accuracy of identification and possibility to realize
complex calculations wusing modern controllers
although this is not a trivial task. Main disadvantage is
using the a priori knowledge of the input impulse
signal that is the fact that divergences between real
input signal and programmed one are not taken into
consideration.
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