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Abstract. When solving problems of controlling an object with delay, it is often necessary
to approximate a pure delay link with a minimum phase link in order to ensure the possibility
of using analytical methods for regulator design. There are many approximation methods based
on the Taylor series expansion, as well as modified methods. The most famous one is the Padé
approximation method. The known approximation methods have significant drawbacks, which
this paper reveals. However, there are other methods of forming other types of filters that can
serve as a better approximation in determining the delay relationship, although they are not
used for these purposes. In particular, methods of forming the desired differential equation of a
locked-loop system of a given order by the method of numerical optimization are known. In
this case, the locked-loop system behaves like a filter of the corresponding order, the numerator
of which is equal to one, and the specified polynomial is in the denominator. Modeling has
shown that such a filter is an effective alternative approximation of the delay link and can be
used for the same purposes for which it was supposed to use the Padé approximation. The
polynomial coefficients in the literature were calculated only up to the 12th order. The higher
the polynomial order is, the more accurate the approximation is.
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1. Introduction. The development of numerical methods makes it
possible to easily and efficiently design a controller for a locked-loop sys-
tem if the mathematical model of the object is known with sufficient accu-
racy (as a rule, it is sufficient to know the basic parameters of the model
with an error of at least 1%). However, many research teams are actively
developing analytical methods for the synthesis of controllers, including for
objects containing a pure delay link in their model. This does not seem to be
extremely relevant since such software tools as MATLAB, Simulink,
MathCAD, SimInTech, VisSim allow simulation of a pure delay link with-
out any approximations. Nevertheless, papers on such an approximation are
published [1-7], dissertations are defended [8-10], and this direction is
widely lobbied by various research teams [11-17]. Considerations against
using such an approximation are as follows: a) a pure delay link is charac-
terized by a linear dependence of the delay on frequency, any approxima-
tion by a filter cannot provide such a dependence; b) well-known software
tools and methods for designing regulators based on their use do not require
any approximation, as they easily simulate the delay link inaccuracy; c)
each approximation introduces an error in the calculations and the results of
these calculations. Therefore, the design result with such an approximation
may contain such a significant error that it will be inapplicable.
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However, it would be wrong to reject any research carried out using
such an approximation since a simple simulation experiment shows that in a
certain area of problems this approximation allows obtaining the required
result in a fairly simple way. In this case, it is necessary not to reject any
such approximation completely, but it would be useful to determine the lim-
its of its applicability for solving problems of controller design, and this is
the purpose of this paper. The approximation of a pure delay link by a trans-
fer function in the form of a rational fraction is still widely used to imple-
ment the possibilities of designing controllers for objects with delay [1-17].
Almost all real objects have a delay, and analytical design methods are still
used by many researchers (despite the rapid development of numerical
methods [18-22]), the problem of such an approximation is of interest at
least from the standpoint of an adequate assessment of the results, useful-
ness and scientific contribution of dissertations and new publications using
such an approximation. The Padé approximation is often called the most
adequate in the literature, arguing that it best meets the design objectives of
the controller [11-17]. This statement is justified for objects with large iner-
tia that is not associated with this delay. But this is not always the case.
There are object models for which such an approximation cannot be used.
For example, if the object model is in a series connection of an integrator
and a delay link, then the Padé approximation is not efficient enough. This
could be verified by numerical modeling. In the case of application of the
method of numerical optimization, such an approximation does not allow
solving the problem of regulator design for such objects.

2. Task Statement. Let us consider a control object whose mathe-
matical model has a dependence of the output value y(t) on the input action
u(t), known in the form of the transfer function W(s), which in addition to
the minimum phase part also contains a link of pure delay e-ts. Here s is the
argument of the Laplace transform. The object is affected by an unknown
disturbance h(t), which causes a change in the output value Ay(t). The effect
of this disturbance can be described as an uncontrolled addition to the out-
put value, which gives the output a modified value of z(t). It is necessary to
design a control system for this object so that the output value repeats the
prescription v(t) as accurately as possible and, as far as possible, does not
depend on interference the h(t). This is the classical formulation of the au-
tomatic control problem, which is most successfully solved by creating a
loop with a negative feedback unit with a controller in a front loop, as
shown in Figure 1. As a rule, the problem of design involves finding a
mathematical model of the controller. If the controller is sought in the form
of a PID controller, i.e. a structure containing proportional, integrating and
derivation links connected in parallel so that the output signals are summed
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and fed to the object, then the design problem comes down to finding the
coefficients of these links. As a rule, the controller should provide the high-
est achievable speed, zero static error and, if possible, the minimum over-
shoot, no more than 10%.

: ()l:]et.l H(s)
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V) ;..[ x ]‘('s)p{ PID-regulator Us) Object ’ :
model

Fig. 1. A typical automatic control system with a sequential PID controller in a direct
loop: values are given in terms of Laplace transforms of time functions

Among the methods for solving this problem can be distinguished
analytical and numerical methods. Analytical methods deal with differential
equations. The presence of a delay link complicates the application of such
methods, as does the presence of nonlinearities and other problematic ele-
ments. Numerical modeling methods are effective for any of the most com-
plex models of an object. In this case, the presence of any nonlinearities
delays or other features of the object model is not in the list of problems, as
all these elements are easily simulated by any of the above software.

The paper [21] provides information on two types of approximation.
The first one is based on the expansion of the transfer function of the pure
delay link in the Taylor series. The second one is the Padé approximation
which differs in the presence in the numerator of the transfer function of a
polynomial of the same order as in the denominator, but the terms with an
odd power of the argument, Laplace transforms in this model have a nega-
tive sign. Paper [21] proposed its own approximation, which is said to be
free from the drawbacks of the two indicated models. Throughout the entire
cycle of works, including [1-22], the approximation is used to calculate the
controller for the object with transfer function containing the following mul-
tiplier:

Wp(s) = e ™. Q)

Here 1 is the time constant. Various models of the transfer function
have been proposed, and according to many authors, this one is the closest
one to the transfer function of this link. The transfer function (1) is general-
ly substituted by a rational fraction in the form of the ratio of two polyno-
mials in the argument s.
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Wy (s) = 2

Here B(s) and D(s) are polynomials in s. The degrees of these poly-
nomials are equal to m and | respectively. For the transfer function (1) to be
physically realizable, the order of the numerator must be less than the order
of the denominator: | > m. However, for controllers and other elements that
have much faster performance than other elements in the same control sys-
tem, it is allowed that the order of the numerator is equal to the order of the
denominator: | = m. In some cases, transfer functions are used in which the
order of the denominator is one unit larger than the order of the numerator.
For example, in an ideal derivative link: I=m+1.

Taylor's method is based on power series. For the transfer function of
the delay link (1), the Taylor series expansion for a function of the form (1)
gives:

1
1+rs+%(rs)2+%(rs)3+~--' (3)

Wr(s) =

Many publications, including [12, 14, and 21], preference is given to
the Padé approximation, which has the following form:

(n+k)! -k
Y=o (—sT)™
N _ k!(n—k)!
W (s) = N (ntk)! k" 4)
Ek=0itn—t1 5T

Here N is the order of approximation of the model, n is the order of
the polynomial in the denominator of the model, in this case, N = n.

The exact value of the second and subsequent coefficients in (4) de-
pends on the order of approximation. The reason for this preference is not
always clear. In [21] it is mentioned that the possibilities of the second op-
tion are greater, as it has a larger number of variable coefficients. We can’t
agree with this because the number of varying coefficients in relations (3)
and (4) for the same order of the denominator exactly coincides, because in
relation (4) the coefficients in the numerator in absolute value coincide with
the coefficients of the denominator, and their sign alternates, starting with a
positive one. If, in this case, the denominator of relation (4) is specified,
then its numerator is also completely finally specified and no additional
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variation of the coefficients is possible. Paper [21] suggests the model in the
following form:

bg+bis
1+a;s+a,s?’

Wyim(s) = (5)

The unexpected fact is that in model (5) the free term of the numera-
tor is given by a letter and it is determined in the denominator by a specific
value equal to one. The fact is that the ratio of free terms determines the
steady-state value of the response, and for relation (1) it is strictly equal to
one. Therefore, the free term in the numerator must also be equal to one,
and it does not need to be calculated by any method, by=1. It is obvious that
for the case 1=1 the paper [21] has obtained a relation where this is fulfilled:

1-0.317s

6
1+ 0.683s + 0.184s? ©)

Wy (s) =

Figure 2 shows the transient processes when a unit step is applied to
elements that have transfer functions (1), (3), (4) and (6) for N = 4. The re-
sponse of the link with the transfer function (1) is ideal. The response ac-
cording to relation (3) is excessively stretched in time. The response accord-
ing to relation (4) has a very large starting value (which cannot take place in
the original model) and a very large reverse overshoot. In this case, the re-
sponse of link (6) seems to be most closely similar to the response of an
ideal link (1). However, it is far from the ideal case, it stands at an interme-
diate position between the responses of elements (3) and (4), combining
their disadvantages and advantages equally. The undoubted advantage of
this model is the fact that at the zero moment the response is zero, which is
more consistent with the true model (1).

This task aims to address the following issues:

A. How appropriate is the use of approximation?

B. Is not it better to abandon the use of methods that cannot do it
without approximation, and to use only those methods that use an exact
delay model?

C. If the proposed approximation methods can still be used, then un-
der what conditions?

D. If it is appropriate to use the approximation, is it possible to im-
prove it to expand the scope of its applicability, and if so, how exactly?
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Fig. 2. Comparison of responses of models (1), (3), (4) and (6) from publication
[21], order of models N = 2, the designation number is the same as the equation
number

3. The Proposed Research Method. It is proposed to solve the
problem by a method of numerical optimization. The graphical program-
ming structure for solving this problem is shown in Figure 3. It contains a
system model, a setting signal generator, a cost function estimator, an opti-
mizer, and an oscilloscope. In this structure, an exact model of the object is
used, and no approximations are required. To address the question of how
competent the delay approximation is when using analytical methods, it is
proposed to use this approximation when using the method of numerical
optimization and then simulate the system with the obtained controller and
use the exact model of the object. If the result of such a simulation is suffi-
ciently similar to the result of the calculation by the model, it can be argued
that such an approximation can be used. But if the result obtained by the
numerical optimization method is still better than the result obtained using
the approximation, we can supplement this conclusion with the statement
that although the approximation can be used, it still does not give an optimal
solution; thus, it is inappropriate.
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Fig. 3. The structure of graphical programming for solving the problem of numerical
optimization of the controller

Setting
generator

For modeling, the VisSim software was chosen for the reason that
the calculation method in it coincides with the method of operation of any
digital controller. Namely, the simulation is carried out in steps. This sim-
plest advantage turns out to be decisive in comparison, for example, with
the use of the MATLAB software, which allows performing analytical cal-
culations in the form of finding the necessary functions, but at the same
time, it does not form those delays that occur in a real system due to the real
operation of a digital controller, and it does not form those errors in the es-
timation of the derivative and integral of the function by its readings, which
also occur in a real system with a digital controller. Many problems can be
specified that the MATLAB program solves efficiently and accurately, but
the result obtained is not applicable in practice since such accuracy is not
achieved in a real system. With the use of the VisSim software, this does
not happen: if the software gives a result, the same result will take place in
practice since in a real system the same step-by-step algorithms for calculat-
ing errors and control signals will be used.

4. Results of Studies. Comparison of the type of transient processes,
which are the model's response to a single stepwise jump, shows that the
models (3), (4) and (6) are very far from ideal. Indeed, the response of the
Taylor model (3) is unnecessarily prolonged in time (see Figure 1), the re-
sponse of the Padé model (4) is characterized by two drawbacks: firstly, a
nonzero value at the moment t = 0, equal to the amplitude of the input sig-
nal, and secondly, significant reverse overshoot, reaching 40% of this am-
plitude. The response of the model (6) seems to be the best at first glance, as
it starts from zero, the reverse overshoot is less than in the response of the
model (4) and amounts to 15% of the input signal amplitude. In terms of
rising time, this response occupies an intermediate position between the
responses of the models (3) and (4). However, this characteristic is insuffi-
cient for making a decision that the model (6) is the best. Filters are de-
scribed in [22]:

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 47
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

1

Wen () = Dcu(s)' Q)

The denominator of the fraction (7) contains polynomials. The low-
est and highest coefficients are strictly equal to one. The remaining coeffi-
cients are found by numerical optimization using the following objective
function:

d

F(T) = [y {kuf [e(® 5] + le®e} at. (8)

Here ki, is a weighting factor, e(t) is the difference of the filter output
signal from unity, f is a limiter function that excludes negative values,
which can be specified by the expression:

f[x] = max{x, 0}. 9)

In [22], this coefficient is set equal to one and k,, = 1. These polyno-
mials are called Chegorsky polynomials. However, the detailed studies have
shown that it is very expedient to take a much larger value of this coeffi-
cient, for example, k,, = 100.

The coefficients of the polynomial Dcy(s) can (and it is recommend-
ed) be found even if it is given in the simulation by the product of several
polynomials [22]. For example, several polynomials of the third order, for
the case when the order of the polynomial is a multiple of three. If the order
of the polynomial is not a multiple of three, then some of the polynomials
that are factors may have a lower order, for example, the first or the second.
The paper [22] gives the results of calculating the coefficients of the poly-
nomials Dcy(s) up to order 12 inclusive. Although these coefficients are not
given in general terms, they are only represented by numerical values. This
result can be fully used in modeling or analytical calculations. In addition,
in [22], the polynomials Dcy(s) are presented as products of polynomials of
lower order. This is also not a problem because, if necessary, all coefficients
can be calculated by simple multiplying elementary polynomials. In addi-
tion, finding the roots of polynomials in this form is much easier, and this is
irrelevant in modeling, as it is possible to use any variant of writing poly-
nomials. It is easy to use the polynomial of the highest order among all
Dcy(s) polynomials published so far. Its analytical expression is as follows:

Peyi2(s) = (1 + ays + as? + s3)(1 + ags + azs? + s3)(1 +

ass + ags? + s3)(1 + a;s + ags? + s3). (10)
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In this case, the values of the coefficients are as follows: a;=2.02952,
a,=4.36457, a3=5.51585, a,=5.1134, a;=4.47914, a,=10.5786, a;=1.19969,
ag=3.07125 [22]. It is noticed during modeling that the response of the filter
(7) with polynomial (10) in the denominator models the response of a pure
delay link with high accuracy. To demonstrate this, it is sufficient to use the
VisSim software with the structure of the model shown in Figure 4. The
simulation results are shown in Figure 5. It shows that this graph perfectly
approximates the response of the delay link with a time constant equal to
t=14s.

1
5°+4.364575°+2.029525+ 1 —‘

L

5745 11345245 515855+ —‘

L

57410 578687 +4 479145+1 —‘

1
1= -
57+3.071255°+1 199695+1

Fig. 4. Structure for modeling filter (7) with polynomial (10)
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Fig. 5. Transient process in the structure according to fig. 2 (line 2) versus the ideal
process (line 1)
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These two graphs coincide in the initial interval from 0 to 5 s, in the
final interval from 20 s and further to infinity, as well as at the point t=14 s.
The value of the time constant t = 14 s is just found from the condition that
at the moment of the jump the indicated function reaches 60% of its steady-
state value, which takes place in Padé approximations of any order. Thus,
filter (7), (10) can be used as a model for the delay link (1) at =14 s. For
the case of an arbitrary value of t, it is sufficient to apply the appropriate
scaling of frequencies and time. For example, if we assume that the unit of
measurement on the graph in Figure 5 is the time interval equal to 14 s, then
this graph corresponds to the model of the delay link with t=1 (in new units
of time). Note that even the seventh-order polynomial Dcy(s) in all parame-
ters better approximates the delay link than approximation (6). For the case
1=1, this polynomial has the following form:

Pcys(s) = (1 +0.4123s + 0.11493s% + 0.00463s3)(1 + (11)
0.5113s + 0.02778s2).

Also, for comparison, the 9" order polynomial was simulated for the
case 1=1. This polynomial has the form:

Pcuo(s) = (1 +0.113s + 0.135%2 4+ 0.001s3)(1 + 0.4321s + (12)
0.02915s2 + 0.001s3)(1 + 0.3824s + 0.08446s% + 0.001s3).

Figure 6 shows the structures for modeling the corresponding filters,
and Figure 7 shows the resulting transients. It is obviously from Figure 7
that model (6) is the worst approximation of model (1) in comparison with
models (11) and (12).
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Fig. 6. Structures for modeling filters (1), (6), (11) and (12)
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Fig. 7. Transient structures in the models according to relations (1), (6), (11) and
(12), the marking of the lines corresponds to the number of the model equation

5. Control of the Object in the Form of an Integrator and a De-
lay Link. Using the known models (4) and (6), as well as the proposed
model (10), we calculate the controller for the object with delay, after which
we will simulate the system containing such a controller and the actual
model of the object according to relation (1). In the same way, let us check
the applicability of the Padé model and other models.

Consider an object of the form

Wor(s) = Wiy ()Wp(s) = Se™™. (13)
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Let pose the problem of finding the PID controller coefficients for
controlling this object in a locked loop. The regulator transfer function is:

WR(S) = kp +k1§+kDS. (14)

The regulator coefficients kp, k;, kp have to be calculated. We will
use the numerical optimization method.

For optimization, the next experiment uses the objective (cost) func-
tion (8), (9). Initial parameter values can be set to zero. Since model (10)
with the above coefficients best approximates the delay link at =14 s, this
value of 7 is put in relation (10). This is acceptable since this result can al-
ways be recalculated for a different time constant by introducing a scale
factor. With the new coefficient, the overall gain of the object will change.
This is also insignificant since the change in the coefficient can be easily
taken into account by proportional changes in all controller coefficients;
therefore, problem (10) remains the most general for any arbitrary finite
value of 1. The structure for designing a regulator for this object is shown in
Figure 8. It fully corresponds to the structure of Figure 3 in terms of graph-
ical programming in the VisSim software. The upper part of this figure
shows the structure of the control system that will be in the implementation
of this system in reality. It has a generator for the reference signal (in this
case, it is a step jump), an adder through which the negative feedback is
closed, a PID controller and an object. In this case, instead of an object,
there is its model, which consists of a model of a delay link and an integra-
tor. The middle and lower parts of Figure 8 show the blocks for calculating
the coefficients of the controller and the calculator of the value of the cost
function. As a result of the optimization, the following values of the PID
controller coefficients were obtained: kp=0.0572943, k=-3.48581.107,
kp=0.322082. These factors can be rounded up to 3-4 significant digits. The
coefficient of the integrating path is very small, and this is natural since the
object contains an integrator, therefore, the integrator is not needed in the
controller. However, for the sake of the purity of the experiment, the calcu-
lated coefficients are saved without rounding. The transient process ob-
tained in this system is shown in Figure 9.

Now the approximation (10) in the structure shown in Figure 8 is re-
placed by the exact model of the object (11). The obtained transient process
in the new system is shown in Figure 9 (line 2), where the process obtained
by the approximation is shown for comparison (line 1). It can be seen that
the process in the system with a real object containing a link of a pure delay
differs from the process obtained in the system with its approximation, but
this difference is not significant since the overshoot does not exceed 10%.
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Fig. 8. Structure for designing a regulator for an object (11)
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Fig. 9. Comparison of the transient process obtained using the approximation (10)
(line 1) and using the exact description of the object (11) (line 2)

The comparison of the two transient processes shows that the process
with the actual delay begins only after this delay time has elapsed, which is
quite natural. Meanwhile, the process with approximation begins earlier,
because the response in this approximate model also begins earlier, as
shown in Figure 5. The response in a real system contains several small
jumps, but in general, the response is quite similar to the response in a sys-
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tem with an approximation. The largest difference is no more than 10%,
except for the initial section, where the difference is inevitable but also not
critical, as the type of the transition process in this initial section should be
different in this way as well. If the Padé approximation (4) is applied in the
considered and detailed method, then, in this case, the optimization with the
help of this objective function will not lead to a result. The VisSim program
cannot complete the calculations because the calculation results in unac-
ceptably large values of the output signals and the objective function. The
use of approximation (6) in solving this problem by the considered method
also does not lead to success.

The above shows that the advantage of the proposed approximation
in the form of a filter based on the polynomial Dcy(s) model has a wider
range of applicability. In particular, if the plant model consists of a delay
link and an integrator, then the Padé approximation does not allow finding
the PID controller by numerical methods. Some analytical methods may not
give the desired result. If, in this case, a filter (7) is used as a model, then
the required optimization result is achieved. In this case, the optimization
procedure allows finding the optimal settings for the PID controller, with
which the real system also works successfully.

Note that the use of the exact model (13) in the structure shown in
Figure 8 easily leads to finding the required optimal regulator.

6. Control of the Object in the Form of an Integrator and Aperi-
odic Link. Consider an object of the form:

Wy, (s) = ——e™™. (15)

s+10

Let's solve the same problem in the same two ways. The experiment
used the fifth-order Padé approximation for 1=14 s:

—-55+305%-42053+336052-151205+30240 (16)
5543054+42053+336052+151205+30240

Wls‘t (s) =

Figure 10 shows the results for calculating the optimal controller us-
ing approximation (14) (line 1) and the results of using this controller with a
real object (11) (line 2). If we neglect the initial part, which must be differ-
ent, then the rest of the transient processes coincide almost perfectly. The
maximum difference between the actual process and the process calculated
with the Padé approximation is 5%, which is a very good result because
overshoot is three times less than required, it does not exceed 3%. The larg-
est jump occurs by 5% and does not contribute to overshoot, the difference
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in the process at the initial stage, when the delay is in effect, is inevitable,
and it is exactly what it can be, that is, before the expiration of the delay
time, there is no signal at the output, which is natural. When using the filter
approximation (10), the results are approximately the same as in the case of
the model with an integrator, i.e. it almost coincides with the processes
shown in Figure 7. In this case, the maximum difference also reaches 10%,
as for the object (10).

Consequently, the proposed model (10) has both disadvantages and
advantages. The advantages have been mentioned above. The disadvantage
of the model is that when using it, the obtained result coincides with less
accuracy with the result obtained using the Padé model.

0 10 20 30 40 50 60 70 30 a0 100
Time (sec)

Fig. 10. Comparison of the transient process obtained using the fifth-order Padé
approximation (line 1) and using the exact description of the object (11) (line 2)

7. The Use of Mixed Approximation. It was found that the serial
connection of the Padé approximation model and the filter model (10) gives
a much more satisfactory result. The transfer function of the composite ap-
proximation WC (s) in this case takes the following form:

We(s) = Wepaa (S)Wls‘t(s)' (7)

The transient process at the output of the synthetic model (17) is
shown in Figure 11. It corresponds to a time delay of =28 s.
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An even better result is achieved when using the Wc»(s) approxima-
tion in the form of a series connection of two models: the Padé approxima-
tion and filter (10) one:

Wea(s) = Wls‘t(s)WCH12 (S)Wls‘t(s)' (18)

It is possible to successfully solve the object control problem of the
form (13) when set 1=42 s. Figure 12 shows the structure for modeling and
optimization of a system with an object in form (13) using the compound
approximation (18).

o 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 11. Transient process at the output of the synthetic model

Figure 13 shows the transient processes calculated in the system with
object (13) where approximation (16) is used instead of a pure delay (1)
(line 1) and when the system has a real object (13) (line 2). Comparison of
these graphs shows that the coincidence of the two processes is almost ideal
with the exception of small inevitable deviations near the points t;=r, t,=21,
t3=3’l7.
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Fig. 12. Structure for modeling and optimization of a system with an object of the
form (13) using compound approximation (18)

0 20 40 60 a0 100 120 140 160 180 200 220 240 260 280 300
Time {sec)

Fig. 13. Transient processes calculated in the system with approximation (18)
(line 1) and in the system with a real object (10) (line 2)

Discussion. Figure 7 shows that the proposed approximation by the
filter based on the polynomial (10) is better because the solution of the con-
trol problem for an object containing an integrator and a delay link can be
successfully solved only by using this approximation. The rest of the known
approximations, including the Padé approximation, do not work in this case
when using the numerical optimization method. It follows that even when
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analytical methods are used, these approximations may not be applicable or
work worse than the approximation based on the polynomial (10).

Composite approximation (18) is even more accurate. The use of the
two proposed approximations (10) and (18) allows for a more successful
solution of the tasks for designing controllers by the methods of numerical
optimization. In this case, the approximation (10) is not without drawbacks
since there are models of objects, such as model (13), for which the use of
the Padé approximation (4) gives more accurate results. But the advantage
of approximation (10) is that there are such object models as a model ac-
cording to relation (13), for which the Padé approximation does not allow
solving the posed problem of regulator design, while the approximation (10)
allows solving this problem effectively. Also, a composite approximation
(17) and (18) is proposed, and it is much more accurate, and it allows solv-
ing all the problems considered with the highest accuracy. The accuracy of
the solution of the problem was evaluated by the accuracy of the coinci-
dence of transient processes in the resulting system using an approximation
model and similar processes with the same controller, using the exact model
of the object. In the case of using model (15), this accuracy is the highest
one.

The proposed approximation can also be compared with other op-
tions, for example, with a filter approximation with a binomial polynomial
in the denominator, or an approximation based on the Taylor series, as (3),
used in publication [24], or with a polynomial of the following form [25]:

1
145+0.552"

G(s) = (19)

All of these approximations are much less accurate and, thus, per-
form worse. The comparison of the integrals of the modulus of the error of
these approximations with the same characteristic for the approximation
based on the polynomial (10) gives the error that is 1.6 times greater.

Conclusion. The paper proposes a new approximation of the delay
link with a low-pass filter. The approximation of the transcendental transfer
function by a link in the form of a rational fraction of polynomials makes
more efficient the use of analytical methods for designing a controller for
objects with delay. The disadvantages of the Padé approximation are shown
by the method of modeling and numerical optimization and three new types
of approximation, free from the identified shortcomings, are proposed.
Based on the research, it can be said that the known methods for approxi-
mating the delay link by a polynomial transfer function have their draw-
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backs. The expediency of the most accurate approximation can take place
only if it is necessary to use analytical methods of design; since numerical
methods do not need such an approximation, all known packages for model-
ing and optimization easily simulate the exact transfer function (1). Thus,
approximation by known models is far from always advisable, but only if
analytical methods are used further, the known approximation methods are
inferior to the proposed method.

Calculations of the proposed approximation up to the ninth order
have been carried out. Increasing the order leads to a more accurate approx-
imation of the stepwise delay jump. Figure 14 shows transient processes in
filters of the fifth and sixth order, Figure 15 shows the processes in filters of
the eighth and ninth order.

12
IR | S S—

10 : i e

é
I
3
|

-

Time (sec)

Fig. 14. Transient processes in filters of the fifth order (line 1) and sixth order
(line 2) according to the proposed method
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12
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Fig. 15. Transient processes in filters of the 8" order (line 1) and 9" order (line 2)

according to the proposed method

Raising the order above the fifth does not give a noticeable ad-

vantage in optimization, since fairly reliable results are obtained even when
using models of the 3" — 5™ order. Therefore, such an excessive complica-
tion of the model by increasing the order of approximation is apparently
inappropriate.

60
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B.A. KMy b, JI. JUMHTPOB, I'.B. CABJIMHA, I'. POT, SI. HOCEK, B. XAPAT
O HEJIECOOBPA3ZHOCTH U BO3MOXHOCTAX
AIINMPOKCUMAIIUUA 3BEHA C YUCTBIM 3AIIA3ABIBAHUEM

Kmyob B.A., [HQumumpos JI, Cabmuna I'.B., Pom [I., Hocex A, Xapom B. O
1eJ1ec000pPa3HOCTH M BO3MOKHOCTSIX ANNPOKCHMAIMH 3BeHA ¢ YHCTHIM 3ana3IbIBaHHEeM.

Annotamms. Ilpu pemeHun 3ajzad ynpapieHHs OOBEKTOM C 3amas/bIBAHMEM 4YacTo
HEOOXOAUMO AaNMpOKCHMUPOBATh 3BEHO YHCTOIO 3ala3IblBAHUS MHHHMAIBHO (Da30BBIM
3BEHOM, 4YTOOBI 0O0OECIEUUTh BO3MOMKHOCTH HCIIONIb30BAHMS AHATMTHYECCKHX METONOB UL
MIPOEKTUpOBaHKs  peryiasaropa. CyllecTBYyeT MHOXKECTBO METOIOB  allpOKCUMAIUH,
OCHOBAHHBIX Ha paslokeHHH B psing Teimopa, a Takke MOAU(DUIMPOBAHHBIX METOMOB.
Haubonee wu3Becten Merox anmpokcumanuu [lame. M3BecTHbIE METOIBI ANMPOKCHMALUH
UMEIOT CYIIECTBEHHbIE HEJIOCTATKU, KOTOPhIE BBIABIACT AaHHAs padoTa. OJHAKO CYLIECTBYIOT
U JpyrHe cmocoObl (OPMUPOBAHUS IPYTHX THIOB (HIBTPOB, KOTOPBIE MOTYT CIIY)XKHTh
IydIIUM TNPUOMIDKEHHEM IIPU ONPEIENeHHH COOTHONIGHHS 3aJep)KeK, XOTS OHH H He
HCTIONB3YIOTCSI IS 3THX IeNei. B 4acTHOCTH, N3BECTHBI CIIOCOOBI (POPMUPOBAHYS HCKOMOTO
nudbepeHIanbHOr0  ypaBHEHHST 3aMKHYTOH CHCTEMBI 3aJAHHOTO IOpAAKAa METOIOM
YHUCICHHOW oNTUMHU3anuu. B 3ToM ciydyae 3aMKkHyTas cucreMa BefeT ceOs Kak (HIBTp
COOTBETCTBYIOIIETO MOPSAKA, YHCIUTENb KOTOPOrO PaBeH eIMHHIE, a YKa3aHHBIH ITOJIHHOM
CTOMUT B 3HaMeHaTesae. MoienupoBaHue OKa3ao, 4YTo Takod GuibTp siBisiercs 2GdexTUBHOIM
aIbTEpPHATUBHON aNNpOKCUManuell 3BeHA 3aJepXKKU H MOXKET HCIOIb30BAaThCS IS TeX JKe
meneif, ST KOTOPBIX  INPEANONAranoch  KCIOJb30BaTh  ammpokcumarmio  Ilaze.
TonuHOoMManbHBIE KOAGPUIMEHTHI B JINTEPATYPE PACCUUTHIBAIMCH TOJBKO 10 12-T0 mopsaka.
UYeM BblIlIe MOPSAAOK IIOIMHOMA, T€M TOYHEE AINPOKCUMALIH.

KmroueBnie cioBa: ¢opmyna Ilane, 3amasipiBaHHe, anmpOKCHUMAIHS, YIpaBICHUE,
aBTOMATH3AIHS.

Kmyns Bagnm ApkaabeBU4 — 1-p TEXH. HayK, npodeccop, IIaBHBIA HAyIHBIH COTPYAHHUK,
Wnctutyr nazepuoi ¢usuku CO PAH. OO6nacTs HaydHBIX HHTEPECOB: AaBTOMATHUKa,
JJIEKTPOHHKA, ONTOJIEKTPOHMKA, POOOTOTEXHHMKA, M3MEpHUTENIbHAs TEXHHKA, TEOPUs
aBTOMATHYECKOTO YIpPAaBICHHUS, YHCICHHOE MOJEIMPOBAHUE M ONTHMHU3ALUS, PanHo(H3HKa,
nasepHas (pusrka, HHQOPMALHOHHBIC TEXHOJIOTUH U BBIYHCIHTEIbHAS TEXHUKA, IPOrPAMMHOE
obecrieyenye U cucreMsl. Yuceno HayuHsix myOmukanuid — 600. oao_nips@bk.ru; mpocnext
Kapna Mapkca, 10, 630090, HoBocubupck, Poccus; p.1.: +7(913)473-2997.

Jumutpos JIodomMup — 1-p TeXH. Hayk, mpodeccop, NPOPEKTOp, MAIIMHOCTPOUTEIbHBIH
tdaxynbrer, Kadenpa >JIEMEHTOB MalIMH M HEMETaJUIMYECKHX KOHCTpyKuuid, Coduiickuii
TeXHHYeCKUH  yHHBepcuTeT. OOmacTh  HAayyHBIX  HHTEPECOB:  NPOCKTHPOBAaHUE B
MalIMHOCTPOCHUH W  MEXaTPOHHKE, pPOOOTOTEXHHUKE M CHCTEeMax aBTOMAaTHYECKOTO
yrnpasienus. Yucno Hayunsix myGimkamuii — 204. lubomir_dimitrov@tu-sofia.bg; GynsBap
"cB. Kitnment Oxpuacku', 8, 1756, Codust, Bonrapus; p.1.: +3(592)965-2111.

Cabauna TIanmnaa BnagmvMumpoBHa — KaHI. TeXH. HayK, JoueHT, Hoocubupckuii
rocyzapcTBeHHbli  TexHuuyeckuit yHuepcuter (HI'TY). OOnacte Hay4HBIX HHTEPECOB:
aBTOMATHKa,  OJJEKTPOHUKA, TEOpPUS  ABTOMATHYECKOIO  YIPABICHUsS,  YHCICHHOE
MoJeNnipoBanue 1 ontumMusanys. Yucio HayuHbIx nybnmkamuii — 150. sablina@corp.nstu.ru;
npocrekT Kapiaa Mapkca, 10, 630073, HoBocubupck, Poccust; p.t.: +7(383)346-1119.
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Por TIybepr — n-p TexH. Hayk, mnpodeccop, 3aBemyomuii Kadempoll TEXHHKH
aBTOMAaTHYECKOIO ynpapJieHHs, YHUBepcHTET 3ureHa. O6IacTh HayYHBIX HHTEPECOB: TEXHHKA
aBTOMATHYECKOTO yNPaBICHHUS, KOMIIBIOTEPHI, TeIeMaTHKa, aBTOMATHKa, yIpasieHue. Yucio
nayuynsix myomukamuii — 200. hubert.roth@uni-siegen.de; Anonsd-Paiixsaita-IlITpacce, 2,
57076, 3uren, I'epmanus; p.1.: +492717400.

Hocek SIpociiaB — 1-p TeXH. HayK, Mpoeccop, MHCTUTYT MEXaTPOHUKU U BBIYUCIUTEIBHOM
TexHuky, Texnudeckuii ynuBepcuter JInGepena. OOJMacTh HaydHBIX HMHTEPECOB: 00JIACTH
TOHKHX CETHETOXNIEKTPHUYECKHX IUICHOK M HX HHTETrpalus B MHKPOIICKTPOMEXaHHYECKUE
CHCTEMBI, YIPABJICHHE MEXaTPOHHBIMH cHCTeMamu. Yucio HaydHeix myOnukarmii — 90.
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