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EXISTENCE, UNIQUENESS AND OTHER PROPERTIES OF
THE LIMIT CYCLE OF A GENERALIZED
VAN DER POL EQUATION

XENAKIS IOAKIM

ABSTRACT. In this article, we study the bifurcation of limit cycles from the
linear oscillator # =y, y = —x in the class
t=y, §=-w+eyPT(1-2%),

where € is a small positive parameter tending to 0, p € Ng is even and ¢ € N.
We prove that the above differential system, in the global plane where p € Ny
is even and ¢ € N, has a unique limit cycle. More specifically, the existence
of a limit cycle, which is the main result in this work, is obtained by using
the Poincaré’s method, and the uniqueness can be derived from the work of
Sabatini and Villari [6]. We also investigate and some other properties of
this unique limit cycle for some special cases of this differential system. Such
special cases have been studied by Minorsky [3] and Moremedi et al. [4].

1. INTRODUCTION

In this article, we study the second part of Hilbert’s 16th problem for a general-
ized Van der Pol equation. More specifically, we consider the system

T =y,

Y= fx+€yp+1(1—:v2q), (1.1)

where p € Ny is even, ¢ € N and 0 < € < 1. System reduces to the Van der
Pol equation for p = 0 and ¢ = 1. Our purpose here is to find an upper bound
for the number of limit cycles for system (L.1]), depending only on the degree of its
polynomials.

System is the generalized Van der Pol equation of the form

i—e(@)PT(1—2*) +2 =0, (1.2)

where p € Ny is even, ¢ € N and 0 < ¢ < 1. We search to find an upper bound for
the number of limit cycles for equation , depending only on p and g. We prove
that the generalized Van der Pol equation has a unique limit cycle, and it is
simple and stable. We also examine the manner in which the position and size of
the limit cycle depend on p and q.
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Several other generalizations of the Van der Pol equation have been considered
in the literature. Minorsky [3] has considered a generalized Van der Pol equation
of the form

i—ei(l—a*)4+z=0, (1.3)
where ¢ € N and 0 < ¢ < 1. For ¢ = 1, equation reduces to the Van der
Pol equation. For p = 0 equations (|1.2) and are identical. By applying a
perturbation method, he showed for (1.3)) that the stationary amplitude Ag, to first
order in g, is

4o — ( 2 ST sin?(t) dt >1/(2q>.
;7 sin®(t) cos?4(t) dt
For ¢ = 1, 2 and 3, Minorsky found from that Ag = 2, 1.68 and 1.53, respec-
tively.
The solution of the generalized Rayleigh equation
=<1 5 ) +u =0, (15)

where ¢ € N, is closely related to the solution of (|1.3)).
with respect to t and let y = x, then x satisfies (|1.3)).
be derived from the corresponding results for (1.3)).

Holmes and Rand [2] have examined the qualitative behaviour of the non-linear
oscillations governed by a differential equation of the form

dj—|—x'(oz—|—*yx2)—|—ﬂx—|—5z3:0,

(1.4)

For, if we differentiate (|1.5))
Hence, results for (1.5 can

where a, 3, v and ¢ are constants; « = —1, 6 =1, v =1 and § = 0 corresponds
to the Van der Pol equation. They investigated the presence of local and global
bifurcations and considered their physical significance.

A more general class of equations, containing as a special case, has the
form

&+ ao(x, &)+ =0, (1.6)

and was studied in [7] and [8]. They obtained conditions about the existence and
uniqueness of limit cycles of . In general, we observe that the existence and
uniqueness theorem for limit cycles of proved there does not apply for equation
2.

The plan of this paper is as follows. In Section 2 we will make some elementary
remarks about small perturbation of a Hamiltonian system. Section 3 will be
devoted to study system .

2. ELEMENTARY REMARKS ABOUT SMALL PERTURBATION OF A HAMILTONIAN
SYSTEM

We consider the system
i=y+efi(z,y),
y =T +8f2(xvy)a

where 0 < ¢ < 1 and f, fo are C! functions of z and y, which is a perturbation of
the linear harmonic oscillator

(2.1)

T =y,

y-:_xa
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which has all the solutions periodic with:
20(t) = Acos(t —to) and y°(t) = —Asin(t — t).

In general, the phase curves of are not closed and it is possible to have
the form of a spiral with a small distance of order € between neighboring turns.
In order to decide if the phase curve approaches the origin or recedes from it, we
consider the function (mechanic energy)

E(z,y) = %(xQ + 7).

It is easy to compute the derivative of the energy and it is proportional to e:

S B(ay) = wi i = <(@hlwy) +yhley) = By (22)

We want information for the sign of the quantity

T(e) |
/ eE(2°(t),y"(t))dt =: AE, (2.3)
0

which corresponds to the change of energy of (z°(¢),4°(t)) in one complete turn:
y°(0) = y°(T'(¢)) = 0. Using the theorem of continuous dependence on parameters
in ODEs, one can prove the following lemma (see [I]):

Lemma 2.1. For (2.3) we have
27
AE = 5/ E(A cos(t — to), —Asin(t — to))dt + o(e). (2.4)
0

Let
F(A) ::/0 ﬂE(xo(t),yO(t))dt, (2.5)

and we write (2.4) as
AE = 5[F(A) + ﬁ}
€
Using the implicit function theorem, one can prove the following theorem, which
is the Poincaré’s method (see [I]):

Theorem 2.2. If the function F given by (2.5)), has a positive simple root Ay,
namely

F(Ay) =0 and F'(Ag) #0,
then has a periodic solution with amplitude Ag + O(e) for 0 < e < 1.

3. THE NON-LINEAR EQUATION & — ()P (1 —2%) + 2 =0

In this section, we prove that system has a unique limit cycle, and it is
simple and stable. We present this main result in Theorem In Proposition (3.3
we study the system , with p € Ny is even, g € N satisfying p + 2 = 2¢q. The
system , in the case where p = 0 and ¢ — oo will be studied in Proposition
and in the case where ¢ = 1 and p — oo will be studied in Proposition [3.8|

Our main result in this section is given in the following theorem.
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Theorem 3.1. System (1.1)), where p € Ng is even, ¢ € N and 0 < € < 1 has the
unique limit cycle

C(p+2¢+2)(p+2q)...(2¢+2) 2¢(2g—2)...4-2 ql/a
xzﬂf’{ (p+2)p...4-2 (2q—1)(2q—3)...3-1} +0(e),

and it is simple and stable.

Proof. From (12.2)) we have

E(z,y) = y"*?(1 —a™), (3.1)
where p € Ny is even and ¢ € N. Substituting (3.1) into (2.5)), we obtain that
2w
F(A) =/ (W’ (O (1 = (2°(1)*)dt, (32)
0

where p € Ny is even and ¢ € N. Substituting 2°(t) = Acos(t — to) and y°(t) =
—Asin(t — to) into (3.2)), and using the assumption that p € Ny is even we get

27 2
F(A) = AP+2[ / sin? T2 (t —tg)dt — A%? / sin?t2(t —tg) cos®(t — to)dt|. (3.3)
0 0

Let

2
1= / sinPt2 (¢ — to)dt,
0

27
o= / sinP T2 (t — tg) cos¥(t — to)dt,
0
where p € Ny is even and ¢ € N. Using the fact that
/2
e = 4/ sinP T2 (t — tg)dt,
0

from Proposition [4.2] we obtain

(p+DpP-1)...3-1_

cp =2
' (p+2)p...4-2

Using the fact that
/2
cy = 4/ sin?t2(t — tg) cos?d(t — to)dt,
0

from Proposition 4.1, we obtain
(p+1)(p—1)...5-3-1  (2¢—1)(2¢—3)...3-1
(p+2¢+2)(p+29)...2¢+2) 2¢(2¢—2)...4-2
Substituting ¢; and ¢y given as above into it follows that
p+1)(p-1)...3-1
(p+2)p...4-2

p+1)(p-1)...5-3-1  (2¢—1)...3-1
(P+2¢+2)(p+2¢)...(2¢+2) 2q...4-2
Now, for A > 0 the polynomial F' has the root
P+2¢+2)(p+2q)...2¢+2) 2¢(2¢—2)...4-2 /20

(p+2)p...4-2 (2q—1)(2q—3)...3~1} ’

Co = .

F(A) = 27TAP+2[

Aﬂ .

A:
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Let
_ _[(P+29+2)(p+29)...(29+2) 2¢(29—2)...4:2 }/C9)
AO*AO(I%Q)-*[ (p+2)p.--4'2 (2q—1)(2q—3)...3-1 ’
(3.4)

where p € Ny is even and ¢ € N.
For the derivative of F' we have that
F'(A) = 2r AP+ [(p+ Dp—1)...3-1
pp—2)...4-2
(p+1)(p-1)...3-1 (2¢g—1)...3-1
p+2¢)(p+2¢—2)...2¢+2) 2q...4-2
We compute the derivative of F' at Ay and we get
p+1)(p-1)...3-1 4 £0,

(p+2)p...4-2
using the assumptions that p € Ny is even, ¢ € N and Ay > 0. So, from Theorem
it follows that has a limit cycle close to the circle 22 +y? = AZ. Moreover,
since F'(Ag) < 0, this limit cycle is simple and stable.

Let now prove that the number of limit cycles for system , with e small
is exactly one. The proof of this can be derived from the work of Sabatini and
Villari [6] using Corollary 1 proved there. We first note that the system can
be written and in the form

Aﬂ .

F'(Ag) = —4m APT!

T=y— sxp+1(y2q — 1)7
y = -,

where p € Ny is even, ¢ € N and 0 < ¢ <« 1. As we already saw, Poincaré’s
method (see Theorem [2.2)) ensures the existence of a limit cycle for (1.1)). Since
a=—1,b=1,G(z) = %, one has G(a) = G(b), so the hypotheses of Corollary 1
hold (see [6]), and the system (|1.1)) has exactly one limit cycle. This completes the
proof that (1.1)) has exactly one limit cycle.

So, we prove that ([1.1]) has a unique limit cycle, and it is simple and stable. [

Remark 3.2. The expression (|1.4)) obtained by Minorsky, is a special case of the
expression (3.4)) which we found. Indeed, for p = 0 it can be verified that (3.4)
equals (1.4). This may be done by evaluating the integral in the denominator of

(1.4), using the Proposition from the appendix.

Proposition 3.3. System (L.1)), with p € Ny is even, ¢ € N satisfying p + 2 = 2q,
and 0 < & < 1 has the unique limit cycle x® + y> = 4+ O(e), and it is simple and
stable.

Proof. From Theorem it follows that system (L.1)), with p € Ny is even, ¢ € N
and 0 < € < 1 has a unique limit cycle, and it is simple and stable. It remains to
prove that
[(p+2q—|—2)(p—|—2q)...(2q+2) 2q(2¢—2)...4-2 }1/11 4
(p+2)p...4-2 2¢—1)(2¢—3)...3-1
when p + 2 = 2q.
By the assumption that p + 2 = 2¢ the left-hand side of (3.5) gives
[2q(2q)(2q ~1)(2¢—2)...(q+2)(qg + 1)}1/q _ 2[2q(2q —1)...(q+2)(q+1)1/q
2¢—1)(2¢—3)(2¢—5)...5-3-1 2¢—1)(2¢—3)...5-3-11

: (3.5)
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Hence it suffices to show that
[2q(2q ~D(2¢-2)...(¢+2)(g+ e _,
(2¢—1)(2¢—3)(2¢—5)...5-3-1
Claim. It is valid that
29(2¢-1)(2¢-2)...(¢+2)(a+1) _
(2¢—1)(2¢—3)(2¢—5)...5-3-1 ’

Vg € N.

Proof. Tt will be proved by induction on ¢q. For ¢ = 1, we have % = 21, therefore
the claim is valid for ¢ = 1. Supposing that the claim is valid for ¢, we will prove
that it is true and for ¢ + 1, namely

2a+D]C2q+1)20)(2¢—1)--- (a+3)(@+2) _ 44
(2¢+1)(2¢g—1)(2¢—3)(2¢ —5)...5-3-1 '
The left-hand side of is equal to
2q(2¢ —1)(2¢—2)... (g +2)
(2¢—1)(2¢—3)...5-3-1
which is the right-hand side of . Therefore, the claim is valid for every q €
N. O

(3.6)

2(q+1) :2,2q:2q+17

This completes the proof of the proposition. ([

Remark 3.4. It is well known that the Van der Pol equation with 0 < € <« 1 has
the unique limit cycle 22 + y? = 4 + O(¢), and it is simple and stable. This arises
and from Proposition with p=0 and ¢ = 1.

In the next proposition, we give a different proof, much more elementary than
the proof has been given by Moremedi et al. [4], concerning the decreases of the
amplitude of the limit cycle of system (l.1) with p = 0 and 0 < ¢ < 1, as ¢
increases.

Proposition 3.5. System , withp =0,q € N and 0 < e < 1 has a unique
limit cycle which is simple, stable and its amplitude decreases monotonically from
2 to 1 as q increases from q = 1. Therefore, the unique limit cycle of the system
, with p = 0 has the equation x> +y?> =1+ O(e) as ¢ — 0.

Proof. From Theorem it follows that system (l.1)), with p = 0, ¢ € N and
0 < € < 1 has a unique limit cycle, and it is simple and stable. From (3.4)) when
p = 0 it follows that

w-|

29+2 29(2¢—2)...4-2 }1/(211)
2 (20— 1)(2¢—3)...3-1
Let

_ ) 1/(2
Ao(q) = [2q;—2 2q(2¢ —2)...4-2 } /(2q)
(2¢—1)(2¢—3)...3-1
Clearly, Ag(1) = 2. In order to prove that the sequence Ay(q), ¢ € N given by
is strictly decreasing we must show that Ag(q + 1) < Ag(q) for all ¢ € N.
We have that

Ao(g+1) = [

, g€N. (3.7)

2¢+4 (2¢+2)(2q)...4-2
2 (2¢+1)(2¢—1)...3-
:[2q+4]m[2q+2 2q(2¢—2)...4-2
2+ 1 2 (2¢—1)(2¢—3)...3-

]m
1

a1
] 29~ 2q(qF1D)
1
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= [5()] 7™ Ao (g),

where

g = 1 (2q—1)(2q—3)...3~1]1/q
2q+1lg+1 2q(2¢—2)...4-2

Now, in order to show that Ag(q+ 1) < Ag(q), it suffices to show that s(q) < 1 for

all ¢ € N. We have that

, g€N.

2q+4 1

SRS RSV

Claim I. It is valid that

2g+4 1
ATE < 1)Y4, VqeN. )
2q+1f(q+) , Vqe (3.8)

Proof. The inequality (3.8)) is valid for ¢ = 1,...,5, as it can easily be checked. In
order to prove (3.8)) for ¢ € N, ¢ > 6 we will show that

2 2
1+§<q1/q<:>(1+5)q<q, Vg eN, g > 6. (3.9)

One can easily check that the inequality (3.9) is valid for ¢ = 6 and 7. Since
limg— o0 (1 + %)q = e2, in order to prove (3.9) for ¢ € N, ¢ > 8, it suffices to show
that the sequence (1 + %)q, q € N, is strictly increasing. Notice that

1
)q+1<:)q+ <] q(q+3)

2.4 2 .
(1+5) <(1+q— ]

+1 g+3 " (g+1)(g+2)
2 2
—=1--—<l-—]9
rE N R (L
Now, using Bernoulli’s inequality, we have for ¢ € N that
2 2
1- 21— —

(g+1)(g+2) (g+1)(g+2)

Since is valid that
1 q
> )
g+3" (¢+1)(g+2)
the proof that the sequence (1 + %)q, q € N is strictly increasing is complete.
So, we have proved the inequality (3.8]) for every ¢ € N. Therefore,

s(q) <1, VgeN,

which proves that the sequence Ag(q), ¢ € N is strictly decreasing.
Now, note that (3.7)) gives

Aofa) = [(q-+ 1/ 2 {2g 4 V0 [ (2R YT

20 +1\(2—1)(2¢—3)...3-
(3.10)
O
Claim II. It is valid that
, 1 2(2¢—2)...4-2  \2)1/(40)
1 =1. 11
qggo[2q+1((2q—1)(2q—3)...3~1)} (3.11)
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Proof. From the inequality 0 < sint < 1, t € (0,7/2) (with induction) we have that
sin??™ ¢t < sin?4 ¢ < sin??"! ¢, for every t € (0,7/2) and ¢ € N. So, we have that

/2 w/2 /2
/ sin?0t t dt < / sin?? ¢ dt < / sin?4~1 ¢ dt. (3.12)
0 0 0
Using Proposition from the appendix, (3.12)) leads to
1-3...(2¢—1) 24...(20-22 2 _1:3..(2+1) (313)
2.4...(2¢—2) " 1-3...(2¢—-3)2¢—1)7 2-4...2¢ '
Multiplying (3.13)) by

2:4...(2¢—2)2¢
1-3...2-1(2q+ 1) 2’

we get
2q 1 2-4...(2¢ —2)2q
2+12 2q+1[1~3...(2q—3)(2q—1
and then the inequality

( 2q )1/(4Q)<E)1/(4q)<{ 1 ( 2-4...(2¢—-2)2¢ ))2]1/(4Q)<<7r)1/(4q)

)]2 <3 (3.14)

i

2+ 1 2 20+ 1\1-3...(2¢—3)(2¢ — 1 2
implies (3.11]). O

Using (3.11), from (3.10]), we easily obtain lim, .., Ag(¢) = 1. The proof of
Proposition [3.5]is complete. d

Remark 3.6. The uniqueness of the limit cycle for the system (1.1, with p =
0, ¢ € N studied in Proposition [3.5] follows and from the fact that the function
d(z,y) = —e(1 — x29) is strictly star-shaped (see [7],[8]).

Remark 3.7. From (3.14]) it follows that

) 1 2-4...(2¢—2)2¢g 12 =
lim [ } =—
oo 20+ 111-3.. (20— 3)(2¢ — 1)

=3
which is the Wallis’s product. It is exciting and unexpected how this limit of Wallis
appears in the proof of Proposition [3.5

Proposition 3.8. System (1.1)), with p € Ny is even, g =1 and 0 < ¢ < 1 has a
unique limit cycle which is simple, stable and its amplitude increases monotonically
from 2 to infinity as p increases from p = 0.

Proof. From Theorem it follows that system (1.1]), with p € Ny is even, ¢ = 1
and 0 < ¢ < 1 has a unique limit cycle, and it is simple and stable. From (3.4
when ¢ = 1 it follows that

(p+4)(p+2)p...6-4 . 2}1/2
(p+2)p...4-2 1
Let Ag(p) := (p+4)'/2, p € Ny is even. Clearly, Aq(0) = 2. Obviously Ag(p) <

Ag(p + 1), for all p € Ny is even and Ag(p) — oo as p — oo and so the proof is
complete. (I

=(p+4)'%.

o
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Remark 3.9. We make now an observation on the type of the bifurcation phe-
nomenon of limit cycles encountered in Proposition Not the “large amplitude
limit cycle” is encountered in Proposition but the “medium amplitude limit
cycle”. For given p the limit cycle of , with ¢ = 1, has a finite limiting radius
and therefore is called “medium amplitude limit cycle”. When increasing p also the
radius of the limiting circle increases; in particular when p — oo then the limiting
radius also tends to co. The “large amplitude limit cycle” would disappear at oo
when the bifurcation parameter ¢ tends to 0.

4. APPENDIX
Here we list some important formulas used in Section 3 (see [5]).

Proposition 4.1. For each m, n € N and even,

o N  (m-1)(m-3)...5-3-1 (n—1)(n—3)...3-17
/0 sin™ (¢) cos (t)dt_(m—|—n)(m—|—n—2)...(n—|—2) nin—2)...4-2 2

Proposition 4.2. For eachn € N

/2 2.4...(2n—2
/ sin271 (1) gt = 2k Zn=2)
0

S 1-3...(2n—-1)

/2 1-3...2n—-1)x
on

tydt = — "

/0 sin™" (¢) 2.4..2n 2
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