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1. Introduction

In establishing and developing the theory of non-linear oscillations in the first half of the twentieth century,!-* most attention was given
to analysing and synthesising oscillatory systems for which solving the problem of the existence of the oscillation modes did not present
any great difficulties. The structure of many mechanical, electromechanical and electronic systems was such that there were oscillation
modes in them, the existence of which was “almost obvious”. The main attention of investigators was therefore concentrated on analysing
of the form and properties of these (“almost” harmonic, relaxation, synchronous, circular, orbitally stable, etc.) oscillations.

In the 1950’s, the attention of many scientists concentrated on two celebrated problems, the sixteenth Hilbert problem -8 and the
Aizerman problem,®-13 for which the proof of the existence of periodic solutions was not a trivial problem, and considerable progress was
made in investigating these problems. It was found that they have a lot in common: while the problem of searching for periodic solutions in
the case of two-dimensional periodic systems was formulated by Hilbert from the very beginning, it was revealed during investigations into
the Aizerman problem that the differential equations of automatic control systems, satisfying the generalized Routh-Hurwitz conditions,
can also have periodic solutions.!3 The problem of searching for the periodic solutions of such differential equations is also a current
problem for subsequent investigations in this direction.

These two problems stimulated an enormous number of investigations in the second half of the twentieth century. Hilbert’s sixteenth
problem stimulated the development of bifurcation theory and the theory of normal modes, and the Aizerman problem stimulated theories
of absolute stability. The most complete bibliography is available in Refs. 14-19, in which there are more than two thousand references.
This review is dedicated to some efficient methods and techniques for searching for periodic solutions, which arose as the result of these
investigations, and to both analytical and numerical methods. An attempt is made here to reflect the current trends in the synthesis and
analytical and numerical methods, including powerful computer techniques for solving complex mathematical problems.

2. Cycles of two-dimensional quadratic systems

The Kolmogorov problem. Arnol’d writes:2? “In order to estimate the number of limit cycles of quadratic vector fields in a plane,
Kolmogorov distributed several hundreds of such fields (with randomly chosen coefficients of the second-degree polynomials) among
several hundred students in the Mechanical-Mathematical Faculty of Moscow State University as a tutorial exercise. Each student had to
find the number of limit cycles of his own field. The results of this experiment were completely unexpected: not a single limit cycle was
found in any field!

A limit cycle is conserved when the field coefficients are slightly changed. Hence, systems with one, two, three (and even, as would
become known later, four) limit cycles form open sets in the space of the coefficients such that the probabilities of entering into these sets
in the case of a random choice of the polynomial coefficients are positive.

This fact that this did not happen suggests that the above-mentioned probabilities are obviousely small”.
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The result of this experiment also demonstrates something else: the need to develop purposeful methods for searching for periodic
oscillations, that is, both analytical and numerical methods, which make use of the full power of current computational techniques. This
review is concerned with describing some of these methods.

Here, we are concerned with the Kolmogorov problem and we will elucidate whether two-dimensional quadratic dynamical systems
exist for which the students might have revealed limit cycles in their tutorial exercise described above. To do this, we reduce an arbitrary
quadratic system to the special Liénard equation. For quadratic systems, transformations to the Liénard equation have been used in Refs.
21-28. Here, we follow Refs. 26-28.

We consider the quadratic system

. 2 2
X =ax +bxy+cy +a,x+By

. 2 2
Y = ax +byxy+cy +oux+ By (2.1)
where q;, b;, ¢;, «;, B; are real numbers.

Assumption 1. Without loss of generality, it can be assumed that ¢; =0.

Proof. To be specific, we will assume that a, # 0 (otherwise, on changing the notation x — y, y — x, we immediately obtain ¢; =0). We
next introduce the linear transform x; = x + vy, y1 = y. To prove Assumption 1, it is sufficient to show that the identity (x +vy) = (a; +
vaz X2 + (b + vba)xy + (€1 +VCa)y2 + (a1 + voz )X + (B1 + vB2)y = p(x + vy)y + k(X + vy)? + (@1 + vor2 )X + (B1 + vB2)y, Which is equivalent
to the following system of equations

2
K =a,+va,, KV +pv =c,+vec,, p+2kv = b, +vb, (22)

holds for certain numbers p, k and v.
Equalities (2.2) are satisfied if
2
(a,+vay))v =v(b,+Vvby)+(c,+vcy) =0
Since a, + 0, this equation of the third degree in v always has a real root. Hence, the system of equations (2.2) always has a real solution.
We will henceforth assume that ¢y =0.

Assumption 2. Suppose b; # 0. The straight line 3; + b;x = 0 in the plane {x, y} is either invariant or transversal for trajectory system
(2.1).

Proof. This assertion follows from the equality

(B +bx)" = b,[(B, +b,x)y+a|x2+otlx] = [al(B|/b|)2_a|(Bl/b1)]bl

when x = —3; /by if the expression in the square brackets is equal to zero, the straight line 3; + b;x = 0 is invariant, and if it is not equal
to zero, this straight line is transversal.

Next, excluding the trivial case, when the right-hand side of the first equation of (2.1) is independent of y, from the treatment, we shall
assume that

|by| + (B 0 (2.3)
It follows from this and from Assumption 2 that the limiting cycles of system (2.1) are also trajectories of the system

. al)c2 +a,x . a2x2 + b,xy + c2y2 +a,x + B,y
X=y+—m—m, y =
Bi+bx Bi+bx (2.4)

We now introduce the transformation

2
- ax +o,x -
yEy+——, x=x
B,+bx

into the treatment.
In these new phase variables (we will subsequently omit the dashes over the variables: X — x,y — y) system (2.4) is written in the form

X =y, y=-0x)y -R(x)y-Px) (2.5)
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where
)
Ox) = B Tbx
R(x) = _(b1b2—2(1102+a1b,)x2+(bZBI +b,B, - 20,6, +2a,B)x + o, B, + B,
(By+b.x)°
P(x) = _[azx2+(x2x_(b2x+ Bz)(a,x2+a,x)+c2(a1x2+a1x)2)
Bi+bix (B +byx)’ (B +byx)’

It follows from Assumption 2 and condition (2.3) that the trajectories of system (2.5) are also trajectories of the system
. (x) . 2 (x)
x =y, y = [-0(x)y - R(x)y - P(x)]¢

where p(x) is a certain integral of the function Q(x).
Using the substitution X = x, j = yeP®), from this system we obtain the system

x=y, y=-fx)y-gx) (2.6)

Here, after the above-mentioned transformation, the dashes over the variables x and y are again omitted.
Hence, when investigating the limit cycles, system (2.1) when b; # 0 can be reduced, using the above-mentioned substitutions, to the
Liénard equations (2.6) with the functions

fix) = R(x)e"™ = R(x)|B, +bx/’,
g(x) = P(x)e”™ = P(x)[B,+ 5™ g = —cy/b,
and, when b; =0, to Eq. (2.6) with the functions

flx) = R(x)e”™, g(x) = P(x)e’™; q = —c,/B,

When b; # 0, the limit cycle of system (2.1) passes into the limit cycle of system (2.6), which is located to the right or to the left of the line
of discontinuity 81 + b1x = 0, y € R1. This follows from Assumption 2.

Liénard’s theorem on the existence of a limit cycle is well known in the case of Eq. (2.6) with smooth functions f and g.293% Here, we
will present an extension of this theorem to the case of discontinuous functions f and g and apply it to Kolmogorov’s problem. To do this,
we shall assume that the functions f{x) and g(x) are differentiable in the interval (a, +oc) and that the following conditions are satisfied for
certain numbersa < v; <Xg < 1>

1)g(x) <0, Vxe(a,xy); gx)>0, Vxe(xy,+xo)

limG(x) = lim G(x) = +o; G(x) = jg(z)dz
x—>a X = +00

2)f(x)>0, Vxe(av,)u(v,+0); F(vy)20; F(x) = J:[(z)dz,

k=172
Theorem 1. Suppose Conditions 1 and 2 are satisfied and the point x = xg, y = 0 is an unstable focus equilibrium state in the Lyapunov sense.

System (2.6) then has a limit cycle.

Proof. Consider a pair of numbers w; € (a, v1) and w, € (v3, +o0) such that the number ., is sufficiently close to a and the number p; is
sufficiently large, and

5]
Ig(z)dz =0
Hy (2.7)
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Fig. 1.

We now introduce the functions
Vi(x,y) = ¥ +2G(x)
Vioi(,¥) = 0+ Fu(x))’ +2G(x)
Vies(ay) = Vi (6 y) —e(x—vy)
Vies(,p) = Vi, y)+e(x—vs_); k=1,2

into the treatment. Here, ¢ is a certain sufficiently small number.
We now define the sets £2; in the following manner (Fig. 1)

QI = {XE [HI’Vl]a y>0’ Vl(x’y) = Vl(”'lso)}

Q, = {xe[v,x], y>0, Vix,y)= Vo (v, ¥}
Q; = {x€[xpVy], ¥>0, Vi(x,y) = V5(vy, ¥5)}
Q, = {xe vy ], ¥y>0, Vi(x,y) = Vi(py, 0)}
Qs = {xe[vy ], ¥y<0, Vi(x,9) = Vi(1 0)}
Q¢ = {x€[xpVvy], ¥<0, Vs(x,¥) = Vs(vy ¥3)}
Q, = {xe[v,x], y<0, Vo(x,y)=Vy(v,y4)}

QS = {)C € [HI’ Vl]* y<0’ VZ(x’y) = VZ(“I’ O)}
Here, yg > 0,y, > 0,y3 < 0, y4 < 0 are the solutions of the quadratic equations
Vitvi,y1) = Vi(py, 0), 0 Vi(va, ¥2) = Vi, 0),
Vitva, y3) = Vi(Ra, 0), Va(vi,vs) = Va(py, 0)
It is clear that, in the case of arbitrary functions Vj(x, y), the relations
o= ~fx)y’
Veor = =28(x)F(x),  Vies = = 2g(x)Fy(x) - ey,
Vies = =28(x)Fy_(x)+ey; k=12

hold along the trajectories of system (2.6).

27

(2.8)
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From these relations, it immediately follows that V; < 0in Q; U s, V, < 0 in Qg and V3 < 0 in 4. The trajectories of system (2.6)
therefore intersect these sets as shown in Fig. 1.
We will now show that the relations

V4<0, V5<O, V(,<O, V7<0 (2.9)

are also satisfied in the sets €2,, Q23, Q¢, 27 respectively for a specific choice of the parameters &, .y and ;. In fact, having fixed € >0, we
choose 1 and ., to be so close to a and +oo that the minimum value of y in the sets £2;, §23, £2¢, £27 will be greater than

I max 2 lg(x) F(x)]

x€[v vyl

Such a choice of 1 and .y is possible by virtue of Conditions 1. Inequalities (2.9) follow from this and relations (2.8).
Note (see Fig. 1) that, from conditions 2 and (2.7) for sufficiently small &, we have the inequalities y5 < yg and y; > yg, where y;_ 4(k =
1, 2) is a positive solution of the equation

Vies(Xo, Yiwa) = Viei(Vio yi), k= 1,2 (2.10)
and yy,g(k =1, 2) is a negative solution of the equation
Vies(X0s Vis6) = Vak(Vi_oVis2)s kK =1,2 (2.11)

In fact, we initially put € =0, and the equalities (2.10) and (2.11) then take the form

Diss + Fxo))? = yi +2G(v),
Do+ Fs_1(x0))’ = Yis2+26G(vs_); k= 1,2 (2.12)
Since

yi =26, yi=26G+F(w); yi=2G, y;=2G+F();

i
G, = jg(z)dz, k=12

the equalities

s+ Fi(x0))’ = e+ F(x0)) = B(12), 7+ Fy(x0))’ = (s + Fi(x0)) = Fi(py)

follow from relations (2.12) and condition (2.7), and the estimates
Vs <o+ Fy(vy), y:>ys+ Fi(vy)

follow from these.

When & =0, the inequalities y5 < yg and y; > yg follow from this and from Condition 2. It is clear that these inequalities remain true in
the case of small &.

Hence, a closed transversal curve has been constructed here, which is shown in Fig. 1. Since the unique equilibrium state in the {x > a}
half plane, x = xg, y = 0, is an unstable Lyapunov focus, we obtain from this, using the well known ring principle (Fig. 2), that system (2.6)
has a cycle.

The following simple assertions will be useful later.

Assumption 3. Suppose c; = 0, 3; # 0. Then, without loss of generality, it can be assumed that oy = 0.
This assertion is proved using the linear substitution w3 x q < aw%.

Assumption 4. Suppose c; =0, a7 =0, a; # 0, by # 0, B; # 0. Then, without loss of generality, it can be assumed that

¢, =0, a;=0, a =5 =8 =1 (2.13)
This assertion is proved using the linear substitution
B a,B, b,
X ==X, V==V t = —I,
b, b a,B,

It follows from Assumptions 1-4 that almost any system (2.1) can be reduced by means of a linear transformation to a form such that
relations (2.13) are satisfied.
If they are satisfied, Conditions 1 and 2 of Theorem 1 can be written in the form

¢ € (Oa l)a bZ_CZ > a,, 2C2 > b2 +1 (214)
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Fig. 2.

Moreover, it is necessary that the polynomial
2 3
(a)x+0,)(x+ 1) = (byx + By)x(x + 1) + ¢px (2.15)

should not have real roots in the interval (-1, +o0).
With the condition that x=y =0 is an unstable focus, the inequalities here will be

o, <—B3/4, By>0 (2.16)

It follows from conditions (2.14) that polynomial (2.15) necessarily has a real root in the interval (-4, -1) Hence, in order that this
polynomial does not have a real root in the interval (-1, +o00), it is sufficient that this real root is unique.
We rewrite the polynomial (2.15) in the form

3 2
ax +bx " +cex+d

a=a,-b,+c,, b=o0,+2a,-b,-B,, ¢c=20,+a,-p,, d=a,
It is well known 31 that the inequality
A = 4c’a—c*h’ — 18abed + 27a°d’ + 4b°d > 0

is the condition for the real root of this polynomial to be unique
Its left-hand side can be written in the form of a third degree polynomial in o;:

A(0,) = —4cy0 + (= B3+ (26, + 6¢,)B, + 27¢5 + (12a, — 18b,)c, — ba) o

—2(= B3+ (=3¢, — 0, + 4b,) B3 + (= 555 + 9b,c, + 2bya, — 3a,¢,) B,

—a,b, + 263 — 9a,b,¢, + 6a3¢, )ty — Pa+ (2b, — 4, + 2a,) B

+(12a,0,— by — a3 — 4a,b,) B3+ (2a5b, — 12a5¢, + 2a,b3)B, — a,b) + 4ayc,
It is clear that the inequality A(oy) > 0 is satisfied in the case of

oy <A(ay, by, ¢3, By) (2.17)

where \ is the minimum root of the equation A(\) = 0.

Hence, if relations (2.13), (2.14), (2.16) and (2.17) are satisfied, then all the conditions of Theorem 1 are satisfied and, consequently,
system (2.1) has a limit cycle.

We now present some numerical examples.

Suppose inequalities (2.13) are satisfied and a; = —1, b, =0, c; = 3/4, 3, = 1. Then,

A= —3a;+%a§—9a2—28, A~ —1.156

In this case, conditions (2.14), (2.16) and (2.17) are satisfied when a, < —1.2. The limit cycles for a, = —2 — 10, —100, —1000 are shown
in Fig. 3.
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Suppose inequalities (2.13) are satisfied and a; = -2, b, = -1/2, ¢, = 1/2, 3, = 2. Then,

A = _2a§_a§+‘2—3a2—228, ~—5.2519

In this case, conditions (2.14), (2.16) and (2.17) are satisfied when a; < —6. The limit cycles are shown in Fig. 4 for o) =
-10, —-100, —1000, —1500.
Suppose inequalities (2.13) are satisfied and a, = —5; b, = —1;¢; = 1/4; 3, = 3. Then,

A = -a§—31—26§a§—48a2— 1536, A~-21.420

In this case, conditions (2.14), (2.16) and (2.17) are satisfied when (3, < —2. The limit cycles are shown in Fig. 5 for a; =
-25,-100, —1000, —1500.

Finally, a student would have obtained these results if Kolmogorov had issued the problem to him with these parameters. Here, the
limit cycles are “highly visible”. They are found by virtue of the following purposeful actions. The conditions for the existence of globally
stable limit cycles are well known for different type of Liénard equations describing the dynamics of mechanical, electromechanical and
electronic systems.2%3033 Only when it became clear that an arbitrary quadratic system reduces to a special Liénard equation did the
attempt to generalize?834 the previous classical investigations29-30-32.33 to such a Liénard equation become the next natural step. This
generalization also enabled one to obtain the conditions for the existence of limit cycles which separate out the set of infinite Lebesque
measure in the parameter space of system (2.1). This set is not “small”.

3. Domain in the parameter space of quadratic systems where four cycles exist

Kolmogorov certainly knew about Bautin’s investigations.”3> He showed that up to three small cycles can exist in the neighbourhood
of the zero equilibrium state of system (2.1). To do this, Bautin considered a so-called weak focus where oty = 3, =0,3; =1, = -1 and
the Lyapunov quantities 36 L; = L, = 0, L3 > 0. Then, by slightly perturbing the coefficients, it is possible to achieve that the inequalities

Ly<0, L,>0, a,+B,<0
Ly> |Ly| > |L)| > |o, + By (3.1)

are satisfied.
Hence, the qualitative pattern of the behaviour of the trajectories, shown in Fig. 6, arises in the neighbourhood of the zero equilibrium.
It follows from this that, in this case, three limit cycles exist in the neighbourhood of the point x=y=0. However, they are small and
“almost invisible” with numerical integration of the trajectories even using current computational techniques.
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The first 37, second 38 and third 3° Lyapunov quantities have been calculated in the general case in the neighbourhood of the equilibrium
state for two-dimensional systems with analytic right-hand sides. The corresponding formulae are considerably simplified in the case of

the Liénard equation. We will present them, following the results obtained earlier 3°

Suppose, for system (2.6),

fx) = fot fix+ o + x4+ O(x)

g(x) = x+ gzx2 +...+ g6x6 + 0(x7)

20
a=-25
y
L [ T
0 )
-———'/
” ____———";/
0 2 4
150

—-1000

{&\;—4

-150
0

10 20
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Fig. 6.

Then, if fo=0,
Ly = -3(&f =)

If f> = g>f1, then Ly =0 and
Ly = 2,058/ -8h) — 38/)

If 3f4 = 5g>(f3 — g3f1) + 3gaf1, then L =0 and
Ly =~ (= 45/ + 1058,(fs — &y + &3/ — 851) — 708/~ &)

— 638,84/ + 638,/ + 4584/))

Calculations of the Lyapunov quantities for various special forms of the Liénard system are also available in Ref. 17.

Since any quadratic system can be reduced to Liénard’s equation, for the proof of the existence of the three small limit cycles in the
neighbourhood of the point x=y =0 it is sufficient to make use of the formulae for L, L, and L3 presented above.

In order that a certain quadratic system (2.1) should correspond to an arbitrary Liénard system with the functions

f(x) = (Ax + B)x|x+ 1]77*

2q
(O + Ot + Cox + DX

(x+1)° (32)

g(x)

where A, B, C; and q are certain numbers and g # 1/2, it is necessary and sufficient that the relations 343940

B4 (1-9)B+(3q-2)4) = 26,-3C, -G,
(29-1)
B-A

(B+2(q-1A) = C,-2C,~ 1
(2g-1) (33)

are satisfied.
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In this case, the parameters of system (2.1) are calculated in the following manner

by=B =0,=1, By=-1, ¢,=0, ¢,=—q

B-A

, a4, = —(g+ l)af"Aal_Cl
2g-1

01:1+

Hence, in the case when x=y =0 is a weak focus, ¢c; = 0, by # 0, 2c» + b1 # 0 and, in searching for the limit cycles, it is possible to pass
from system (2.1) to system (2.6) with functions of the form of (3.2) when relations (3.3) are satisfied.
Following the procedure described earlier 3439, we obtain that relations (3.3) and L; = L, = 0 are satisfied if

A= é(ZBq+4B)

B (1+39)

C,=(g+3
1 (q )25 3

L C= L5129 +38), ¢, =369
25 5 (3.4)

In this case,

_ _ mB(g+2)3g+1) IRt 2
Ly = Ly(B,q) = 30000 (5(g+ 1)(2g-1)"+ B (¢-3)) 35)

Hence, for arbitrary B and q which are such that L3(B, q) +# 0, it is possible to choose A, C;C;, C3 such that inequalities (3.4) are satisfied.
Then, by slightly perturbing the system parameters, we succeed, when L3(B, q) > 0, in satisfying relations (3.1) and (3.2) and, when
L3(B, q) < 0, relations (3.2) and

L,>0, L, <0, o,+B,>0 (3.6)
It has already been mentioned that, in this case, three cycles are generated in the neighbourhood of the point x=y=0.

Remark. Inpassing from system (2.1)to system (2.6)and back again at the pointx=y =0, the signs and orders of smallness of the Lyapunov
quantities are preserved. Hence, considering system (2.6) with f (x) and g(x) of the form of (3.2), for which relations (3.3) and (3.4) are
satisfied, we obtain the existence of a certain system (2.1) for which

o, +B, =0, L, =L,=0
and, if L3(B, q) > 0, then L3 > 0 for system (2.1) also. Further, by choosing the small disturbances of system (2.1) in a special manner,3® we
obtain inequalities (3.1) (and, if L3(B, q) < 0, inequalities (3.6)).

One of the first papers, where four limit cycles were revealed, was the paper by Shi.#! A method for the asymptotic integration of the
trajectories of Liénard’s equation was developed 42 and, using this, Shi’s results were generalized.

Theorem 2 (*2). Suppose relations (3.4), B<0,qe(—1,—1/3) and

B <-5(g+1)(3¢+1) (37)
are satisfied in the case of system (2.6) with functions f and g of the form (3.2).
The behaviour of the trajectories of system (2.6) with sufficiently large initial data:
x(0)] +1y(0) > 1, x(0)=#-1

will then be as shown in Fig. 7. In this case, L3 < 0, and the unique equilibrium state, located to the left of the line of discontinuity
{x = —1, y e R}, is unstable.
The following result follows directly from this.

Theorem 3 (42). Ifrelations (3.4), B+ 0, qe(—1, —1/3) and (3.7) are satisfied, system (2.6), (3.2) has a limit cycle located to the left of the line
of discontinuity {x = —1,y e R1}.
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Fig. 8.

Theorem 3 and the above-mentioned weak perturbations of the parameters therefore enable one to separate out the classes of quadratic
systems with four limit cycles: with one “large” cycle, for which x(t) < —1Vt € R!, and three small limit cycles located in the neighbourhood
of the zero equilibrium.

The domain €2, for which the conditions of Theorem 3 are satisfied, is shown in Fig. 8. The hatched domain is the set of the parameters
B and q where the existence of four cycles (after small perturbations of the parameters) was obtained by Shi.#! Note that this domain is
contained as a whole in 2.

The “large” stable cycles in the domain €2 (when B< 0) were calculated 32 by numerical integration of the trajectories.

As an example, we will consider the point P in Fig. 8 and transform the parameters B and q corresponding to it and the parameters from
relations (3.4) into the parameters of system (2.1) As a result, we obtain the system

% = 0.99x +xy+y

y = —0.58x" +0.17xy + 0.6y" = 2x — y

The location of the trajectories tending to the “large” cycle when t — —oo are shown for it in Fig. 9.

In computer calculations of the trajectories of systems (2.1) and (2.6) with a degenerate focus, we encounter with the effect of a flattening
of the trajectories, which is clearly observed in Fig. 9 when the trajectories pass into a certain neighbourhood of the null point. Here, the
trajectories “almost adhere”. It can be said that here, unlike the widely known parametric stiffness of the system, trajectory stiffness is
observed when the distance between the trajectories is an oscillating function of time and the values of this function at various points of
the period of the oscillation differ by several orders of magnitude.

We will now present a further analogous example 32 of such trajectory stiffness for system (2.6) with

flx) = (72x+60)x’ g(x) = (2876x3+g_ll§x3+ 6,4 1) X
x+1 5 5 x+ 1

5

Here also, L1 = L, = 0, L3 # 0. The trajectories shown in Fig. 10 are not periodic and approach very close to the zero stationary point in
the region of the flattening. The distance between these the flattening region and the zero point reaches a value of 0.026.

500

250

-500
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On account of the effects of the flattening of the trajectories described here, students in the years from 1950 to 1960 would have
been unable, in the case of these parameter values, to reveal limit cycles in system (2.1). In order to calculate the trajectories shown in
Figs. 9 and 10, a powerful contemporary computer procedure was required.3?

Note that inclusion of computer calculations recently enabled a two-dimensional cubic system with twelve cycles to be found.*?

4. The method of harmonic linearization (MHL)

We first recall some concepts and ideas which are widely known in control theory.
Any continuous linear device L with a scalar input and output and an n-dimensional state space (Fig. 11) is described by the equations

dx = Px+qu, o = r*x
dt

where Pis a real n x n matrix, g and r are real n-vectors and an asterisk denotes transposition. Here, the function u(t) is treated as an input
(control) and the function o(t) as an output (observation).

If P, g and r are independent of time, L is said to be a time-independent device. Here, we shall consider time-independent devices. In
the case of such devices, it is possible to introduce a transfer function 44-47

W(p) = r<(P-pl)'q

where p is a complex variable.
Linear devices with non-linear feedback (Fig. 12) are one of the basic subjects of investigations in non-linear control theory. Here, the
input o(t) and the output u(t) of the device N are connected by the following functional relation

u(t) = y(o(1))
Hence, the block diagram shown in Fig. 12 is described by the system of differential equations

dx
= = Px+ *
dt X+ q(rix) (4.1)

We shall subsequently assume that {s(0) = 0 and {s(o) is a piecewise continuous function (that is, it has a finite number of discontinuities
of the first kind in any finite interval.*8 The solutions of system (4.1) are understood in Filippov’s sense.*°

The method of harmonic linearization (MHL), which is also known as the method of describing functions, is a common approxi-
mate method (that is, not rigorously mathematically substantiated) of searching for oscillations which are close to the harmonic periodic
oscillations of non-linear dynamical systems.44-47

We will describe the standard procedure for searching for harmonic oscillations using the MHL in the case of system (4.1).

In searching for such an oscillation, a certain harmonic linearization coefficient k is introduced so that the matrix of the linear system

Fig. 11.
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dx _ P.x
dt 0 (4.2)

where Py = P + kqr*, has a pair of pure imaginary eigenvalues +iwg(wg > 0) and its remaining eigenvalues have negative real parts. We
will assume here that such a number k exists.

A transfer function W(p) is used to solve practical problems of determining the quantities k and wg: the number w is determined from
the equation

ImW(iow,) = 0
and k is then calculated using the formula
k = —(ReW(iw,))"
If such wg and k are found, then it is confirmed that system (4.1) has a periodic solution x(t) for which
o(t) = r*x(t)=acosw,! (4.3)

At the same time, the amplitude a is found from the equation
2n
Iw(acosr) costdt = akm
0 (4.4)

It is well known that the MHL can produce incorrect results. Such results have been presented in the case of bang-bane systems.® We
recall the well known Aizerman problem for smooth non-linear systems.?

In 1949, Aizerman formulated the following problem for system (4.1): suppose all linear systems (4.1) with {s(o) = po, p € (g, 1y) are
asymptotically stable. It is necessary to ascertain whether any non-linear system (4.1) with non-linearity {s(d) satisfying the condition

H<y(o)/o<p,, Vo#0

will be stable as a whole (that is, the zero solution is asymptotically stable and any solution x(t) tends to zero when t — +o0).

We will now consider the result that the MHL gives for this problem.

It is clear that, in this case, one of the conditions: either k > , or k < 11 is satisfied for the harmonic linearization coefficient k. But,
then, either ko2 > (0)o or ko? < (o )o for any values of ¢. It follows from this that the inequality

2n/o,
I (w(acoswyt)cosw,t — ka(coscoot)z)dt =0
0

holds for all a # 0. Comparing this inequality with relation (4.4), we obtain that the non-linear system considered does not have a periodic
solution for which relation (4.3) is satisfied. Hence, within the limits of the application of the MHL, the conclusion is usually drawn that
the non-linear system (4.1) does not have any periodic solutions at all and is stable as a whole 1,

It will be shown later that these conclusions are incorrect and that the non-linear systems considered in the Aizerman problem can
have periodic solutions.

Over the course of many decades attempts have been made, in relation to the above-mentioned facts, to find the classes of systems
where MHL (or the various generalizations of it) turns out to be accurate and gives correct results. Some of the first attempts in this direction
were Bulgakov’s papers,®2°3 where a version of the classical small parameter method was used. This was subsequently subjected to serious
criticism 54 based on the fact that “these small parameter methods rest on the assumption that the initial system differs only slightly from
a linear system possessing a natural generating frequency. Such assumptions cannot be made in automatic control theory since the system
is clearly non-conservative and the stability conditions in the linear approximation are satisfied with a sufficient margin”.>*
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Other methods of introducing a small parameter, based on a filter hypothesis, started to be developed which took account of this
criticism,4445:35-59

The development of numerical methods, computational techniques and the applied theory of bifurcations enabled a return to be made
to earlier ideas on the application of the small-parameter method and MHL in dynamical system and enabled them to be considered from
new positions.

The use of modern computer calculations makes it possible to find without difficulty an asymptotically stable periodic solution of a
system of ordinary differential equations using initial data found in the region of attraction of this solution. In other words, from an initial
point located in the region of attraction of the required solution after a transitional process, the computational procedure reaches a periodic
solution and calculates it.

On the other hand, it has been shown above that very significant difficulties are encountered in the numerical search for periodic
solutions in the whole of phase space even in the case of two-dimensional autonomous quadratic systems.

The combined use of MHL, the classical small parameter method and numerical methods enables one to reduce the calculation of the
periodic modes to a certain multistep procedure, where MHL is used in the first step.

We will now describe the basic stages of this procedure for system (4.1).

As aresult of introducing a harmonic linearization coefficient, system (4.1) can be rewritten in the form

dx _ . _
5 = Do+ ae(rx); (o) = y(o)—ko 45)
Since it is the periodic solutions of system (4.5) which are of interest, it is quite natural to introduce a finite sequence of piecewise
continuous functions ¢y(0), ¢1(0), ..., ¢,(w) such that the function ¢y(c) is small, ¢,,(0) = ¢(c) and the graphs of the neighbouring
functions ¢; and ¢; 4 are slightly different in a certain sense. In the case of continuous functions, this is, for example, the differences
between the functions at each point (for piecewise continuous functions, it is the same smallness but only outside small neighbourhoods
of the points of discontinuity).
The smallness of the function (o) enables one to use and substantiate the MHL in this case for the system

dx
It 0X + q@o(r*x) 45)

by determining the solution close to the stable harmonic periodic solution x(t) = xo(t). All points of this stable periodic solution are
either located in the region of attraction of the stable periodic solution x(t) = x;(t) of the system

dx
2z = Px+ (r*
It 0X + q@;(r*x) 47

withj=1 or, on changing from system (4.6) to system (4.7) with j = 1, stability loss bifurcation and the disappearance of the periodic solution
is observed. In the first case, x1(t) can be determined numerically, producing the trajectory of system (4.7) with j=1 from the initial point
Xo(O).

Starting from the point xo(0), the computational procedure, after the transition process, reaches the periodic solution x{(t) and calculates
it. To do this, the interval (0, T), in which the calculation is carried out, must be sufficiently wide.

After calculating x4 (t), it is possible to change to the following system (4.7) with j =2 and to organize a similar procedure for calculating
the periodic solution x,(t), producing a trajectory from the initial point x(0) = x1(T) which, as t increases, approaches the periodic trajectory
Xxo(t).

Continuing this procedure further and calculating x;(t) using the trajectories of system (4.7) with the initial data x;(0) = x;_;(T), we
either arrive at the calculation of the periodic solution of system (4.7) with j=m, that is, of the initial system (4.5), or we observe stability
loss bifurcation and the disappearance of the periodic solution at a certain step.

The functions

(PO(G) = S(P(O-)’ (P](G) = SI(P(G)a AR (pm—l(c) = 8m—l(’)(c)’ (pm(c) = (P(O')
where ¢ is a “classical” small positive parameter and, for example,

g =j/m, j=1..m

is the simplest and most natural class of functions ¢; in the procedure described above.

Arigorous substantiation of the MHL and the determination of the initial conditions for which system (4.6) has a stable periodic solution,
close to a harmonic solution, is found to be possible in the case of system (4.6) with the function ¢gy(o).

Since, in the procedure described here, the small parameter method together with the MHL only determines the “starting” initial
conditions for the “starting” periodic solution, all estimates for this determination can be considerably simplified and roughly approximated.
This especially concerns the rigorous results on the stability of a periodic solution. Here, the stability of the solution can be replaced by the
stability of a certain Poincaré mapping.

We will next describe such a simplified analysis of systems (4.6) with a small parameter &.

5. Estimation of the solutions of a system containing a small parameter

An estimate of the increase in the solution of system (4.6) and an estimate of the difference between the solutions of systems (4.6) and
(4.2) in a finite time interval are found to be necessary in order to compare the solutions of systems (4.2) and (4.6) with the same initial
data. We now present these simple estimates.
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We shall assume that the estimate

|9o(c)| < N(R)e, Vo e[-R, R] (5.1)

is satisfied for the function ¢g(o) and consider the solutions x(t) and z(t) of system (4.6) and (4.2) with the same initial data x(0) = z(0).

Lemma 1. Suppose the inequality

lz(Hl<p, Vte[0,T] (5.2)
is satisfied. Then, for a number & >0, which is sufficiently small with respect to T, p, |Pg|, |SPo|~', N(2p|r|), the solution x(t) satisfies the estimates

x(n)l <2p, Vre[0,T] (5.3)
Proof. We assume that estimate

(1) = 2()] < eNQ2plr)Iql| Pl exp(|Py| T), vt e [0, T] (5.4)

Proof. We assume that estimate (5.3) is not satisfied. The existence of a number 7 € (0, T) then follows from the continuity of x(t) and the
inequality |x(0)| < p for which

(Dl <2p, Vre[0,1]; Ix(D)] = 2p (5.5)

We now introduce the function V(t|x(t) — z(t)| into the treatment. It is continuous in [0, 7] and, therefore, V(t) # 0 in intervals of the
form (o, B) €[0, 7]. The equality V(t) = 0 is satisfied at the remaining points of the interval [0, 7].
We now construct estimates in one of the intervals (o, B). The inequality

(%) <2PV()’ + 2lgl NQIrp)eW(t), Vi e (a,B)
which can be rewritten in the form
V(1) +eNCIAp)lgll A7) < IP(V() + eNQIAP)IGlI AT, V1 e (o, B)

follows from relation (5.1).
From this differential inequality and from the assumption that the interval (o, 3) to the left is a maximum interval (that is V(«) = 0),
we obtain the estimate

V() <eNQlAp)lgll A exp(IAT), Vre (a,B) (5.6)

Since the intervals («, 3) are all possible intervals for which V(t) # 0, we conclude that the estimate (5.6) holds for all t € [0, 7].
Choosing € such that the inequality

-1
eNQ2Ap)lgllA exp(IAT) <p
is satisfied, from inequality (5.6) we obtain the estimate
(D <lx(1) -2 +|2(Dl <2p,  Vre[0,1]

which contradicts the last relation of (5.5). The resulting contradiction proves estimate (5.3).

It follows from estimate (5.3) that inequality (5.6) is satisfied when t [0, T]. This implies that inequality (5.4) is satisfied which also
proves Lemma 1.

It follows from Lemma 1 that the solutions of systems (4.2) and (4.6) differ by no more than O(¢).

6. Poincaré mapping for harmonic linearization in the basic case

Here, we now consider system (4.6) with ¢g(0) = e¢(o), where ¢ is a small parameter and ¢(o) is a piecewise continuous function with
points of discontinuity v; and ¢(0) = 0. We shall assume that the function ¢(o) satisfies the Lipschitz conditions

‘(P(Gl) —(P(02)| S L(vj, v, I)Icl —G2|7 Vo, € (V) Viy1), VO, € (V) V), 1)

in the intervals (v}, vj;1).
If the function does not have points of discontinuity in (v;, +00) (or (—oo, v;)), we shall assume that

‘(P(Gl) - (P(Gz)| < L(v,, R)|01 _02|, Vo, € (v, R), Vo, e (v, R); Re (v, +00)

In the case of (—oo, 1;), we have the intervals (R, v;), where R € (—o0, v}).
In the case when there are no points of discontinuity, we assume that

lo(c) —9(c))| < L(R)|o, ~0y|, Vo, e(-R,R), Vo,e(-R R)

where R is an arbitrary positive number.
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We now introduce the notation

N(R) = max |¢(o)

o€ [-R R]

It is well known that system (4.6) can be reduced by a non-singular linear transformation to the form

X, = —0yx;, + b e@(x, + c*x;)
Xy = ©¢X; + b,e@ (X, + c*Xx3)
Xy = Ax;+ be@(x, + c*x3) (6.1)

Here A is a constant (n -2) x (n - 2) matrix, all the eigenvalues of which have negative real parts, b and c are (n - 2)-dimensional vectors
and b; and b, are certain numbers.
Without loss of generality, it can be assumed here that a positive number « exists for the matrix A, and for this number,

XF(A+ AF)xy < 2alx;|’, Vx;e R 62)
It is obvious that system (4.2) reduces to the form

4= —000, L = 06y, 4 = Az (6.3)
We now introduce the following set in the phase spaces of systems (6.1) and (6.3):

Q = {|x;|<De, x, =0, x € [a),a,]}

Here, aq, ay, D are certain positive numbers which will be determined below.
We first introduce the Poincaré mapping Fy of the set €2 for the trajectories of system (6.3). Here,
7(1) = cos(wo)z,(0), 2z(7) = sin(®,7)z,(0), z3(r) = exp(A4r)z3(0) (6.4)

Hence, the first time of intersection of the set {z, = 0, z; €[ay, a,]} by the trajectory of system (6.3), which has been emitted when t=0
from the set €2, is equal to 27/wy. Here,

4l 4
Fy 01l = 0
% exp(2An/w)z;

It follows from condition (6.2) that
|23(2m/ )] < |23(0)|

Hence, Fy maps the set €2 into itself.
From formulae (6.4) using Lemma 1 (estimate (5.4)), we obtain the relations for the solutions of system (6.1)

xi(1) = cos(wo1)z,(0) + O(e), x,(¢) = sin(wo)z,(0) + O(¢),

x3(1) = exp(Ar)z;(0) + O(e) (6.5)
We recall that, here,

x(0) = 2(0), x(0) = 2,(0) = 0, x3(0) = z,(0) (6.6)

It follows from formulae (6.5) that, for any point xy(0), x2(0) = 0, x3(0) belonging to €2, a number
T = T(x,(0),x3(0)) = 21/, + O(¢)
exists for which
x(T)>0, x)(T)=0 (6.7)
At the same time, the relations

x(H)>0, xy(t) =0

are not satisfied when t € (0, T).
The inequality

Ix;(1)] < e“a'(|x3(0)| +¢€ J‘emlbllcp(xl(t) + c*x3(r))|dtJ
0 (6.8)

follows from the last equation of system (6.1) and condition (6.2).
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If |x3(0)| € De, it follows from the first two formulae of (6.5) that, for a certain D; > 0.
|X3(t)| <D, Vte [O, T] (6.9)
We next assume that ¢ is so small that ¢|c|D; < 1 and, in the first two relations of (6.5), O(¢) < 1. Then,

X (1) + c*x3(0)] <2+ |x,(0)|, Vrel[0,T] (6.10)

It follows from inequalities (6.8) and (6.10) that

Ix3(0)] < S(De_“' + BIN(2 + |x,(0)] ))

o (6.11)
Relations (6.11) and the inequality
Dexp(—az—") £V O
g a (6.12)

imply the estimate
|x3(T)| < De (6.13)

We now consider the function
2 2
V(xi, xy) = x| +x;

The relation

V= 2e@(x,(1) + c*x;3(1)) (b, x,(1) + byx,(1)) (6.14)

is satisfied along the trajectories of system (6.1) for the derivative of the function V.
We shall now consider the values of x;(0), where x1(0) # =+ v; and v; are the points of discontinuity of the function ¢(o).
From the first two relations of (6.5) and inequality (6.9), we obtain the estimate

V(x,(T), x,(T)) = V(x,(0), x,(0))
T
= 28I(p(cos(wot)xl(O))(b|cos((x)ot)xl(O))dt+ o(g")
0 (6.15)

Actually, in the case of values of t for which cos(wot)x;(0) # v;, from the Lipschitz property of the function v(c), the first two relations
of (6.5) and inequality (6.9) in the case of small £ we obtain the estimate

(x, (1) +c*x3(1) = @(cos(wyt)x,(0)) + O(e) (6.16)
If cos(wot)x1(0) = vj, then, from the inequality x1(0) # + vj, we obtain that wgt # k7 and, consequently, in the case of small &,

|5c(t) + c*x3(t)| = |u)0cos(mot)xl(0)1 +0(g)>k>0

where K is a certain number which is independent of e.

It follows from the last inequality that estimate (6.16) is satisfied for all values of t € [0, T] for which wgt # k. Hence, relation (6.15)
follows from the first two relations of (6.5) and equality (6.14).

Since T = 27/ wq + O(¢), from equality (6.15) we obtain the estimate

2n/w,
x(T)’ =x,(0)° = 2eb, j @(cos(®yr)x,(0))(cos(wyf)x,(0))dt + O(*)
0 (6.17)

We now introduce the function

21/,
K(a) = I @(cos(wyt)a)cos(w,yt)dt
0
The following result arises from relations (6.13) and (6.17).

Theorem 4. If the inequalities a; # +vj, a; # +vj and

b,K(a;)>0, bK(ay)<0 (6.18)
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are satisfied, then, for a sufficient small € >0, the Poincaré mapping

x,(0) x(T)
0 = 0
x3(0) x3(T) (6.19)

of the set §2 is a mapping into itself: FS2 c S2.
The following corollary follows from this theorem and Brouwer’s fixed point theorem.59
Corollary 1. Ifthe inequalities ay # + v}, az #+ =+ v; and (6.18) are satisfied, then, for sufficiently small € > 0, system (6.1) has a periodic solution

with period

T =24 0(e)
®,

This solution is stable in the sense that its neighbourhood of §2 is mapped into itself: FS2 c S2.
The following result is proved in a similar manner.

Theorem 5. [fthe inequalities a; #+ =+ vj, d; # + v; and inequalities (6.18) of the opposite sign are satisfied, then, for sufficiently small ¢ > 0, the
Poincaré mapping (6.19) of the set §2 is of a hyperbolic character: compression occurs along x3, estimate (6.13) is satisfied and elongation occurs
along x;: Fa; < aq, Fay > as.

7. Algorithm for determining the stable periodic solutions of generating systems

We will write the transfer function of system (4.6) from the “input vo” to the “output -r' x”
-1 ap + R
Wp) = re(Py=piy g = 2B B8
pto, “P (7.1)

where a and 3 are certain numbers, Q(p) is a stable n - 2 degree polynomial and R(p) is a polynomial of degree less than n - 2. We shall
assume that R(p) and Q(p) do not have common roots.
Since system (6.1) is equivalent to (4.6) and, consequently, the transfer functions of these systems are identical, we have the relations

«=b. B=bo, gf—ﬁ; = c*(A—pD)'b

Theorems 4 and 5 can be reformulated as follows.

Theorem 6. If the conditions

K(a) = 0, ad—’;(—”)>0, a#tv,
a

are satisfied, then, in the case of sufficiently small € >0, system (4.6) with the transfer function (7.1) has a T-periodic solution such that

rix(t) = acos(wyt)+0(g), T = 2n/w,+ 0(¢g)

This periodic solution is stable in the sense that some e-neighbourhood of it exists such that all solutions with initial data from this
e-neighbourhood remains in it when the time t increases.

Theorem 7. If the conditions
LK

a)<0, a#v;
da

K(a) = 0,
are satisfied, then, for sufficiently small € >0, system (4.6) with transfer function (7.1) has a solution of the form
r¥x(t) = acos(wyt)+0(e), Vte[0,2n/m,]
and the behaviour of the trajectories in the neighbourhood of this solution has a hyperbolic character.

Theorems 6 and 7 are identical to the procedure for searching for the stable and unstable periodic solutions by the standard approximate
MHL#3-46 in the case of small €.

Example 1. Suppose ¢(o) = o — signo. Then,
K(a) = (ra-4)/w,
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It follows from this that a is determined from the equations K(a) = 0 in the following manner:
a=a,=4/n
and the stability conditions takes the form « > 0.

We now consider system (4.5) with

1 1
Wp) =2+ _

P+l P+l (7.2)
and then systems (4.6) and (6.1). In this case,
(’00=l‘ b1="l, b2=1, A='_'l, b=1, c =1
Using the classical MHL,%3-46 we obtain that, for any &> 0, system (4.6) (or (6.1)) has a periodic solution and for it
o(t) = r*x(t) = a,cost
According to Theorem 6 in the case of small &€ >0, system (6.1) considered here has a stable periodic solution of the form
x,(f) = agcost+ O0(g), x,(t) = aysint+0(g), x5(t) = O(g)
We next trace the transformation of this solution as ¢ is increased in discrete steps from 0.1 to 1. The computational procedures are
organized as described in Section 4.
The projections of the periodic solutions calculated in this way onto the {x1, x5} plane are shown in Fig. 13. The graph of o(t) = x1(t) + x3(t)
is also shown for them.

Note that the “output” o(t) is close to harmonic and the filter hypothesis >4->° holds here. Hence, it is possible in principle in this case
to substantiate the standard MHL for the values of & considered.

Example 2. Now suppose (o) = k1o + k3o3. Then,

K(a) = (k,a + §k3a3) I

4 ™,

It follows from this that a is determined from the equation K(a) = 0 as follows
4k,

Y
3

and the stability condition takes the form ak; < 0.

We again consider system (4.5) with W(p) of the form of (7.2). Suppose k; = —3, k3 = 4. Then a; =1.
Using the standard MHL, we obtain that, for any € >0, system (4.6) (or (6.1)) has a periodic solution and for it

o(t) = r*x(t) = cost
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According to Theorem 6 in the case of small & >0, system (6.1) here has a periodic solution of the form
x,(f) = cost+0(g), x,(t) = sint+0(g), x;5(¢t) = O(¢) (7.3)

Next, using the computational procedure described in Section 4, we obtain the periodic solution of system (4.7) when

¢ (c) = g0(c), € =01, g =03, & =07, g =1

The projections of the periodic solutions calculated in this manner into the {x1, x»} plane are shown in Fig. 14. The graph of o(t) =
x1(t) + x3(t) is also shown for these periodic solutions. When €3 = 0.7 and &4 = 1, the output o(t) is far from harmonic and, in this case, the
filter hypothesis is incorrect. Here, it is therefore impossible in principle to substantiate the MHL on the basis of the filter hypothesis.

We will now present an example of collapses of periodic solutions when the parameter ¢; in the computational procedures described
in Section 4 is increased.

Example 3. Suppose ¢(0) = —30 + 403 and

The standard MHL predicts the existence of a periodic solution for any & >0 and, for it, o(t) = x1(t) + x3(t) ~ const.

According to Theorem 4, in the case of a small £ >0 we obtain a periodic solution of the form (7.3).

As ¢ increases, a periodic solution of system (6.1) exists when ¢ €(0, p), and, when ¢ = p, a stability loss bifurcation occurs and the
periodic solution disappears. For € €(p, 1), the domain where a periodic trajectory is found is the domain of attraction of the stable
equilibrium state. Projections of the periodic solutions onto the {x{, x,} plane are shown in Fig. 15 for ¢ = 0.25, 0.3, 0.35.

When &=0.35, a tendency towards the equilibrium state of the trajectories with initial data on the “collapsed periodic trajectory” is
observed.

We recall that the equilibrium states of system (4.6) satisfy the relations

oy + W(0)ep(o,) = 0, xy=—(P+ qu*)_lqscp(co)

€=0.25 0.30

XL —
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Since, here, W(0) =2, from the first equality we obtain the relation
oo(1—-6e+ 880(2)) =0

It follows from this that, when ¢ < 1/6, the system considered only has a zero equilibrium. When & > 1/6, the system has three
equilibrium states

o, =0, o,==%J(6e-1)/(8¢)

They are unstable when ¢’(0g) < 0 and stable when ¢’(gg) > 0. Consequently, the zero equilibrium is always unstable, and the non-
zero equilibria are unstable when € < 1/4 and stable when & > 1/4. The periodic solution considered, which collapsed after bifurcation, is
also attracted to one of these equilibria. The standard MHL “does not notice” all these qualitative changes in the phase space of the system
considered.

8. Poincaré mapping for harmonic linearization in the critical case

It has been shown in Section 4 that it is necessary to develop more refined “non-standard” MHL in order to find the periodic solution
in systems satisfying the generalized Routh-Hurwitz conditions. This extension of the standard MHL to several singular mathematical
constructions and estimates in the spirit of classical investigations of critical cases in the theory of the stability of motion 6! enabled
effective estimates to be obtained for periodic oscillations in non-linear systems satisfying the generalized Routh-Hurwitz conditions.

Here, we consider the development of this method for systems (4.6) with non-linearities ¢g(o’) of the special form

uce, Vo e(-g¢)
9o(0) = Me’, Vo>¢
—Ms3, VYo <-¢ (8.1)

where w and M are certain positive numbers and ¢ is a small positive parameter. Non-linearities of close types have been used in theorems
on the existence of periodic solutions for systems satisfying the generalized Routh-Hurwitz conditions.!3:62-64
We reduce system (4.6) with non-linearity (8.1) to the form

X; = = 0pX; + b@y(x; + c*x3)

®oX + br@(x, + c*x3)

X

X3 = Axy + b@y(x, + c*x;) (8.2)

As in system (6.1), A is a constant (n - 2) x (n - 2) matrix, all the eigenvalues of which have negative real parts, b and c are constant
(n-2)-vectors and by and b, are certain numbers.

Without loss of generality, we shall assume that condition (6.2) is satisfied for the matrix A.

The Poincaré mapping will be introduced here using a somewhat different method than in Section 6. The main difference lies in the
introduction of the set €2:

Q = {|xy < De’, x, +c*x; =0, x, € [-a,, a,]}

where aq, a; and D are certain positive numbers which will be determined below.
It follows from Lemma 1 that the relations

x, (1) = =sin(®y1)x,(0) + O(¢)
x,(1) = cos(wyt)x,(0) + O(¢)
x;(1) = O(¢) (8.3)

hold for all t [0, 47 /@] in the case of the solutions of system (8.2) with initial data x1(0), x2(0), x3(0) from the set €2. It follows from this
that, in the case of these solutions, numbers

0<t,<1,<13<1,<T

exist for which

o(t) = x, (1) +c*x;3(¢) € (0,¢), Ve (0,1,); o(t)) = ¢, o(t)>g, Vie (1,1,)

€, G(t) € (—8, 8)3 Vi e (T27 T}); G(T3) = —¢, G(t)<—8, Vi e (137 T4)

—g, o(t) € (-¢,0), Vte(t,, T); o(T) =0

o(1,)

o(1y)
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At the same time,

€ 2 T 2¢ 3
T, = ————+0(), 1,-7T, = —+0(¢), 1;-T, = ——————+0(¢")
LT 0g|xy(0)] T o P agx(0)
Ty— Ty = £+0(8). T-14 = ;+0(82)
[Oh) 0)0|x2(0)| (8.4)

The estimates
t

x3(1) = €"'x;(0) + jeA('_s)bwo(xl(s) + c¥xy(s))ds
0
successively follow from the formula
AT, .

b(t) <e (0 +0(eh), j=1,2,...,5 15 =T
relations (8.3) and (8.4) and the form of the function vo(c). In the inequality corresponding to j=>5, O(¢2) < Ee2, where the number E
depends on |b|, .. and M.

(Note that it follows from inequality (6.2) that |eA(!=5)| < 1, Vt > s). Hence, by choosing the number D such that
e "D+ E<D

we obtain that the Poincaré mapping

x,(0) x(T)
x(0) || = |l xo(7)
x3(0) x3(T)

of the set €2 satisfies the inclusion
FQc {|x;| < D’ x, + ¢*x; = 0, X, € [—a, + O(g), —a, + O(¢) ]}

We shall make this estimate more precise, showing that, for certain values of the parameters, F§2 c §2. To do this, we introduce the
function

w(r) = x,(1)° +xy(1)’°

into the treatment, where x;(t)(j = 1, 2, 3) is the solution of system (8.2) with initial data x;(0) from €.
We now estimate the increment in the function w, representing the integral over the interval [0,T] in the form of a sum of integrals over
the intervals [0, 1], [T1, T2], [ T3, T4], [ T4, T]. We obtain

€

J-(% ~ d_wz) o 8Me’b,x,(0)

+0(eh;
do do ®,

T
w(T)—w(0) = J'W(t)dt =
0 -

wi(c) = w(1(o))

Here, t(0) is a function which is inverse to o(t) in the interval [0, 1] and [74, T] when k=1 and in the interval [1,, 73] when k=2.
We now introduce the notation

(1) = {—1 When ¢ € [0,7,]U [T, T]

+1 When 7 € [1,, T5]
The following refinement of the estimates (8.3)
x,(1)
X,(1)

follows from the first two equations of system (8.2) and the estimates (8.4), and the relation

6(1) = %()wex,(0) + O(e)

%(1)sin(0,1)x,(0) + O(e") = w(1)®ytx,(0) + O(&’)
—x(£)c0s(y1)x,(0) + O(e%) = —x(1)x,(0) + O(&”) (8.5)

is satisfied.
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From this and equalities (8.5), we obtain
x(1(0)) = 6+0(8"), x(1(c)) = —%(1x,(0) + O(&") (8.6)

Consequently,

€

I(% B d_wz) o2 K b, + b,x,(0)
do do — 0x,(0) + c*b@y(c) + b,0(0)

B b,c —byx,(0)
®4X,(0) + c*by(c) + b,9y(0)

+ 0(82)) po(c)do

= 4 [0 201909 g 506 + (") = 8 £ (00) +0(s")
e @o)x(0)] x2(0)]

Wy
Hence, if the inequality
x(®y)/ay+ Mb,a,/®w,>0 (8.7)
is satisfied, then, when x,(0) = —a,, we have w(T) > w(0), and, if the inequality
x(®y)/a,+ Mb,a,/®w,<0 (8.8)

is satisfied, then, when x,(0) = —ay, we have w(T) < w(0).
It follows from this that, when inequalities (8.7) and (8.8) are satisfied, the inclusion

FQcQ (8.9)

holds, and it follows from this and Brouwer’s theorem that a fixed point of the mapping F exists, and this means that a periodic solution of
system (8.2) with initial data from the set 2 exists.
It follows from inequalities (87) and (8.8) that these initial data satisfy the relations

2 2
x(0) = 0(g7), x3(0) = O(&"), x,(0) = - /x(wo)/M(-b,) + O(¢) (8.10)
In this case, the periodic solution is stable in the sense of the inclusion (8.9).
9. Algorithm for determining stable solutions in systems satisfying the generalized Routh-Hurwitz condition

We record the transfer function of system (4.6) (or (8.2)) from the “input ¢y” “to the “output -r'x”
W(p) = r*(P-pl)"'q=2LEE 1 cx(4-p1y'b
p T+ (9.1)
Here,

a=-b, PB=bwy, c*b+b =r¥q= —}Enpr(P)

We now formulate the results obtained in the preceding section in terms of the transfer function W(p).
Theorem 8. If the inequality a >0 and
2
ppreqg > aw, (9:2)

are satisfied, then system (8.2) with the non-linearity (8.1) has a periodic solution which satisfies relations (8.10) and

%, 2
£(0) = 0(s), x(0) = O(c"), x,(0) = - J“(“B’ 4900 . o(c)
3(1)0M(1 (9.3)
This solution is stable in the sense of inclusion (8.9).

Example 4. We consider system (4.6) with the transfer function

-1 1
Wip) = B—+ —

PP+l P+l
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Fig. 16.

Here,

reg= -2, oy=1, b =-1, by=-1, A=-1, b=-1, c=1

The stability of the linear system (4.7) with ¢;(o) = ko holds here for all k € (0, +o0).

Suppose
uc, Vo e(-g;,¢)
_ 3
0;(c) = {Mg;, Vo>g;
3
-Mg;, Vo<-g
Here,

pn=2, M=1, ¢ =¢, & =01, & =02,..., &g = 0.8

and ¢ is a small positive parameter.
According to Theorem 8, the initial data of the stable periodic oscillation in the first step j=1 take the form

x(0) = 0(e), x;(0) = O(g), x,(0) = —2+0(¢)
Hence, when j=2, we emit a trajectory from the point
x,(0) = x;(0) = 0, x,(0) = -2

The projection of this trajectory onto the (x1x,) plane and its coordinate x,(t) are shown in Fig. 16. It is clear that, after the transition
process, a stable periodic solution is reached.

Continuing this procedure whenj=3, .., 8, we find the periodic solutions, and, when &g = 0.8, disappearance of the periodic solution and
attraction to the stable equilibrium state is observed (Fig. 16).
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Note that, when ¢; = V2, the non-linearity @;j(0) is monotonic. The fact that there are no periodic solutions in the case of system (4.7)
with such a non-linearity when n=3 is well known.63:64 Hence, here also, a stability loss bifurcation is observed and disappearance of a
periodic solution.

The search for higher order systems, in which the algorithm for finding the periodic solutions leads to system (4.1) with a non-linearity
(o) from the Hurwitz sector, which is monotonic with respect to the two boundaries of the Hurwitz sector and has a stable periodic
solution, is an important problem.

In the following example, we will show that the condition p * ¢ < aw?

§ is a necessary condition and that the inequality

5 2
uprt < aw, (9.4)
is a sufficient condition for the absolute stability of system (4.6) when n=3.
Example 5. We now consider a third order system (4.6) with a transfer function of the form

W(p):-azi+—%+i, 0, >0, y>0
p+ow, PTY

The relations a >0 or @ = 0, k8 > 0 are necessary and sufficient conditions in order that system (4.6) in the case of ¢g(0) = ko and small
positive k should be stable as a whole. These are the so-called conditions of limit stability.5>
When « >0, we make use of Popov’s frequency criterion

L 4 Re(1 +8io) W(io) > 0
m (9.5)
and, when « = 0, k8 > 0, we make us of the criterion%3.64

Re[(io)W(iw)]#0, Vo=#0 (9.6)

It is clear that inequality (9.6) is satisfied when « = 0, 8 > 0. In this case, (0, +o0) is the sector of absolute stability. Inequality (9.5)
takes the form

2
l+-[3—2+3%6(°2%>0, 9=—B—?
L o, o +y oL, 9.7)

Since the factor with k is a monotonic function, inequality (9.7) is satisfied for the following conditions

l+ﬁ—+’—°>0, l+4&2+113—2>0

|0 w(z] Y o, o,
If
x_ o xB
2
Vaw,

then absolute stability holds in the sector (0, +o00) when

B %o
2
0, 7

and in the sector

[Of
when
B %o
2
o, ¥

This sector is identical to the maximum Hurwitz sector, and, consequently, the Aizerman hypothesis holds in this case.
If

%, %B

2
T oaom, (9.8)
then absolute stability holds when

HB((L+%)+OLC\)(2)>0 (9.9)
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Condition (9.9) is identical with the inequality (9.7). Hence, the condition ufr = g < awé is a necessary condition and (9.4) is a sufficient

condition for absolute stability of system (4.3) when n = 3. It follows from this that, if inequality (9.8) is satisfied, the Aizerman hypothesis
holds.
A book 13 is devoted to such an analysis of system (4.3) with n=3.
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