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Abstract. An overview of the results obtained for optimization problems of singularly perturbed systems in Minsk
by the optimal control research group is given. All the methods reviewed in the paper share the same research
methodology that is based on the idea of a finite dimensional parametrization of the solution of the optimal control
problem. The range of problems considered include problems with scalar and multidimensional control inputs,
time-optimal and terminal control problems, problems with linear terminal state constraints, and quadratic perfor-
mance indices.
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1. INTRODUCTION

The systems of differential equations with small parameters at some derivatives are usually
referred to as singularly perturbed systems. In the mathematical theory of optimal processes,
considerable attention is given to optimization problems for such systems, which is driven by
the effectiveness of asymptotic methods for solving them. It is well known that the numeri-
cal solution of optimal control problems involves repetitive integration of direct and conjugate
systems. If the problem contains singular perturbations, these dynamical systems are rigid,
resulting in serious difficulties during calculations such as unacceptably long computing time
and inevitable computation errors accumulation. On the contrary, asymptotic methods not only
avoid integration of singularly perturbed systems, but also reduce the original optimal control
problem to problems of smaller dimension that are easier to solve.

The most common approach used to investigate singularly perturbed optimal control prob-
lems is based on asymptotic decomposition of solutions of singularly perturbed differential
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equations that is applied to the boundary value problem of the maximum principle (see, e.g.
[1] — [6]). Such approach can be applied to build the solution asymptotics for problems with
an open control domain and smooth control inputs, i.e. variational type problems. In case of
geometric input constraints in the inequality form this approach encounters serious difficulties,
since the differential equations of the boundary value problem of the maximum principle do
not satisfy the smoothness assumption necessary for asymptotic methods application. Probably
for that reason the research in this case was mainly focused on the issue of a limiting problem,
i.e. the problem which solution is a limit in a certain topology of the solution of a singularly
perturbed problem when a small parameter tends to zero [7] — [11].

This paper presents an overview of the results obtained in Minsk by the Optimal Control re-
search group headed by R. Gabasov and F.M. Kirillova on optimization problems for singularly
perturbed systems. We concentrate on problems with terminal state constraints, i.e. with the
constraints on the right endpoint of the trajectory.

2. RESEARCH METHODOLOGY

We start with a definition of asymptotic approximations to solutions of optimization problems
for singularly perturbed systems with a small parameter ¢ > 0 at some derivatives.

Definition 2.1. A feasible control input satisfying the geometric input constraints is called an
asymptotically suboptimal control of order N (N =0, 1,...) if it deviates from the optimal con-
trol in terms of the performance criterion by a value of order O(u™*!) and the corresponding
trajectory of the dynamical system satisfies the terminal constraints with the same infinitesimal
order.

Our research methodology is based on the idea of a finite dimensional parametrization of the
optimal solution. In many optimal control problems it is possible to specify finite dimensional
elements that allow to reconstruct the solution of the problem in a simple way. Importantly, in
perturbed problems these elements, as a rule, can be chosen in such a way that they smoothly
depend on a small parameter. We refer to these finite dimensional elements as the defining
elements of the solution.

Depending on a particular optimal control problem the defining elements can be the switching
time instants of bang-bang control inputs, the initial and final time instants of singular and quasi-
sigular arcs, the Lagrange multipliers, the duration of the control process (in the case when it is
not fixed) etc. If we denote by ay,as, ..., a; the collection of all defining elements of the problem
under consideration and apply the maximum principle together with the feasibility conditions
to the reconstructed solution we obtain a system of algebraic equations of the form

E(alaaZa"~7ak7u>:07 l:m7 (21)

where U is a small parameter. Similarly to the defining elements, equations (2.1) are called the
defining equations. They result from the integration of direct and conjugate dynamical systems
that are also the perturbed systems. Using the method of boundary functions (see [12]), we
expand the functions Fj(ay,az,...,ax, /L), i = 1.k, in terms of the powers of the small parameter

u

E(alaa27"'7ak7u) NEO(alaQZa"-7ak)+u1:i1(a17a27"'7ak)+"~7 = 17k
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Then under the conditions of the implicit function theorem and applying the method of indefinite
coefficients we can find the asymptotics of the solution of system (2.1). To construct asymp-
totically suboptimal controls of a given order, it is sufficient to replace the unknown defining
elements a;(it), i = 1,k, by their asymptotic approximations of the corresponding order.

The main difficulty in implementing the described scheme is to find the higher coefficients
of the defining elements expansion, i.e. the solutions of the zero-order approximation system

EO(alaaZa"'7ak):Oa l:ﬁ (2.2)

It turns out that if the original optimal control problem is singularly perturbed, then the roots
of system (2.2), as a rule, will be the defining elements of two optimal control problems of
smaller dimensions. One of them is degenerate and the other is chosen while analyzing system
(2.2), which constitutes an informal stage of the study.

The described approach is convenient for numerical implementation since calculations are
reduced to expansions of the finite-dimensional elements.

The asymptotic approximations of the defining elements can by further used to find their
exact values by the refining procedure proposed in [13].

3. PROBLEMS WITH SCALAR CONTROL INPUTS

The methodology described in the previous section was first applied to the time-optimal con-
trol problem for a linear time-invariant system with a scalar control input

y=A1y+Axz+biu, y(0)=y., y(T)=0,
uz = Azy+Asz+bou, z(0) =z., z(T) =0, (3.1)
lu(r)| <1,r €1[0,T], J(u) =T — min,

where 0 < u < 1,y € R", z € R™. It is assumed that A4 is a stable matrix, i.e. all its eigenvalues
have negative real parts.

In [14], an algorithm for constructing asymptotically suboptimal controls of any order in
problem (3.1) was proposed. The defining elements in this case are the switching time instants
of the optimal control and the optimal final time 7. The switching time instants are divided into
two groups. The first group contains instants that are close to the corresponding switching time
instants in the first basic problem

y=Aoy+bou, y(0) =y, y(T)=0,
u(t)| <1, t€[0,T], Jo(u) =T — min, (3.2)
Ao =A; —AA; Az, by = by —AA, by
The second group consists of the time instants that differ from the optimal final time by a

margin of order of . The number of these elements is equal to the number of switching time
instants in the solution of the second basic problem

d
d—i :A4z—}—b2u’ Z(—oo) :A4__1b2, |I/£(S)‘ S 1, S S O,

z2(0)=0, Ji(u) = /O (u(s)+1)ds — min.

—o00

The optimal final time in the original singularly perturbed problem is close to the optimal
final time in problem (3.2).
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The computational procedure of the algorithm includes solving basic problems, integration of
systems of linear differential equations and finding the roots of non-degenerate linear algebraic
systems. Note that asymptotically suboptimal zero-order control is found immediately after
solving these problems.

In [15], an algorithm for constructing asymptotically suboptimal controls in a terminal control
problem for a linear time-invariant singularly perturbed system with a fixed final time and a
variable right endpoint of the trajectory was developed. The problem studied in [15] has the
form

y=A1y+Axz+biu, y(0)=y,
Uz =Asy+Asz+bou, z(0) =z, (3.3)
lu@®)| <1, teT =[0,t"], Hiy(t") =g, Hz(t") = g,
c1y(r") +pey2(r”) — max,
where 0 < u < 1,y e R", z € R", g1 € R", g, € R™. As in the previous problem, the matrix
Ay is stable.

The defining elements in problem (3.3) are the switching time instants of optimal control. As
in problem (3.1), they are divided into two groups. The original problem in this case in split
into two basic problems, the first of them has the form

y:A0y+b0u; y(()):y*, |u<t)|§17 tET,

Hyy(t") =g1, ¢l y(r*) — max
The second basic problem is

d

di = Agz—u0(t")bau, z(—o0) = —u(t*)A; ' b,

u(s)| <1, s<0, Haz(0) = HaA; A3’ (t*) + g2,
’2(0) |/ s)+ 1)ds — max,

where ¢ = ¢+ (A2A; )T y0(r%), uo( t) is the optimal control in the first basic problem, and y°(¢),
w0(t) are the corresponding solutions of the direct and conjugate systems. As in the previous
problem, asymptotically suboptimal zero-order control can be constructed immediately after
solving the basic problems.

The results obtained in [14, 15] were generalized in [16, 17] to the case of nonlinear singularly
perturbed systems of the form

}} :al(y,t)+A1(y,t)z+b1(y,t)u,

nz=ax(y,t) +Aa(y,t)z+ bo(y,1)u.

The papers [18, 19] were devoted to asymptotic optimization of linear singularly perturbed
systems containing at derivatives the parameters of various orders of smallness. The algorithms
proposed in these papers developed the results obtained in [14, 15].

In [20], an algorithm was developed that is aimed at construction the of asymptotically sub-
optimal control of a given order in a minimum force problem for a linear singularly perturbed
system

y=A1y+Axz+biu, Ui=~Aszy+Asz+bou,

¥(0) =y« #0, z(0) =z«, y(t*) =0,z(t*) =0, (3.4)
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J(u) = sup |u(t)| — min,
ref0,r%]
with a scalar control and a stable matrix Ay4.
The defining elements in problem (3.4) are the switching time instants of the optimal control
and the optimal input intensity (the optimal value of the problem). The basic problems in this
case have the form

y = Aoy +bou, y(0)=3", y(t*) =0,

Ji(u) = sup |u(t)| — min;
t€[0,r*]

d
d_i =Agz+bou, s <0, 2(—e0) = Ay by, 2(0) =0, [u(s)| <1,

u(s)| < 1, Jo(u) = /0 (u(s) + 1)ds — min.

— 00

Paper [21] was devoted to the construction of asymptotically suboptimal controls in a linear-
quadratic problem

y=A1y+Axz+bu, y(0)=y,#0, y(t*)=0,

Uz =Azy+Asz+byu,z(0) = z4,z(t") =0, (3.5)

1
u()| <1, 1€ 0.1, J(w) =3 / W2(1)di — min,
0

where 0 < u < 1,y € R", z € R™, u is a scalar control and matrix Ay is stable.

The defining elements in this problem are the saturation time instants of optimal control and
the initial values (at the time instant ¢*) of the conjugate variables. The saturation time instants
here are the endpoints of the intervals where the absolute value of the optimal control equals to
1.

Problem (3.5) decomposes into two basic problems of the form

y=Agy+bou, y(0)=y.#0, y(t*) =0,

1
()| <1, 10,1, Jl(u):i/ W2(1)dt — min;
0

d
d_i =Agz+bou, 2(0) =0, z(—o0) = —u’(t*)A; by,

0
lu(s)| <1, s<0, L(u)= / ((u(s) — bYW (r*))? — ¢*)ds — min.
Here ¢ = u%(t,) — bTyO(t.), u®(¢) is the optimal control of the first basic problem, y°(¢) is the
corresponding solution of the conjugate system.
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4. PROBLEMS WITH MULTIDIMENSIONAL CONTROL INPUTS

In the problems discussed in the previous section, the control inputs were scalar, however,
the obtained results can be easily generalized to systems with multidimensional controls u(t) =
(uy(t),...,u(t)) if their values are subject to geometric constraints

aigu,-(t) <bj,i=1,2,...,r.

At the same time, in many applied problems with multidimensional controls constraints on
their values have the form
lu(@)]| < a,

where ||u|| = \/u}+...+u? is the Euclidean norm of the vector u. First of all, this applies to
control problems for mechanical systems in which the control inputs, as a rule, are bounded in
magnitude forces.

In [22], an algorithm was proposed for constructing asymptotically suboptimal controls of a
given order in the time-optimal control problem

y=A1y+Axz+Biu, y(0) =y, y(T)=0,
Uz =Asy+Asz+ Bou, z(0) =z, z(T) =0, 4.1)
u(@®)|| <1, t€][0,T], J(u) =T — min,
where0 < u < 1, u e R", y e R"?, z € R™. It is assumed that the matrix A4 is stable. The defining
elements in problem (4.1) are the optimal final time and the vector of conjugate variables at this

time instant. The initial problem in this case splits into two basic problems. The first of them is
the degenerate problem

y=Aoy+Bou, y(0) =ys, y(T)=0,
lu(@)|| <1, t€[0,T], Jo(u) =T — min,
Ao =A1 —AxA;'As, Bo=B1—A)A; By,

and the second basic problem has the form

dz _
75— Aset B, 2(—o0) = —A; ' ByAY (To) /[|AX(To) ], [u(s)|| <1, s <0,

0
20) =0, Ji(w)= [ (" (5)A"(Ty) ~ [|A°(To)| )5 > max,

where A%(t) = BY y(¢), and y(¢), Ty are the vector of conjugate variables corresponding to
the optimal control and the final time in the first basic problem. The computational procedure
of the algorithm, in addition to solving the basic problems, includes integrating the systems of
linear differential equations and finding the roots of non-degenerate linear algebraic systems.
However, asymptotically suboptimal zero-order control can be formed immediately after solv-
ing these basic problems.

In [23], an algorithm was developed for constructing asymptotically suboptimal controls in
the problem of terminal control of a linear time-invariant singularly perturbed system on a fixed
control interval and subject to a variable right endpoint of the trajectory

y=A1y+Ayz+Bju, y(0)=y.,
Uz =Asy+Asz+ Bou, z(0) =z, 4.2)
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lu(®)]| < 1, 1 €[0,67], Hiy(t") = g1, Haz(t") = g2,
Y1) + ne§z(r) — max,
where0< u < lL,ue R, yeR", ze R", g; € R", g, € R"™. As in the previous problems, the
matrix A4 is stable. The defining elements in problem (4.2) are the Lagrange multipliers. The
basic problems in this case have the form
y=Aoy+Bou, y(0)=ys, [[u(®)||<1, t€0,r7],

Hiy(t*) = g1, Jo(u) = c]y(t*) — max;
dz

Jo = Azt Bou, 2(—e0) = —A Byl (1), lu(s)|| <1, 5 <0,

0
Hyz(0) = oA, 'AsyO(1*) + g2, J1(u) = cfz(0) + / (ul (5)A%(r*) — [|A%(r*)||)ds — max,
where co = ¢ + (A4, )T y0(+*), u®(¢) is the optimal control in the first basic problem, y°(r),
w0(¢) are the corresponding solutions of direct and conjugate systems.

The results of papers [22, 23] are generalized in [24, 25] to the control problems for nonlinear
singularly perturbed systems

)‘7 = Cll(y,t) +A1(yat>Z+Bl(y7t)ua

wuz=ax(y,t) +Ax(y,t)z+ Ba(y,)u.
In paper [26], the results obtained in [20] were generalized to systems with multidimensional
controls.
In [27], an optimization problem for a linear singularly perturbed system with an integral
quadratic performance index is investigated

y=A1(t)y+Aa(t)z+Bi(t)u, y(t:) = ys,
1z =As(t)y+As(t)z+Bo(tu, z(t.) =z, (4.3)

y(*) =0, z2(t") =0, J(u) = % /t ' (" M(t)y+ uz" L(t)z+ u” P(t)u)dt — min,

where 0 < u < 1, u € R", y e R", z € R™, M(t), L(t) are positive semi-definite matrices, and
P() is a positive definite matrix for all 7 € [£,,7*]. It is assumed that the eigenvalues of the
matrix A4(7) are negative at every time instant z € [,,"].

The defining elements in problem (4.3) are the initial values (at time instant ¢*) of the conju-
gate variables. The basic problems in this case are formulated as

y=A0(t)y+Bo(t)u, y(t:)=ys, y(t")=0,
1
Ji(u) = 5 (yIM(t)y+ u” P(t)u)dt — min,
L

Ao(t) = A1(1) = Aa(1)A; ' (1)A3(¢), Bo(t) = Bi(t) —Aa(1)AL ' (1)Ba(r);

—= = Ag(t")z+ Ba(t")u, 2(0) = Ay (1) Ba (1) (1),

72(—e0) =0, Jo(u) = %/Ow(uT(s)P(t*)u(s))ds — min,

where u®(t), t € [t.,t*], is the optimal control in the first basic problem.
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In addition to asymptotic approximations to the optimal open-loop control, asymptotic ap-
proximations of zero and first order for the optimal feedback are constructed in [27].

Definition 4.1. A vector function u) (y,z,t, 1) is called an asymptotically suboptimal feedback
of order N if for any initial state (., y«,2«)), £ < t*, the equality holds

“(N)()’*,Z*J*ali) = M(N)(l*,‘l,l),
where u™) (t,1), 1 € [t,, 1], is the asymptotically suboptimal open-loop control of order N.

In [28], the results obtained in [27] were generalized to problems with a variable endpoint of
the trajectory

y=A1(t)y+A2(t)z+B1(t)u, y(t:) =y,
nz=As(t)y+As(t)z+Ba(t)u, z(t) =z« (4.4)

t*
=3),
where 0 < u < L, u e R", y e R", ze R™, g € R™, go € R™, M(t), L(t) are positive semi-
definite and P(t) is a positive definite symmetric matrices for all # € [t,,#*]. As in the previous
problem, it is assumed that all eigenvalues of the matrix A4(¢) are negative at every time instant

t € [ts,t*]. The defining elements in problem (4.4) are the Lagrange multipliers. The basic
problems in this case have the form

y=Ao(t)y+Bo(t)u, y(t.) =y« Hiy(t")=gi,

Hyy(t*) = g1, Hyz(t") = g2, J(u) (yTM(t)y + ,uzTL(t)z+ uTP(t)u)dt — min,

N(u) = % (" M(e)y+uT P(t)u)dr — min,
Ao(t) = A1 (1) = Ax()A, ' (1)A3(t), Bo(t) = Bi(t) — Aa(t)A; ' (£)Ba(t);

% = Ag(1)z+Ba(r)u, 2(0) = HoAy (1) (As(17)y° (t%) + Ba(1)u (%)) + g2

72(—o0) =0, J(u)= %/_OM(MT(S)P(Z‘*)M(S»dS — min,

where u%(t), y°(t), t € [t,,t*], are the optimal control and trajectory in the first basic problem.
As in [27], asymptotically suboptimal feedbacks of zero and first order were also constructed
for this problem.

5. CONCLUSION

The paper presents an overview of asymptotic methods for solving a wide range of optimiza-
tion problems for singularly perturbed systems that were developed in Minsk by the Optimal
Control research group. These methods utilize a unified methodology based on the idea of
the finite-dimensional parametrization of the optimal control. The principal advantage of the
proposed algorithms is a decomposition of the original singularly perturbed problems into two
optimal control problems of smaller dimensions. This decomposition allows to solve problems
with a large number of state variables efficiently.



SMALL PARAMETER METHOD 9

REFERENCES

[1] A. B. Vasilieva, M. G. Dmitriev, Determination Of The Structure Of Generalized Solution To A Non-Linear
Problem Of Optimal Control, Doklady Akademii Nauk SSSR., 250 (1980) 525-528.

[2] M. G. Dmitriev, Singular-perturbation theory and some optimal-control problems, Differential Equations 21
(1985) 1132-1136.

[3] G. A. Kurina, J. Appl. Math. Mech. 47, (1984; Zbl 0544.49017) 309-315; translation from Prikl. Mat. Mekh.
47 (1983) 363-371.

[4] M.D. Ardema, Singular perturbations and asymptotic expansions in nonlinear optimal control, Lect. Notes
Contr. and Inf. Sci. 95 (1987) 3-18.

[5] R.EJr. O’Malley, Singular perturbations and optimal control, Lect. Notes Math. 680 (1978) 171-218.

[6] P. Sannuti, Asymptotic expansions of singularly perturbed quasi-linear optimal systems, SIAM J. Control
Optimiz. 13 (1975) 572-592.

[7] T. R. Gichev, A. L. Donchev, J. Appl. Math. Mech. 43 (1979; Zbl 0442.49006) 502-511; translation from
Prikl. Mat. Mekh. 43 (1979) 466-474.

[8] T. R. Gichev, J. Appl. Math. Mech. 48 (1984; Zbl 0591.49017) 654-659; translation from Prikl. Mat. Mekh.
48 (1984) 898-903.

[9] M.G. Dmitriev, The continuity of the solution of the Mayer problem for a singular perturbation, USSR Com-
put. Math. Math. Phys 12 (1972) 284-288.

[10] P. Binding, Singularly perturbed optimal control problems. 1: Convergence, SIAM J. Control Optim, 14
(1976) 591-612.

[11] P.V. Kokotovic, A.H. Haddad, Controllability and time-optimal control of systems with slow and fast models,
IEEE Trans. Auto. Control, 20 (1975) 111-113.

[12] A.B. Vasil’eva, V.F. Butuzov, Asimptoticheskie razlozheniya reshenii singulyarno vozmushchennykh urav-
nenii (Asymptotic Expansions of Solutions of Singularly Perturbed Equations), Moscow: Nauka, 1973.

[13] R. Gabasov, E.M. Kirillova, Constructive methods of optimization. Part 2. Control Problems. PI-University
Press, Minsk, 1984

[14] A.IL Kalinin, An algorithm for the asymptotic solution of a singularly perturbed linear time-optimal control
problem, J. Appl. Math. Mech. 53 (1989), 695-703.

[15] A.L Kalinin, A method for the asymptotic solution of singularly perturbed linear terminal control problems,
USSR Comput. Math. Math. Phys. 30 (1990) 19-28

[16] A.I Kalinin, Algorithm to obtain an asymptotic solution for time-optimum control of a singularly perturbed
nonlinear-system, Differ. Equ. 29 (1993) 497-506.

[17] A.IL Kalinin, An algorithm for the asymptotic solution of the problem of the terminal control of a non-linear
singularly perturbed system, Comput. Math. Math. Phys. 33 (1993) 1543-1553.

[18] L.V. Gribkovskaya, A.L. Kalinin, “symptotic behavior of the solution of the time optimality problem for a
linear singularly perturbed system that contains parameters of variable orders of smallness at the derivatives,
Differ. Equ. 31 (1995) 1219-1228.

[19] L.V. Gribkovskaya, A.I. Kalinin, Asymptotic optimization of a linear singularly perturbed system containing
parameters of variable orders of smallness at the derivatives, Comput. Math. Math. Phys. 35 (1995) 1041-
1051.

[20] A.I Kalinin, S.V. Polevikov, Asymptotic Solution of the Minimum Force Problem for Linear Singularly
Perturbed Systems, Automatica, 34 (1998) 625-630.

[21] A.L Kalinin, An asymptotic method for a singularly perturbed linear-quadratic optimal control problem,
Comput. Math. Math. Phys., 38 (1998) 1412-1422.

[22] A.L Kalinin, K.V. Semenov, The asymptotic optimization method for linear singularly perturbed systems
with the multidimensional control, Comput. Math. Math. Phys. 44 (2004) 407-417.

[23] A.L Kalinin, K.V. Semenov, Asymptotical method for solving the singularly perturbed linear problem of
terminal control, J. Computer Sys. Sci. International 43 (2004) 690-697.

[24] Y.O. Grudo, A.L. Kalinin, Asymptotic method for solving the time-optimal control problem for a nonlinear
singularly perturbed system, Comput. Math. Math. Phys. 48 (2008) 1945-1954.



10 A.L. KALININ, L.I. LAVRINOVICH

[25] Y.O. Grudo, A.L. Kalinin, Asymptotic optimization of nonlinear singularly perturbed systems with control
constrained by a hypersphere. Diff. Equ. 44 (2008) 1533-1542.

[26] A.I Kalinin, Asymptotic solution method for the control of the minimal force for a linear singularly perturbed
system, Comput. Math. Math. Phys. 51 (2011) 1989-1999.

[27] A.IL Kalinin, L.I. Lavrinovich, Asymptotics of the solution to a singularly perturbed linear-quadratic optimal
control problem, Comput. Math. and Math. Phys. 55 (2015) 194-205.

[28] A.I Kalinin, L.I. Lavrinovich, Asymptotic method for solving a singularly perturbed linear-quadratic optimal
control problem with a moving right end of trajectories, Comput. Math. Math. Phys. 62 (2022) 20-32.



	1. Introduction
	2. Research methodology
	3. Problems with scalar control inputs
	4. Problems with multidimensional control inputs
	5. Conclusion
	References

