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Abstract

In the automatic system, the presence of an object with a delay that exceeds the value of the maximum time parameter of
the controlled object reduces the operating quality of generic controllers (integral, proportionally-integral, proportionally-integral-
differential). The occurrence of this kind of delay in the system requires addressing a particular class of regulators that compensate
for the negative effects of the delay. This paper examines the PI controller known for its advantages with variable or switchable
parameters, which belongs to the class of controllers with variable structure (henceforward — VSC) that do not use sliding mode. Due
to the fact that the controller used contains switchable parameters and the object with delay is considered, it is extremely difficult to use
analytical approaches to parametric optimization of the system. This lays one under a necessity to use algorithmic methods. This work
employs a gradient-based algorithm in which the components of the gradient are calculated using sensitivity functions with their known
advantages. The generated Automatic Parametric Optimization (APO) Algorithm calculated the optimal VSC parameters for a given
object, based on the minimum of the integrated quadratic criterion. The reliability of the found vector of the controller setting, formed
by the APO algorithm, is confirmed by the computational methodology. With accuracy sufficient for practice, the APO algorithm
solved the problem of parametric optimization. The positive experience of optimizing the PI controllers with variable parameters
allows one to apply it to other VSC, which do not use a sliding mode, and thus further expand the practice of using a gradient-based
algorithm based on sensitivity functions for such a class of VSC under various laws of switching structures of the controller.

Keywords: PI controller, systems with variable structure, sensitivity functions, gradient-based algorithm, automatic systems with
delay, variable parameters of the controller
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1I/Ip|<yTC|<vu7| HauMOHanbHbIM UCCnefoBaTEeNbCKUN TEXHUYECKUA YHUBEPCUTET,
2l/Ip|<yTCI<|/||7| rocyaapCTBEHHbIN yHUBEpCcUTET NyTen coobLlieHmns

pagueHTHbLIN anropuTM napametpuyeckon ontumusauuu NMU-perynatopa
C NepeMeHHOM CTPYKTYPOU C 30HON HEeYYBCTBUTESILHOCTU

Haauuue 6 agmomamuueckoli cucmeme 06seKma ¢ 3ana3o0bl@anuem, npegvlulanuje2o no 3HaA4eHUu MaKcuMaibHo20 epe-
MeHH020 napamempa 00seKma pecyiupoeanus, CHUNCAem Kavyecmeo pabomsl MUNOBLIX PecYAImopos (UHMe2panbHblil, npo-
NOPYUOHANbHO-UHME2PANbHBLIL, NPONOPUUOHANLHO-UHME2PANbHO-0Uupdepenyuarvhbill). [Ipucymemeue 6 cucmeme makozo 3a-
nasovieanus mpebyem 00pawjeHus K Momy UAU UHOMY KAACCY peeyisimopos, KOMHEHCUPYIOWUX OmpUuyamensHsle 6AUSHUS
3ana3ovieanus. B nacmosaweli pabome paccmampueaemcs uszeecmuulli ceoumu npeumyuwecmeamu I1H peeyasmop c nepe-
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MEHHbIMU UAU NePeKAHaeMbiMU NAPAMempami, OMHOCAWUICS K KAaccy pe2yaamopos ¢ hepemernnol cmpykmypoi (PIIC), ne
UCNONBIYIOUUX CKOAb3AWUL pexcum. Beudy moeo, umo ucnoavsyemoiii peeyaamop codepicum nepexaiouaemvie napamempul u
paccmampueaemcs 00seKm ¢ 3ana3obléanueM, Mo UCROAb308AHUE AHAAUMUYECKUX N00X0008 K napamempu4eckol onmumu-
3ayuu cucmemsl Kpaiie cA0XCHO. Dmo npueodum K Heo6Xo0uMocmu 00pawamscs K ai2opummuieckum Memooam.

B nacmosaweili pabome ucnoavzyemcs epadueHmHuuli aA20pumm, 6 KOMOPOM COCMABAAIOWUe 2PA0UeHMA GbIMUCAAIOMCS
C HOMOWbIO PYHKYUL HYECMEUMEAbHOCMU C UX U38ecmHbimu npeumyuecmeamu. Cohopmupo8anHsill aieopumm aeémomamu-
yeckou napamempuueckou onmumuzayuu (AI10) éviuucius onmumanvusvie napamempol PIIC 0aa 3adannoeo ob6sexkma ucxoosn
U3 MUHUMYMA UHME2PANbHO20 K8AOpAMuU4H020 Kpumepus. [JocmogepHocms HAllOeHHO20 6eKMOPA HACMPOUKU pecyaimopd,
chopmuposanuoeo areopummom AIIO, noomeepucdaemcs viuucaumenvHol memoouxou. Ansepumm AIIO ¢ docmamounoi das
NPAKMUKU MOYHOCMbIO0 PeUlul NOCMABAeHHYI0 3a0a4y napamempudeckoi onmumuzayuu. Tlosyuennslii N0A0JICUMEAbHBLI ONbIM
onmumuzayuu ITH pecyaamopa c nepemeHHbIMU nNApaMempamu no3eoasem npumenums eeo k opyeum PIIC, ne ucnoawv3yowum
CKOAb3AWULL PedcUM U, MAKUM 00pa3om, 6 0aibHeliuleM pacuupums NpaKmuKy npuMeHenus epaduenmio20 aieopumma Ha oc-
Hoge hyHKUUll yyecmeumenvHocmu 041 makoezo kaacca PIIC npu pasauunsix 3aKOHAX NePeKAOYeHUs CMPYKMYD pecyiimopa.

Karoueevte caosa: I1U pecyaramop, cucmemol ¢ nepemenHol cmpykmypou, QYHKyuu 4y8cmeumenbHocmu, epadueHmHuli

ajleopumm, aemomamuyeckKue cucmemst ¢ 3ana30bteaHueM, nepemMeHnHble napamempslt pecyiimopa

Introduction

The important class is represented by the objects
with delay that have it in the output signals [1—5].
With the relation /7, > 1, 1, is the value of de-
lay, 7y = max(Tyy;, Topas - Topn) the time constant
of the controlled object, classical continuous control-
lers (integral, proportionally-integral, proportional-
ly-integral-differential) do not provide an acceptable
value for the criteria for evaluating transients [1, 3, 5].
A common way of controlling such objects is to use
controllers that have a delay link in their structure
[6—18]. Another way to compensate for the delay of
the object is to apply a PI controller with variable
parameters belonging to the class of controllers with
variable structure (henceforward — VSC) [4, 5]. To
avoid switching the VSC structures in the steady-
state mode (for example, due to interference), it is
necessary to introduce a dead band [4].

Positive operating experience [19] on the appli-
cation of the parametric optimization algorithm,
which uses a gradient procedure based on elements
of sensitivity theory to calculate adjustable param-
eters of the controller with variable structure, de-
termines the intention to apply it to the controller
considered and thus solve the problem of parametric
optimization for the automatic system in question.

Problem formulation

The structural diagram of the automatic system
under examination is presented in Fig. 1.

Let us represent a further description of the pro-
cesses in the automatic system for Fig. 1 when using

Fig. 1. The structural diagram of the automatic system

the switching function without parameters [5] and
the selected PI controller with dead band [4]:

e(?,q) = M1) - x(7);
u(t,q) = G.(p,q")e(1,q), (i =1,2,3);
u(t,q) =
u (t,9) = £(t, )G (p,q"), (¥ (1,e(1,9)) > 0) v
V(0 <t <t,)) A (et @) > ak(t));
= uy(1,q) = &(t, Q)G (p,q*), (P(1,5(1,q)) < 0) A
A (e(t, @) > ai(?));
us(t,q) = &(1, )G, (p,q°),[e(t, Q)] < oM(2);
x(t) = G ,(pu(t,q),

)

where e(f, q) is the control system error;
W(t, &(t, q)) = &(t, q)(,q) is the switching function;
4 = @'(q 9), @ 9, @5 gq)) is the VSC
vector with a given switching function ¥(¢, (¢, q))
gs = 0, g¢ = 0 are non-optimizable parameters;
o is the controller's dead band is in this work
o = 5 %, which is the maximum accuracy allowed
for x(f) in automation practice; A(f) is the setting
action; x(¢¥) is the controlling action; x(r) is the
output coordinate of the automatic control system

(ACS) mehﬁﬁg meh%#%

Gc(p,q3) =0 +9 is the operator of the classic PI
p

controller with variable parameters; G,(p) is the ope-
rator of the controlled object; p = d/dt is the diffe-
rentiation operator; A, v are the logical operations.
The operator of the controlled object G,(p) is
selected as a way to describe the processes of most
industrial units:
k"b ~TobP

G = , 2
O Top DT D @

where k,, is the static gain factor; 7., T, are time
constants; t,, is the time of delay.
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Data from the works on the APO algorithms [19,
20] are taken as the basic values of the object (2)
operator parameters:
=20, T,y

= 40, k,, = 50.

)

Top = L, 10 =

Based on the parameters (3), the object (2) has
large delay, as t,,/T,,, > 1.

As the criterion of optimization of the genera
ted APO algorithm, an integral quadratic criterion
is chosen that is common in the practice of para-
metric optimization of controllers by gradient-based
algorithms:

I =]t q)t. @)
0

Optimization algorithm

The basis of the generated APO algorithm is a
gradient procedure and, therefore, it is necessary to
calculate the gradient components of the selected op-
timization criterion. In this paper they are obtained
using sensitivity functions. We present the sensitivity
equations for system (1) with controller (4) [21]:

ou(t 6t
60 = Gy 2D -3, T G, (1)
(j=12,....4 k = (),1,...),
where Au, s the magnitude of the controlling ac-

tion jump ‘at the moment of its rupture #; d(t — 1)
is the delta function, shifted to the time of #,.

Adjustable parameters q = (¢, ..., ¢,)do not de-
pend on the VSC dead band, since it is determined
by the specified parameter a. We show further that
q is also independent of the selected switching
function ¥(¢, (¢, q)). For the accepted condition
for switching the structures of the controller (1), the
first moment of rupture #, depends on t,,, which al-
lows us to write the following expression:

oty

We express Si from equation (10) with the re-

q;
placement of Oc(ty) by E(t):
j
oty :_\Iﬂaéj(tk)'*'\{ﬂqj )
oq; Wee(ty) + ¥,

Let is represent expressions for calculating
v’ \P'qj at moments 7, (k= 1, 2, ..):

YW
6'S(l‘kaq)

— 22 (10

. (10)

W = (e(ty, ety Q) = ety q) +
Vv, = (e, e, q));, =

= &(11, QE(ty, Q) + &1y, QEY, ) 1)
IP,(IJ- = (S(tk, q)S(tk, q) )'ql =
0e(1y, q) (12)

==E.(1,)e(t,,q) + &(ty,
(1 )e(ty,q) + 1y, q) oq,
According to (1) for the adopted switching con-
dition W(#,, (%, q)) at the moments #(k = 1, 2, ...),
the derivative &(7;,q) =0, which allows us to re-
write (10)—(12) as follows:

O _ 0 (k=1,2,...
oq

J

\P/

€

=0, W, =0; ¥, =0; ). (13)

Based on the above expressions, we rewrite equa-
tions (5):

G=12..4). (14

ou(t,
(1) = G (p) 2409
oq;
We use the following notation in this paper to
ou(t,q) .
5 :

4q;

compactly represent the expressions defining

T =((Y(tet,q) > 0) v (0<t<t,y))A
A (e, q)| > ai(t));
¥ =((t,e(t,q) = (P(1,e(1,9)) < 0) A
A (et @) > an(t));
= |8(t, q)| < ar(t).

(15)

oq; =0. ©) Due to the limited volume of the article, we
. . ou(t,
The expression for the derivative Si (k=12,..) present only the expression for calculating %1
q; 1
is determined from the switching condition in ou(t,q)
the VSC: aq, a
W(1,(@), s, 1), @) = 0. (7) outa) __, m(q . } D, T
We differentiate condition (9) with respect to the oq; ! p ’ (16)
implicit variable ¢; and obtain: oun(t,q) q
ot ds(ty) o 1 ow él(l)[qﬁi} v
1 e(f t 1
‘P’{é(tk)—k+ k } ¥, 4+, =0
aq/ aq/ aq / (8) 6“309 q) —E)l(l‘) [0 + 9}
(j:1’2a"~94)' aql V4
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According to the gradient-based algorithm, du-
ring the optimization process, the vector q of ad-
justable parameters changes in accordance with the
expression [22]:

ql/l = ql/ — 1] = IV I(e(, g/ — 1]))

(¢=1,2,.), 17)
where I' = {y;} is the weight vector obtained in the
process of preliminary research I' = {0,1; 0,001; 0,1;
0,0001}; V4{(e(2, q))) is the gradient vector (4). Let us
present an expression to determine the vector gradi-
ent Vy I(e(#, q)) associated with the calculation of the
vector of sensitivity functions (14):

o1(e(1,0)) _

20 4). (18)

“2[ e, g (Hdt (i=1,...,
i 0
The problem to be solved belongs to the field
of nonlinear programming and implies an infinite
number of steps to achieve the result, which re-
quires the termination of the optimization process
to be implemented on a computer, the following
condition was applied in [19, 20], which was tested
for algorithms based on sensitivity theory:

B lat AI[/]x Al -1] <0
Sl[l]_S[[l_1]+{0atA][Z]xAI[l—l]>O, (19
Salj[l]:SBIj[1_1]+

ol(ql/]) ol(ql/-1])
1 at o7, X o7 <0 Qo)
+ y ’ (j=14).
0at 21D oI@i-1)
oq; 0q;

Here Alll] = I(q[/]) — I(q]! — 1]) is the difference
in the value of the optimality criterion (4) in two
iterations.

The generated APO algorithm for calculating
custom parameters is considered complete when the
following condition is fulfilled:

(81111 ngp) v ((Sop, 1112 nap) A (Sop, 11>
A (Sa13[l] > ’7513) A (5014[11 > nal4))a

o) A

posed to be selected within the range 10+15, based
on the practice of starting the APO algorithm.

Optimization algorithm sanity check

For the generated APO algorithm, it is necessary
to conduct its sanity check, which consists in veri-
fying the reliability of the calculated values of the
adjustable parameters q from the point of view of
finding the local minimum of criterion (4).

According to the methodology from [19], the
APO algorithm is launched from various ini-
tial Values of the Vector of adjustable parameters

a4 = (@ 95> 93> 4a) (k= 1, 2, ..). The ob-
tamed correspondmg totals at the optlmal point
qk = (qlk, q2k, q3k, q4k) should ensure that the nec-
essary conditions for the extremum are satisfied:

ol(e(t,q%))
oq
where A is the calculation error.
Additionally, to verify the reliability of the re-

sults of the generated APO algorithm, the following
condition is involved:

1q*) < I(@). (23)

for the entire possible range of change of the adjust-
able parameters.

Based on what was said above in this paper, the
sanity indicator of the generated APO algorithm is
the fulfillment of conditions (22), (23) for q*.

—(0+A), (22)

The results of the study

Let us represent the above described methodology
for verifying the sanity of the APO algorithm by prac-
tical examples with the setting action A(f) = 1-0,5().
Fig. 2 demonstrates that the generated APO algorithm
of the system with controller (1) provides the calcula-
tion of q, for different types of startmg transients in
the automatic system with various q" .

For the presented launches of the APO algo-
rithm, conditions (23) are satisfied, which is con-
firmed by the contents of Fig. 2a.

where ng, Mory> Nory» Morys Mo,
are given positive values that
characterize the number of

sign of the optimality crite-

rion increments and the sign
of each of the gradient com-
ponents. In this work, the *
values of the parameters ngy,
ar> Marys Morys Mo, @re pro-

|
|
i
|
corresponding changes of the i '
|
|
|
|
|
|

algorithm (b)

Fig. 2. Graphs of transients x(7): at the initial ¢°(D) and final ¢"(2) points of operation of the
APO algorithm (a); values of the optimization criterion 7/ (4) during the operation of the APO
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dldgl(I)
dldg2(l)

dldg3(l)
dldgd(l)

—

Fig. 3. The values of the gradient components d1/dq (1), d1/dq,(l),
dl/dq;(l), dl/dq,(1) of optimization criteria (4) during the opera-
tion of the APO algorithm

5 10 15 20 25 30 35 4D 45 50

S 10 15 20 25 30 35 40 45 50
! i

0,005

-0,005+4-- I. b

00144 ,

smasz'ozsaossw«asnl

g4(l)

0,015

5 10 15 20 25 30 35 40 45 50

Fig. 4. The values of adjustable parameters of the controller ¢,(/),
4,(D), q5(1), q4()) during the operation of the APO algorithm

Fig. 3 shows that when launching the APO algo-
rithm from various initial values of the vector of
adjustable parameters q2 , the corresponding total
values at the optimal point qz , calculated by the APO
algorithm, ensure that the necessary extremum condi-
tion (22) of criterion (4) is satisfied at these points.

According to Fig. 4 shown below, the values of the
vector of adjustable parameters q[/], during the ope-
ration of the APO algorithm tend to one area, which
indicates the convergence of the APO algorithm.

The above data show the fulfillment of criteria
(22), (23), which indicates that the optimal control-
ler parameters (1) are determined by the generated
APO algorithm based on the minimum of criterion
(4) with object parameters (3).

Conclusion

With the help of the generated gradient-based
algorithm, the present work solves the problem of
parametric optimization of a PI controller with
variable parameters for an object with large delay in
case of an integral quadratic criterion. The sanity of
the generated APO algorithm is confirmed by the
computational technique from [19].
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