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LINEAR SYSTEMS

A Frequency-Domain Criterion for the Quadratic Stability
of Discrete-Time Systems with Switching
between Three Linear Subsystems
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Abstract—Connected systems with switching between three linear discrete-time subsystems are
considered, and a new frequency-domain criterion for the existence of a quadratic Lyapunov
function ensuring the stability of such systems under arbitrary switching is proposed. The
application of this criterion is demonstrated on an example of a third-order system.

Keywords: discrete-time switched systems, stability, Lyapunov functions, matrix inequalities

DOI: 10.31857/50005117924070014

1. INTRODUCTION

The theory of discrete-time systems has been actively developing lately. Various aspects of this
theory have been discussed in relatively recent publications [1-7]; also, see the bibliography therein.
This paper is devoted to the quadratic stability problem of connected discrete-time systems [3]
with switching between three linear stationary subsystems under any switching laws. The term
“connected system” will be explained below. By quadratic stability we mean the stability of
a system that can be established using a Lyapunov function from the class of quadratic forms
or quadratic Lyapunov functions (QLFs). For a connected system with switching between two
subsystems, this problem is equivalent to the absolute stability problem of a discrete-time system
with a single nonlinearity [3], and a quadratic stability criterion for such a system is the well-known
Tsypkin’s criterion [8]. In the case of switching between two subsystems, connectedness means that
the rank of the difference of the matrices determining the switched subsystems is one.

For connected discrete-time systems with switching between three linear subsystems, a frequency-
domain criterion for the existence of a QLF was established in [3]. The disadvantages are an
excessively cumbersome procedure for obtaining this criterion and an excessively cumbersome form
of the final result. They can be explained as follows. The quadratic stability of a switched system
ensues from the existence of a common quadratic Lyapunov function (CQLF). In the case under
consideration, the existence of a CQLF is determined by the feasibility of a system of three Lyapunov
linear matrix inequalities (LMIs) for discrete-time systems. This system of LMIs is connected,
and one resulting matrix inequality equivalent to it was derived in [3]. However, (a) this matrix
inequality is not an LMI and (b) the frequency-domain conditions of its feasibility cannot be
obtained based on the generalized Kalman—Szegé—Popov lemma [9, 10], as it was done in [3] in the
case of Tsypkin’s criterion. To overcome inconvenience (b), a fractional linear transformation was
used in [3] to pass from the system of LMIs for discrete-time systems to the equivalent system of
Lyapunov LMIs for continuous-time systems. The resulting matrix inequality for this system is
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656 KAMENETSKIY

again not an LMI, but its feasibility conditions were established in [3] in the form of a frequency-
domain criterion based on the frequency theorem [11, p. 54] (the Kalman—Yakubovich—Popov
(KYP) lemma). The conditions of this criterion are expressed through the elements of a “transfer
matrix” for the continuous-time system obtained by the transformation. Finally, using a rather
cumbersome procedure, these elements are expressed through the elements of the “transfer matrix”
of the original discrete-time system.

In this paper, we apply a new result (Theorem 2 of [12]) to the original system of three Lyapunov
LMIs for discrete-time systems to obtain an equivalent resulting matrix inequality that is an LMI.
Next, we demonstrate that the feasibility of this LMI can be established by the generalized Kalman—
Szeg6—Popov lemma in the frequency-domain criterion form. This yields a new frequency-domain
criterion for the quadratic stability of the systems under consideration, the main aim of the paper.

Section 2 describes the system of three Lyapunov LMIs for discrete-time systems, whose feasi-
bility is equivalent to the quadratic stability of the systems under consideration. The main result
of this paper—the frequency-domain criterion for quadratic stability—is presented in Section 3.
A numerical example of a third-order system is provided in Section 4; for this system, the proposed
criterion is applied to analytically find the entire quadratic stability domain on the parameter.

2. PROBLEM STATEMENT

Consider a linear discrete-time switched system of the form
r(t+1)=A)x(t), A(t) € A= {Ay, Ay, A3}, (1)

where A; € R™*™ and A(t) : Zy — A is a mapping from the set Z of nonnegative integers into A.
By assumption, the matrices A, are stable (Schur, see [13]), i.e., r(As) = m9x|ul,(As)| <1 for

s = 1,3, where p,, denote the eigenvalues of the matrix As. The stability of the switched system (1)
will be analyzed using QLF's of the form

v(z) =z Le, L=L" = ||y}, (2)

where the symbol {-} T means transpose.

According to [3], the existence of a QLF (2) is determined by the feasibility of the system of
LMIs
I,=AlLA,—L <0, s=T1,3. (3)

System (1) is connected [3] if the matrices {A;, A2, A3} can be represented as

A = A,

Ay = A+ bic, 4
2=A+ha bi, c; € R™. )
As = A+ byeg

In this case, system (3) can be written in the form

II=A"TLA-L<0,
Io=(A+bic] ) L(A+bie])— L <0, (5)
I3 = (A+bycg ) L(A+byeg ) — L < 0.

The problem under consideration is to obtain a frequency-domain criterion for the feasibility of
the system of LMIs (5).
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A FREQUENCY-DOMAIN CRITERION FOR THE QUADRATIC STABILITY 657
3. SYSTEMS WITH SWITCHING BETWEEN THREE LINEAR
DISCRETE-TIME SUBSYSTEMS

To investigate the feasibility of system (5) we use Theorem 2 of [12]. In the formulas below, the
symbols “e” denote the elements below the principal diagonal of an appropriate symmetric matrix
that coincide with the corresponding elements above this diagonal.

Theorem 1. Let the inequalities in the system
L1 <0, L=L+Q:1 <0, I3=L+0Q2<0 (6)

be LMIs with respect to the unknown wariable v, ie., I;=1I4(v), s=1,3, and Q;(v)=
pj(y)q;-— +qujT(V), where pj = pj(v) linearly depends on v and q; is independent of v, j =1,2.
Then system (6) is equivalent to the single matriz inequality

T T T
Li(v) m(v)+ Elcn p2(v) —p1(v) + 52% — 51(]1
(o)" J —T3

which is an LMI with respect to (v, Ty, T2, T3).

With Theorem 1 applied to system (5), the feasibility of system (5) becomes equivalent to
the feasibility of the single matrix inequality with respect to the elements of the matrix L and
the three additional parameters 71,72, 73. The applicability of Theorem 1 to system (5) and the
resulting matrix inequality follow from the relations below. Let the matrix I;(r) be the matrix
(ATLA — L) of system (5), i.e., I1(v) = I;(L) = AT LA — L. (The role of the parameter v is played
by the matrix L.) The difference of the matrices (Io—1I7) from (5) can be represented as p1q{ +q1p{ :

Iy— I = AJ LAy — Al LA = (A+byc] )" L(A+bie] ) — ATLA
= (ATL4+¢e1b] L)(A+bie] ) — ATLA (8)
= ATLbic] + 1 LA+ ¢1b] Lbic] .
With the notations p{ = p{(L) = ATLby and §11 = 611(L) = b] Lby, we have
=TI =ple] +a(p)" + dueie] =pig) + @, 9)
where p1 = py(L) = AT Lb, + (éllT(L)> c1 and ¢ = ¢1.
Similarly, let p9 = p3(L) = AT Lby and 699 = 29(L) = by Lbo; then
Is— Iy = phey +ca(p3) " + ba2cacy = paqs + q2py, (10)

where py = po(L) = AT Lby + (%QT(LW co and g2 = ¢a.

Thus, by Theorem 1, system (5) is equivalent to the single matrix inequality

T T T
ATLA — L pl(L) + 5161 pg(L) — pl(L) + 5202 — 5101
7 TN —To + T
L= (o)" —T1 . 22 : <0, (11)
O} . —T3

which is an LMI with respect to (L, 71,72, 73).
Now we demonstrate that the feasibility of the LMI (11) is determined based on the generalized
Kalman-Szeg6-Popov lemma [10].

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



658 KAMENETSKIY

Lemma 1. The LMI (11) is equivalent to the LMI

ATLA-L ATLB+ or
2 | <o, (12)

~

.
BTLA+ % BTLB-T

where

~ G

B:(El E’g)z(bl bg—bl), 62(6'1 CAY2)=<¢1 02—7101)7

T2
= 0 = —T1+To— T3
0 T2 ~
[ ] T3
The proof of Lemma 1 is given in the Appendix.

Necessary and sufficient conditions for the feasibility of the LMI (12) are determined in the form
of a frequency-domain inequality from the generalized Kalman—Szeg6—Popov lemma [9, 10]. As a
result, we arrive at the following quadratic stability criterion for system (1).

Theorem 2. Let the matriz A be Schur (r(A) < 1), and let there exist numbers 7s > 0, s = 1,3,
such that I' > 0 and the frequency-domain inequality

D\ =T +Re[7CT (A= AE,)"'B] >0 (13)

holds for all A € C, |\| = 1, where E,, is an identity matriz of dimensions (n x n). (In this inequal-
ity, Re W = (W + W*) /2, W* = W' is the Hermitian conjugate to W from this point onwards,
the symbol {_} means complex conjugation and the inequality sign is interpreted as the positive
definiteness of an appropriate Hermitian form.) Then the connected system (1) has a CQLF (sys-
tem (5) is feasible, and system (1) is stable). If system (5) feasible, then such a set of numbers
Ts >0, s =1,3, ewists.

Let us write the frequency-domain condition (13) in detail. It seems logical to treat W(p) =
CT(A —pEn)_lB, p € C, as an analog of the transfer matrix for system (1), where C' = (cl 02)

and B = (b1 bg). With the notation A(p) = (A — pE,)"", we have

w11 w12
w1 W22

W(p)=C'A(p)B = ( ) , where wi;(p) = ¢; A(p)b;. (14)

For the sake of simplicity, we eliminate the hats, using 7, instead of 75. From (13) it follows that

D(\) =T +ReTW(\) =T +1/2 [TW () + W (N7 ],

where
- T
W) =CTAWN)B (q o — T—;cl) AN (b1 by — bl)
’wu()\) w19 ()\) — ’wu()\)
B way (N) — :—;wn()\) waa(N) — :—;wu()\) —war(A) + :—;wn()\)

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



A FREQUENCY-DOMAIN CRITERION FOR THE QUADRATIC STABILITY 659

Finally, we write the inequality D(A) > 0 from (13) as

DY) =T+

1 211 Re w1y T1W19 + ToWs1 — 271 Re w1
>0
)

(o) 211 Re (w11 — wi2) + 2mRe (woe — woy

(For the sake of brevity, w;; is taken instead of w;;(\).)

Remark 1. Theorem 2 remains valid when replacing inequality (13) with inequality (15), where
wij = wij(N)= ¢ AN)bj, 0,5 = 1,2.

If system (1) is a triangular switched system [3], i.e., ¢; = ca £ ¢, then wy; = wy; = Wy =
c"A(N)by and wag = wiz £ Wa = ¢ A(A\)by. In this case, inequality (15) can be written as

—T1+T2—T3+T1W2+T2W1
1+ ReW — 11Re W/
p(y) = | R 2 s BN} (16)

(o) 73 + (72 — 71) (Re W5 — Re W)

Remark 2. For the triangular system (1) (¢; = c2 = ¢), Theorem 2 remains valid when replacing
inequality (13) with inequality (16), where W; = W;(A) = ¢ A(\)bj, j = 1,2.

Compare conditions (15) and (16) of the criterion in Theorem 2 for connected switched systems
and triangular switched systems with those of Theorem 2 from [3] and their modification for
triangular systems (formulas (6.3)—(6.5) from [3]). Significant progress is evident.

Remark 3. Inequalities (13), (15), and (16) are linear in the parameter 7; therefore, without
losing generality, let 73 = 1 in these inequalities. Thus, the inequalities under consideration will
contain only two additional parameters each: 7 > 0 and 75 > 0.

The well-known Tsypkin’s criterion [8] is a quadratic stability criterion under switching between
two subsystems. The criterion of Theorem 2 can be considered an analog of Tsypkin’s criterion
under switching between three subsystems.

4. NUMERICAL SOLUTION

The quadratic stability problem for system (1) is numerically solved by applying standard soft-
ware tools for checking the feasibility of the system of LMIs (5) of dimension 3n with respect to
n(n—+1)/2 unknowns. Due to Lemma 1, it is possible to check the feasibility of the single LMI (12)
of dimension (n + 2) with respect to n(n + 1)/2 4+ 3 unknowns instead of the system of LMIs (5).
This transition allows significantly simplifying the problem, especially for large n.

5. AN EXAMPLE

Consider a connected switched system of the form (1) from the example presented in [3]. In this
example, the matrices A in (1) are given by (4) with

0 0 —05 0 0
Ai=A=[05 0 —15]|, bi=k |0, bo=ks [1],
0 05 —1.5 1 0

(17)

0
cp=co=c=|0],
1

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



660 KAMENETSKIY

where k; > 0 are the parameters determining the stability domain of the switched system. Then
the matrices Ay and A3 take the form

0 0 —05 0 0 —05
Ay=05 0 —15 |, A3=[05 0 —15+k|. (18)
0 05 —1.5+k 0 05 -—15

In the sequel, system (1) with the matrices A5 (17), (18) will be referred to as system (1;17).

Re-examining the example from [3] can be explained as follows. In the example from [3], given
k1 = ko = k, the entire quadratic stability domain on the parameter k was found. This result was
obtained using the necessary (separately) and sufficient (separately) conditions for the feasibility
of the system of LMIs (5). As it turned out, the estimates under these conditions coincide; hence,
the resulting quadratic stability domain is entire. Note that the conditions from [3] essentially rest
on the triangular property of the system, i.e., ¢c; = co =c.

This section aims to repeat the result from [3] based on the criterion of Theorem 2. Although
the considerations below use a variant of Theorem 2 from Remark 2, this theorem does not include
the triangularity requirement.

The presentation here involves the auxiliary calculations from [3]. Obviously, the matrix A;
is Schur, |pi(A1)| <1, since p;(A;) = —0.5, i = 1,3. The matrix Ay is Schur for k; € [0, 3.375),
whereas the matrix As is Schur for ky € [0, 0.25).

The functions W;(\) = ¢ (A — AE,,)~'b; from (16) have the form

Wi(A\) = —8kiA2/(2A +1)3 and Wa(X\) = —dka\/(2X + 1)3,

det (A — AE) = —(0.5 + \)3. Inequality (16) should be checked for all A € C such that |\| = 1. For
the set |A| = 1, we use the parameterization A = 1= for all w € [~o0, oc]. Let us calculate Wy(\)
1—iw

1+iw
and Wa(\) for A = 1 Tio- TTio

We write the real and imaginary parts of W; (
ing the simplified notations Re W (L;g) = Rj(w) = R;j and Im W (L;g) = I;(w) = I (see [3]):

) simultaneously adopt-

1—1 —8k1(1 + w?)(27 + 18w? — w?
R1:R1(w):Rer(1+2w>: 1(1+w?)(27 + 18w® — w?)

w (9 + w?)3 '
=, (1512) - S0
B = Ra(w) = Re W, G J:Zw) _ k(1 cg)f;—)fmz + w4)’ (19)
Iy = Ix(w) = Im Wy <1 +2:> = it —F(gwj_)fj;; — 1OW3).

In terms of (19), inequality (16) takes the form

- — —2 Iy — 1
7’1(1+R1) 1+ T — 13+ T Ro + 10l 1Ry —I—’iTl 9 — Tolq
D(w) = 2 2 > 0.

(o) 73+ (72 — 1) (R2 — R1)

Letting ko = k1 = k, we make the change w? = y > 0. It is required to find the largest domain [0, k*)
for which there exists a set of parameters 7; >0, 7 =1,2,3, such that D(w) = D(y) > 0 for
k € [0,k*) and all y > 0. Checking the inequality D(y) > 0 reduces to checking the inequalities

(A) Dy = 7’1(1 —I—Rl) > 0, (B) Doy = 13 + (7’2 —7’1)(R2 —Rl) > 0, (C) detD(y) > 0,
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A FREQUENCY-DOMAIN CRITERION FOR THE QUADRATIC STABILITY 661

where D;;j = D;;(y), i,j = 1,2, are the elements of the matrix D(y). (In fact, it suffices to check
(A) and (C).) Inequality (A) is equivalent to

Pi(y) = (9+y)’Du(y) = mi(1+ R)
=711(9+y)® — 87m1k(1 + y)(27 + 18y — y?)
= 71 (1 4 8k)y> + 11(27 — 136k)y? + 71 (243 — 360k)y + 7,27(27 — 8k) > 0.

The check of inequality (A) coincides with that of inequalities (7.4) and (7.5) from [3]. As was
shown in [3], for k£ < 0.44, the inequality P;(y) > 0 holds for all y > 0.

In view of Remark 3, we assume that 73 = 1 and, for brevity, 75 — 71 = 8. Then checking
inequality (B) reduces to checking the inequality

Po(y) = (9 + ) Daa(y) = (9 +y)* + 4kd(1 + y) (27 + 72y — 3y°)
= (1 — 12k8)y® + (27 + 276k6)y? + (243 + 396k3)y + 729 + 108k8 > 0.

Consider inequality (C):
det D = D11D22 — D12D—12 = D11D22 - (ReD12)2 - (ImD12)2 > 0.
With the notations P3(y) £ 2(9 4+ y)3 Re D15 and Py(y) = 2(9 + y)? Im D12, we have

Pg(y) 2(9 + y)3 Re Dlg(y) = 2(7‘1(R2 — Rl) + 5R1 + 46— 1) (9 + y)3,
Py(y) =29 +y)* Im D12(y) = 2(r1lo — 7211) (9 + y)*.

Using the expressions from (19) gives
P3(y) = y3[4k(26 — 371) + 6 — 1] + 42[27(6 — 1) + 4Kk(697) — 346)]
+y[9(27(0 — 1) — 40k6 + 44kT;)] + [27(27(0 — 1) — 4k(26 — 71))],

Py(y) = 4km1/y(1 + y)(10y — 54) + 64kT2y/y(1 + y)
= 4k\/y(1 + y)(11(10y — 54) + 1672y).

Inequality (C) is equivalent to

1 1
P(y) £ (9+y)°det D(y) = Pr(y) Pa(y) — 3 Pa(v)* = ; Pa()* > 0. (20)
The polynomial P(y) is of degree 6 in the variable y. Its coefficients fs = fs(k) for y® are functions
of k that depend on the additional parameters 7y and 75. The coefficient fg(k) of this polynomial
at 0 is

fo(k) = 71(1 + 8k)(1 — 12k8) — (1/4)[4k(26 — 371) + 6 — 1]%

The condition fg(k) > 0 is necessary for fulfilling P(y) > 0 for all y > 0. The function fg(k) repre-
sents a polynomial of degree 2 in the variable k. Its coefficient at k? is ag = —96710 — 4(26 — 371)% =
—4(2m2 +11)?, i.e., ag < 0 since 7; > 0. It follows that fs(k) is a concave function. The desired do-
main [0, k*) can be estimated from above by the half-interval [0, 0.25) (the Schur domain of the
matrix As). We check the values f5(0) and f(0.25) :

f6(0) = — (1/4)(6 — 1),
£6(0.25) = 71 (1 + 2)(1 — 38) — (1/4)((26 — 371) + 6 — 1)°.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024
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The condition fg(0) > 0 gives the parameter estimate 47 > (§ — 1)2. Let us transform the expres-
sion for f(0.25) :

ﬁ@a@:sﬁa—3®—i@a—&j—HQ:—%@5+&1—n2:—%@n—1f.

As a result, f(0.25) < 0 for all parameter values except for 75 = 1/3. Thus, letting 7 = 1/3 is the
single possibility to obtain the largest domain [0, £*) in which f§(0.25) > 0. If we take 72 = 1/3 and
define 71 so that fg(0) > 0, the concavity of fg(k) will imply fg(k) > 0 for all k£ € [0, 0.25). Partly
by chance, partly to obtain § = 0, we set 71 = 7o = 1/3. In this case, f(0) = 1/12 > 0.

As it turns out, for 7 = 19 = 1/3, the other coefficients fs(k), s =0,...,5, of the polynomial
6
P(y) = Y fs(k)y® from (20) are concave functions in the variable k. In addition, the inequalities
0

5=
fs(0) > 0 and f5(0.25) >0, s =0,...,5, hold for the values of these functions at the limit points
of the half-interval [0, 0.25). The tedious verification of this fact by elementary algebra techniques
is omitted here. Thus, we have fs(k) > 0 for all k£ € [0, 0.25), s =0,...,6. Hence, inequality (20)
is valid for all y > 0. According to Theorem 2, the quadratic stability domain of system (1;17)
is exhausted by the set [0, 0.25). Due to its coincidence with the Schur domain of the matrices
{A1, Ay, A3} defining system (1;17) (on the parameter k; = ko = k), this domain is the entire
stability domain of system (1;17) under arbitrary switching.

6. CONCLUSIONS

A connected system with switching between three linear discrete-time subsystems has been
considered. An existence criterion for a QLF of such systems has been established, both as a
frequency-domain condition and as feasibility conditions of a single LMI. As an illustrative example,
the frequency-domain criterion has been applied to a third-order system, analytically yielding its
entire quadratic stability domain on the parameter k. In the case under study, this domain coincides
with the entire stability domain of system (1;17) under arbitrary switching.

APPENDIX
Proof of Lemma 1. We define the new parameters
TLES+T, ToE 02+ T
Then
p1(L) + %cl = ATLby + %cl + %01 = ATLél + %6’1,
pa(L) ~pi(L) + Ger = Gen
AT by — AT by + 099 ;— T . d11 ;— el " (A.1)
:ﬂu@—m+@@—ﬁq:A%&+§@.
2 2 2
. - DEREE ) BTT R
It suffices to represent the matrix 2 in the form (BTLB - F) .
° —T3
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Considering blTLbQ £ §19 and b;Lbl £ §51, we write the matrix BTLB as
PN bl b/ L
T _ 1 _ _ 1 _

_ o1 012 — 011
021 — 011 022 — 2012 + 611 )

Thus, it is required to find the elements of the matrix I'= |[v;;||7;=; so that

(A.2)

-T2+ T3

- 5 011 — 11 012 — 011 — V12

9 = . A3

. - <521 — 011 — Y21 022 — 2012 + 011 — 722) (A:3)
—T3

Since —11 = 011 — 71, the equality of the elements {-};; of the matrices from (A.3) gives y11 = 71.
In view of —79 = d99 — T, the equality of the elements {-}12 leads to

TI—To+T3 —O0n+T7T1+00n—T+T3
5 = 5 = 012 — 011 — 712

Consequently,
011 + 022 + 71 — To + 73 = 2612 — 2712.
By the equality of the elements {-}92, we have
—T3 = 022 — 2012 + 011 — V22

Summing the last two equalities yields

TL — T2 = —2v12 — Y22

Letting 20 = 73, we obtain
Y12 = (—7/:1 +7/:2 — 7/:3)/2.

Thus,
. T — To + T3
! 2 = (BTLB-T),
] —1T3
where R
-~ N + T2 — T3
r=|[" 2
° T3
The proof of Lemma 1 is complete.
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Abstract—This paper considers technical systems described by nonlinear dynamic models. The
fault tolerance property of such systems is ensured by introducing feedback with full or partial
fault decoupling. The solution is based on separating a subsystem insensitive or minimally
sensitive to faults and its subsequent analysis. For this purpose, a logical-dynamic approach is
used, which operates only linear algebra methods. An illustrative practical example is provided.

Keywords: nonlinear systems, faults, isolation, feedback, singular value decomposition
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1. INTRODUCTION

Modern technical systems (robots, control systems) are subjected to various faults in their
elements. Redundancy is one way to eliminate the effect of such faults [1]; however, it requires
excessive resources and is not always implementable in practice. The use of fault diagnosis methods
is a more promising approach to improving the reliability, safety, and efficiency of such systems. In
real time, these methods have to detect emerging faults and determine the values of the changed
system parameters and errors in the readings of their sensors. After that, all identified changes
with undesirable consequences are promptly parried.

Various fault diagnosis methods were thoroughly described in [2], including the basic terminology
in this area. According to [2], a fault is understood as an unacceptable deviation of at least one of
the characteristic properties or variables of a system from its standard (nominal) behavior. In this
paper, such a deviation is represented by an unknown bounded time-varying function d(t) added
to certain components of the system state vector depending on the fault location.

As is known [3], adaptive systems designed to parry the consequences of faults and changes in
the parameters of control objects can be divided into two large groups: systems with self-adjusting
structure (self-organizing systems) and systems with self-tuning parameters (self-tuning systems).
In the former case, certain structural changes are made to the system being diagnosed, i.e., it is
reconfigured to remove failed elements and use redundant ones. In the latter case, depending on
the changes in the parameters of the control object, emerging faults, or external influences, only
certain parameters of the used controller are tuned according to some algorithm embedded in the
self-tuning device. The system with faults and changed parameters should continue functioning,
preserving its most important characteristics within the admissible limits.
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Each of the above approaches has peculiarities, which somewhat restrict the scope of their
practical application. In particular, the possibility of involving redundant elements is limited by
the maximal design-achievable and operational (mass and size, energy, etc.) characteristics of
specific robots.

Examples of implementing such an approach were described in [4, 5]. The cited authors solved
the problem of fault-tolerant control of underwater robots in case of failure of one thruster (the first
work mentioned) and in case of faulty electric actuators installed in the manipulator joints (the
second one). In both cases, it was proposed to disconnect the faulty actuator and then distribute
its control actions between the others with additional connection of the redundant ones. The
disadvantage of such systems is the need for extra actuators in robots, which complicates the design
and appreciably increases the cost of robots. In addition, the feasibility of using redundancy must
be justified by additional calculations of reliability indicators. As a rule, redundancy elements have
the same reliability as the replaced ones; as a result, the possibility of increasing the reliability of
robots through redundancy is significantly limited. Fault adaptation methods based on self-tuning
allow avoiding additional hardware costs, but their use admits degradation of some (usually minor)
performance indicators of robots, possibly affecting the tactical and technical characteristics of
robots and, in some cases, even requiring correction of the mission.

Fault-tolerant self-tuning systems with a reference model are known; their design principles
were presented in [6, 7). The main peculiarity of this class of systems is the availability of an
explicit technical device (model) with given dynamic properties. In this case, the dynamics of the
entire system are reduced to the desired dynamics of the model. Such adaptation systems to faults
and variable parameters have found application in both ground and underwater robotics [8-10],
providing high-quality control of robots with rather simple means without identifying the parameter
deviations caused by faults or other external factors during their operation. As the main drawback
of such systems, we note the presence of high-frequency oscillations in the self-tuning loop, which
in some cases may significantly reduce the quality of adaptation to emerging faults and variable
parameters. In addition, during the operation of such systems, the deviations of parameters from
their nominal values are not determined; therefore, in the case of critical faults (e.g., short-circuit
in some winding turns of the anchor chain of electric motors, the appearance of significant external
torques on motor shafts), the robots will not be promptly stopped, and their further breakdown
will not be prevented. The systems under consideration also neglect errors in the readings of robot
Sensors.

Optimal and robust principles of adaptive systems design are often used in engineering to
compensate for the consequences of emerging faults and parameter deviations from nominal val-
ues [11-13]. The advantage of such systems is a sufficiently high level of robustness to the uncertain
parameters of robots, but they are built based on a linearized model, which restricts their applica-
tion to fault-tolerant control of the spatial motion of complex dynamic objects.

Currently, variable-structure systems operating in sliding mode are a common type of robust
control systems. Examples of their use for fault-tolerant robot control were described in [14-17].
Control systems with adaptation to emerging faults and parameter deviations based on variable-
structure systems have several considerable benefits compared to other types of fault-tolerant sys-
tems. Despite this fact, they also suffer from the disadvantage that, in order to ensure the perfor-
mance of a variable-structure system within the entire range of changes in robot parameters, such
systems are designed in the worst case (when these parameters correspond to the lowest system
performance). As a result, even in the absence of faults, additional control signals are generated,
which will increase their amplitude and energy consumption and, consequently, reduce the au-
tonomous operation time. That is, fault-tolerant control systems of this class have a deliberately
underestimated performance.
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Fig. 1. The implementation scheme of the proposed solution.

The approaches and methods discussed above are illustrated mainly by examples of robots, but
their peculiarities also apply to many modern technical systems.

A certain alternative to the considered methods is approaches based on full or partial fault
decoupling: a fault is detected, but the values of the changed system parameters are not determined,
and the control action on the system is corrected by using a specially built compensator and a new
control. As a result, the system will execute its main operations with the previous or admissibly
reduced quality. By assumption, the execution of these operations depends not on all components
of the system state vector but only on some part of them, defined by a known function, and these
components have to be fully or partially decoupled from possible system faults.

Figure 1 shows the implementation scheme of the proposed solution, where u(t) and y(t) are the
control vector and output of the system, respectively, z(¢) is the state vector of the compensator,
v(t) is the new control, and g, is a function defined below. The control u(t) was constructed to
execute certain operations by the system, and the new control v(¢) must be constructed to execute
the same operations by the system with the compensator, with the same or admissibly reduced
quality.

This approach has certain limitations: figuratively speaking, it can be implemented if there exists
a control signal between the fault location and the system variables that need to be decoupled from
this fault; the control signal is used for fault decoupling.

For systems described by nonlinear difference equations, such an approach was implemented
in [18, 19] based on full decoupling using a rather complex mathematical apparatus of function
algebra. In distinction, this paper considers systems given by nonlinear differential equations
subject to faults. For such a system, it is required to find a description of the compensator and a
function g, to decouple from faults, fully or partially, given components of the system state vector.

The problem of determining the new control v(t) is not considered below since this control
depends on the tasks solved by the system and can be determined when specifying these tasks.
After the compensator is built, the new control can be determined by known methods [20]; the
compensator depends on given components of the system state vector and the fault location and
is independent of the tasks solved by the system.

Note that for affine systems, such a problem was solved in [21] based on full decoupling by rather
complicated methods of differential geometry. The novelty of this paper is that the systems under
consideration may contain unsmooth nonlinearities; the problem is solved using the logical-dynamic
approach [22], which allows analyzing nonlinear systems by linear algebra methods under definite
restrictions on the class of solutions. Moreover, partial fault decoupling is studied in addition to
full decoupling.

The remainder of this paper is organized as follows. Section 2 presents the main models: descrip-
tions of the given nonlinear system and its submodel used to build the compensator. In Section 3,
a fault-insensitive submodel is constructed; in Section 4, a submodel minimally sensitive to faults.
Section 5 is devoted to the compensator design. An illustrative example is provided in Section 6,
and Section 7 concludes the paper.
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2. MAIN MODELS

Consider systems described by the nonlinear model

&(t) = Fa(t) + Gu(t) + CU(x(t), u(t)) + Dd(t), 2.1)

where z € R, u € R™, and y € R! are the state vector, control input, and output, respectively;
I and G are known constant matrices that describe linear dynamics; H, C, and D are known
constant matrices; d(t) is a scalar function that describes faults (if there are no faults, d(t) = 0; when
faults occur, d(t) becomes an unknown bounded time-varying function); W(z,u) is the nonlinear
part represented as

©1 (Al x, u)
U(z,u) = e ,
Pq (Aqxa u)
where Ay, ..., A, are known constant row matrices, and ¢, ..., ¢, are arbitrary nonlinear func-

tions.

Remark 1. If the system may have several faults, then (generally speaking) it is necessary to
build a bank of several compensators for fault decoupling. The method under consideration cannot
be applied to decouple from sensor faults; if the value of such a fault is unknown, it is necessary
to exclude the readings of the corresponding sensor from the control system or use a virtual sensor
instead [23].

Note that the nonlinear system (2.1) can be obtained from the general nonlinear system
(2.2)

by several transformations [22].

By assumption, faults in the system change the value of some system parameter. As a result,
d(t) represents the product of this change by some component of the vector x(t) or u(t) and is an
unknown bounded time-varying function; the matrix D indicates the fault location. The fault can
be detected and isolated by known fault diagnosis methods (e.g., see [2]), but the function d(t) still
remains unknown.

By another assumption, the function of the components of the system state vector x(t) for full
or partial fault decoupling is given by a known matrix Hy defining the variable yo(t) = Hox(t).
Such decoupling is ensured by introducing dynamic feedback into the system, being implemented
through a compensator generally described by the nonlinear equations

() = p(z(t),v(t), y (1)),
u(t) = g«(2(t), v(t), y(t)),
where z(t) € RF denotes the state vector of a compensator of dimension k < n, v(t) is the new

control, and the functions ¢ and g, have to be determined. Note that the variable yo(t) must be
expressed through the state vector z(t).

(2.3)

For the discrete-time analog of system (2.2), the problem of insensitivity to (or full decoupling
from) disturbances and faults via feedback was solved in a general form in [18, 19] based on a rather
complex mathematical apparatus of function algebra. In this paper, we solve the problem of full or
partial decoupling with insensitivity (or minimal sensitivity) to faults for system (2.1) within the
logical-dynamic approach [22], which operates only linear algebra methods.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



A FAULT TOLERANCE METHOD FOR CONTROL SYSTEMS 669

The problem solution involves a submodel of system (2.1) insensitive or minimally sensitive to
faults and a compensator built on its basis. Note that interval observers in [24] were designed by
building a minimal-dimension submodel. In contrast, the compensator supplying the feedback is
built based on a submodel of a maximal dimension k& < n, which provides the best conditions for
satisfying the equality yo(t) = Hoxz(t). This submodel is described by the equation

B (t) = Foma(t) + Guu(t) + Juy(t) + CuWu(@a(t), y(t), u(t)), (2.4)

where z,(t) € R* stands for the state vector of the submodel of dimension k < n; Fy, Gy, Ji, and
C, are the matrices to be determined;

iy (At iy Ts + As2,iy Y5 0)

CVU (4, y,u) = e , (2.5)

Spik (A*l,lk x* + A*Q,ikya u)
where A4, As24ys - -5 As1iy, and Ao 4, are the matrices to be determined; C, W, denotes the func-
tion C,¥ in which the vector z is replaced by z, and y through the relation A;z = Ay ;2. + As2,v,

where i = i1,...,4; are the numbers of the nonzero columns of the matrix C,.

3. BUILDING THE FAULT-INSENSITIVE SUBMODEL

We clarify that submodel (2.4) for building the compensator is a virtual object. In fact, it
represents part of system (2.1) whose dynamics are determined by the state vector x, related to
the vector = by x.(t) = ®z(t), where ® is some constant matrix. Generally speaking, these vectors
can be related by a nonlinear function, and the assumption of its linearity restricts the class of
solutions; it is characteristic of the logical-dynamic approach used here.

According to [22, 24], this matrix satisfies the equations

¢F=F.®+J.H ®G=G, oC=C, OD=D,

o\ .. (3.1)
Ai = (A, Asy) ( I ) s =1,k

The last equality in (3.1) is valid if

o P
rank =rank | H |, (3.2)
() =
where the matrix A’ consists of the rows A4;,, ..., A4;,.

To solve the problem, we introduce the additional condition yy(t) = H,x.(t) for some matrix H.,,
i.e., the variable yo(t) = Hox(t) must be expressed through the compensator state vector. In view
of z.(t) = ®x(t), it follows that

rank( o ) = rank ( I(:IT)O ) . (3.3)

If this condition fails, the problem is unsolvable. Under this condition, the matrix H, is found from
the equation H,® = Hj.

To ensure the fault-insensitivity condition ®D = D, = 0, we introduce a matrix Dy of maximal
rank such that DyD = 0. Then ®D = 0 implies ® = N Dy for some matrix N. Let us replace the
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matrix ® in ®F = F,® + J,H with NDg, i.e., NDoF' = F,NDy + J,H. After the separation of the
unknown and known matrices, the resulting expression can be written as

DyF
(N -F,.N -J,)| Dy |=0. (3.4)
H

Solving equation (3.4) yields the matrices Fi, Ji, and N, which are, in turn, allow finding the
matrix ®. Let the compound matrix ( X Y Z ) contain all linearly independent solutions of
equation (3.4), i.e.,

DyF
(XY z)| Dy |=0. (3.5)
H

Comparing equations (3.4) and (3.5), we obtain the equality Y = —F, X. Therefore, the matrices
Y and X cannot be arbitrary: the rows of ¥ must be linearly expressed through the rows of X.
To consider this fact, the rows of Y that are linearly independent of the rows of X must be removed.
This procedure is implemented using Algorithm 1, where Y; denotes the jth row of the matrix Y,
j=1,...,p, and p is the number of rows in the matrix Y.

Algorithm 1.
1) Set j=1.

2) If rank(X) = rank ( })/( ) , pass to Step 4; otherwise, to Step 3.
J

(
(
(3) Remove the jth row from the matrix ( X Y Z ), set p:=p — 1, and return to Step 1.
(4) If j < p, set j:= j + 1 and return to Step 2; otherwise, complete the procedure.

Let ( Xo Yy Zp ) denote the matrix outputted by the algorithm. For this matrix, the rows
of the matrix Yy are linearly expressed through the rows of the matrix Xy. Letting ® := XDy
and C, := ®C, we construct the matrix A’; if the matrix ® satisfies condition (3.2), a nonlinear
fault-insensitive compensator can be built. Otherwise, full fault decoupling is unreachable, and
robust methods should be used. If condition (3.3) fails for this matrix, the problem is unsolvable.

Letting J, = —Zy and G, = G, we find the matrix F} from the algebraic equation Yy = —F, Xj.
It surely has a solution because, according to Algorithm 1, Y is linearly expressed through the
rows of the matrix Xy. Thus, the matrices describing the linear part of the submodel have been
obtained. To construct the nonlinear part, we take C, = ®C and determine the matrices A, ;
and Ayo, @ =11,...,1, from equation (3.1). This gives the nonlinear part (2.5) and, consequently,
the entire submodel (2.4).

4. BUILDING THE ROBUST SUBMODEL

If (Xo Yo Zop)=0 or the matrix & does not satisfy condition (3.2), the fault-insensitive
compensator cannot be built. In this case, it is necessary to address robust methods to minimize
the fault contribution to model (2.4). For this purpose, we write the relation ®F = F,® + J, H
in a form similar to (3.3), removing the fault-insensitivity constraint ®D = D, = 0 and separating
the unknown matrices from the known ones:

F
(® —-F® —J,)| E | =0, (4.1)
H
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where F is an identity matrix of appropriate dimensions. Now equation (4.1) can have solutions
admitting the model’s sensitivity to faults.

As above, we consider the compound matrix ( X Y Z ) containing all linearly independent
solutions of equation (4.1), i.e.,

F
(XY Z)| E |=0.
H

Applying Algorithm 1 to the matrix ( X Y Z ), we obtain the matrix ( X, Y. Z. ) in which
Y, = —M X, with some matrix M. If this equation has several solutions, they will correspond to
several matrices ® : ®1), ... ®(). By determining, for each of them, the norm [|®® D] corre-
sponding to the fault contribution to the compensator, we can choose the variant with the smallest
norm value corresponding to the minimal fault contribution to the submodel.

A better result can be obtained by setting the matrix ® = Y7 ; v;®@ and assigning the weights
v1,...,0s based on minimization of the norm [|®D||. However, this approach is possible only if the
matrix F} in the expression ®F = F,® + J, H remains the same for different ®. We implement this
approach by choosing F} in the canonical form

0 1 0 0
P o= o 0 1 ...0 ’ (4.2)
0 0 O 0

which will additionally simplify the design procedure. Due to the canonical form (4.2), equa-
tions (3.1) become [22]

O F =P, +JuH, i=1,....k—1, & F=J4H, (43)

where ®; and J,; are the ith rows of the matrices ® and J,, respectively, i = 1,...,k. According
o [22], these equations can be convolved into one:

(B —Jo —Juw ... —Juy ) VFE =0, (4.4)
where
HF*
) _ HFk-1
H
Also, see [22], the minimization problem of the fault contribution to the submodel reduces to min-
imizing the norm || ®D|| = |[( ®; —Ju» —Je2 ... —Jux )D®)| subject to condition (4.4), where
D FD F?D ... F¢ID

pw_| 0 HD HFD ... HF* 2D

0 0 0 0

When solving this problem, we find a maximal dimension k < n for which equation (4.4) has
several (more than one) linearly independent solutions of the form ( &1 —Ju,q —Juwo ... —Jux ).
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All these solutions, s totally, are combined into a matrix W so that each row represents some
solution of equation (4.4):

1 1 1 1

o) g g g0
W pr— ... ... . . .. ..
R R

Due to the considerations above, another solution is an arbitrary linear combination of the rows of
this matrix with the vector of weights v = (v1,...,vs). The problem is to determine such a vector v
that minimizes the norm [[oW D®) ||,

To solve this problem, we find the singular value decomposition of the matrix product WD) .
WDW) =Up¥pVp,

where Up and Vp are orthogonal matrices; depending on the numbers of rows and columns in the
matrix WD®) | the matrix ¥p has the form

ZD = (diag(al, e ,Uw) 0)

or

diag(c1, - .., 0y
ED:< 1ag(010 o ))7

with w = min(s, k) and 0< o7 <...< o0y being the singular values of the matrix w D)
[22, 25]. The first transposed column of the matrix Up is chosen as the vector of weights

v = (v1,...,vs). By the structure of singular value decomposition and the properties of orthog-
onal matrices, the norm of the matrix vWD®) equals the minimal singular value o7 [22], and
(&1 —Ja —Jw2 ... —Ju ) =oW. Then the rows of the matrix ® are determined from (4.3)

and the matrix A’ is constructed. If this matrix satisfies conditions (3.2) and (3.3), we take
G« = ®G and C, = ®C and find the matrices A, ; and Ao, @ = i1,...,17, from equation (3.1);
this completes the robust model design. Note that this solution will be optimal for the chosen
dimension k; changing the dimension may yield a better solution of the problem in terms of mini-
mizing the norm [|(®1 — Jy1 — Jyo ... — Jo)DW)|. If condition (3.2) or (3.3) fails, it is necessary
to choose the second or subsequent transposed columns of the matrix Up.

5. BUILDING THE COMPENSATOR

To avoid confusion, we denote the compensator state vector by z(t) := x.(t), leaving unchanged
the notations for the other elements, particularly the matrix H, and the function f,.

From this point onwards, condition (3.3) is assumed valid, i.e., yo = H,z. We denote by X, the
set of components of the vector z participating in the formation of y. For building the compensator,
model (2.4) will be written in a compact form:

2(t) = fal2(t), u(d), y(1))- (5.1)

Even if this model does not explicitly contain the unknown function d(¢) (when full decoupling
is reached), its state vector is affected by faults due to the presence of the vector y(¢) in (5.1).
To build the compensator, this effect must be eliminated by adjusting the control vector u(t) via
feedback with a new control vector v(t). The algorithm below performs the necessary analysis and
generates the feedback if possible. Let f.; denote the jth component of the function f,.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



A FAULT TOLERANCE METHOD FOR CONTROL SYSTEMS 673

Algorithm 2.

(1)

Divide the components of the vector y into two disjoint sets, Y, (good) and Y} (bad), according
to the rules: the variable y; is included in Y} if it does not appear in the function f, or can be
expressed through the components of the vector z; otherwise, y; is included in Y;. If Y, = (),
full or partial fault decoupling is reached without the compensator since y; in the function f,
can be replaced by a function of the vector z.

If Y3, # 0, for each y; €Y}, find a variable z; such that f,; depends on y; and is independent of
u. Let X} denote the set of all such z;; it consists of all components of the state vector that
are affected by the fault because f,; includes the variable y; not compensated by the control.
If X, =0, pass to Step 4.

For each z; € X find the functions f,; that depend on z;. If all f,; depend on u, add z; to Y} and
remove it from Xj. If for some ¢ this condition fails, then the variable z; cannot be decoupled
from faults; if z; € X, i.e., this variable participates in the formation of the variable yg, then
the problem has no solution. If z; ¢ X, add z; to X; and continue executing Step 3 until
X, = 0 or X, stops changing. The final set Y} contains the variables that will participate in
the feedback to compensate for the effect of faults.

Find in the function fi(z,u,y) all terms of the form ~;(z,u,y), i = 1,...,r, that depend on u
and elements from the set Y;; by assumption, » < m. Form a system of equations for the new

control vector v = (vy ... vy :
o1 =7z u,y),
0r = (2,9).
Supposing the feasibility of this system with respect to the variables uq, ..., u,, find its solution:

ur = ’71(2,U,y,?}),

(5.2)

ur = (2, U, 9, 0);
Up41 = Upt1y - -5 Um = Um-
Replace the vector w in (5.1) with the vector v according to the rules (5.2), which gives the

dynamic part of the compensator (2.3); its static part coincides with (5.2).

6. EXAMPLE

Consider the nonlinear system

T =u /Y — vy — a2 —d,
Ty = ug /¥y + a1V/x1 — 2 — ag\/wy — w3,
T3 = az\/x2 — w3 — az\/x3 — U7,

Yy =Ty,

(6.1)

where a; = 941/208/01, as = U5v20s/02, and a3 = ¥61/205/93. These equations describe the
known three-tank system (Fig. 2), where x1, xo, and z3 are the liquid levels in the tanks [26].
The system consists of three tanks with cross sections 91, 99, and 3, respectively; the tanks are
interconnected by pipes with cross sections ¥4 and 5. The liquid flows in the first and second
tanks, flowing out of the third one through a pipe of a cross section g located at a height J7;

the

parameter g is the gravitational constant. The controls u; and us correspond to the exter-

nally supplied fluid. A nonzero value d(t) > 0 corresponds to leakage in the first tank; the variable
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L
J ULt

Fig. 2. A three-tank system.

yo(t) = (0 0 1 )x(t) =x3(t) must be insensitive to it. The amount of leakage is assumed to be
unknown, so it cannot be compensated for by increasing u; and the proposed method should be
used instead.

For the sake of simplicity, let a; = as = az =1 and 97 = 0. The initial conditions and control
are supposed to be such that x1(t) > xa(t) > z3(t) > 0 for all ¢t > 0.

Clearly, F' =0 for (6.1), and the considered approach cannot be applied directly. To over-
come this difficulty, we transform (6.1) by introducing the formal terms —(z1 — x2) + (21 — x2),
((x1 —x2) — (9 —x3)) — ((x1 — x2) — (22 — x3)), and (z9 —x3 — x3) — (v2 — x3 — x3) into the
first, second, and third equations, respectively. The term —(z; — z2) is added to the linear part;
the term (1 — x2), to the nonlinear part. The remaining terms are handled similarly. As a result,
the system is described by the following matrices and nonlinearities:

11 0 10
F=| 1 =2 1 |,¢g=(01 ,H:(lOO),Hoz(OOl),
0 1 -2 00
1 1 0 0 —VAiz + Az
D= 0 |,C=] -1 1 0], ¥(x)=| —VAyr+ Asx |,
0 0 —-11 —/Azx + Asx
Aj=(1 —10), Ap=(01 —1), A3=(0 0 1).

. T 010 .
Since D = ( 100 ) , we have Dy = 00 1) and equation (3.5) takes the form
1 -2 1
0o 1 =2
(XY Z)lo 1 o0 |=o0.
0 0 1
1 0 O

The solution is
10 2 -1 -1
(XY 2)= ( 01 -1 2 0 ) )

As is easily verified, the condition of Step 2 of Algorithm 1 holds for both rows of the matrix Y.
Therefore,

(XO YVO ZO):(X Y Z)7

and consequently,

1 —2 1 010 01
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x;3(f), m

=
T
—

]
T
b

=
T
\
\
1

2
0 5 10 15 20
I, s

Fig. 3. The behavior of the variable x3(t) = yo(t).

In view of Hy = ( 001 ), condition (3.3) is obviously valid; the matrix H, is found from the
equation Hy = H,® and has the form H, = (0 1).
As a result, the linear part of submodel (2.4) is described by the equations

Tyl = U2 — 2T41 + Ty2 + Y,
j;*Q = Tx1 — 2$*2,
where z,; = @12 = 23 and z,2 = ®oz = x3. In addition, yo = H.x, = x4, ie., Xy = {z.2}.

-1 1
0 —-11
contains three rows Aj, As, and As; condition (3.2) holds for it. Solving equation (3.1) yields

Aa1=(-10),Ap1=1,A42=(1 —1), Aw2=0, Ay13=(0 1), Ay =0.

All columns in the matrix C, = ®C = are nonzero, and the matrix A’ hence

Therefore, the nonlinear part (2.5) takes the form

VY =21 — (Y — T41) — VTl — Tuz + (Tu1 — Z42),
Vsl — Tx2 — (x*l - $*2) — /Tx2 T Ty2

Finally, adding it to the linear part gives the nonlinear submodel

CV (x4, y,u) = (

Ty1 = U2 +\/y—37*1 — VTl — Ty,
Ty = VTl — —VTx2.

Since y = z; is not expressed through the vector z := x,, Step 1 of Algorithm 2 yields Y, = ()
and Yy, = {y}. Step 2 of this algorithm leads to Xj = (); Step 4 yields » = 1 and the single equation
V9 = ug + /Yy — 21, which is obviously solvable for us :

Ug = V2 — VY — 21.

Setting v = u; and substituting the above formula for ug into (6.2), we finally arrive at the com-

(6.2)

pensator description
21 = vy — /21 — 22,
Zo =21 — 22 — /%2,
Uy = vi,

Ug = V2 — VY — 21.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024
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For numerical simulation, we select u1(t) = 5 and ug(t) = 2sin(5t). Figure 3 shows the behavior
of the variable x3(t) = yo(t) of system (6.1) with the initial state x(0) = 0 for five different cases.
Curve 1 corresponds to the case without the fault and decoupling; curve 2, to the case where the
fault d = 4 occurs at the time instant ¢ = 8, but fault decoupling is not introduced (the variable
changes its dynamics for ¢ > 8). Curves 3 and 4 correspond to the introduction of decoupling with
va(t) = 2+ sin(5t) at the time instant ¢ = 0 in the system without the fault and with the fault,
respectively; since curves 3 and 4 coincide, the fault is not manifested (has no effect on z3(t)).
Curve 5 corresponds to the system with the fault and decoupling with vy (t) = 2 + sin(5¢) introduced
at the time instant ¢ = 8; until this instant the behavior of the variable yo(t) coincides with curve 1.

Clearly, curves 3 and 4, where the decoupling with wvy(t) = 2 + sin(5¢) is introduced at the
time instant ¢ = 0, do not coincide with curve 1 (the behavior of the variable without the fault).
To achieve this coincidence, it is necessary to solve the control problem for the variable va(¢) in
system (6.1) with the compensator (6.3). This is an independent problem solved by known methods.
A similar picture is observed in case 5: when the fault occurs and the compensator is introduced,
the variable yo(t), t > 8, changes its behavior, and the coincidence with its dynamics without the
fault can be achieved by solving the control problem for the variable va(t).

7. CONCLUSIONS

This paper has considered technical systems described by nonlinear dynamic models. The fault
tolerance property of such systems has been ensured by introducing feedback with full or partial
fault decoupling. The solution is based on the logical-dynamic approach, which operates only linear
algebra methods. An illustrative practical example has been provided.
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Abstract—The problem of stabilizing a chain of three integrators subject to a phase constraint
is studied. Continuous constrained control in the form of nested sigmoids, which guarantees
the fulfillment of the phase constraint, is synthesized. A Lyapunov function is constructed, and
necessary and sufficient conditions of global stability of the closed-loop system are established.
The discussion is illustrated by numerical examples.
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1. INTRODUCTION

The problem of stabilizing a chain of three integrators subject to a phase constraint by means
of a continuous control is studied. Stabilization of chains of integrators is one of the topical
control problems, which has been widely discussed in the literature during last several decades
(see, e.g., [1, 2] and references therein). The interest to this problem is due to the fact that original
models in many applications are specified as chains of integrators and the controls developed for
chains of integrators are easily extended to other classes of systems.

Among the variety of stabilizing controls applied to solving this problem, the class of feedbacks in
the form of nested (both smooth and non-smooth) saturation functions can be distinguished [2—14].
The interest to such feedbacks is explained by the number of remarkable properties of the closed-
loop system obtained: they automatically take into account boundedness of the control resource and
ensure fulfillment of certain phase constraints, which is especially important far from the equilibrium
state, as well as guarantee exponential rate of the deviation decrease near the equilibrium [3-7].
Note also the use of such feedbacks in the problems related to the adjustment of coefficients in the
robust control laws [8].

The use of feedbacks in the form of nested saturation functions gives rise to study of quite
complicated nonlinear systems (in the case of non-smooth saturation functions, these are linear
switching systems), stability analysis of which is a nontrivial task. Global stability has been proved
mainly for second-order systems with nested saturators [3, 5, 9] and sigmoids [3, 10]. Practically
in all works studying systems of order three or higher, only local stability was proved [3, 4, 11, 12].
In rare cases of feedbacks of special form, global stability has been established for systems of order
three [12] (piecewise continuous control) or four [13] (impulse control). As far as the authors
know, the problem of global stability for the general case of n nested saturators was considered
only in the works by A. Teel [2, 14]. However, global stability has been proved only in the case
where limit values of the nested saturators satisfy certain inequalities, which are seldom fulfilled in
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Fig. 1. Examples of saturation functions: sat(z) (1); tanh(x) (2); 2arctan(x)/7 (3); /(1 + |z|) (4).

practice [2, Theorem 2.1]. The authors are not aware of works (except for abovementioned Teel’s
papers) where global stability were proved for a system of order three or higher stabilized by a
continuous control guaranteeing fulfillment of a phase constraint.

Saturation function is a continuous nondecreasing function S(z) of scalar variable that has finite
limits when x — +00. Among the saturation functions, the class of smooth strongly increasing
functions called sigmoids can be distinguished [15]. In the literature, one can meet several slightly
differing definitions of the sigmoids. We will use the following

Definition 1. Sigmoid is a smooth strongly increasing odd function of scalar variable o(z) sat-
isfying the following conditions:

(a) o(z) — £1 as x — +o0;
(b) max,o’(z) = o’(0);
(c) o'(0) =1.
Functions satisfying the above definition but having different from ones limits at infinity and deriva-
tive at zero are referred to as sigmoid functions. Any sigmoid function S(x) can be constructed
from a sigmoid o(z) by specifying two coefficients: S(x) = koo (k1x), k1, ko > 0. It is easy to see
that, for any two sigmoid functions Si(x) and Sa(z), S(x) = S1(S2(x)) is also a sigmoid function.
When proving global stability, we will need the inequalities

S(z)x > 0Vx #0, (1)
[S(x 4+ x0) — S(zo)]x > 0 Vx # 0, Vo, (2)

which directly follow from the definition of the sigmoid.

The family of the sigmoid functions includes error function, arctangent, hyperbolic tangent,
and other functions of similar form. The limit case of the sigmoid is the non-smooth saturation
function called saturators: sat(x) = = when |z| < 1 and sat(xz) = sgn(z) when |z| > 1. Examples
of the saturation functions are shown in Fig. 1. Other examples of the saturation functions and
discussions of their properties can be found in [15]. In the control problems, the hyperbolic tangent
is most often used as a sigmoid since it approximates the saturator better than other smooth
saturation functions and, moreover, its derivatives are expressed in terms of the function itself. In
the framework of this study, it does not matter what sigmoid is used in the feedback, since the
proof of global stability is valid for any functions satisfying the above definition.

In this work, we suggest to stabilize a chain of three integrators by means of a special feedback
including two nested sigmoids. The goal of the study is to prove global stability of the closed-loop
system obtained under certain simple conditions on the feedback coefficients.
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2. PROBLEM STATEMENT

We consider the problem of stabilizing a third-order integrator
By =g, @2 =3, @3=U(x), o= [r1,22,23]", (3)

at the origin by means of a smooth feedback U(x) guaranteeing the fulfillment of the phase con-
straint

|z3(t)] < Xi. (4)

Such a statement naturally comes to existence in many applications, for example, when stabilizing a
mechanical system [11], where state variables are position, velocity, and traction (acceleration) and
the system is controlled by varying the traction (e.g., by means of a step motor). A similar system
with the phase constraint on the third variable, but with a discontinuous control, was considered
in [16]. Since the traction in real systems is limited, the stabilizing control must not result in the
violation of the phase constraint (4), where X3 is the maximum possible traction.

The stabilizing control is sought in the form
U(.Z‘) = —/{5($3 + k‘402(/€3($2 + k‘QO‘l (/{1.7)1)))), (5)

where 01 and o9 are arbitrary sigmoids. The feedback of this form guarantees the fulfillment of phase
constraint (4) with X3 = k4 if |23(0)| < k4. Indeed, suppose that the phase constraint is satisfied
at the initial moment. Variable x3(t) achieves local extremum on the trajectory when U(z) = 0; on
the other hand, from formula (5), it is seen that the control equals zero when x5 = —k402(-). Hence,
|x3(t)| cannot be greater than ky; i.e., domain |x3| < k4 is an invariant set of the system. Thus,
if variable x3 cannot physically exceed its limit value (like, for instance, in the abovementioned
example of the mechanical system), then it is sufficient to study stability of the system in this
invariant set. We, however, consider a more general problem statement and will prove stability
for any initial conditions in R3. In so doing, if the initial point belongs to the invariant set, then
the phase constraint (4) is fulfilled for any ¢ > 0; otherwise, starting from some (depending on the
initial conditions) finite instant.

Additional advantages of control (5) are (a) exponential rate of the deviation decrease near the
equilibrium and (b) its boundedness for any deviations from the equilibrium state as long as the
phase constraint is fulfilled at the initial point.

Coefficients ko and k4, which set limits of sigmoid variations, are referred to as model parameters,
since their values are determined by the model of the system under study, and, unlike the other three
coefficients cannot be selected arbitrarily. Given ks and k4, parameters ki, ks, and k5 determine
the character of the transition process [5, 7] and are referred to as design parameters. They are
selected by the designer of the control system with the aim, for instance, to optimize (in one or
another sense) its performance.

Without loss of generality, the model parameters can be set equal to ones, which reduces the
number of system parameters to three. Indeed, let us turn to the dimensionless model by ap-
plying the same change of variables and time as in the two-dimensional case [5], i.e., t = kyt/ko,
T1 = kyw1/k3, and To = 22/ko, and define the third dimensionless variable as &3 = x3/ks. Sub-
stituting the new variables into system (3), (5) and turning to differentiation with respect to the
dimensionless time, we obtain the dimensionless model in which 12:2 = 12:4 = 1 and three other coeffi-
cients are given by the formulas ki = ky k3 /ky, ks = koks /k4, and ks = koks /k4. In what follows, we
assume that all variables and parameters are dimensionless and will use the same notation (without
tilde) for them. In the dimensionless model, feedback (5) takes the form

U(.Z‘) = —k‘5($3 + 02(/63($2 + 0‘1(]{:1$1))). (6)
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The goal of the study is to determine the conditions on the coefficients for which the proposed
feedback stabilizes the system in the entire space, i.e., to establish conditions of global stability of
system (3), (6). The study of stability presented in the next section is based on the construction
of an integral Lyapunov function of the closed-loop system. We will prove that the necessary
conditions of stability of the linearized in the neighborhood of the origin system are sufficient for
its global stability. Note that the application of other known approaches to studying stability, for
example, those based on the construction of the Lurie-Postnikov function or on the immersion
into the class of linear nonstationary systems with subsequent application of methods of absolute
stability theory allows one to prove, as a rule, only local stability (even if the system under study
is stable in the whole) and construct an estimate of the invariant attraction domain.

3. GLOBAL STABILITY CONDITIONS

Theorem 1. System (3), (6), where o1(-) and o3(-) are arbitrary sigmoids, is globally asymptot-
ically stable if and only if all the feedback coefficients are positive and ks > k1.

Proof. Necessity. In order that the system be globally stable, it is necessary that the linearized
in the neighborhood of the origin system

T1 = T2, To=x3, &3 = —kswz — kskzro — kskskix1

be stable. Applying the Hurwitz criterion to the latter system, we find that it is stable when all
the coefficients are positive and the condition k5 > ki holds. Sufficiency. Let coefficients ki, k3
and ks be positive. Let us consider the function

x1 )
1
Viw) =k [ oakeos(s))ds + ks [ oalhy(s + oa(kran)))ds + 5 s + ksaa)? (7)
0 0
and prove that it is Lyapunov function of system (3), (6).

Let ®; and @, denote the first and second, respectively, integral terms in (7). Let us prove that
their sum and, hence, the entire function V (z) are positive Vo € R3.

Let us transform the second term ®9 by changing the integration variable § = s + o1 (k121):

xro+o1 (klml) :Dg+a’1(k1r1) O’1(k1$1)
‘I’Q = /{5 / Ug(/ﬂgg)dg = /{5 / 0‘2(/635)(15 — /{5 / Ug(k‘gg)dg.
o1(k1z1) 0 0

In the second term on the right-hand side of the last formula, we perform implicit one-to-one
(by virtue of monotonicity of function o) change of the integration variable § = o1 (k1s). Taking
into account that d§ = ki0}(k1s)ds, where the prime denotes differentiation with respect to the
argument, the sum of ®; and ®4 takes the following form:

1 zoto1(kiz)
Py + Py = ks /Ug(kg()’l (kls))[kg, — klai(kls)]ds + ks / Ug(kgg)dg.
0 0

The second integral on the right-hand side of this formula is positive by virtue of (1). Since the
derivative of the sigmoid satisfies the condition ¢’(s) < 1 and, by the assumption of the theorem,
ks > k1, we have

ks — ]{310'/1(]{318) > 0, (8)
from which it follows that the first integral and, hence, function V' (z) are positive for all x # 0.
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It is evident that V(x) tends to infinity as ||z|| — oo. Further, differentiating V' (z) by virtue of
system (3), (6) and omitting the argument kjz; of functions o1 and o} to shorten the notation, we

obtain
T2

V = k2oy(ksos ()22 + ks / o (k3 (s + 01.(-)) ksl (Vi ds
0
+ k502(k3(x2 + 0’1(~)))$3 + (x3 + k5x2)[—k5(az3 + Ug(kg(xg + 0'1())) + kg,a?g]
2
= k‘gdg(k‘ggdl(-))xg — k‘gdg(k‘;;(xg + 0'1('))).7}2 + k1k3k50'1(').7}2/0'é(k‘3(8 + O‘1(-)))d8.
Let us transform the integral on the right-hand side of the last exprtjssion:

oy xz2401(+)

/O’é(kg(s + 0'1(')))d8 = / O’é(kgg)dg = %30’2“?3(372 + 0'1())) — %30’2(]4330’1(')).
0 o1(-)

Substituting the expression obtained into the formula for V (z), we get

V() = ksoo(kzo1(-)xa(ks — k101 () — ksoz(ka(xa + 01(-)))a2(ks — k10’ ()
= —ks(ks — k101 (")) [o2(ks(z2 + 01(-))) — o2(k301(-)) 2

The product of the expression in the square brackets and 9 is positive by virtue of (2), from which,
with regard to (8), it follows that the derivative is negative definite for any xo # 0. The derivative
vanishes only on the set 9 = 0, which contains no entire trajectories but x = 0.

Thus, function V(x) satisfies all the conditions of the Barbashin—Krasovski theorem [20], and,
hence, the origin is asymptotically stable equilibrium of system (3), (6) in the whole. The theorem
is proved.

4. NUMERICAL EXAMPLES

As an illustration, we present results of numerical calculations for the feedback (6) in the form
of nested hyperbolic tangents with the coefficients k1 = 1, k3 = 3, and k5 = 5. Figure 2 shows the
invariant set of the system bounded by the level surface of the Lyapunov function (7) V(z) = k2.

Fig. 2. Level surface of the Lyapunov function (7).
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Fig. 3. Projections of cross-sections of the invariant set by planes x3 = const onto the plane (z1,z2).
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Fig. 4. Plots of deviation x1(t) (1), velocity z2(¢) (2), acceleration x3(t) (3), and control U(t) (4).

For greater clarity, Fig. 3 shows projections of six cross-sections of the level surface onto the plane
(r1,72) (in Fig. 2, these cross-sections are depicted by bold lines) by the planes x3 = ¢;, ¢; = —26,
cg =—16, c3 = —6, cy =4, c5 = 14, and ¢ = 24.

Results of solving stabilization problem for the system with initial conditions z1(0) = 0.1,
x2(0) = 1.4, 23(0) = —1 are presented in Fig. 4, which demonstrates efficiency of the stabiliza-
tion. The curves marked by 1, 2, 3, and 4 are plots of dependencies of deviation x1, velocity xo,
acceleration x3, and control U, respectively, on time. Although at the initial instant, the system
moves in the direction opposite to the equilibrium state, the deviation, after natural growth at
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the initial stage, rapidly (exponentially) decreases, the phase constraint is fulfilled for any ¢ > 0,
control is reasonably constrained and does not result in overshooting.

5. CONCLUSIONS

The problem of stabilizing a chain of three integrators by a continuous control that guarantees
the fulfillment of a phase constraint on the third state variable has been studied. By turning
to dimensionless state variables, the original problem depending on five feedback coefficients has
been reduced to study of a three-parameter system. Advantages of the proposed feedback in the
form of nested sigmoids have been discussed. The basic result of the work is construction of the
Lyapunov function by means of which sufficient conditions of global stability of the closed-loop
system have been established. Numerical examples illustrating efficiency of stabilization by means
of the proposed feedback have been presented.

REFERENCES

1. Kurzhanski, A.B. and Varaiya, P., Solution Examples on Ellipsoidal Methods: Computation in High
Dimensions, Cham, Switzerland: Springer, 2014.

2. Teel, A.R., Global Stabilization and Restricted Tracking for Multiple Integrators with Bounded Controls,
Sys. Cont. Lett., 1992, vol. 18, no. 3, pp. 165-171.

3. Olfati-Saber, R., Nonlinear Control of Underactuated Mechanical Systems with Application to Robotics
and Aerospace Vehicles, Ph.D. dissertation, Massachusetts Inst. of Technology. Dept. of Electrical En-
gineering and Computer Sci., 2001.

4. Li, Y. and Lin, Z., Stability and Performance of Control Systems with Actuator Saturation, Basel:
Birkhauser, 2018.

5. Pesterev, A.V. and Morozov, Yu.V., Global Stabilization of a Chain of Two Integrators by a Feedback
in the Form of Nested Saturators, Autom. Remote Control, 2024, no. 4, pp. 55—60.

6. Pesterev, A.V., Morozov, Yu.V., and Matrosov, I.V., On Optimal Selection of Coefficients of a Con-
troller in the Point Stabilization Problem for a Robot-wheel, Communicat. Comput. Inform. Sci., 2020,
vol. 1340, pp. 236-249.

7. Pesterev, A.V. and Morozov, Yu.V., Optimizing Coeflicients of a Controller in the Point Stabilization
Problem for a Robot-Wheel, Lect. Notes Comput. Sci., 2021, vol. 13078, pp. 191-202.

8. Antipov, A., Kokunko, J., and Krasnova, S., Dynamic Models Design for Processing Motion Reference
Signals for Mobile Robots, J. Intelligent Robot. Syst., 2022, vol. 105, pp. 1-16.

9. Hua, M.-D. and Samson, C., Time Sub-optimal Nonlinear pi and pid Controllers Applied to Longitudinal
Headway Car Control, Int. J. Control, 2011, vol. 84, pp. 1717-1728.

10. Pesterev, A.V. and Morozov, Yu.V., Global Stabilization of a Chain of Two Integrators by a Feedback
in the Form of Nested Sigmoids, J. Comput. Syst. Sci. Int., 2024, vol.63, no. 3, pp. 385-389.

11. Matyukhin, V.I. and Pyatnitskii, E.S., Controllability of Mechanical Systems in the Class of Controls
Bounded Together with Their Derivativesl, Autom. Remote Control, 2004, vol. 65, pp. 1187-1209.

12. Pesterev, A.V. and Morozov, Yu.V., The Best Ellipsoidal Estimates of Invariant Sets for a Third-Order
Switched Affine System, Lect. Notes Comput. Sci., 2022, vol. 13781, pp. 66-78.

13. Morozov, Yu.V. and Pesterev, A.V., Global Stability of a Fourth-Order Hybrid Affine System, J. Comput.
Syst. Sci. Int., 2023, vol. 62, no. 4, pp. 607-618.

14. Teel, A.R., A Nonlinear Small Gain Theorem for the Analysis of Control Systems with Saturation,
Trans. Autom. Contr. IEEE, 1996, vol. 41, no. 9, pp. 1256-1270.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



15.

16.

17.

18.

19.

20.

STABILIZATION OF A CHAIN OF THREE INTEGRATORS SUBJECT 685

Magzhar, N., Malik, F.M., Raza, A., and Khan, R. Predefined-Time Control of Nonlinear Systems: A
Sigmoid Function Based Sliding Manifold Design Approach, Alexandria Engineer. J., 2022, vol. 61, no. 6,
pp. 6831-6841.

Utkin, V.I. and Jingxin, Shi., Integral Sliding Mode in Systems Operating under Uncertainty Conditions,
Proc. of 35th IEEE Conf. Decision Control, Kobe, Japan, 1996, vol. 4, pp. 4591-4596.

Lurie, A.I. and Postnikov, V.N.; On Stability Theory of Regulated Systems, Prikl. Matem. i Mekh.,
1944, vol. 8, pp. 246-248.

Rapoport, L.B., Estimation of Attraction Domains in Wheeled Robot Control, Autom. Remote Control,
2006, vol. 67, no. 9, pp. 1416-1435.

Generalov, A., Rapoport, L., and Shavin, M., Attraction Domains in the Control Problem of a Wheeled
Robot Following a Curvilinear Path over an Uneven Surface, Lect. Notes Comput. Sci., 2021, vol. 13078,
pp. 176-190.

Barbashin, E.A., Vwedeniye v teoriyu ustoychivosti. Seriya: Fiziko-matematicheskaya biblioteka in-
zhenera (Introduction to Stability Theory. Series: Physico-mathematical library of engineer), Moscow:
Nauka, 1967.

This paper was recommended for publication by A.I. Matasov, a member of the Editorial Board

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



ISSN 0005-1179 (print), ISSN 1608-3052 (online), Automation and Remote Control, 2024, Vol. 85, No. 7, pp. 686-700.
© The Author(s), 2024 published by Trapeznikov Institute of Control Sciences, Russian Academy of Sciences, 2024.
Russian Text © The Author(s), 2024, published in Avtomatika i Telemekhanika, 2024, No. 7, pp. 42-60.

NONLINEAR SYSTEMS

Optimal Control of Harvesting
of a Distributed Renewable Resource
on the Earth’s Surface

D. V. Tunitsky
Trapeznikov Institute of Control Sciences, Russian Academy of Sciences, Moscow, Russia
e-mail: dtunitsky@yahoo.com
Received May 3, 2024
Revised May 27, 2024
Accepted May 30, 2024

Abstract—This paper is devoted to the optimal control of mixed (stationary and periodic
impulse) harvesting of a renewable resource distributed on the Earth’s surface. Examples of such
a resource are biological populations, including viruses, chemical contaminants, dust particles,
and the like. It is proved that on an infinite planning horizon, there exists an admissible control
ensuring the maximum of time-averaged harvesting.
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1. INTRODUCTION

Two-dimensional (2D) manifolds homeomorphic to a sphere are commonly used as a mathemat-
ical model of the Earth’s surface. The dynamics of a renewable resource distributed on the Earth’s
surface can be modeled by a second-order semilinear evolutionary equation on a 2D sphere. In
local coordinates, it has the form

04~ 0 (1m0 2

— — — "™ (z)— | = A(x)q — B(x am(z) = o™ (x 1

5 L g (@) = A - BRI ) =), (1)
m=1

where the matrix a characterizes the resource diffusion, and the coefficients A and B are the resource

renewal and saturation rates of the environment. Essentially, equation (1) combines two classical

models: the Verhulst logistic model [1] and the Fourier heat propagation model [2].

Equations of the form (1) arise when modeling various reaction—diffusion processes in a dis-
tributed environment. One example is the famous model proposed by A.N. Kolmogorov, G.I. Petro-
vskii, and N.S. Piskunov [3] and R.A. Fischer [4]. Information about other models, the history and
bibliography of the works on this topic can be found in [5]. Also, the interested reader is referred
to the monograph [6], covering several applied aspects.

Second-order semilinear evolutionary equations in Fuclidean space domains have been studied
quite thoroughly; for example, see [7—9]. On closed manifolds, particularly spheres, they have been
investigated to a lesser extent. It is appropriate to mention the papers devoted to the equations
with periodically fragmented coefficients [5, 10] (in fact, equations on a torus). This case, important
from an applied point of view, occurs when modeling periodic media. Of course, equations of the
form (1) on a 2D sphere are also of significant interest: this is a standard model of the Earth’s
surface used in applications.
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Note that many applied problems lead to equations of the type (1) with discontinuous coeffi-
cients. In particular, this is characteristic of optimal control problems. Therefore, it is desirable
to choose a class of admissible solutions to construct a satisfactory theory of the corresponding
equations with minimal regularity requirements for their coefficients. In this paper, such a class
consists of weak solutions. In the class of weak solutions, it is possible to study equations of the
form (1) on a 2D sphere with fairly light regularity requirements for their coefficients.

2. FUNCTION SPACES AND EVOLUTIONARY EQUATIONS
2.1. Function Spaces

Let S? be a 2D sphere of unit radius, {(y*,y% v®) € R | (y})? + (¥*)? + (¥)? = 1}, standardly
embedded in the 3D Euclidean space R3. The stereographic projection

h:S2\(0,0,1) 3 (4, 42,5°) =

relative to the pole (0,0,1) specifies a local coordinate system defined on S? everywhere except
the pole [11] (lecture 6). An embedding in the Euclidean space R? induces on S? a Riemannian
metric g, whose inverse image relative to h~! has the form

(dzt)? + (dx?)?
(@@ + (2P + 17

(h™)"g =

Here h~! is a mapping inverse to the stereographic projection, i.e.,

1
(1) + (22)2 + 1

At R? 5 (2, 2?) (221,222 (21)? + (22)* — 1) € S% (2)

The metric g defined on the tangent bundle T'S? admits a natural extension to tensor bun-
dles (T82)®m ®(T*82)®l, m,l =0,1,2,..., which will be denoted by the same symbol g. On
(TSQ)®0 ®(T*SQ)®O = §? x R, the metric is g(ry,r2) = 717y for 71,79 € R. Also, g induces on S?
a complete metric space structure and a measure p = p4, whose image relative to the stereographic
projection has the form

Adxt da?

d(poh) = ()2 + (22)2 + 1) (3)

These structures are used to build the Lebesgue spaces of functions and tensor fields,
m l
LP(S?) and Lp((TS2)® ®(T*SQ)® ), where p > 1 and m,1 =0,1,2,..., as well as the Sobolev
spaces WHP(S?) and Wl’p((T82)®m ®(T*82)®l) [12, Ch. 2] and the Hélder spaces C*(S?) and
Co(TS?)®" R(T*$)®'), 0 < a < 1 [13, Sec. 10.2.4; 14; 15; 16, §1]. For this purpose, the stere-
ographic coordinates (2) can be applied. For example, the function spaces LP(S?) on a sphere and
LP(R?, j1 0 h) on the plane with the measure (3) are isometric for p > 1.

Consider real-valued measurable functions u and v defined on S? and let

esssupu(z) = inf  sup wu(x),
2€eS? SCS?, zes2\§
n(5)=0

ess inf u(x) = su inf wu(x), (u,v :/uvd .
zeS? (@) scs%, 2€S2\S (@), {u,0) s
u(S)=0 s
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If B is a Banach space with a norm || - ||, then for fixed Ty € (0, 400) and T3 € (0, 4-o0], Ty < 17,
the spaces LP([Tp,T1);B) with the norms

P

Ty
Il o = | [ la@lhdt| o p>1.
To

llall oo (15, 10):3) = ess sup ||q ()]s
tE[T(),Tl)

are also Banach spaces; see [17, Ch. III, §1] and [18, Ch. II, §2]. The intersection
W ([T, Th); X) = L*((To, Tv); WP (X)) N L™ ([To, Th); L* (X))
is also a Banach space with the norm

T
Il ) = es5_sup (a(t),a(t)) + [ g(da(t). da(). L.
tE[To,Tl) 7

For brevity, we will use the abbreviation a.e. whenever some properties are valid almost every-
where in the measure p on S?, see (3).

2.2. Evolutionary Equations

Along with g, let another metric a be defined on the sphere S?. Assume that this metric is
measurable and there exist ag,a; € (0, 4+00) such that

aog(n,m) < a(n,n) <arg(n,n), neT’S* ae. (4)
In the stereographic coordinates z' and 22 (2), the estimate (4) has the form

a1 (n? + n3)
(GO + (@R + 1

dao(n? + n3)
((1)? 4 (22)2 + 1)

5 < ab (i + 202 (t)mne + o (t)n; <
Consider the differential operator dj, , : C°°(T*S?) 3 w +— dj; ;w € C*°(S?) adjoint to the exterior
differentiation operator d with respect to the metrics g and a, i.e.,
(aldu,w), 1)y = (u, &5 )y, ue CX(SY), we C(T'S?);

for details, see [19, Ch. VIII, §1]. In the system of the stereographic coordinates x! and z? (2),

i} 29 a(dzt, dz™ 0
dogw = —(@) + (@) +1)* 3 @<<x1>2(+ (a7)2 )+ ek (fh:m)

I,m=1

Given a function u € C>(S?), we define the geometric Laplacian (the Laplace-de Rahm operator),
i.e., the linear second-order differential operator [20, Ch. IV, §5]

A=Dgg=d;,0d. (5)

Due to the estimate (4), the operator (5) is uniformly elliptic on S2.
Hence, the second-order evolutionary equation

=+ 8= (Alx) — u(z))g — B(z)g® (6)
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is parabolic on S?. In the stereographic coordinates 2! and 22 (2), it takes the form

2 a(dzt, dx™ U
% — (@) + @)+ 1) Y %((wl);i (’@i)zll)z aim = (A(z) — u(x))q — B(x)q*;

I,m=1

cf. (1). The unknown function ¢ = ¢(¢,z) corresponds to the density of the renewable resource
under consideration at a point z of the sphere S? at a time instant ¢, the metric a characterizes the
resource diffusion, the function u is the control of its stationary (permanent) harvesting, and the
coeflicients A and B are the resource renewal and saturation rates of the environment.

Weak solutions, subsolutions, and supersolutions are defined in a conventional way [8, Ch. VI,
§1, 5] and [9, §1.5]. In particular, a weak solution of equation (6) on the half-open interval [Tp,T7)
is a function ¢ € W ([Ty, T1); S?) such that ¢ € L?([Tp, T1) x S?) and

t

(@) (®) + [ ({davdp) sy = (a.0)) () = (0.0)0) + [ (A=) = B, p)(r)ar
To To

for each p € C*°([Tp, T1); S?) and t € [Ty, T1). A weak solution g of equation (1.5) that takes a given
initial value of the resource density,

a(To) = qo,  qo € L¥(S?), qo =0 ae., (7)

is called a weak solution of the Cauchy problem (6), (7) on [Ty, T1).

In the presentation below, all solutions, subsolutions, and supersolutions are assumed to be
weak, and the adjective “weak” is omitted for brevity.

3. PERIODIC IMPULSE HARVESTING AND CONTROLLED SOLUTIONS
3.1. Periodic Impulse Harvesting
The periodic impulse harvesting of a renewable resource is mathematically modeled by the
solution ¢ of the Cauchy problem (6), (7) with the additionally imposed conditions
q(kT) = sq(kT—), k=1,2,.... (8)

Here T € (0,+00) is a given period, and the measurable factor s, 0 < s < 1 a.e., characterizes the
impulse harvesting rate. The solution of problem (6), (8) is a function ¢ € L>([0, +00) x S?) that
resolves equation (6) on [kT, (k+ 1)T), has the left-hand limit values ¢(kT'—), and satisfies a.e.
equalities (8). If for Tp = 0 this solution takes a.e. the initial value (7), then it represents the
solution of problem (6), (7), (8). The solution of problem (6), (8) is said to be periodic if

q(t+T) = q(t), t€[0,+00). (9)
We define the admissible sets 4 and & of stationary and impulse controls

U= {u S LOO(SQ) ‘ U <u< Ug},

u
2 (10)
& = {e | v e I®(S?), Vi < v < Va, (1,v) < B},

where Uy, Us, Vi, Va, B € L®(S?) and E € [0,+00). Here U; and Us characterize the constraints on
the possible density of stationary resource harvesting, F is the admissible harvesting effort, and the
limits V7 and V5 describe the minimum technically feasible density of impulse harvesting and its
maximum possible density given the available physical capacity of the environment and ecological

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 7 2024



690 TUNITSKY

constraints. In essence, Vi (z) and Va(x) are the minimum and maximum efforts that can be applied
at a point z to achieve the goals. The impulse factor form s = e #®)*®) in (8) stems from the
search theory [21-23]. The factor S(z) in the exponent characterizes the complexity of detecting
and extracting the resource at a point z € S2, and v(z) is the effort applied.

Remark 1. As is easily checked, the sets of admissible stationary 4 and impulse & controls (10)
are convex, closed in L%(S?), and bounded in L*>°(S?). Since the space L?(S?) is reflexive, by
the Eberlein-Smulyan theorem, the sets bounded in the norm || - || r2(s2) are sequentially weakly
precompact [24, App. to Ch. V, §4]. In addition, each convex and closed subset of L?(S?) is weakly
closed [25, Sec. 2.9]. Therefore, the sets of admissible controls il and & are sequentially weakly
compact. A subset in L?(S?) is weakly compact if and only if it is sequentially weakly compact,
and sequentially weakly precompact sets are norm-bounded [25, Sec. 2.9]. Therefore, the sets
and & are weakly sequentially compact in L?(S?) [24, App. to Ch. V, §4 ].

Remark 2. Obviously, ¢ = 0 is a periodic subsolution of problem (6), (7), (8). Due to the con-
straints imposed above on equation (6) and the admissible controls, B > By > 0and 0 < s < 1 a.e.
Hence, the constant function ¢ =c is a periodic supersolution of problem (6), (7), (8) for

¢ 2 Q| qo || oo (s2)), where

1
Q:R 37— max {?"7 B_O(HAHLOO(S?) + max{[|Us[[ Lo (s2), HU2||L°°(S2)})} eR. (11)

3.2. Controlled Solutions

The solutions ¢ = ¢q(t; qo, u, s) of problem (6), (7), (8) and the periodic solutions g = q(t;u, s) of
problem (6), (8) with admissible controls u € il and s € & will be called controlled solutions. They
possess the following properties.

Theorem 1. Assume that the metric a is measurable and satisfies the estimate (4) and the coef-
ficients A, B € L>(S?) and B > By a.e. for some By € (0, +00). Then:

(a) For any u € U, s € &, there exists a unique controlled solution q = q(t; qo,u, s). In addition,
q € C([(k—1)T,kT); L*(S?)), k=0,1,..., and

0 < qltiqo,u,5) < Q (Il qoll(e)) ¢t € [0,+00), (12)

where @ is the function (11), and for any e € (0,T) there exists a number o, 0 < o < 1, such that

q60a<6[(k—1)T+s,kT) ><82>.

k=1

(b) If sequences {qm} C L¥(S?), {unm} C U, and {s,} C & weakly converge in L?(S?), i.e.,
Gm — G0, Um — Ug, and Sy, — So, and ¢n = 0 and ¢, # 0 a.e., then the weak convergence

ml_lg_looQ(' s Qs> Ums Sm) = 4 (- 5 qo, Uo, o)

holds in the spaces L2([0, NT);Wt2(S?)) for any N =1,2,... and in the norms
| - HC(u{j:l[(k—1)T+g,kT)xSQ) for any € € (0, 7).

(c) For any u € Y and s € S, there exists a unique controlled periodic solution q = qoo(t;u,s)
such that

lim lq(t; g0, u, 8) = Goo(t; 1, 8) [ Loos2) = 0, ol Lo (s2) > 0.

t—+4o0
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(d) If sequences {um, } € U and {s,,} € & weakly converge in L2(S?), i.e., Uy — ug and s, — So,
then the periodic solutions from item (c) have the weak convergence

ml_lg_lOOQOO(' ;umwsm) = QOO(’ §U0730)

in the space L*((0,T); W12(S?)) and in the norms || - (e, ryxs2y for any e € (0,T).
The proof is given in subsection 4.5.

Remark 3. There exist at most two periodic solutions ¢ of problem (6), (8). According to
Remark 2, one of them is the trivial solution ¢ = 0. If g, = 0, then by Theorem 1 the other
disappears; if oo # 0, then the third does the same.

4. PROBLEM STATEMENT, THE MAIN RESULT, AND FINDINGS
4.1. Problem Statement

According to assertion (a) of Theorem 1, the following functional is well-defined for the admis-
sible sets of stationary i and impulse & controls (10):

F:{q € LOO(SQ)|q0 >0ae} xUxE& > (q,u,s)

— lim L (/(q(T; qo,u, 8),u)dr + Z (q(kT—;q0,u,s),1 — s>) € R, (13)

t
Tt ) 0<kT<t

where ¢ = q(t; qo, u, s) is a controlled solution. Its value is the time-averaged sum of the stationary
(first term) and impulse (second term) resource harvestings.

Let us pose the following problem: It is required to establish the existence of stationary ug € U
and impulse so € & controls that mazimize the functional F' (13), and investigate the impact of the
initial value qo (7) on F(qo,uo, S0), cf- [26] and [27].

4.2. The Main Result

Using Theorem 1, we provide a comprehensive solution of this problem. Namely, the following
result is true; cf. [28].

Theorem 2. Assume that all conditions of Theorem 1 are satisfied. Then:

(a) For any initial values qo (7), (qol|Lee(s2) > 0, and admissible controls u € i, s € &, we have
the equality

T
F(qo,u,8) = F(qo(0;u, 8),u,s) = % (/(qoo(r; U, 8), u)dT + (¢oo(T—; u, 8),1 — s>) . (14)
0

(b) If sequences {um} C U and {s,,} C & weakly converge in L%(S?), i.e., wy — ug and spy, — So,
and a sequence {gm} € L>®(S?) is such that ¢, >0 and q,, # 0 a.e., then

lim  F'(gm, Um, Sm) = F(qoo(0; 10, 50), U0, S0)-
m——+00

(¢) The functional F (13) is bounded and its supremum is achieved at admissible controls ug € 4
and sg € G so that

supF(qo,u, 8) = F(Qoo(07 U’Osz)auOsz)‘
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Proof.

(a) Clearly, the value of the functional F'(qg,u,s) will not change when replacing the zero
lower limits of integration and summation in its definition (13) by any Tp € [0, +00). Next, for
controlled solutions g = ¢(t; qo, u, s) of problem (6), (7), (8) and a periodic solution g = ¢ (t;u, $)
of problem (6), (8), we have

t

Jlaln) =) w)dr + 3 {alkT-) — g (KT =), 1= )

b To<kT<t

7210

< <t Il llz(s2) SUP la(7) = oo (7) [ Lo (e2) + [T = sllzoe(e) sup lg(AT—) —qoo(kT—)\lLoo(s2)>
=10

< t(max{[U1 @2y, [Vellze@} + 1) sup la(r) = qoo ()l ey, € [T, +00).

72To

By assertion (c) of Theorem 1, it follows that |F'(qo,u,s) — F(¢so(0;u, s),u, s)| = 0. Due to defini-
tion (13), F(qoo(0;u, s),u, s) equals the right-hand side of equality (14).
(b) According to assertion (a), we have

T

1

F(QOaumasm) = T </<QO0(7_§Umasm)aum>dT + <QOO(T_§Um>Sm)> 11— 3m>) .
0

By assertion (d) of Theorem 1, it is possible to pass to the limit on the right-hand side of this
expression as m — +oo [29, Ch. 1, §5]. As a result, in view of (14), we arrive at the desired
conclusion.

(¢) There exist sequences of initial values {g,,} C L°(S?) and admissible controls {u,,} C 4 and
{sm} € & such that

sup F(qo,u,s) = Lm  F(qm, Um, Sm)-

m——+00

Due to Remark 1, the sets of admissible controls {l and & are sequentially weakly compact in L?(S?).
Hence, there exist subsequences {u,, } and {s, } that weakly converge in L%(S?), i.e., um, — ug € 8
and s, — so € &. By assertion (b), we obtain

sup F(qo,u,s) = lim  F(gm, Um, Sm) = F(¢s0(0; ug, o), o, So)-

m——+oo

The proof of Theorem 2 is complete.

4.3. Findings

According to assertion (c¢) of Theorem 1, after choosing admissible stationary and impulse con-
trols, the renewable resource density will uniformly tend to a unique limit state for any nonzero
initial values. According to assertion (c) of Theorem 2, admissible controls can be chosen so that
for each exploitation cycle, the amount of resource harvesting coincides with the maximum possible
time-averaged amount of resource harvesting. In other words, with the optimal control of renewable
resource exploitation, any nonzero initial resource density will tend to a limiting state ensuring the
maximum of resource harvesting in one exploitation cycle.
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5. PROOF OF THEOREM 1
5.1. Auziliary Assertions

According to Remark 1, the subsolution of problem (6), (7), (8) is the zero function ¢ = 0, and
the supersolution is the constant function ¢ = Q(|qo||r~(s2)). Therefore, the known results for
second-order semilinear parabolic equations on a sphere [30-32] imply the following.

Lemma 1. Assume that all conditions of Theorem 1 are satisfied. Then for each u € L*(S?)
there exists a unique solution q = q(-;qo,u) of problem (6), (7) on the half-open interval
[Ty, +00). Moreover, q € C([Tp,+00); L?(S?)), 0 < q(t) < Q(llgol| oo (s2)) a-e.  for t € [Ty, +0o0),
and for each & >0 it is possible to find o= a(e, ||lq||r=(m,+0))x(s2)), 0 <a <1, and C =
C(e, [|gll oo ([ ,+00)) xs2) = 0 such that ¢ € C*([Ty + €, +00)) x S* and [|gl| e ([14e,+00))x (s2) < C-

In addition, we have the following fact.

Lemma 2. Assume that all conditions of Theorem 1 are satisfied. If sequences {qm} C L>(S?)
and {un,}y C Y4 weakly converge in L*(X), d.e., qm — qo and wu, — ug, then the solutions
q = q(t; Gm, um) of the Cauchy problem (6), (7) have the weak convergence

lim  q(-; @m,um) = q(-; qo,u0)

m—r+00
in L*([To, T1); W2(X)) and in the norms || - || oy +e,1)x x) for any e € (0,71 — Tp).
Proof. By assertion (a) of Theorem 1, for m = 1,2, ... there exists a unique controlled solution

q(t; gm,ur) on the half-open interval [Tp,T}). Since the sequence {||gy ||z (s2)} is bounded (see
Remark 1), we obtain

0 < q(t; gm, um) < Q < sup ||QmHL°°(S2)> , te[To,Th), m=12,....
m=0,1,...

Therefore, based on the a priori estimates for the solutions of linear second-order parabolic equa-
tions [8, ch. VI, §1] and [9, §1.5], there exists a constant C such that

la(- q"““m)”m((To,Tl);WLQ(X)) <O, m=1,2,...; (15)

by assertion (a) of Theorem 1, for € € (0,77 — Tp) it is possible to find Cy and 0 < o < 1 such that

1G5 Gms wm)|[Tote,m)x X Co(Torem)xx)< C2, m=1,2,.... (16)

Due to (15) and the Eberlein-Smulyan theorem (see [24, App.to Ch.V, §4], the sequence
{q(-; @m,um)} is sequentially weakly precompact in L?((Tp,Ty); WH?(X)) because this space is
reflexive [17, Ch. III, §1]. In turn, due to (16) and the Arzeld—Ascoli theorem, the sequence
{a(; @ wm)|[my+e,m)x x } 18 sequentially precompact in the norms || - || ¢y +e,1,)x x)- Hence, from
{q(- ;qm,um)} it is possible to select a subsequence {q(-; ¢m,, um,)} that weakly converges to the
limit function

Gg(t) = Um q(t;qm,, um,) € L=([To,T1); L(X))

m—+0o0
in L?((To, T1); WH2(X)) and in the norms || - ||y +e,11)x x) for any € € (0,71 — Tp).
For qp = ¢, and u = u,y,,, the solution of problem (6), (7) is defined by

(a5 Gy um, ), P (2) +/ ({3 iy ), p) £2-52) = {3 oy ), 21)) ()

To
= (qm,;»p)(0) + /<(A — Um))q( s Gy s Umy) — BGP (5 Gy s Uy ) D) (7)dT
To
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Passing to the limit as [ — +oo [29, Ch. 1, §5] yields

t

(@, p)(t) + / ((dq, dp) r2(7+s2) — (@, 7")) (T)dT = {q0,p(0)) + /((A —up)q — B, p)(7)dr,
To To

i.e., the limit function ¢ is the solution of problem (6), (7) on [Ty, T}) with the initial value gy and
the stationary control uy. By assertion (a) of Theorem 1, the solution of problem (6), (7) is unique
and, consequently, ¢(t) = q(t; qo, uo). The proof of Lemma 2 is complete.

5.2. Proof of Assertions (a) and (b)

Assertion (a) is a corollary of Lemma 1.

Assertion (b) is established by induction on N =1,2,.... For N =1, the desired re-
sult follows from Lemma 2 for [Tp,7:1)=1[0,7). Assume that it is true for N >1. Then
the sequence {q(NT—;qm,Umn,sm)} converges to q(NT—;qo,up,s0) in |- [lo(x); therefore,
{8mq(NT—; G, Um, $m)} weakly converges to soq(NT—;qo, ug,so) in L?(X) [29, Ch. 1, §5]. By
Lemma 2, for [Ty, T1) = [NT,(N + 1)T'), we arrive at the weak convergence

lim Q( st(NT_§Qmaum>3m)aum>3m):Q('?SOQ(NT_§QO7u0750)>U'O>SO)

m—+00

in L2((0,T); W'2(X)) and in the norms | - [|c(r)xx) for any e € (0,7). Thus, the desired result
holds for (N + 1) as well, and the proof is complete.

5.3. Proof of Assertion (c)

We choose an arbitrary number r € (0, +00) and consider the closed function interval
0. Qe = {w € L¥(X)]0 < w < Q(r)ae.},
where @ is the function (11). By Lemma 1, the Poincaré operator
Py 10,Q(r)] e (x) 3 w = q(Ti;w,u) € C(X)

is well defined, where ¢ = ¢(t;w, u) is the solution of problem (6), (7) on the half-open interval
[Ty, +00) with the initial value gg = w and the admissible control u € 4 (10); cf. [33, Ch. III, §21].
In addition,

0= P[07%)0> P[Q%)Q(T) <Q(r), 0= P[T7T)0> P[T T)Q(r) < Q(r)
due to Remark 2 and the comparison principle for weak solutions [9, Sec. 2.1.2], and, consequently,
PES%)([O»Q(T)]LOO(X)) C 10, Q(r)] Lo (x)
(17)
Pz 7 ([0, Q(r)]z(x)) € [0, Q(r)] = (x).

For the admissible controls s € & (10), we have 0 < s < 1 a.e., therefore

s[0,Q(r)] L (x) € [0, Q(r)] e (18)

Thus, the composition of the Poincaré operator and multiplication by s is well-defined:

[0 Q( )] 9 v = P[ )SP[U%’T)U € [07Q(r)]L°°(X) (19>
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Obviously, 0 is an equilibrium for S, ie., S(0) =0, whereas Q(r) a super-equilibrium, i.e.,
S(Q(r)) < Q(r) [33, Ch. I, §1]. According to assertion (a) and the Arzeld—Ascoli theorem, the
operator S is continuous and has a precompact image. By the comparison principle, S strongly
preserves order on [0, Q(r)]re(x) [33, Ch. I, §1]. Due to the strict concavity of the right-hand side
of equation (6), the operator S is strictly sublinear, i.e., 3S(v) < S(Bv) for v € [0, Q(r)] L (x)\0
and 0 < 8 < 1. Hence, for any r € (0,400), S has a unique fixed point vy = Svy on the closed
interval [0, Q(r)] e (x) such that

Jim [|S%(v) = vo| o) = 0 (20)

—00

for any v € [0, Q(r)] = (x)\0 [33, Ch. L, 85]. In view of the inclusions (17) and (18), the function
00,0 = SP[H%’T)UO € [07 Q(T)]LOO(X); (21)

since equation (6) is autonomous (all its coefficients do not depend on t), it follows that

SP['I(J‘LT)QOO’O = SP[Q&T) <SP[M%7T)U0> = SPT T) < [0 )SPT ) )

= SPQ%7T)SU0 = SP[M%;F)UO = (o00,0-

Thus, g 0 is a fixed point of the operator sP[%’T). As ¢oo(t; u, s) we choose the solution q(t; ¢oo 0, U, S)
of problem (6), (7), (8) with the initial value ¢ (21). By assertion (a), this solution exists, is
unique, and satisfies the estimate 0 < goo(t;u, s) < Q(r) on the half-open interval [0, 400); more-
over, it satisfies the periodicity condition (9) because ¢ is a fixed point with respect to the
operator sP[%’T).

Let q(t; qo, u, s) be the solution of problem (6), (7), (8) with go € [0, Q(7)](x)\0. Then

w(t) = £(q(t; qo, u, 8) — goo(t; 1, 5))

satisfies the weak maximum principle on the half-open intervals [kT,k(T +1)), k=1,2,...
[8, Ch. VI, §7] and, consequently,

|q(ta qo0, U, S) - qOO(tﬂ u, S)| < |q(kT7 do, U, S) - qOO(kTa u, S)|7 te [kT>k(T + 1))

Since q(kT'; qo,u, s) = (SP[% T))kqo and oo (kT u, 8) = (sP[% T))kqooyo, it follows that
la(t a0, 4,5) = oot ,8) oy < || (5Pry) a0 = (Piy)” amo]

(X)
by the construction of S (19) and the fixedness of g o (21) with respect to sP ), we obtain

lla(t; g0, us 8) — qoo(ts uy 8)llc(x) < , (22)

L>(X)

U k—1 U
s 7 )S P[ ) sP[%’T)vo

k—1
€ [kT, k(T + 1)), because (SP[%’T))k = SP“T ) < 0,z )SP“T T)> PES%). According to (17),

P )60 € P ([0, Q(1)]1o()\0) € [0, Q(r)] = (x)\0;

due to (22), (20), the continuous operator sP% . ., and the arbitrary choice of r € (0,+00), we

§7T)
finally arrive at assertion (a).
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5.4. Proof of Assertion (d)
By Lemma 1, there exist constants C' and «, 0 < o < 1, such that
[ goo (T'—3 tm, Sm)”Ca(X) <C

uniformly in m = 1,2,.... According to the Arzeld—Ascoli theorem, it is therefore possible to select
a subsequence {qoo(T—; Um,; Smy) } from {Goo (T'—; Um, s) } that will converge in the norm || - [|¢(x)
to the limit function

gr = lm goo(T'—;Um,, Sm, )- (23)
l—+o00
It suffices to establish the equality
ar = qoo(T—; 10, 50) (24)

regardless of the choice of {¢oo(T'—;Upm,, Sm,)}. In this case, the entire sequence {goo(T—; Um, Sm)}
will converge to goo (T'—; 1o, $0) in the norm || - [|¢(x) and {syqeo(T—; Um, $m) } Will weakly converge
to S0Goo(T—;up, So) in L?(X) [29, Ch. 1, §5]; in the final analysis, Lemma 2 will imply assertion (d)
since ¢~ satisfies conditions (8) and (9).

By conditions (8) and (9), ¢oo(0; Um,, Sm;) = Sm;doo(T'—; Um,, Sm, ); hence,

QOo(t§uml73ml) = Q(t§ SquOO(T_;um”Sml)aum”sml)a te [07T)7

as the solution of problem (6), (7) is unique (Lemma 1). Due to (23), the subsequence
{Sm,@oo(T—; U, , Sm,)} weakly converges in L?(X) to soqr. According to Lemma 2, passing to
the limit on the right-hand side of this equality yields

qr = q(T—; s0qr, o, 50)-
Thus, the solution g = q(t; soqr, uo, So) satisfies the periodicity condition
q(0; s0qr, uo, 0) = s0q(T—; soqr, o, 50),

i.e., is a periodic solution of problem (6), (8). Hence, considering Remark 3, either g0 (7'—; ug, So) =
q(T—; s0qr, ug, So) (making (24) valid) or qoo(T—;ug,So) >0, ¢(T—; soqr,uo,s0) = 0, which is
equivalent to the conditions

o0 (T'—; 0, s0)|lc(x) >0, qr = 0. (25)
We proceed by contradiction, showing that under conditions (25), the assertion

lim ¢(kT—;qo, wm,, Sm,) =0, qo >0, (26)
k—+o0o
l—+o0

and its negation are simultaneously false; see items 1) and 2) below.

1) Assume that conditions (25) hold and assertion (26) is true.
By assertion (a), for € > 0 there exists a natural number ky = kq(¢) such that

lq(ET—; qo, w0, 50) — Goo(T'—; 10, 50)lo(x) <& k=ko,ko+1,....
By assertion (b), for ¢ > 0 and k = 1,2,... there exists a natural number [y = ly(g, k) such that
HQ(kT_§QO7umpSml) _Q(kT_§QO7U0730)||C(X) <Ea l07l0+17""
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Consequently, based on
(KT —; qo, wmy s $my)llo(x) 2 [1g00(T—5 10, 50) |l o(x)

— lg(kT—; qo, w0, 50) — goo(T'—; 10, 80) [ c(x)
- ||Q(kT_;QO7uml>sz) - Q(kT_;QO7u07SO)HC(X)7

for any € > 0, k = ko(e),ko(e) + 1,... and | = lp(e, k), lo(e, k) + 1,..., we have

1g(AT =5 qos wimy » $my) | c(x) 2 |doo(T'—5 10, 80) o (x) — 26

Choosing ¢ = quo(T_;ui’so)HC(X) > 0 in accordance with (25), we derive the estimate

[l go0 (T'—; 0, 50) | (x)
2 )

HQ(kT_7 q0, umlasml)HC(X) 2

which contradicts assertion (26). Thus, conditions (25) and assertion (26) lead to a contradiction.

2) Assume that conditions (25) hold and assertion (26) is false. Then for some initial ¢o > 0 (7),
there exists a number §y > 0 such that, for N =1,2,..., it is possible to find numbers kg =
ko(N) = N and ly = lop(N) > N for which

oo V)T 500101 S04y, 0 (27)

Due to (23) and (25), for any € > 0 there exists a number [; = [ (g) such that
00 (T=5 mys 8y ) loxy <& l=1l,lhi+1,....
By assertion (a), for ¢ > 0 and [ = 1,2, ... there exists a natural number k; = k1 (e, ) such that
1g(kT—; g0, Wiy s Smy) — Qoo (T =5 Uy s $my)loxy <&, k=ki,ki+1,....
Therefore, for 0 < § < Jp and I = 11(5),11(3) + 1,... and k = k1 (3,1), k1 (3,1) + 1,..., we have

Hq (ko(N)T—? qov“mlom)’smlow) H

< g(BT =5 05 Uy s Simy) — Qoo (T =3 Q05 Uy s Smy) lo(x)
+ HQOO(T_§QOaumpsz)HC(X) < 0.

o) lg(KT—; qo, tmy s Smy)llc(x) (28)

From (27) and (28) it follows that, for N =11(3),11($) + 1,... there exists a number

ko = ka(8, ko(IN),lo(N)) € {kO(N)a"'akl (é lo(N)) - 1}

5
for which
Hq (kz(é, k’O(N)vZO(N))T_§QO>umlo(N)>3mlo(N)) HC(X) >0, (29)
[ (ka0 ko (V). 10(N)) + KT =3 0,y i) [y < 0 F = 1200

Consider the sequence {qn} composed of

1) )
gN = q(kQ((sa kO(N)7lO(N))T_;q07uml0(N>75mlO(N>)7 N = ll <§) 7l1 (5) + 17 e
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By assertion (a), there exist constants C' and «, 0 < a < 1, such that |lgy|/ce(x) < C uniformly
in N.

Based on the Arzeld-Ascoli theorem, we select a subsequence {qy,} from the sequence {qy}
that converges in the norm || - [|o(x) to the limit function

= i .
40,00 B_I)IEOOQNﬁ

In view of the first inequality in (29), [|gocollc:(x) = ¢. Since the sequence {Smlo(Ng)QNB} weakly

converges in L(X) to s0qo.0o [29, Ch. 1, §5], by assertion (b), for an arbitrary number £ > 0 and
k=1,2,... there exists By = Po(e, k) such that

HQ(kT_7 SmlO(NB)qNgvumlO(NB)qNgvSmlO(Nﬁ)> - Q(kT_: 80q0,007 uop, SO)HC(X) <e (30)

for B = Po,Bo + 1,.... By assertion (c), for ¢ > 0 there exists ks = k3(¢) such that

lg(KT—; 500,005 U0, 50) — Goo(T—5u0,50)lc(x) <& Kk =hks ks +1,.... (31)

Hence, the following results are the case. First, since

Hq (kT_;SmlO(NB>qNB7UmLO(NB>7SmLO(NB>)H ) 2 quo(T_7u0750)HC(X)

o
— [lg(kT—; 50G0,00, 405 50) — Goo(T'—3 10, 50) | c(x)

- "Q(kT_7 smlo(Nﬂ)QNﬁ’umlo(Nﬁ)’Smlo(Nﬂ)> - Q(kT_7 SOQO,ooaUOa SO)HC(X)’

considering (31) and (30), for k > k3(¢) and 8 = fy(e, k) we have
Hq (kT—3szomﬁ)q%’“mmmﬁ)’Smm(zvﬁ))Hc(x) 2 [19o0 (T3 10, s0) e (x) — 2e- (32)
Second, by the construction of gy and the autonomous property of equation (6),

q (kT_a Smlo(Nﬁ)qNB7 umlO(Nﬁ)’Smlo(Nﬁ)) =dq ((k2(57 kO(N)a lO(N)) + k)T_7 q0, umlo(N)78mlo(N)) )

and the second inequality in (29) gives

Hq (kT_;Smlo(Ng)QNﬁ’Umlo(Ng)’Smlo(N5)>HC(X) <0, k=1,2,.... (33)

From (32) and (33), for k = k3(e) and 5 = Po(e, k3(e)), we derive the inequality
HqOO(T—;UQ, So)“c(x) < 0+ 2e.

Wi ]
QOO 1 ; 0750 X .

g0 (T'—; o, s0) [l o(x) 6}
4 500 ¢

the first condition in (25) leads to the contradictory estimate ||goo(T—;u0,50)|lc(x) < 0. Thus,
conditions (25) and the negation of assertion (26) bring to a contradiction as well.
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Abstract—The analytical method for the synthesis of a generator of a random process with a
given spectrum in the form of a linear system of Ito’s equations is proposed. The stationarity
of a random process is assumed, the spectral and corresponding transfer functions of which are
defined in the form of rational fractions. The coefficients of the system of Ito’s equations of
the generator are found from recurrent algebraic relations. The method is focused on working
with mathematical models of nature random processes, such as the Dryden’s wind model. The
transformation of the spectra of the wind gust model in three directions is presented in detail
and the corresponding stochastic equations are given.
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filter, random disturbance generator, Dryden wind turbulence model
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1. INTRODUCTION

The shaping filter allows you to generate a random signal with a given spectral density from
a white noise signal [1, Section 6.6; 2, Section 10.1; 3, Section 5.1.5]. The shaping filter and the
analyzed system form some extended system, the input of which is affected by white noise (Fig. 1).
This shows a way to move from representing a system in terms of transfer functions (shown in the
diagram) to stochastic differential equations. The results of the article will be useful to researchers
for adding random factors to a dynamic model and simulating natural phenomena (movement of
air masses, water flow, etc.).

There are many known models of wind gusts [4], but in the article only the Dryden [5] turbulence
model is considered in detail, which at the output gives a stochastic process determined by velocity
spectra. The spectral density of the signal is an even fractional-rational function of frequency and
can be represented in the form of two complex conjugate factors, from which the transfer function
of the shaping filter is found [1, Section 6.6; 3, Section 5.1.5].

Trying to directly write a high-order differential equation whose output has a given spectrum usu-
ally results in high-order white noise derivatives. The representation of these derivatives in the form
of generalized functions [6] and the generalization of the Itd equations in the form of Leontief-type
equations [6] are known, but such equations are complicated and little studied. In [3, Section 3.3.3]
the transition from a linear stochastic differential equation of higher order to a linear system of
stochastic differential equations of first order is considered, but to find the coefficients of the sys-
tem it is necessary to differentiate the coefficients of the original equation (if it is not stationary).
The proposed method allows us to describe a natural random process using the well-studied Ito
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n(1)

E— Wa(p) Wip)
u(r) x(0) A »(1)

Fig. 1. Connection diagram for the shaping filter.

equations [3]. The resulting equations, for example, can be used in conjunction with the equations
of the mathematical model of the aircraft [7].

A method is proposed for obtaining relatively simple stochastic differential equations for synthe-
sizing the output signal using a known transfer function. Next, we will consider transfer functions
under the assumption that the corresponding spectra are known.

Two ways of transforming any fractional-rational transfer function, leading to the same result,
are presented below. The function is decomposed into a sum of fractions, the numerators of which
are real numbers, and the denominators of which are polynomials. In this case, all operations are
arithmetic. And the process flow diagram can be depicted as a sum of integrating links. Based on
the new notation, it is possible to construct a system of linear stochastic differential Ito equations.

There is a slightly more complex way of similar transformation of the transfer function
[8, Section 2.3]. If the transfer function W (p) is given, then for the corresponding system of linear
equations of the form

= Az + bu
y=cx

(1)

it is necessary to find the matrix A and the vector b. The output vector ¢ is given. The first
Frobenius form of the state equation matrix A is selected so that its characteristic polynomial
coincides with the denominator of the transfer function. The elements of the vector b are found
from solving the system of equations

W (p) = c(Ep— A)~'b

by the method of indefinite coefficients by equating factors with equal powers of the variable p of
polynomials of numerators on the left and right [8, Example 2.7].

In the proposed approach, the output vector ¢ is in the process of being solved and is not known
in advance. As a result, matrix inversion is not required and only the coefficients of the Ito equation
are calculated using arithmetic operations.

The transformation to obtain the equation (1) is not unique [8]. Therefore, it is not always
possible to achieve “minimal implementation” (1), i.e., obtain the minimum possible number of
variables in the Ito equation.

2. MATHEMATICAL PROBLEM STATEMENT

Let the spectral density of the disturbance under study be defined as ®(w) = |W (iw)|?, here

_ Pn(p)  aop™ + arp™ ot ame1p +am
Qn(p) bop™ + bip"t+ ...+ b1+ by

: (2)

and a; (1 = 0,m), b; (j = 0,n) are constant real coefficients. The poles and zeros of the func-
tion W (p) are located in the left half-plane. W (p) is the transfer function of the linear differential
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s 7NN

—_— W  —
u(?) x(1)

Fig. 2. Block diagram of a shaping filter.

equation

bor™ + b2V 4 byqa + b (3)

= aou™ + a1V + ..+ apu.

The block diagram of the shaping filter is shown in Fig. 2. If standard white noise (the derivative
of the standard Wiener process) u(t) is supplied to the input, then the equation (3) becomes
stochastic, but in the general case contains higher derivatives of white noise.

The goal is to replace the equation with a system of linear differential equations that satisfies
two conditions: a) the system does not contain derivatives of the input signal, b) its output, linearly
dependent on the state, coincides with the output of the equation. Such a system of equations, as
shown below, can easily be converted into the Ito system of equations.

It turns out that for the transformation it is enough to represent the transfer function (2) as a
sum of rational fractions, the numerators of which are real coefficients (zero-order polynomials). In
the case when all the zeros of the denominator of a rational fraction are real, such a transformation
is known [9], but requires finding the zeros of the denominator, which in the general case is only
possible numerically. The proposed transformation does not require finding zeros and for any
proper rational fraction with both real and complex zeros of the denominator, it can be performed
analytically. The coefficients of the modified transfer function are found sequentially from a chain
of linear equations.

A method for transforming a n order linear stochastic equation (3) to an equivalent first order
linear system of equations not containing white noise derivatives is shown in [3, Section 3.3.3]. In
this case, the equation is not stationary and the coefficients a; (i = 0,m), b; (j = 0,n) depend
on time ¢, and to find the coefficients of an equivalent system, it is necessary to differentiate the
functions a;, b;. For a stationary system, new coefficients are found from recurrent arithmetic
relations.

3. TRANSFER FUNCTION CONVERSION

The main idea is to represent the original function W (p) as the sum of several functions W;(p),
1 = 1,m + n, see Fig. 3. The input and output signals will not change as a result of this conversion.

The proposed representation of the transfer function (2) has the form

P, m
W(p) - Qngjs - pg—lm + pnféjl—i-l + + pn—l
(4)
1 /Bn—l Bn—Q é
+ Qn(p) <pn—l pn_2 + ...+ » + ,80) .
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Fig. 3. Block diagram of the sum of several shaping filters.

The number of coefficients «; (i =1,m), B; (j =0,n—1) is m+n. They can be obtained by
equating the left and right sides of the equations (2) and (4).

Brn-1 + by =0,
Bn—2 + amby_1 + apm_1by =0,
Bn—3 + ambp_2 + am_1by—1 + ay_2by =0,
Brn—m+1 + Qmbp—mi2 + ... + asby =0,
Br—m + mbp—my1 + ... + b1 + arby, =0,
Brn-m-1+ Qmbp—m +... + aobp—2 + a1bp 1 =0,
B2 + ambs + am_1by + ... + @2bpy1 + @1y =0,
B + amba + am_1b3 + . .. +arbypp1 =0,
Bo + by + am1ba + ... + aiby = Qm,
ambo + ap_1b1 + ... +arbp—1 = am-1,
Qm—1bo + ... +a1bm—2 = am-2,
by + a1by = ar,
Oélbo = Q.

Let us write a short form, which is a system of recurrent equations, with the help of which the
coefficients can be calculated sequentially:

k—1
a 1
or =, = a1 — Y osbp—| . k=2,m,
bo bo —
s=1
m
BO = Qm — Z asbm—s—i-ly
s=1

m
Bk = - Z asbm—i-k:—s—i-la k=1,n—m,
s=1

n—Fk

Br = — Z O pimiktsbn-sy1, k=n—-m+1,n—1
s=1
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There is another way to converse the transfer function. Let the transfer function have the form

ag'p" " +a"p 40, ptall,

w ) _
(») bop™ + bip" 4+ ...+ bu_1p+ by

: (5)

1 < r <n. The superscript (r) indicates the function number and the degree of the numerator
polynomial. The degree of the numerator polynomial W(”'l)(p) is less than the degree of the
numerator polynomial W) (p), since n — (r +1) < n —r. Let us denote B(p) = bop™ + by p" '+
...+ by_1p+ by, and perform a series of conversions of the function W) (p), consisting of succes-
sively reducing the degree of the numerator polynomial to zero.

CL(()T)pn + agr)pn—l + L + av(;.lrp’l‘

W) = 7B
(r) (r)
1 %o 4o -1
= ——B(p) — — (bip" cooF by by,
»"B(p) [ bo (p) by ( o+ bpip + )
+ (a7 a4 +a5flrp’”)]
_a ] <r>_£bl e
bo " Blp) [\ bo
(r) (r)
r Q r a
+ (agl_r_l - ls)—obn—r—1> p+|a,-, — g—obn—r>1
(r)
ag 1 |:bn—r+1 bp—ri2 bn]
-2 + o2
bo B(p) L p p? g
Let’s determine the coefficients aff 7" = agcza — (a((]r)/bo)bHa, a = 0,n —r —1, for the new func-
tion W +1. Then
W) (p) = ﬁi + WD (p) ﬁ 1 XT: bnr+h (6)
P P B) = pF

(r) 1 (r) 1 T b
d WD) = wm(p) — 2o + %o n-rtk
o ®) (®) bo p" Do B(p) kz::l p*

The maximum number of steps is n — r. The function W) (p) is defined at the rth step, it is
necessary to find WU+ (p), W+2)(p), ... The numerator of the last function W{+5)(p) is a
zeroth order polynomial, and then the calculation will be completed. Each next found function
W r+k+1)(p) must be substituted into the current function W +k)(p).

4. CREATING A RANDOM DISTURBANCE GENERATOR

Let’s consider the transfer function (4), which is the sum of integrating links with their own gain
factors [10]. For link 1/p"~™ the corresponding equation will be 1 = u/p"~"™, or .Z‘gn_m) = u. The
link 1/p"~™*! will give the equation xo = u/p"~ " = u/(p" ™p) = u/p" " x 1/p = x1 x 1/p, or
xb, = x1. This is how differential equations for the first m outputs are successively found. In the
same way, using the denominator @, (p), we obtain the output equation 1, which then needs to
be integrated another n — 1 times using the terms in brackets from (4). The last step will be the
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summation of all outputs with the corresponding coefficients «, 3. Let us write down the system of
differential equations and the output equation corresponding to the transfer function (4) and (3):

(n—m) _ I r_ A
Ty =U, Ty=2T1, T3=2T2, ... Ty = Tm_1,

(n) (n-1)

/
b0$m+1 + blxm_,_l ot bn_lxm+1 + bnxm+1 = u,

| @
xm+2 =Tm+1, -+ Tpmyn = Tmtn—1,

T =121 + oo+ ... + nTm + BoTme1 + P1Zma2 + - oo + Bn_1Tmin-

The order of the resulting system is N < 3n — 2.

The system (3) can be easily written as a system of first-order equations (7) and, assuming that
u(t) is standard white noise, transformed into a system of Ito equations Nth order.

The transformation does not change the transfer function W(p) for the output = = ajz1+
agxg + ... (see (7)). Nevertheless, the transfer functions of the outputs xi, x2, ... have a cer-
tain number of zero poles. Thus, Wy(p) for a2, k = I,m has the form Wy(p) = 1/p"~™*+*=1 In
practice, this will lead to instability in process modeling (due to calculation errors). However, this
situation can be corrected by making the replacement p = (¢ — A)/A (¢ = Ap+ A), A/X > 0 in the
original transfer function W (p). Then

by (q P ( _A ) aE
W*(q) = == + +...
* +1
Oé* 1 ﬂ 2 51 )
+ =+ < A+ =+5)-
Qna) \¢"~ i T g
By inverse transformation g = Ap + A we get
P (p) o o
w = = + + ...
R o P R PR N [T P VSN
The transfer functions of the output components x1, xo, ... of such an expansion will have poles in

the left half-plane.

5. EXAMPLE
Let the transfer function be given
P +2p+1
P2 +3p+2p+2°

It is required to write it in the form of a sum of fractions with zero-order polynomials in the
numerators.

W(p) =

As a result of the transformation we get
(¢g—1)7°+2(q—1)+1 ¢
(G- 1p+3q-17+2q-D+2 PF-qi2

Here n=3, m=2, ag=1, aj =0, a5=0, =1, b] =0, b5=—-1, b3=2, o] = #*1—1,

W*q)=W(g-1) =

a§:%[af—a’{bﬂz(},ﬁg:ag—[of{b3+a§b’{]:1,5{: [a}b3 + asbs] = =2, B3 = [a2b3]:0-
1 2 1
= (12) L
(@) q qa) ¢ —q+2

o) — +(1 2) 1
P p+1) P+ +2pt2
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Let’s write the solution in the second way

We use (6)
WLt 12 1 < _3>L: :
WHi(q) = -+ Baoa o U3 B W*(q).
The results are the same.

Let us write down the derivation of the Ito equations for W (p) in accordance with (7). The first
term gives the equation u = (p + 1)z;. The second equation will be u = (p3 + 3p® + 2p + 2)z2 =
(p+1)2—(p+1)+2)axs. Let us denote (p+ 1)z = x4, (p+ )2y =5, then u = (p+ 1)z5—
x4 + 229. The third equation would be u = (p + 1)(p® + 3p% + 2p + 2)z3, or (p + 1)z3 = 2.

The required system of Ito equations and the output equation have the form

dri + x1dt = dw, dxo + (.1‘2 — $4)dt =0,
drs + (3 — x9)dt =0, dry+ (v4 — x5)dt =0,
dxs + (x5 — x4 + 229)dt = dw,

T =x1 + T2 — 2x3.

Based on the transfer function, a linear system of Ito differential equations was obtained that does
not contain derivatives of the input signal. Of course, the choice of a new variable was made so
that it would be easy to isolate the cube of the sum in the denominator of the transfer function,
and then obtain first-order linear equations.

6. DRYDEN WIND TURBULENCE MODEL

The US Department of Defense uses the Dryden gust model in some aircraft design and simu-
lation applications. This mathematical model considers the speed components of continuous gusts
of wind as random processes [5, 11]. The MATLAB documentation provides an implementation of
the transfer function for wind gusts [12]. Twelve transfer functions are defined for gust models in
the longitudinal, horizontal and vertical directions. However, only three types of different functions
can be distinguished, differing from the model functions only by constant coefficients A, B, C, D
(see [12]):

1 1+ Bp Ap 1+ Bp
A Gy(p)= AP _ .
7o 0 1+ Cp)? 1+Cp (11 Dp)?

The first type of function Gy(p) is a simple integrator and does not require any transformation.
The required system of Ito equations for G1(p) has the form

1 A
dr + Exdt = Edw.

Let’s look at the second one. It is required to obtain a system of Ito equations for the transfer
function Ga(p). Then

. qg—1 ABg+C—-B A/B C-B
GQ(Q):GQ( C_):67q2 :6(54— q2 )
A B C-B
GQ(p)_6<1+Cp+(l+Cp)2>

G1(p) 3(p)
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The desired system of Ito equations and the output equation for Ga(p) have the form
dry + ! dt ! d dzxo + 1( )dt =0
1+ —=x1dt = —dw, dro+ —(x9 — 2 =0,
et C 2oV !

A

r=— (Bacl + (C — B)xg) .
C

If we make another change of variables ¢ =p+ 1, we will get a rather cumbersome system of

5th order equations. We invite readers to see this for themselves.

Let’s consider the third function G3(p) and replace the variable: p = (¢ — 1)/D. Then

. —1 B¢*+ (D —-2B)¢g+B—-D
Gg(q):G3<q )ZAq ( )a

D DC@ + (D% — DC)?

Let’s represent the last expression using (4):
ap  ap 1 B2 | B )}
Gi(q)=A —+—+7<—+—+ :
(@) [ P E TP g \g T g T
then by = DC, by = D* — DC, oy = B/(DC), ay = [D — 2B — B(D? — DC)/(DC)] /(DC), By =
B—D—(D*-DC)[D-2B— B(D?—- DC)/(DC)] /(DC), 1 =0, B2 = 0.
Let’s do the reverse change of variables and get the function

A [ @ o L Bo ]
1+Dp (14 Dp)?2  bo(1+ Dp)3+bi(1+ Dp)2]°

Gs(p) =

Let us write down the derivation of the Ito equations for G3(p) in more detail. The first and

: _ u _ u _ u 1 _ T ) : : .
second terms give x1 = TT0p» 2 = (FDp? = 13D0p X T50p = T4+ Dp- Let’s consider the third term:

— . o €T .
T3 = bO(HDp)g,ibl(HDp)Q = (H%p)Q X SOF DR T = b0(1+D2p)+b1' Then the desired system of Ito
equations and the output equation for G3(p) have the form

1 1 1
dxy + Exldt = Bdw, drg + 5($2 —z1)dt =0,

1
dxrs — D—boxgdt + Dby T

z = Alarzy + asxs + Bows].

Dryden’s wind turbulence model is not the only one. For example, the von Karman model [13]
has other transfer functions such as

14+ Bp

Glp) = 1+Cp+ Dp?

The corresponding system of Ito equations for this function will contain 6 variables. We do not
present the transformed function here because it turned out to be too cumbersome. Perhaps a not
very successful variable replacement was chosen. Therefore, the researchers themselves, depending
on the coefficients C' and D of the denominator polynomial, must choose a manner for replacing
the variable.

The discussion about the choice of turbulence model continues [14]. It can be seen that the
number of variables in the Ito equation for the Dryden model is no more than three, and in the
von Karman model no less than six. Accordingly, the computational complexity of the wind gust
modeling algorithm increases.
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7. CONCLUSION

The proposed method for conversing the transfer function allows us to bring it to such a form
that the system of differential equations equivalent to the differential equation (3) does not contain
derivatives of the input signal u(t). Assuming that u(t) is white noise, the system can easily be
transformed into a system of Ito equations.

The results can be used not only for stochastic differential equations, but also for ordinary
differential equations with constant coefficients of the form (3) with scalar input and output sig-
nals [3, Section 1.3.4].

In the presented method it is impossible to influence the number of variables, but in the
method [8] it is possible to influence the number of output variables for the output signal y = cx
(see (1)) and, accordingly, the type shaping filter shown in Fig. 3. Therefore, in the approach
discussed above, the structure of the output signal becomes known only as a result of solving the
problem. And in the method described in [8], the type of the output signal is known in advance.
But the proposed solution, unlike [8], does not require matrix inversion, but uses only recursive
arithmetic operations to find the coefficients of polynomials.

The results of calculations and numerical modeling of dynamic processes for the systems con-
sidered in the article are not specifically presented here. In the opinion of the authors, a fairly
complete study with various modeling results was carried out in [14].
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Abstract—This paper considers a noncooperative game of quantity competition among firms
in an oligopoly market under general demand and cost functions. Each firm’s optimal response
to the strategies of other firms is assessed by the magnitude and sign of its conjectural varia-
tion, expressing the firm’s expectation regarding the counterparty’s supply quantity change in
response to the firm’s unit change in its supply quantity. A game of n firms with the sum of
conjectural variations (SCV) regarding all counterparties as the generalized response character-
istic is studied. The existence of a bifurcation of the players’ response is revealed; a bifurcation
is a strategy profile of the game in which both positive and negative responses are possible
with an infinite-magnitude SCV value. Methods are developed for calculating the SCV value
under different types of inverse demand functions (linear and power) and cost functions (linear,
power, and quadratic), and the impact of these characteristics of firms on the bifurcation state
is comparatively analyzed.

Keywords: oligopoly, conjectural variation, bifurcation, Stackelberg leadership
DOI: 10.31857/S0005117924070066

1. INTRODUCTION

In an oligopoly game, players (firms) make assumptions about the strategies of other players
(the environment) underlying their optimal response to these strategies. In the case of quantity
competition, the assumptions of firms are formalized by conjectural variations [1]. This case is
often considered by researchers [2] due to the preferability of quantity competition: it results in a
smaller output, higher prices, and higher profits than price competition [3]. A conjectural variation
(hereinafter, meaning a quantity conjectural variation) is the firm’s expectation regarding the
counterparty’s supply quantity change in response to the firm’s unit change in its supply quantity.
In oligopoly theory, it is conventional to consider the optimal (consistent [4]) conjectural variation
calculated from the player’s necessary condition of optimality, i.e., the one corresponding to the
player’s best response. In other words, the player’s strategy choice model (utility function) being
unknown, the awareness of the conjectural variation allows predicting the player’s behavior.

In addition, when assessing the conjectural variations, a player can assume that the counterparty
is also assessing him, i.e., suppose the former’s optimal behavior. In this case, the counterparty
is called a Stackelberg leader whereas the given player a follower. However, the counterparty may
argue by analogy, treating the given player as a Stackelberg leader and calculating the conjectural
variation from the leader’s optimal response (thereby becoming a second-level leader for the given
player). This sequence of players’ reasoning is called strategic reflexion. Thus, an analysis of
conjectural variations inevitably leads to the problem of multilevel leadership [5]. Consequently,
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the vector of the conjectural variations of all players is a complex characteristic of the strategy
profile of the game with these mental profiles of the firms, as conjectural variations are functions
of the role of each player in the hierarchy of multilevel leadership.

In an oligopoly game of n > 2 players, the firm’s behavior is determined by the sum of its
conjectural variations (SCV) regarding all environment players. If the player’s SCV is negative,
then its optimal strategy is to increase the supply quantity, and vice versa. Therefore, in the
n-player game, the awareness of all components of the vector of conjectural variations of all players
is not necessary for predicting the game outcome: it suffices to know the components of the SCV
vector of all players. No doubt, the awareness of the players’ utility functions is required to
determine the SCV vector; nevertheless, given available limits for typical utility functions and the
nature of SCV changes, one receives an information base for predicting game outcome limits.

Typical utility functions are defined by a set of demand functions and cost functions [5-19]. In
the studies of oligopoly, the most common inverse demand functions are the linear [5, 6, 9-15] and
power [5, 16-19] ones. The set of functions describing the costs of oligopolists is somewhat wider:
the linear function [10, 12-14, 16, 18], the power function [6, 17], and the quadratic function [5, 7-9,
11, 15, 19]. Obviously, in the vast majority of publications, researchers consider the linear models
of demand and costs: in this case, it is easy to calculate conjectural variations from the best
response functions (reaction functions) in explicit form. The power cost function can be either
convex or concave for different degrees; a concave cost function corresponds to the positive scale
effect whereas a convex cost function to the negative scale effect. The quadratic cost function is
used only to describe the negative scale effect in the convex case: otherwise, the transition to a
decreasing dependence of costs on output may occur, which disagrees with the economic realities.

Thus, when assessing the behavior of firms in an oligopoly game, a topical problem is to analyze
the nature and limits of SCV changes due to the changes in the profile of their reflexive beliefs
under different utility functions of the players.

2. FORMULATION OF THE OLIGOPOLY GAME MODEL

Consider quantity mono-product competition in an oligopoly of n > 2 firms. Let all firms have
a common inverse demand function P(Q) decreasing in the total supply quantity @, and let the
cost function C;(Q;) of each firm ¢ be nondecreasing in its supply quantity Q);.

We suppose the possibility of reflexion for each player (firm), given by a reflexion rank r. The
player’s reflexive behavior consists in putting forward some beliefs about the strategies of its envi-
ronment (the other players), which leads to the appearance of phantom players in the game [20]. In
this case, reflexion rank is a numerical characteristic of such beliefs, and the sequence of reflexion
ranks defines the following hierarchy of phantom players:

—At rank r = 1, the player is aware that the environment does not know its strategy, i.e., the
other players are followers and this player becomes a first-level Stackelberg leader.

—At rank r = 2, according to the player’s information, it is surrounded by first-level Stackelberg
leaders; hence, this player becomes a second-level Stackelberg leader.

—At an arbitrary rank r, the player knows that the environment players are (r — 1)th-level
Stackelberg leaders; therefore, this player becomes an rth-level Stackelberg leader.

Thus, the real game of firms in an oligopoly market will be treated below as an information
game of phantom players, each having different leadership levels depending on the degree of its
awareness. Such a situation is commonly called multilevel leadership (a multiple leader—follower
game) [5], and leadership levels are given by the reflexion rank r.

A multiple leader—follower game is a tuple of the form
I'=(N,{Qi,i € N}, {Il;,i € N},{ri,i € N}),
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where N = {1,...,n} denotes the set of players, {Q;,i € N} is their action vector (the strategy
profile of the game), {II;,i € N} is the vector of their utility functions, and {r;,7 € N} is the vector
of their ranks.

The utility function of player ¢ has the form

IL;(Q, Qi) = P(Q)Qi — Ci(Qi)-

Differentiating the utility functions of the players, we define the system of necessary conditions for
Nash equilibrium:

P(Q)+ (14 S))Q:P, —Cl, =0, i€N, (1)

where 57 =3 e n; Q]/.(T)QZ_ is the sum of the conjectural variations of player i at a reflexion rank r
(each component Q;égz is the conjectural variation of player 4, i.e., the expected change in the
quantity of player j in response to the unit quantity increase of player 7); the value Q;gz = pj; 1s
calculated by differentiating equation (1) for player j, which confirms its optimality.

An equilibrium in this game, i.e., a solution of system (1) that maximizes the utility functions
IL;(Q, Q;) of the players, exists under the condition established by W. Novshek [21]:

/ //

This condition depends on the type of demand functions: for linear and exponential demand
functions, it is satisfied; for the power demand function, it fails, and the existence of an equilibrium
requires the nondecreasing property of the cost functions, Ci/Qi > 0.

The solution of system (1) can be found if the SCV values S} are known for all players. They
are calculated using the following recurrent formula [6] at an arbitrary reflexion rank:

-1

ST = - 1| . 2)

]EXN:\Z Uj; — S;_l +1

Due to (2), the player’s SCV depends on two characteristics of the environment players:

—the mental types of players, defined by their SCV values S;-"_l at the previous reflexion rank;

—the technological types related to the type of the cost functions of the environment players,
defined by the parameters u;; for some types of demand functions (if PC/Q/QQZ- # 0, see below), this
parameter also describes the player’s mental type.

Note that formula (2) is presented for the conjectural variations independent of the actions of
players, i.e., under the condition pi/jQi = 0; the more general case pi/jQi # 0 was described in [6].
It was also demonstrated therein that conjectural variations weakly depend on the supply quantities
of players, i.e., ,02/ 0, = 0. Below, we will justify this premise for the demand and cost functions under
considerations, showing that the SCV values and types of the demand and cost functions of the
environment players have the greatest impact on the player’s SCV value.

Proposition 1. The parameter u; in (2) is given by

Ph + (1+ S/ HQiPly, —Cl!

u; = —1 —+ 1Qi Qs . (2&)

| P} |
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We will call u; the nonlinearity coefficient since it characterizes the impact of the nonlinear-
ity of the demand and cost functions on the type of equation (1) of player i : for u; = —2, the
corresponding equation of system (1) is linear.

Thus, according to (1), the computation of the game equilibrium directly depends on the SCV
value. In turn, this value is predetermined by the peculiarities of the functions P(Q) and C;(Q;);
see formula (2). Therefore, we will study possible SCV values under different combinations of these
functions.

3. RESULTS
3.1. Methods for Calculating Conjectural Variations

Whenever the player’s number ¢ does not matter, it will be omitted below, and the player’s
action will be denoted by ¢ = Q;Vi € N. Consider the inverse demand functions

P(Q)=a-bQ, a>0, b>0, a>b, (3a)
R(Q)=AQ% A>0, a<0, |al|<l, (3b)
and the cost functions
Ci(q) = Bo+Biqg, By=0, B;>0, (4a)
Ca(q) =Bo+ B1g’, By>0, B; >0, B€(0,2), (4b)
B
Cs(q) = Bo+ Big+ -'¢°, By >0, BiBy>0, (4c)

where a,b, A, and «a are the constant coefficients of the demand functions and By, By, B2, and 3
are the constant coefficients of the cost functions.

Here, we adopt the notations of function types: Py(Q), k = 1,2, is the demand function of type k
(k =1 corresponds to the linear function and k& = 2 to the power function); C,(q), m = 1,2,3, is
the cost function of type m (m = 1 corresponds to the linear function, m = 2 to the power function,
and m = 3 to the quadratic function).

Using formula (2), we derive expressions for Pc/ga q/ , PC/2{17 and C’gq/ in the case of the functions (3)

and (4):

P, =P, =-b P, =0 (5a)
P2/Q = P2/q = AaQa—l’ PQ/G/zq = Aa(a — I)Qa_27 (5b)
ofl =0, 04l = BB - 1" Cff =B (50)

As a result, the parameters ug,,, k= 1,2, m = 1,2, 3, of the functions (3) and (4) are given by
q

upp =2, ug =—2+(1+5"")(1 - a)av (62)
Uy = —2— %5(5 —1)¢" 2,
r—1 q Bl p—2 (Gb)
Ugp = -2+ (1+ 5 )(1—a)@—Wﬁ(ﬂ—l)q ;
u13:—2—%, u23=—2+(1+57“_1)(1—a)%_ﬁ' (6e)

Note that the parameter Bj in (6) corresponds only to the case of the power function.
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3.2. Comparative Analysis of Conjectural Variations

With the notation sj = >7;cn formula (2) is simplified to

N S
u]-—Sjrfl-i—l ’

1
5t = (i - 1) , g

where s} expresses the aggregate of the cost functions and SCV values of the environment of player 7,
i.e., a generalized characteristic of the technological and mental types of the other players.

Due to formula (7), the function S} (u;, S]T-_l) suffers from a discontinuity of the second kind
(Fig. 1) under the condition

1

Uj—S;_l-Fl ( )

T o__
si—Z

JEN\

moreover, it takes infinitely large positive and negative values as s} — 1 — 0 and s} — 1 4 0, respec-
tively. The function s} (u;, S;_l) has a discontinuity of the second kind for S;-n_l =u; +1Vj € N\i,
which does not cause a discontinuity of the function S} (u;, S;_l).

The discontinuity of the second kind of the function S} (u;, S;_l) means that at the point of

discontinuity (ug-), S?’T_l), j € N\i, player i at a reflexion rank r can simultaneously have two SCV
values (+o00 and —o0). Let us consider the sequential reflexion of the players regarding each other’s
behavior as a dynamic process on the numerical sequence of ranks r = 1,2,.... Then, by analogy
with the solutions of some differential equations, we can say that there is a bifurcation of the
player’s beliefs. In this case, the bifurcation state of the beliefs of player ¢ is a combination of the

S.r

1

‘S,'r (0,0;-\‘ ASv[r (0,00) 0 S.r

1

Fig. 1. The SCV value of player i depending on the aggregate of the cost functions and SCV values of the
environment (top) and the equilibrium action of player ¢ depending on SCV value (bottom).
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technological types of the environment players, defined by their cost functions, and the mental types
of the environment players, expressed by their leadership levels (numerically defined in the SCV
form), under which player i can simultaneously expect infinitely large, both positive and negative,
reactions (SCV values) of the environment.

Function (7) (see the upper part of Fig. 1) allows estimating the following intervals of SCV
changes:

€[-1,0) ifs' <0
S;=<¢€(0,00) if0<si <1 (7b)
€ (—oo0,—1) if s} < —1.

Hence, by characterizing the dependence of the aggregate s; on the environment’s nonlinearity
coefficients u;, which depend on the types of the demand and cost functions and are low-sensitive
to the supply quantities, and on the environment’s SCV value S;-"_l, which depends on the latter’s
mental type, we can estimate the impact of these parameters on the player’s SCV value.

To qualitatively analyze in comparative terms the impact of the types of the functions P (Q)
and C),(q) and study the bifurcation phenomenon, we consider the case of identical players. Assume
that for all environment players, the nonlinearity coefficients and SCV values are the same: u; = u
VjEe N, S;‘l =0 Vj € N. In this case,

n—1 n—1

w4 2—0-—n % u—o+1 (8)

Formulas (7a) and (8) lead to the following result.
Proposition 2. If u; =uVj e N and S;_l =oVj € N, then the SCV function S} (u,o) has the
following properties:

i) a discontinuity of the second kind at o = 0° = u +2 —n (except for the case of the linear
demand and cost functions) and

lim S; = o0, lim S; = —o0; (8a)
o—(u+2—n)—0 o—(u+2—n)+0
ii) values belonging to the intervals
€ (0,0 if o € (—o0, 0"
g [E000) o€ (0.0 s
€ (—00,0) ifo € (0”,00)

(except for the case of the linear demand and cost functions, in which S} € [—1,0)).

A clear illustration of a bifurcation follows from the explicit-form solution of the system of
equilibrium equations (1), known for the case of the linear demand and cost functions. However,
in this case, infinite values of conjectural variations do not arise (they are bounded by the range
(—1,0]). For power cost functions, an explicit-form solution does not exist [6], so we consider the
case of the linear demand function and the quadratic cost functions.

Proposition 3. In the case of the linear demand function and the quadratic cost functions, the
general solution of game (1) has the form

Qr = b L—l_ll\,; (7; N 1) +j§\i #ZIII\M (7; - lﬂ _j;:\i le #:ll_l\z‘,j (7; ) 1>] ) 9)

7 3
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in the particular case n = 3, the formula reduces to

j=1\i G=1\i p=1\i j=1\i
Vv = — v -5 +2

3 3 3 3
Di<HV§—1>—Z Il Djv,+ > Dj
Q; =

; (9a)

i the particular case n = 3 with the identical types of the players, D = D; Vi € N, the formula
becomes

3 3
Il - 2 v+l

. =1\ j=1\i
Qf =D : (9b)
' YVeVs — M — % — s+ 2
where B B
Di:a ; 12’ 71:24_5:_'_ b27,’

Wk

and the symbol indicates the game equilibrium.

Under a belief bifurcation, two cases are simultaneously possible. They will be described based
on (9b) for the identical (same-type) environment players, see the corresponding condition in Propo-
sition 2. Then, considering (6¢), we have v; = v = —u; + S;_l =—u-+o0,7=2,3 and v <0 for
o = o since By > 0.

The first case S — oo means that for the environment players, the optimal strategy is infinite
growth of the supply quantity, limited by the parameters of the demand function P(Q) and the
technological capabilities of the firms. (Recall that conjectural variations are considered as strate-
gies.) In this case, if the environment’s SCV values S7, j = N\i, are finite numbers, then by (9b)
the player’s optimal response vanishes on the right, i.e., Qf* — 0+ 0. In other words, the player
seeks to reduce the supply quantity to zero.

The second case S; — —oo implies an infinite reduction in the supply quantity by the environ-
ment players, although they can actually reduce the supply only to zero. Due to (9b), the player’s
optimal response vanishes on the left, i.e., Q;* — 0 — 0. This can be interpreted as the player’s
largest acceptable response to the negative value of the total supply quantity predicted by this
player based on S] — —oo.

Interestingly, a belief bifurcation should lead to an action bifurcation at the subsequent reflexion
ranks. This fact can also be demonstrated from the optimal SCV formula (8) and the equilibrium
action (9b).

If ST — o0, at the next reflexion rank (r + 1), we consider the situation from the environment’s
viewpoint (i.e., as 0 — 00); from (8) it follows that S;H — 0. Returning to player i at rank (r + 2),

for which o — 0, from (8) we also obtain lim,_; 5;4'2 = #:il < 0 since u < —2 by (6¢). Con-

sequently, S 2 5 1aso— 0" =u+1, and when preserving the environment’s responses by

the type S;H — 0, formula (9b) implies Q] — oo (y =1 and Q] = D%) Thus, the
SCV-defined mental response bifurcation leads to an equilibrium bifurcation in the game. These

considerations are illustrated in Fig. 1 (the lower part).

The case of identical players is the basis for comparatively analyzing the impact of the types of
demand and cost functions on the SCV value. According to (8a), the bifurcation point o shifts
upwards when increasing the nonlinearity coefficients u of the environment players and behaves
oppositely when decreasing u decreases. In other words, a bifurcation state occurs under higher
values of the environment’s SCV value. Due to conditions (8b), if the nonlinearity coefficients
are larger, the environment’s SCV value should be larger so that S} belongs to the corresponding
ranges.
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Let us characterize the dependence of the SCV value of player ¢ on the nonlinearity coefficient u;
of some environment player [ as well as on the environment’s SCV value and ¢, Q.

Proposition 4. The SCV value S] of player i at a reflexion rank r has the following properties:
i) goes down when increasing the nonlinearity coefficient u; of environment player | and up when

increasing S™!

S/ < 0, S:éT,l > 0; (10a)

iul

ii) in the case of the linear demand function, is independent of q under the linear and quadratic
cost functions of the environment, goes down (up) when increasing q for f > 1 (for 5 < 1, respec-
tively) under the power cost functions of the environment, and is independent of Q) under any cost
functions of the environment:

— 0, ST/

. Yl (10b)

<0 forpB>1,
>0 for B <1;

iii) in the case of the power demand function, goes down (up) when increasing q if ST~ > —1
(if S"=1 < —1, respectively) under the linear and quadratic cost functions of the environment, down
if S7=Y' > —1 under the conver power cost functions (B > 1) and under the concave power cost
functions (B < 1) provided that ¢ < 1, and up (down) if S"™' < —1 under the concave power cost
functions (under the convex power cost functions provided that ¢ < —1, respectively);

goes up (down) when increasing Q if S"~1 > —1 (if "= < —1, respectively) under the linear cost
functions and the quadratic cost functions (in the latter case, goes down provided that ¢ < 1), u
(down) if ST~ > —1 under the convex power cost functions (8 > 1) (under the concave power cost
functions (B8 < 1) provided that ¢ < 1, respectively), and down (up) if S™™1 < —1 under the concave
power cost functions (under the convex power cost functions provided that 1 > —1, respectively):

r/
Si'q

<0 for ST 1,
k=2 | > 0 for ST < —1,

>0 for Sl > 1,
k=2 <0 for STl < —1,
<0 ifp<l fort=1,
<0 fort=2,
>0 fort=3, (10(3)
<0 ifp<—1fort=14

<0 ifp>1 fort=1,
>0 fort=2,
<0 fort=3,
<0 ifp>—1 fort=4,

>0 for ST > —1,
<0 if C <1 for ST < —1;

iv) weakly depends on the supply quantities of the players compared to the impact of the envi-
ronment’s SCV value:

i < S g, (10d)
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where
Bg Q2—a

Ala||1 + Sm1q’

BB -p)(2—-p)g" 3
7 Al + 511 — a)Qo-2’

and the additional notations are

Y= (=

11—«
23’

t=1: S 1> —-1AB<1, t=2:8"1>—-1A8>1,
t=3: " l<—-1AB<1l, t=4:8"1<-1AB8>1.

Now we compare the bifurcation points under different demand and cost functions.

Proposition 5. Under different types of the demand and cost functions of the environment, the
bifurcation point o° satisfies the following relations:

o33 > 091, (11a)
09 > 0% for > 1, (11b)
09, > 0¥y for By > By, (11c)
o9, > 0%y for By < B, (11d)
0y > 0% for By < By, if 8> 1 or for By > By if 3 < 1, (11e)
0l3 < 093 for By < By, (11f)
B 1
0y > Vs A0Sy > 09y for B> 1 and B—; >+ (11g)
where
_ R = 4 = xb
By =b—, By=0b§, Bi=—(x—b), Bo=6——
1 A7 2 P 1 )\(X )7 2 Y — b’
5=O+SPUO—®%,XZAMWWJ>Q A= B(8-1)¢"2

The corresponding relations for the bifurcation point under the other types of the demand and
cost functions of the environment are presented in the Appendix.

4. FINDINGS

According to Proposition 2, a belief bifurcation occurs for a player when the environment’s SCV
value increases from c =u+2—n—0 to 0 =u+ 2 —n+ 0; furthermore, a greater magnitude
of the SCV walue is required to destabilize the equilibrium in the case of more players since the
bifurcation point decreases with increasing n.

Proposition 4 reveals the following major factors affecting the player’s SCV value. First, there
is the factor of the market-technological conditions of the game, determined by the nonlinearity
coeflicient: the greater the nonlinearity coefficient of the environment players is, the smaller the
SCV value will be (i.e., the greater its magnitude will be). As a rule, the SCV value is negative,
and the growing magnitude of the SCV wvalue indicates enhancing the player’s response. Therefore,
the combinations of the demand and cost functions resulting in higher values of the nonlinearity
coeflicient contribute to enhancing the player’s response. In particular, these include games with
quadratic cost functions or power cost functions with the positive scale effect (8 < 1), which lead
to greater values of the nonlinearity coefficient compared to the linear cost model regardless of the
demand model; for details, see the Appendix.

Second, symmetric response is observed for the players, i.e., the greater the environment’s SCV
value is, the greater the player’s SCV value will be. This player response consonance, qualitatively
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Fig. 2. The player’s SCV value depending on the environment’s SCV value.

illustrated in Fig. 2, is expressed as a two-step process. If the environment has negative SCV
values, then increasing them (decreasing their magnitudes) is accompanied by a growth in the
positive SCV value of the player (S] — o0). In economic terms, the player expects expansion of
the environment and, as a result, will reduce the supply quantity to zero according to formula (9b).
Then a bifurcation point occurs, and the process changes in the opposite direction: applying
formula (8) to the environment yields S;H = # and, consequently, S;Jrl — 0. In other
words, the environment expects the player’s zero reaction. But in response to this situation (Fig. 2),
the player’s SCV value again increases, i.e., S;” — —1, motivating the player to increase the supply
quantity.

Third, the greatest impact on the player’s SCV value is exerted by the environment’s SPV values
and types of the demand and cost functions. Despite that the player’s SCV value depends on its
supply quantity and the total supply quantity of all players through the nonlinearity coefficients
of the environment (for the nonlinear functions), this impact is negligibly small compared to the
impact of the mental types of the environment conditioned by its leadership levels.

Proposition 5 identifies the following properties of a bifurcation.

The case of the power demand function leads to a greater value of the bifurcation point under the
quadratic cost function (k = 2,m = 3) compared to the linear cost function (kK = 2,m = 1) since
the quadratic function models the negative scale effect. Similarly, in the case of the power demand
function, the bifurcation point under the power cost function (kK = 2,m = 2) with the negative
scale effect (8 > 1) exceeds the corresponding point under the linear cost function (k = 2,m = 1);
the converse situation occurs given the positive scale effect.

Compared to the linear demand function and different cost functions (m = 2,3), the case of
the power demand function and the linear cost function (k= 2,m = 1) leads to an increase in the
bifurcation point under certain values of the coefficients By and B :

i) if By <0 (i.e., given the positive scale effect for S"~! < —1 and the negative scale effect for
Sr=1 > —1) since

B_b(1+ST‘1)(1—a) >0if (B>1A8 1> -1)V(B<1IAS < 1)
"TUBB-1DQPT <0 (B<1ASTI < D) V(B>1IAST > 1)

and the scale effect as the technological type of players is opposite to the impact of the environment’s
SCV value as the mental type of players;

ii) if By > 0 and By > By, i.e., for a high growth rate of the power function;

iii) if By > 0, i.e., for S™' > —1 since By > 0 =0b(1+ 5" ") (1 - a)3.
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Compared to the quadratic cost functions (m = 3) with any demand functions (k = 1,2), the
case of the power cost functions (m = 2) gives the following relations for the bifurcation point:

i) The bifurcation point under the power cost functions is greater if the scale effect is negative
(8 > 1), for By < By, since g—; > % implies B18(8 — 1)¢°~2 > By, and (8 — 1)¢° %2 < 1.

ii) The bifurcation point under the power cost functions is smaller if the scale effect is positive
(8 < 1) because, in this case, B15(8 — 1)¢°~2 < 0.

The case of the quadratic cost functions (m = 3) with the linear (k= 1) and power (k = 2)
demand functions demonstrates two possibilities in which enhancing the environment’s response
compensates for the nonlinearity impact of the demand function:

i) The bifurcation point under the power cost functions is greater if S™! > —1 and B, is

sufficiently small (By < Bg) since By = 215 1|)Of‘lQaa){4la‘qQa >0if A>b.

ii) The bifurcation point under the power cost functions is smaller if $7~1 > —1(By < 0).

5. CONCLUSIONS

The market-technological conditions of an oligopoly game are described by a combination of the
market demand function and the players’ cost functions, which together determine their utility func-
tions. Based on the analysis of the variety of such combinations arising in different applied problems
of oligopoly modeling, this study has demonstrated the importance of the market-technological con-
ditions of an oligopoly game for the stability of the game equilibrium. As has been established, the
reason of destabilizing equilibrium, or a bifurcation of the players’ actions, is a bifurcation of their
beliefs: under a definite constellation of the beliefs of environment players, the player can evaluate
their optimal reaction as positive and negative simultaneously. In turn, the specified constellation
of players’ beliefs is predetermined by their Stackelberg leadership levels and expressed by some
SCYV value of the environment, which can be called a bifurcation point.

The bifurcation point depends on the number of players and the nonlinearity coefficient of their
utility functions, and the nonlinearity coefficient is determined by the types of the demand and
cost functions. If the bifurcation point is greater for a particular combination of the demand and
cost functions of the players (i.e., the SCV value of the environment has a smaller magnitude), the
game situation will be more sensitive to changes in the mental types of the players. In other words,
the game equilibrium can be easier destabilized in dynamics.

It is characteristic that the equilibrium cannot be destabilized under the linear demand and cost
functions. Therefore, gradual changes of the equilibrium actions will be observed in real oligopoly
games with the linear dependencies of the market-technological parameters, a phenomenon often
encountered in practice.

APPENDIX
Proof of Proposition 1. The parameter u; in [6] is the component of the second-order condition
for the optimum of the player’s utility function?, i.e., Hl/é Q = u; — ST_l < 0. Based on (1), we
. . .. -1 -1 . .
write this condition as Pc/gi +(1+ 5] )Pc/g +(1+ 5] )Qi Q Cz/cg 0, < 0; in view of Pc/g <0,
Pl 1457 QiP// cl!
this inequality can be divided by |PQ| /| SI~ 1y (1+5; |P)/‘ QQ; _ \12 /Tl < 0, which finally
) Q
yields (2a).
c!/
% In [6], this parameter has the form u; = —2 — lQle”’ since it was derived under the linear demand function, for

which P} = P, = —b.
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Proof of Proposition 3. Given (3a) and (4c), equations (1) take the form
a—bQ —b(1+5])Q; — B2Qi — B1i =0,

or
7 Qi + Z Qjq—i =D, i€ N;
j=N\i

solving this system by Cramer’s rule gives (9).

r—1 — 1

Proof of Proposition 4. By denoting z; and differentiating the expression (7), we

u]-—S;._l-l—l
obtain
= —1) D72 () =) (-5 1) <0 (A1)
L up Sr 4 Zj u - S uj l ) .
St =8l Sy =Sl g, S >0, S <. (A.2)

To simplify the analysis of formulas (6), let us introduce the notations

>0 for S77! > —1
§=(1+5H1-a)L = Ala]Q*! > 0, A3
(14571 a)Q{<0f0rST_1<_Lx ol (A3)
<0 forf<1
A=B(B—1)¢"2
pe Ja {>0 for g > 1.

In addition, with the compact notations x,y, z, X, Y, and Z for up,,, k =1,2,m = 1,2, 3, formu-
las (6) reduce to

r=uy=-2, X =ug =-—-2+ 5, (A.4a)
B B
y=upp=-2— Tlx, Y =gy =246 — =LA, (A.4D)
X
B B
Z:ulg——2—72, ZZU23=—2+(5——2. (A.4C)
X

Analysis of (A.3) and (A.4) shows the existence of four possible cases depending on the values
of the parameters 3 and S"~!, further indicated by the symbol t: 1) t =1:S5""1 > -1 A B < 1;in
this case, d > 0ANA<0;2)t=2:5"1>-1AB>1;inthiscase, § >0AX>0;3)t=3:9"1<
—1AB<1;inthiscase, § <OAXN<0;4)t=4:5"1 < ~1AB>1;in this case, § <0OA X > 0.

Differentiating (A.4) yields

)
)=zl =0, ngzgza,
B\ 5 B\ (A.5)
=22 -2), v/ =-—2(B-2
Y} bq(ﬁ ), Y/ . xq( ),
/)] j_ 0
5 B\ 5 B (A.6)
v/ =2 %9y gzl 21 4
a Q xq(ﬁ e Q XQ( )
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Due to (A.2) and (A.3), from these formulas we obtain the following results:
1) under the linear demand function (k = 1),

s7/

iq =0, Sir/q

m_zl,S m=1,3 m=

<0 forg>1
k=1 | >0 for 8 <1,
=2

2) under the power demand function (k= 2), q/ >0, ie., due to (A.1), S;/ <0 if
k=2
m=2

6+ %(2 — ) > 0; this inequality leads to the four possible cases: for t =1, the inequality

1> —%(2 — [) is valid, and the substitution of (A.3) gives 1 > ¢ = A@hff;ﬁ)l(ﬁ;fggj,g; for

t = 2, the inequality is the same and ¢ < 0, i.e., Y}l/ > 0 without additional conditions; for t = 3,

we have 0 + %(2 — ) < 0, and consequently, Y}l/ < 0; for t =4, Y}l/ > 0 if o < —1; the derivatives

Yé > (0 and Zé > 0 are considered by analogy.

Let us compare SZ/ gr—1 and Sf /q by magnitude, observing that

Sl = (L= s)) 2w — Sy 4+ )72, S = (1= D) 2w — ST 1)

From (A.5) it follows that

. 1
u{lq = u{?)q = 0’ U’élq = U’éSq = (1 + S 1)(1 - a)aa

ulay = DL~ 2)8(8 - )7,

wlp, = (1487 1)(1 - a)% - ﬁ(ﬁ _9)8(8 — 1)¢°>.

Obviously, limg_, s ul/ g — 0, and therefore, S:/q < S:/ST_I.
Proof of Proposition 5. For the linear and quadratic cost functions with any parameter values,
we have the relations
x>z X>Z

In the other cases, the nonlinearity coefficients satisfy the following relations: z < X for 577! > —1;
r<yfor B<1; <Y for B1<B:1; r < Z for BQ<.B=2; X <Y for B>1; X <y for By > By;
X<zforB2<Bg;y<onrB1<§11fﬁ>1,orforB1>§11fﬁ<1;z<ZforB2<§_2;y<z
forﬂ>1and%>%;Y<Zforﬂ>landg—;>%;Y<Zforﬁ>1andg—;>%,Where§1:5§,
B, = b%, By =6y, By =b8, By = %(X —b), and By = 5Xx__bb‘ Due to (10a), greater values of ugy,
lead to smaller values of S7, . Therefore, these relations yield the desired inequalities for of .
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Abstract—This paper explores the problem of influencing the environment by a group of au-
tonomous robots through the creation and use of road infrastructure. The model object is ant
roads (trails). We identify the main aspects of the behavior of different ant species in the process
of collective foraging, and actions that together lead to the appearance of a phenomenon that
the observer perceives as an ant road. We develop and describe an animat behavior model in
the process of arranging a route. We define a list of mechanisms, a set of sensory capabilities,
and effectors that are necessary for the robot to implement options for arranging the route.
The results of simulation modeling for solving the foraging problem with route clearing are
consistent with theoretical models. The simulation results confirm our assumption that the
route arrangement can be carried out by individual efforts of animats (robots) and without the
need to organize joint actions.

Keywords: social behavior models, collective robotics, autonomous mobile robots, bio-inspired
models, foraging task
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1. INTRODUCTION

Usually, the task of moving autonomous agents (robots) is solved by methods of constructing
an optimal or suboptimal route. If the robot has an environmental map and the starting and
ending points of the route are determined, then various optimization methods are used to solve the
problem [1]. If there is no map, the robot either pre-builds this map (SLAM methods, Simultaneous
Localization and Mapping), or the map is constructed with the target point search [2]. Some of
the methods used take into account changes in the environment, but practically nowhere is the
problem that a robot can change this environment itself considered. For example, if there is an
obstacle that prevents the robot from moving in the right direction, it can bypass the obstacle or
remove it if it is movable and the robot has manipulators to move it. Here the problem arises of
finding a balance between the costs of bypassing the obstacle and clearing the road.

There are two aspects to this work. On the one hand, the behavior of an agent moving along
the route will be considered from the point of view of the bio-inspired methods application. On the
other hand, this problem is used to raise the question of the technical inexpediency of modeling
the external, phenomenological side of animal behavior instead of identifying and implementing the
basic mechanisms of their behavior.

The use of social behavior models (SBM) is one of the approaches to solving complex tasks of
group robots control in difficult non-deterministic environments. SBM consider the socio-inspired
organization of robot interaction as one of the adaptive mechanisms that allows solving group
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tasks in complex dynamic environments where the use of centralized control methods is difficult or
impossible [3, 4]. Here the term “society” is considered as an exclusively biological concept.

Ants are a prime example of social animals. They form so-called eusocial communities — the
most complex form of social organization. This community is characterized by such signs as the
presence of a territory assigned to the group, a permanent composition of the group, cohesion (the
desire of group members to stick together), individuals specialization, etc. [5, p. 109].

The use of SBM to solve group robotics tasks is as follows: formalization of various behavioral
patterns of social animals; development of mechanisms and algorithms that implement these models;
creation of software and technical solutions based on them, allowing to perform applied tasks of
group robots control. Previous research in the field of SBM has focused on the interaction of agents
with the environment and with each other. Now the issue of agents influencing the environment is
becoming relevant.

SBM belong to bio-inspired approaches, therefore, the issues of methodology for creating bio-
inspired models are important.

2. METHODOLOGICAL ASPECTS

There are two extremes in the field of bio-inspired models related to the modeling of social
behavior of animals. The first is to create artificial models “inspired by nature.” These are Ant
Colony Optimization algorithms [6], Grey Wolf Optimizer [7], Butterfly Optimization Algorithm [8]
and similar stochastic algorithms [9], optimizing the search in the solution space. For example, the
Ant Colony Optimization algorithm is based on the concept of a pheromone trace [6]. Some ant’s
species leave an odorous trail: a pheromone that evaporates over time. Foraging ants move in
the direction of increasing the intensity of this odor when searching for resources. The pheromone
analogue serves as the basis for gradient search in a solution space. Another example is the Gray
Wolf Optimizer algorithm (GWO). The GWO mimics the hierarchy of individuals and hunting
mechanism of grey wolves in nature [7]. This algorithm contains many biological terms, but in
fact “individuals” are solutions in a space that is described by some non—monotonic function.
At each step, the algorithm evaluates three best solutions, then the “individuals” are shifted in
space according to certain rules, the solutions are evaluated again under the assumption that the
best solution is located in the geometric center of the “dominant” individuals. Thus, this algorithm
is a completely artificial mechanism, for which only the general principle of dividing individuals by
weight in decision-making is taken from nature. Such methods solve optimization problems well,
but have little to do with the actual behavior of living organisms.

The other extreme is an attempt to simulate natural mechanisms in the form in which they are
observed in nature (a phenomenological approach). The authors take certain natural phenomena,
more precisely, a description of human observations of these phenomena, and model their external
effects. This approach leads to the emergence of numerous realizations of these phenomena. For
example, in [10, 11], the authors describe an implementation of ant foraging, which is a complex
behavior and involves the search and transportation of food. Other authors even propose “gen-
eralized approaches” to such modeling [12]. But all these solutions are particular ways of solving
specific problems.

One of the most striking examples is aggression or agonistic behavior. Quite a long time ago,
biologists proposed to consider aggression as an external manifestation of certain social behavior
types, such as parental, nutritional, etc. [13]. But so far, aggression is explicitly or implicitly
declared a basic mechanism or a separate behavior type (see [14, 15]). However, this phenomenon
can be realized with the help of other basic elements [16].

In contrast to the above approaches, the SBM paradigm assumes that any complex social be-
havior or phenomenon consists of a small number of basic mechanisms. This corresponds to the
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approach of M.L. Tsetlin school in the field of collective behavior [17]. To model behavior, it is
necessary to understand what basic elements it consists of and how the observed effects arise, not
to introduce unnecessary entities, but to use a combination of basic mechanisms to implement any
behavior. This has both a technical and a pragmatic rationale.

As an example, let’s give the phenomenon of leadership. Leadership is just some observable
phenomenon. The individual does not have a special “leader” block, and insects do not have
specific tasks related to dominance. It’s just that the behavior of an individual depends on the
presence or absence of other individuals nearby. If there is someone stronger (larger, well-fed, etc.)
nearby, then the individual begins to behave like a subordinate — it follows the leader. Following
a leader is understood in a broad sense: both movement and imitation of the leader’s actions in the
end. This is one of the basic models of social behavior [5, 18]. If there is no one more successful or
stronger nearby, then the individual itself becomes someone whom others perceive as a leader. The
individual itself does not perform any “leadership functions”, but continues to do its own actions —
construction, foraging, etc. And we observe the effect of self-organization: individuals next to the
“leader” begin to perform similar work.

Another good example is the phenomenon of ant roads. This is a well-established term often
used in literature [19-21]. In this paper, we will try to show that the term “ant trails” appeared as
a result of human interpretation of the observed actions of individual ants and their groups, which
are usually performed during foraging.

Trail construction is considered one of the most interesting examples of ants working together,
which has an impact on the habitat. There are many descriptions of how roads arise, how they are
maintained in working order for a long time, etc. Therefore, the desire to model this mechanism is
justified, in particular, in order to efficiently use resources or minimize energy consumption during
movement. However, an attempt at formalization leads to a rethinking of the road phenomenon in
determining the mechanisms underlying it.

The first question is: what are we really observing? The answer to this question determines
which models and mechanisms need to be implemented. Strictly speaking, a trail is not only an
element of infrastructure. A trail or road is a concept included in the agent’s knowledge base about
his environment, part of the so-called world model. From the point of view of semiotics as the
science of sign systems, which determines the applied aspect of the knowledge representation form,
this concept should include the image (perception of the sign), ways of using it (meaning of the
sign) and influence goal setting (personal meaning of the sign) [22]. Formally, the sign S describes
the entities or concepts of the agent’s world. It can be represented as follows: S =<n,p,a,m >,
where n is the sign name, p is the perception (description or set of characteristics), m is the sign
meaning (procedures related to the concept), a is the personal meaning (the component responsible
for goal setting).

On the other hand, there is the concept of a route. This is a fundamentally different entity.
This is an observable external; it does not have to be part of the agent’s world model. As will be
seen later, the “road” activity of social insects can be reduced to the arrangement of routes. We
will understand the route arrangement as a set of actions performed on the area through which the
route runs, and aimed at changing its physical characteristics in order to reduce the energy costs
of passing the route.

3. TRAILS AND ROUTES

The road aspect is very interesting for group robotics (GR). GR solves practical tasks such
as monitoring, reconnaissance, patrolling, etc.; therefore, moving along certain routes plays an
essential role. Important mechanisms are not only cooperation and coordination of actions, but
also the creation of road infrastructure by robots themselves during self-organization. Researchers
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do not pay enough attention to the latter issue, although the benefits of clearing a route to increase
movement speed, for example, are obvious.

Biologists consider roads to be one of the main structure elements of the protected area of many
ant species [20], and the roads construction is a vivid example of collective behavior [23]. But an
attempt to find a definition of the ant road did not yield results. Biologists often use terms without
giving any definitions at all. For example, one of the prominent Russian researchers A.A. Zakharov
gives a classification of ant roads, but does not define the road [19]. Biologists from other countries
use similar terms: trails, trail construction [24], infrastructure construction [23]. But they also do
not give definitions, at best they give a brief description, for example: “physical trails, i.e. pathways
that are cleared of obstacles” [24]. And it gives the impression of “well-established terminology”
from the category of “everyone knows what ant roads (trails) are.”

Let’s try to approach this issue from a constructive point of view. We will understand by a
road a strip of land equipped or adapted and used for movement, or the surface of an artificial
structure, i.e. something that is the result of purposeful activity. This is similar to the definition
that can be found in official documents.

Such definitions are not constructive for SBM. This is an exclusively external phenomenological
description. To implement behavioral models, it is necessary that the road become the essence of
the agent’s world model. It should be a kind of sign that has at least two components: a number
of signs recognized by the agent (perception) and many related behavioral procedures (meaning).
But besides the term “road” there is the concept of a path or route. A route is a way from one
point of interest to another. The route is recorded or evaluated by an external observer, i.e. he
does not have to be represented in the agent’s world model.

In this work, it is assumed that in the ant world there is no road as a specially created structure,
but there is a route, for example, from the nest to the foraging area. There are many confirmations
that the concept of “ant road” is a human interpretation of the movement of ants along a certain
route. For example, in [21, p. 38| it is said about determining “the direction of forage roads or
forager flows in cases where there are no permanent roads.” Or in [20] when describing roads deep
into the soil: “In the rest of the territory, ants used ordinary roads which represent a stream of
foragers while actively using trunks and branches of fallen trees to move.”

Let’s further consider the two main road phenomena described in insect biology, replacing the
term road (trail) with the term route.

3.1. Route Formation

Let’s describe the process of forming the ant’s route based on data from [21, p. 10]. First, the
scout ants explore the area in search of food resources (for example, aphid habitats). If scouts
discover new food source, they return to the nest, mobilizes its nestmates and take them to this
place. If it is a renewable resource, foragers begin to visit this place regularly. The route usually
does not run in a straight line, but where it is more convenient to walk: partially along fallen
branches and tree trunks. But if the route passes over the ground then there are irregularities,
small debris, vegetation that interfere with walking. Then the ants begin to arrange the route to
make it more “convenient,” reducing energy costs. One removes debris, the other pushes aside
soil particles, the third destroys small vegetation. The surface is leveled, and the route sometimes
becomes more direct and shorter. As a result of the individual, over time, the same “cleared trail”
is formed [24], which the observer sees. People perceive this usually narrow cleared strip along
which ants move as a road or trail (Fig. 1). In places, it passes through fallen branches or tree
trunks (Fig. 1a) [20-21, 23], then it can only be detected by the ants flow. But on the ground,
this “trail” is clearly visible even in the absence of ants on it (Fig. 1b), and the observer may have
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Fig. 1. Examples of “ant roads”: (a) a stream of leaf-cutting ants passing along the trunk of a tree;
(b) an anthill of a red forest ant with two “roads.”

the impression that he sees a certain construction that appeared as a result of coordinated actions
(construction).

It is convenient to call this “construction” a road by analogy with human roads. But for a person,
a road is a construction with a certain set of signs that determine human behavior in relation to
it. Ants do not have such unambiguous recognition. The experience indirectly confirming this is
described by A.A. Zakharov [21, p. 11]. On one of the roads, the researchers seized all foragers and
observer ants from the side of the nest adjacent to the road. Thus, there are no ants left in the
nest that know this road. The ant family regained possession of the lost part of the territory a few
days later, but the original road network and many aphid colonies in the experimental sector were
lost. Consequently, other ants who do not know the area could not recognize the roads that exist
on it and reuse them.

3.2. Clearing the Route

On the one hand, the ant’s activity in “road maintenance” is energetically beneficial. For
example, loaded leafcutter ants travel 4-10 times faster on cleared trails than on uncleaned ones [25],
and on average a colony of such ants spends only a few days per season clearing trails [26]. On
the other hand, there are studies [23] with the same leafcutter ants, confirming the hypothesis that
there are no feedback mechanisms between individuals, nor recruitment mechanisms specifically for
clearing the trail. The mathematical model [23] shows that the results of trail clearing experiments
can be explained by a fixed probability that the forager will eliminate the interfering obstacle, and
this does not require the mobilization of other ants.

So, using the concept of a route, we can explain all the observed phenomena of the appearance,
use and support of the “road ants infrastructure,” more precisely, the rational use of the territory.

This statement may seem unnecessarily categorical. We will not delve into terminology issues,
we will talk about tunnels [27], roads deep into the soil [20], etc. Of course, environmental change
affects the nature of the agent’s behavior: he will preferably move along a convenient, well-trodden
area. In this sense, the tunnel is the ultimate case of such a “preference”, because in the tunnel the
ant does not have the opportunity to choose another path. Let us repeat that if we consider the
road not as the essence of the world model of an external observer, but as the essence (sign) of the
agent’s world model, then behavioral procedures (the sign meaning), its image (perception), and
meaning (explicit meaning from the point of view of the objective function) should be associated
with such an entity-sign. But exactly all this is not observed in the agent’s behavior.
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4. THE ROUTE ARRANGEMENT

Based on the above, we will assume that ants do not have a separate type of activity for
the construction and maintenance of road infrastructure. Individual foraging ants, moving along
a familiar route, perform some actions. The result of these actions is perceived by an outside
observer as a road. These actions are auxiliary. Therefore, the solution of the task of arranging the
route should, if possible, be performed using methods and mechanisms that have previously been
implemented and have already been used for other tasks, and not introduce entities beyond what
iS necessary.

The agent must move from one point to another to solve various tasks: patrolling, foraging, etc.
Here, the task of movement is solved not at the level of route planning and building an optimal
trajectory, but at the behavioral level (like ants). Let’s take foraging as an example. Foragers
regularly go to the food source and move it to the “base,” and the route connects the base and the
source location. The agent does not have an environmental map (like the ant [28]): he remembers
the route by visual landmarks and compass [29, 30]. During the movement, the agent remembers
landmarks and approximate compass direction, so his route is a set of relatively straight segments
from one landmark to another (Fig. 2).

’ < =)
”
@

Q

# O

Fig. 2. Example of a route from a “base” to a source.

Movement characteristics. The direction of the agent’s movement is determined by the local
goal and context at every time. A local goal for ants can be a visible landmark, a pheromone
trail, polarized light data. The current context is the state of surface, obstacles, etc. The context
determines the characteristics of movement, obstacle avoidance, local preferences, etc. In this sense,
movement is the “resultant” of tendencies to go in the right direction, as well as to go in such a
way that it is “more convenient.” This is precisely the effect of the “trodden” path on the agent’s
movement. The more intense the flow, the more the path is “trampled,” the more preferable it will
be to move along it. But such a “well-equipped” route is not a road, it’s just “more convenient”
to go that way.

The efficiency of movement is determined by energy consumption, which depends on the time
of movement along the route. The time depends on the total length and curves of the route: the
agent moves in a straight line faster than when turning, in particular, when bypassing an obstacle.
Thus, removing obstacles and straightening the route will increase energy efficiency. In addition,
the number of landmarks that the agent can recognize should be sufficient for steady movement
along the route. This increases the probability of successful passage from the base to the source
and back.
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The route arrangement for ants in general may include different actions:

1. Trampling (compaction of the soil without additional effort of ants).

2. Clearing the route (cleaning up debris and vegetation).

3. The use of improvised material to increase the convenience of passing along the route, for

example, laying plant debris on a swampy route section.

4. Surface leveling, including digging into the soil.

The procedure for clearing the route. When an agent goes along a known route, he knows in
which direction he needs to move. If there is an obstacle in front of him that prevents him from
walking straight, he can bypass it or move it to the side. To do this, it must recognize obstacles
and distinguish between movable and non-movable ones. He can perceive these same obstacles as
landmarks.

The clearing procedure determines where and how the obstacles are removed. The main question
is not in which direction or how far the interfering objects are moving. Difficulties arise when
obstacles shift into piles or shafts, forming new landmarks. In fact, the creation of a new landmark
means the agent’s explicit impact on the environment.

Note that using displaced obstacles as new landmarks is not the same as reacting to a pheromone
trail. On the one hand, if an agent detects such a landmark, it cannot identify it as a landmark
along the path. On the other hand, the pheromone in ants is a label that is perceived by ants as
a sign that another ant’s route is passing here. The odorous trail left by the scout can be used
by foragers for self-mobilization: they begin to move along this trail in the direction from the nest
(they know its location) [31]. In the case of moving an obstacle, only the agent who walks along
the route known to him can remember this obstacle as a landmark.

Participants in the clearing. Any forager can become a participant in the clearing, since there are
no special clearing ants [32]. The probability that an ant will start clearing depends on its condition.
Foragers carrying cargo are never engaged in clearing (for leafcutter ants, see [23]). There is also
an estimate of the probability that an ant, when faced with an obstacle, will eliminate it.

So, clearing a route leads to its opening, a reduction in its length and to the creation of additional
landmarks along the route.

5. THE AGENT’S BEHAVIOR MODEL FOR ROUTE ARRANGEMENT

Biologists’ research confirms that the route arrangement in ants is energetically efficient [25, 26].
Consequently, the assessment of the agent’s actions during foraging can also be based on changes
in energy costs. Here is a model describing this process and allowing evaluation of the effectiveness
of the agent. This is a simplified qualitative model; it does not aim to describe all the details of
the route clearing process.

Suppose there is an agent solving the problem of transporting some resource (“food”) from the
foraging area to the base. The amount of “food” determines the positive contribution to its energy
balance. The agent expends energy on traversing the route from the base to the source location, as
well as clearing the route from obstacles. Let’s assume that the agent functions in such a discrete
time, where each clock cycle can determine a certain period of its existence. The environment in
which the agent operates is determined by a limited amount of non-reproducible resource in the
foraging area, as well as many obstacles along the route. The agent can remove these obstacles
with some probability, reducing the route length, but at the same time spending some of its energy
on cleaning.

The task is to evaluate energy efficiency as a function of the agent energy consumption, which
depends on the properties of the medium and the probability that the agent will clear the route.

Let f(t) is the delivered resource, and C(t) is the cost of delivering the resource. The delivered
resource is determined by the agent’s load capacity and in the simple case f(t) = f(0) = const. All
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the values used are dimensionless and are defined as the energy received or spent in conventional
units, and the time ¢ is discrete. Then the effectiveness of agent F(t) at time ¢ can be determined
as follows:

E(t) = f(t) = C(1). (1)

The cost of delivering the resource C(t) (1) consists of the cost of completing the route L(t),
clearing work W (t) and searching for food on the area C(t):

C(t) = L(t) + W(t) + Cy(t). (2)

The cost of completing the route L(t) (2) depends on the distance Ly between the “base” and
the “foraging area” and on the saturation of obstacles:

L(t) = Lo + krp(t). (3)

Here Ly is an approximately direct route, Ly = const; p(t) is the saturation of obstacles; kr, is
the coefficient determining the cost of bypassing the obstacle.

The cost of clearing work W (t) (2) depends on the saturation of obstacles p(t) and on the p,, is
probability that the agent will remove the obstacle, p,, = const:

W (t) = pup(t). (4)

The cost of searching for food C¢(t) (2) is inversely proportional to the amount of food in the
area:

Cy(t) = kr/(F(t) + €). (5)

Here kp is coefficient of the searching cost, krp € R, and € is introduced so that when F(t) =0
the costs would be finite, e € R, € > 0. The amount of food in the area F'(t) (5) decreases with
time:

F(t) = Fy — ft. (6)

Here Fy is the initial amount of food on the area. The saturation of obstacles p(t) (4) also
decreases as the clearing progresses:

p(t+1) = p(t) = kW (t) = p(t) = kupuwp(t) = p(t)(1 = kuwpuw) (7)

or, in the end:
p(t) = po(1 = kuwpuw)'- (8)

Here k,, is the coefficient of actions’ effectiveness to remove an obstacle. As a result, we get an
expression for the agent effectiveness:

_ Fof — ft+ fe—kp

E(t) F(t)+e€

— Lo — po(1 — kwpw)t(kL + Puw)- 9)

Obviously, the function determining the amount of resource in the area F'(t) must be redefined
so that it is bounded from below by zero. If F'(t) = 0, then the value of f(t) is reset (the agent
does not bring anything):

fo, i F(t) — fo >0,

F(t) = max(Fy — ft,0), f(t)= { e (10)

This model allows us to evaluate the effectiveness of the agent’s actions during foraging and build
a qualitative graph for E(t) (10). Figure 3 shows graphs of E(t) and obstacle saturation p(t) (7)
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Fig. 3. Graphs of the effectiveness of the agent’s actions E(t) and the saturation
of obstacles p(t) in numerical modeling.
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Fig. 4. Graphs of the effectiveness of the agent’s actions F(t) in simulation modeling.
The average of 10 experiments and the standard deviation.

for the following parameter values: the cost of passing a direct route Ly = 1; the probability that
the agent will remove the obstacle p,, = 0.1; the cost factor for bypassing the obstacle k;, = 0.5; the
initial saturation of obstacles p(0) = 1; initial amount of food in the area F'(0) = 100; load capacity
of the agent f = 2; clearing efficiency coefficient k,, = 0.9; cost factor for food search kr =1, ¢ = 1.

Graph E(t) in Fig. 3 shows that the agent’s efficiency increases as the route is cleared, reaches
a maximum when the number of obstacles decreases below a certain threshold, but then decreases
due to a decrease in the amount of food.

Negative values of E(t) on the graph mean that when F(¢) =0, the agent only spends its
resources while traveling along the route, not replenishing them (works at a loss).
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6. SIMULATION MODELING

Simulation modeling was performed using the Kvorum multi-agent modeling system created at
the Kurchatov Institute Research Center [33]. The agent moved between two points: from the
“nest” to the “foraging area.” The time spent on the road was calculated, taking into account the
avoidance of obstacles and/or the cost of removing them, and the time spent on the site searching
for food. After finding the resource, the agent instantly returned to the “nest” and went back to the
foraging area. The experiment ended when the time to search for food exceeded 2000 cycles: then
it was believed that the food on the site was over. Figure 4 shows a graph of the E(t) efficiency for
a number of simulation experiments. It can be seen from the graph in Fig. 4 that the effectiveness
of the agent’s actions varies in a similar way to what numerical modeling shows. At first, the
effectiveness of the agent’s actions increases, since clearing the route leads to a decrease in the time
to complete the path. Then comes the stabilization period (35-55 passes, Fig. 4). As the area is
depleted, the time to search for food increases, and efficiency decreases.

7. MECHANISMS FOR THE IMPLEMENTATION
OF ROUTE ARRANGEMENT OPTIONS

Trampling (natural compaction of the soil). This process is difficult to implement in the labora-
tory conditions, but in a natural environment it happens naturally when many robots move in the
same way. The assessment of the sufficient number of robots is based on an estimate of the number
of active foraging ants: for the Formica family of 500 individuals, it ranges from 15 to 45 individ-
uals [34]. Minimum requirements are imposed on the robot: it must be able to navigate by visual
landmarks and compass, memorize the route, return to “base” and repeat the route.

Clearing the route (removing obstacles from it). To do this, in addition to the previously listed
mechanisms, the robot must be able to: (1) identify obstacles, (2) distinguish movable obstacles
from stationary ones, (3) shift or transfer obstacles to the side, (4) return to movement along
the route, (5) refine the memorized route, because shifting obstacles changes the configuration
of landmarks along the route. In papers [35, 36], a way of navigating by visual landmarks and
compass is described, in which the route is remembered approximately. Returning to the route can
be implemented as a continuation of the movement “in the same direction,” taking into account
the landmarks. Therefore, it is necessary to move the obstacle a short distance, sufficient to clear
the way and comparable to the size of the robot.

To clear the route, the robot must determine how and when it makes a choice between bypassing
and moving an obstacle. After moving the obstacle, the robot must determine further actions: will
he follow the route or continue clearing the way.

Surface alignment (horizontal alignment) To do this, the robot must have effectors capable of
cutting off the top layer of soil or “laying trenches.” This is too strong a requirement, but you can
limit yourself to movable elements (obstacles) that you can either drive over or go around them.
The robot can shift such elements with an effector in the form of a blade: in this case, clearing the
route will also lead to alignment.

The use of improvised material. This is a more difficult option. First, the robot must be able
to determine that there is an area in front of it that is inconvenient for movement, for example, a
recess. Secondly, he must find an element nearby that can align this area. But this option can be
considered as a continuation of the previous one, by analogy with ants that shift the soil to level
the surface of the trail [23]. And the robot can move obstacles that interfere with the passage to
these inconvenient areas. A general list of mechanisms is given in Table. In it, all the previous
mechanisms are needed for each next option.
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Mechanisms for implementing options for a route arranging by a robot

Options for arranging a route Mechanisms

1. Trampling Localization by visual landmarks and compass
Memorizing the route

Returning to the “base”

Repeating the route

2. Clearing the route Obstacle identification
Recognition of movable and stationary obstacles
Shifting obstacles to the side

3. Surface alignment Identification of an obstacle that can be skirted from
the side or run over

4. The use of improvised material | Identification of an inconvenient area where an ob-
stacle can be moved

8. CONCLUSION

This paper has two aspects — technical and methodological. The first aspect is concerning
the behavior modeling and is as follows. The reasoning and simulation results above confirm the
assumption that in fact there are no roads in the world of ants in the sense that man puts into this
concept. There are only routes and directions of movement, and the route arrangement in order to
reduce energy costs in a simple case can be carried out without organizing joint purposeful activities
of many agents (robots). Thus, we have shown that without creating new entities, without involving
any artificial structures, we can get the same result and observe the same phenomenon, which
biologists call “ant roads.” Formally, this means the absence of the “road” entity in the agent’s
world model, which entails the absence of the need to create behavioral procedures corresponding
to this sign, representation /recognition, etc. This greatly simplifies the solution of the problem.

The second aspect is methodological. It emphasizes that the attitude towards bio-inspired
models should be critical and constructive. Let’s go back to the title of the paper and summarize
what the “pitfalls” of bio-inspired models are.

1. Superficial analogies in bio-inspired behaviors are a dangerous thing. “Nature-inspired” mod-
els often have nothing to do with what is available in nature. The danger lies in the fact that
such a superficial view ignores the mechanisms underlying a particular behavior. As a re-
sult, specific models are obtained that reflect only the external, phenomenological aspects of
natural phenomena.

2. The identification and implementation of basic behavioral mechanisms has purely practical
aspects. This saves effort when developing systems, makes it possible to combine these basic
mechanisms and provides flexibility. An example of this approach is the paradigm of social
behavior models.

3. Real biological models and descriptions of phenomena also require a critical attitude. The
point is that biologists and technical specialists use different concepts. The latter should
consider important the essence of the phenomenon, as well as its constituent elements and
the causal relationships between them. Without this, it is unclear what needs to be modeled.
An example of this phenomenon is ant roads, which were discussed in this paper.
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Abstract—The problem of parametric synthesis of a model predictive control (MPC) system by
the chemical process of production of the kerosene fraction of an industrial fractionator under
conditions of constraints and uncertainty is considered. The optimal parameters of the MPC
algorithm are obtained as a result of solving the problem of multi-criteria optimization, taking
into account the intervally specified parameters of the plant model.
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1. INTRODUCTION

Model predictive control (MPC) has recently developed a lot due to the fact that it has a number
of significant advantages in solving the problems of control multidimensional industrial plants in
the presence of constraints on control actions [1-3].

When finding the values of control actions at each time step k, the optimization problem is
solved. The objective function using the predict of P forward time steps (Jx45, j = 1,...,P) is
minimized by selecting the increment values of the control variables Au on the control horizon M.
The values of the control actions are determined by M ssteps forward, but only the first change is
used Auy, i.e. at the current time. After uy is executed, the measurement of the output variable
comes in the next step yr+; and the model error is corrected, since the measured value yx11, as
a rule, does not coincide with the forecast value. For a multidimensional system consisting of
controlled variables (CV) ncy and manipulated variables (MV) njsv, the matrix of the system
dynamics is formed from the coefficients of the finite step response (FSR):
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the ith time step.

First-order transfer function with a delay are mainly used as initial data for predictive models
in the form of an FSR: p
F(s) = e 0.
() Ts+1

The parameters of the model for a multivariable system can be written as matrices:
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where G is the matrix of the gain coefficients, T is the matrix of the time constants, ® is the
matrix of the delay values.

The elements of the matrix S are formed on the basis of G, T and ©:
S; =0, iAt < ©
. —(1a1-6) .
Ss=G|l—-e T , 1At > O.

The control problem can be formulated as an optimization problem with the following objective
function [4]:
gﬁJzEﬁHQEMJ+AUERAUk

s.t.
yz+j<yk+j<}’];i_+j (jzl,...,P),
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T . .

where u;, = [Unk, e “nlek} is a vector of MV values at time k; AUy = [Aug, ..., Augiir—1]
T
is a matrix M of changes in MV values at time k (Auy = [Aul‘k,...,AunMV‘k} )i Vitj =
T

Yilktjo s @ncv|k+j} is a vector of corrected predicted CV values at time k + j; Q and R are

diagonal weight matrices for prioritizing elements Ek-‘,—l and controlling changes AUy, respectively.
The predictable error vector Ek-‘,—l is defined as

. e ~
Epi1 = Yk+f1 = Y1,

where Y, is the vector of given CV values at time k + 1, Y~'k 1 is the vector of corrected predicted
k+1 & +
values:

Yk-i—l = SAUk + Yl?:-l—l + [Yk’ - }A’k] s

where Y;_, = Z-ASQ Sit1Aug_; + Syug_n+1 is the vector of forecasts of unforced responses.
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This paper considers the MPC algorithm, in which the increments of control actions (MV) are
determined analytically [5]: X
AU(k) = KcE’(k+ 1),

where E° (k + 1) is the predicted deviations from the initial trajectory with the constancy of the
values of future control actions; K¢ is the matrix of the regulator gain, which is calculated as
Ko = (STQS + R)_l sTQ.

In spite of its advantages, MPC depends on the accuracy of the model, and transients in the
control system can deteriorate in the presence of uncertainty, perturbations, and model errors
(mismatch of the MPC model with the model of the controlled plant) [6]. In the existing works,
in order to compensate for the uncertainty, it is proposed to introduce output predictors into the
structure of the control system for various parameters of the plant (family of plants) [7, 8], which
increases the complexity of the control system in the case of multidimensional plants, and the
number of required computing resources of the MPC algorithm for finding a sequence of optimal
increments of control actions increases significantly. In contrast to the known works, in this paper,
it is proposed to take into account the uncertainty of the plant at the design stage of the MPC
algorithm, i.e. to search for the optimal parameters of the regulator based on the predictive model
(weight matrices Q and R), when the parameters of the plant are set intervally.

2. DESCRIPTION OF THE PROCESS UNIT
AND FORMULATION OF THE PROBLEM

A fractionation column C-2 is considered (Fig. 1), in which a multicomponent hydrocarbon
crude mixture is divided into naphta, kerosene, and other fractions. Column C-2 has an additional
side stripping column—a column for stripping the C-3 kerosene fraction. Column C-2 contains
44 valve trays in the rectification section and 12 valve trays in the stripping section. Excess heat in
the column is removed by bottom pumparound (BPA). The top temperature (TIC1) is controlled
by the supply of reflux in the upper part of the C-2 fractionator. The purpose of column C-3
is the stripping of light hydrocarbons from the kerosene fraction due to the heat of the BPA of
column C-2 supplied to the reboiler E-2. Light hydrocarbon vapors from column C-3 are returned
to column C-2. The temperature of the product kerosene at the outlet of column C-3 is controlled
by the TIC2 loop. The plant in question has ncoy =2 and njy = 2. The matrix of transfer
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Fig. 1. Process unit block diagram.
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Table 1. Transfer matrix of the plant

Top temperature C-2 | Bottom temperature
(TIC1.8V) C-3 (TIC2.5V)
g1,1 91,2
T F — ? 791‘18 F — ? 791‘28
IBP_KERO 1,1 it ¢ 1,1 T2 1 1°
FV1.MV % of valve opening E-2 | Fy; = J2.1 e 0215 | [y o = 92,2 e 0225
’ To15+ 1 ' 72,28 + 1

741

functions of the plant is presented in Table 1. Transfer functions are aperiodic links of the 1st order
with a delay.

The control task is to maintain the initial boiling point of the kerosene fraction (Tigp_kERO)
within a set range.

3. DETERMINATION OF THE OPTIMAL PARAMETERS OF THE REGULATOR
BASED ON THE PREDICTIVE MODEL FOR QUALITY CONTROL
OF THE INDUSTRIAL FRACTIONATOR PRODUCT

Let us denote the parameters of the transfer functions of the plant in the form of the following

matrices:
0 0
G — a1 91,2 . T = T1,1 T1,2 . @= 1,1 V12 '
2,1 92,2 To1 T2,2 021 022

Matrices of parameters of the transfer functions of the regulator (to find the FSR):

A g1,1 01,2 B Tl T12 A 011 012
G_ — g ) '? ) , T — N ) R 5 , e — s Pt .
921 G2,2 To1 72,2 021 B2

Set the upper and lower limits of the parameter ranges:
- 0.2 0.9 p— 18 18 — 8 7
G= <—O.5 O.9>  T'= <20 14) » ©= (9 7) ’

0.1 0.5 6 6 23
Q_<—1 O.45>’ I_<8 6)’ @_<1 1)'

Let us assume that the actual parameters of the transfer functions of the plant lie in the middle of
the specified range:

G+G [015 07 T+T (12 12 ©0+0 (54
G= 2 _<—0.75 0.675)’ T= _<14 10)’ ®= _<6 4)'

To study the transient processes in the control system, we set the vector of tasks by CV
r=[r m]=[1 08]. The adjusting parameters of the regulator are the matrix of weights
by error CV Q = diag { Q1, @2} and the matrix of weights by increment MV R = diag { R, Ro}.
In the course of the study, it was established that the quality of regulation depended not so much on
the values of the weights Q and R as on the ratio of the weights relative to each other. Therefore,
within the framework of this study, the weights Q = diag { @1, @2} are set.

As a criterion for the accuracy of control tasks according to CV, the mean square error relative
to the desired dynamics was chosen [9]:

Ny nev 9
T=> > (yZZf - ym) ;

i=1 g=1
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where y: Zf is the value of the desired trajectory ¢ CV at the ith time point, y; , is the actual value
of ¢ CV at the ¢th time point.

Thus, the optimization problem can be written as:

Ny nov ; 9
. re
min J = E E (yzq yz‘,q) )
R>0 i=1 q=1 7

where R > 0 means that all diagonal elements are positive. The calculation of the desired trajectory
is made according to the following expression:

7
nMV LTy
ref ha Z G (1 ‘ qg) 7 i =g, 120
Yig — = .

ol YA |Gyl ’ 0, i < O,

where 1 =1,..., Nj; are the time points, and ¢ =1,...,n¢y is the CV number for which the
desired trajectory is calculated. The purpose of this study is to find such values of the weights
R = diag { Ry, Ry} that the output variables of the plant are as close as possible to the desired
dynamics for various parameters G T and @ lying within the specified range.

To determine the robust optimal values of R, consider cases where one of the parameters G, T
and © lies at the boundary of the ranges, and the rest are in the middle. The cases under
consideration are presented in Table 2

Table 2. Controller model parameter variations

- Parameter value - Parameter value

Index p - - - Index p - - -
G T ® G T ®

1 G | T e G| T | ®©

2 G | T e G T | ©

3 G T e G T [C)

The optimization problem in a general form for each of the cases under consideration can be
represented as:

Ny nev 1 2
b _ ref . b («PT P T o0 1 ))
win J ; q; (yz,q (yz_l,q +8P (sPTQsP+R) SPTQEC(k+1)))

SP =0, iAt < OP
a _iAt—©P s
St :Gp<1—e TP ), 1At > OP,

T =T

where

~

To determine the optimal (in this case, robust) parameters of the MPC algorithm, we will vary
the values R = diag { R1, R2} in the range 0.1 < Ry < 35 and 0.1 < Rp < 40 in increments of 0.2.
The graphs in Fig. 2 show the surfaces of the change in the accuracy criterion. Table 3 shows the
weights R at which the criteria values JP are minimal.

Table 3. Optimal values of R for different criteria JP
1 2 3 4 5 6
Roppt R(I))pt Roppt Roppt R(I))pt R(I))pt

Ry 0.1 0.7 6.9 2.5 8.9 0.1
Rs 32.9 1.1 28.5 12.1 32.9 3.5
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Fig. 3. Change of J at different values Ry and Rs.

Due to the fact that the optimal values of the weight matrix R are different for the 6 cases under
consideration, we will use the convolution of criteria [10] to find the robust optimal parameters:

6
J= 3 wP x P,
p=1

Since the values of the criteria for the cases under consideration have the same physical dimen-
sion, we assume that the value of wP =1, p = 1,...,6. Figure 3 shows the surface of change J

when the values of Ry and Rs change. The values of the weights R corresponding to the minimum
value of the criterion J are equal to R‘Zpt = diag {5.3,17.1}.
Figure 4 presents the optimal values of R in the plane Ry Rs. Figure 5 shows the CV transients
when the values of R = Rg’; 'and R = R‘Zpt.
It can be concluded from the graphs in Fig. 5 that the use of weights R selected on the basis

of J , i.e. taking into account the variations in the parameters of the object, makes it possible to
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Fig. 4. Location of optimal values of R.
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Fig. 5. CV transients at R = Rg;l and R =R/ .

reduce the deviation from the desired trajectory in comparison with the case when the optimal
weights are selected on the basis of only one of the criteria JP, i.e. without taking into account the
uncertainty of the parameters of the plant.

Table 4. Values of criteria JP (deviation from the desired dynamics) for different R
R Rs p=1 p=2 p=3 p=14 p=>5 p==6
RPZT [ 0.1 | 32,9 | 1.34848 | 6.06283 | 2.00167 | 2.62597 | 2.03054 | 2.39714

opt

RPZ [ 07 | 11 3.7571 | 0.06194 | 2.29674 | 0.73448 | 2.6284 | 0.18394

opt

RP% | 6.9 | 285 | 1.59663 | 1.89024 | 1.25891 | 0.64345 | 0.82054 | 0.90192

opt

RP-4 | 25 | 121 | 238149 | 0.71668 | 1.44793 | 0.21418 | 1.2088 | 0.15819

opt

RP° [ 89 | 32.9 | 1.54609 | 2.1035 | 1.26915 | 0.82553 | 0.80598 | 1.13606

opt

RP-C 1 0.1 | 3.5 | 297203 | 0.43404 | 1.54271 | 0.3417 | 1.48232 | 0.04001

opt
R/ 5.3 | 17.1 | 1.94841 | 0.87779 | 1.38022 0.2607 1.05938 | 0.28966

opt

4. CONCLUSION

In the framework of this work, a search was made for the robust optimal values of the weights R
for the control system based on the predictive model, taking into account the parametric uncertainty
of the parameters of the control plant. The optimal weights were found for cases where one of the
parameters is at the boundary of the range, and the rest are in the middle. With the help of
convolution of criteria, robustly optimal values R‘épt = diag {5.3,17.1} were found that ensure the
best quality of control of the Tipp_kgro of kerosene fraction of the industrial fractionator. It is
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shown that the use of R‘Zpt made it possible to reduce the deviation from the desired dynamics in
comparison with the use of the optimal value of R without taking into account the uncertainty.
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