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Periodic solutions for some delay differential equations
appearing in models of power systems

by BINGWEN Liu (Changde) and LIHONG HUANG (Changsha)

Abstract. The authors use coincidence degree theory to establish some new results
on the existence of T-periodic solutions for the delay differential equation

m”(t) + alm/(t) + ag(mn(t))/ +agx(t) + agx(t — 7) + a5z (t) + agz" (t — 7) = f(t),

which appears in a model of a power system. These results are of practical significance.

1. Introduction. An excess voltage of ferro-resonance known as some
kind of nonlinear resonance enjoying long duration arises from magnetic
saturation of inductance in an oscillating circuit of a power system, and a
boosted excess voltage can give rise to some problems in relay protection. To
probe into its mechanism, the following mathematical model was proposed
in [8, 9]:

(1.1)  2"(t) + a1 (t) + az(2™(t)) + aszz(t) + agx(t — 7)
+asz"(t) + agz"(t — 1) = f(t),

where a1, ...,ag are nonnegative constants, the delay 7 > 0 is a constant,
n > 3 is an odd integer, and f : R — R is a continuous periodic function
with period T' > 0. Since a normally functioning power system is considered
to be a periodic or almost periodic motion (see [2, 9]), it is worth while to
study the existence of periodic solutions of equation (1.1).

In this paper, using the continuation theorem of coincidence degree the-
ory, we will give some results on the existence of a T-periodic solution to
equation (1.1), which are of practical significance.
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For ease of exposition, throughout this paper we will adopt the following
notations:
T

_ AN _ _
2l = ( ol at) " el = e (1)), F(1) = OL
Let
X ={zc C'R,R) | z(t+T) = x(t) for all t € R},
and

Y={xeCR,R)|z(t+T)=ux(t) for all t € R}

be two Banach spaces with the norms
lzllx = max{|z]o, [2']ec} and z]ly = |2]co.
Define a linear operator L : D(L) C X — Y by setting
D(L)={re X |2" € C(R,R)}
and for x € D(L),
(1.2) Lx = 2",
We also define a nonlinear operator N : X — Y by setting
(1.3) Nz = —a12'(t) — az(2™(t)) — azz(t) — agw(t — 7)
—azx"(t) — agx™(t — 1) + f(¢).

It is easy to see that
T
KerL =R, ImL= {xeY‘ [ (s)ds = 0}.
0

Thus, L is a Fredholm operator with index zero.
Define continuous projectors P : X — KerL and @ : Y — Y/Im L by
setting
1 T
Px(t) =z(0) =2(T), Qx(t)= x(s) ds.
0
Hence, Im P = Ker L and Ker Q = Im L. Denoting by L;l :Im L — D(L)N

Ker P the inverse of L|p(r)nker p, We have

M|

T t

(1.4) Laly(t) = —% S (t—s)y(s)ds+ S (t — s)y(s)ds.
0 0

2. Preliminary results. In view of (1.2) and (1.3), the operator equa-
tion

Lz =ANz
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is equivalent to the equation
(2.0)x 2"+ Mar2'(t) + a2 (2™ (1)) + azz(t)
+ agz(t — 7) + asz™(t) + agx" (t — 7)] = Af(¢),
where A € (0,1).
For convenience, we introduce the Continuation Theorem [3] as follows.

LEMMA 2.1. Let X and Y be two Banach spaces. Suppose that L :
D(L) ¢ X — Y s a Fredholm operator of index zero, and N : 2 — Y
is L-compact on §2, where £2 is an open bounded subset of X. Moreover,
assume that the following conditions are satisfied:

(1) Lx # ANz, Vx € 02N D(L), X € (0,1);
(2) Nz ¢ ImL, Vo € 02N Ker L;

(3) The Brouwer degree
deg{QN]N(L), 2N Ker L, 0} 7é 0.

Then the equation Lz = Nz has a solution in 2N D(L).

The following lemmas will be useful to prove our main results in Sec-
tion 3.

LEMMA 2.2. If x € C*(R,R) with z(t + T) = x(t), then
T\ 2
(2.2 0 < (57 ) "0
Proof. This is known as the Wirtinger inequality; see [14, 15] for the

proof.

LEMMA 2.3. Let x(t) be a T-periodic solution of (2.1)y. Suppose that
there exists a constant D > 0 such that

(2.3) |z(0)] < D, 19 €[0,T].
Then
T
(2.4) [ol2 < — |2'|s + VT D.
Proof. Let
() = x(t+71—-T)—x(n), T—1<t<T,

= z(t + 70) — x(70), 0<t<T—p.
Then
(2.5) y(0)=y(T)=0, ') =2"(t+7) forall te|0,T)].

Thus, from Theorem 225 in [5], (2.5) implies that

T
(2.6) [ylz < — 192
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In view of the Minkowski inequality, we have
T 0
@7) 3= le®Pdt+ | ()] dt
70 0
T—19 T
= | Jzt+m)Pdt+ | |a(t+m—T) dt
0 T—710
= ly(t) + =(70)[3 < (lyl2 + [2(r0)[2)* < (|yl2 + VT D)*.

Combining (2.6) and (2.7), we obtain
T T
(28) ek <ly+VTD < — |+ VT D=—|'l+ VT D.

3. Main results

THEOREM 3.1. Let S;‘)Ff(s)ds = 0. Suppose that one of the following
conditions holds:

(A1) as(as +as) > i7((as + as)? + adl;

as(as + ag) = 37((as + ag)? + adl,
(A2)  ai(as + ag) + az(as + as) > T[(az + as)(as + as) + asag).
Then equation (1.1) has at least one T-periodic solution.

Proof. We wish to apply Lemma 2.1. To do this, it suffices to prove that
the set of all possible T-periodic solutions of equation (2.1)y is bounded.

Let x(t) be such a solution. Since Sg f(s)ds = 0, it is easy to see that F(t)
is a T-periodic function. Let y(t) = 2/(t) — AF(t). Then we can transform
(2.1), into

Z—f = y(t) + AF(t),

(3.) % = —A(a12(t) + azz™(t)) + (azx(t) + asa”(t))

+ (aaz(t — 7) + agz™(t — 7))].
Set )
(32) V()= [y(t) + Marz(t) + aga™(t)) = A | (asz(s) + aga™(s)) ds ?

+2) QSC (azu + asu™) du + 2\ ~”§ (aqu + agu™) du
0
0 t

+ A2 S S (asz(u) + agz™(u))? du ds.
—Tt+s
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Since z(t) and y(t) are T-periodic, so is V (t). Calculating the derivative of
V along the system (3.1), we have

dv (t)

(33) —=

(3.1)
t

=2 [y(t) + AMarx(t) + agx™(t)) — A S (asx(s) + agz™(s)) ds]

X [=A(azz(t) + asx™(t)) — Magz(t) + agx™(t))]
+ 2X(azz(t) + asz™(t))y(t) + 202 (asz(t) + asz™(t))F(t)

+ 27\ (agz(t) + agz™ (1))y(t) + 23% (asz(t) + agz™(£))F(t)
+ N2 (aga(t) + aga™(t))% — A2 j (asz(u) + agz™(u))? du
= —2)2(aya(t) + apa™(t))[(as + a;):c(t) + (a5 + ag)z"™(t)]
+ 2X2[(az + a4)z(t) + (a5 + ag)z"(t)] t§ (agz(s) + agz™(s)) ds
+2)2[(a3 + ag)z(t) + (a5 + a6):c”(t)]F_(;)
+ N2 (aga(t) + aga™(t))% — A2 § (asz(u) + aga™(u))? du.

t—1
Integrating (3.3) from 0 to 7', in view of V(0) = V(T'), we see that

T
277 | (a12(t) + aga™ (t))[(as + as)a(t) + (a5 + ag)a" (1)) dt
0
T

= 2)\? S[(ag + aq)z(t) + (as + ag)z™ (t)|F(t) dt
0
T t

+2)° S [((a:% + aq)z(t) + (as + ag)z" (1)) S (aqz(s) + agz"(s)) ds] dt
0 t—1
T t
+A? S [T(a4x(t) + agz™(t))* — S (agz(u) + agz™(u))? du} dt
0 t—7
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~+

[ | (((as + ag)z(t) + (as + ag)a™(1))? + (asz(s) + asa™(s))?) ds| dt

[T(aaa(t) + agz" (1) — | (asz(u) + agz"(u))? du d,
which implies that

T
(34)  V(a1z(t) + asa™(1))[(a3 + as)x(t) + (as + ag)a™ (1)) dt
0

!

< |Floo Y I(az + ag)a(t) + (a5 + ag)x" (1)] dt

+ %T [((a3 + ag)z(t) + (a5 + ag)z"(t))? + (asz(t) + agz™(t))?] dt.

Ot N O t—

Using (A1) (or (A2)), we find that there exist positive constants D; and ¢
such that

(3.5) (a1 + a2x™)[(as + as)x + (a5 + ap)x")]

= (a1 + azz"™)[(az + as)x + (a5 + ag)z")]|

> |(as + as)z + (a5 + ag)2"|(|F|oo + €) + 37[((a3 + as)z

+ (a5 + ag)x™)? + (agx + agz™)?]  for all [x| > Dy.
Thus, there exists a positive constant Ds such that
(3.6) (a1x+ agz™)[(as + aq)x + (a5 + ag)z™)]
> (a3 + as)z + (a5 + ag)z"|(|Floc + €)

+ 37[((a3 + ag)z + (a5 + ag)z™)? + (asz + agz™)?] — Do

for all x € R. Integrating (3.6) from 0 to T', together with (3.4), we obtain

T
(3.7) S [(ag + aq)z(t) + (a5 + ag)x" ()| dt < g =: Dj3.

0

We claim that there must exist a constant £ € [0, 7] such that

(3.8) |(§)] < D1
Assume, by way of contradiction, that (3.8) does not hold. Then
(3.9) |x(t)| > D1 for all t € R.

From (3.3), (3.5) and (3.9), we have
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dv ()
(3.10)  — = .
< =222 (a1 z(t) 4 asx™(t))[(asx(t) + asz™(t)) + (asz(t) + agz™(t))]
+ )\27'[((@3 + aq)x(t) + (a5 + a6)x”(t))2 + (aqx(t) + aﬁx"(t))z]
+2X%[(az + a4)z(t) + (a5 + ag)x" (1) F(t)
<0 foralltel0,T],

which contradicts the fact that V(0) = V(T'). This contradiction implies
that (3.8) holds true. Hence, using the Schwarz inequality and the relation

t T
20 = (&) + §o/(s) ds| < Dy + [ |/ (s)] ds, € [0,7],
I3 0
we have
(3.10) 2|00 = max |z(t)] < Dy + VT |2/]o.
te[0,7

Now, multiplying equation (2.1), by —z(¢) and integrating from 0 to T,
taking into account that ai,...,as are nonnegative constants and n > 3 is
odd, together with (3.7) and (3.10), we obtain

(3.11) ()| dt

[l
0
T
= S [asx(t) + agx(t — 7) + asz"™ (t) + agx™ (t — 7) — f(¢)]z(t) dt
0

A
El
8

[as|x(t)] + aalz(t = 7) + as|2"(t)| + agla" (¢ —7)| + | F()]] di
[(as + aa)|z(t)] + (a5 + ae)|z" (1) + [ f()[] dt

= 17|

= [#]oo ) (a3 + ag)a(t) + (a5 + ag)x" (t)| dt + [x]oo| (1) 1

Ot N Ot N Ot

< (Ds+ |f()1)|z]oe < (D3 + [£()1)(D1 + VT [2/]2).
Hence, there exists a positive constant D4 such that
|2']a < Dy and  |x|oo < Da,

which, together with equation (2.1),, implies that
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(3.12)  [2"(t)] < arla’ ()] + azgn|a" T (X)] |2 (1)] + as|a(t)] + aalz(t — 7))
+as|z" (1) + aglz" (t — 7)| + [ (1)l
< ar|2' ()] + azn Dy~ 2! (8)] + (a3 + as) Dy
+ (a5 + ag) Dy + [ floc-
Thus,
T
(3.13)  [l2"(t)] dt < (a1 + agnDy VT |2/ (1)
+ [(a3 4+ a4)Ds + (a5 + ag) DY + | floo|T
< (a1 + agnDZ_l)\/TD4
+ [(a3 + a1) Ds + (a5 + as) Dy + [ f|oo]T"
Since x(0) = z(T'), there exists a constant ¢ € [0, 7] such that
2'(¢) =0,

and
t

T
#'(0)+ [ (s) ds| < [ 1a(1)]dt.
¢ 0
Combining this and (3.13), we see that there exists a constant M; such that

|2'(t)] =

lzllx < |2foo +[2]o0 < M.

Ifzxe 2 ={rxreKerLNX | Nz €ImL}, then there exists a constant Ms
such that

T
(314) :L‘(t) = Mo, S [agMg + ag Mo + a5M2” + a6M2” — f(t)] dt =0,

0

which, together with (A;) (or (Asg)), implies that there exists a positive
constant Dy such that

(3.15) |x(t)| = |M2| < D5 for all z(t) € £2;.
Since (A1) (or (A2)) holds, there exists a constant D > Ds such that
(3.16) rlazz + asx + asz™ + agx™ — f(t)] >0 for all |z| > D.
Let M = M; + D. Set

Q={re X ||z|loc <M, |2'|cc < M}.

It is easy to see from (1.3) and (1.4) that N is L-compact on §2. It follows
from (3.14), (3.15) and the fact that M > max{M;, D5} that conditions (1)

and (2) of Lemma 2.1 are satisfied.
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Furthermore, we define continuous functions H (z, i) by setting
H(x,p) = — (1 - p)x
1 T
kT S lazx + asx + asx™ + agz™ — f(t)]dt, pe€|0,1].
0
In view of (3.16), we obtain
xH(z,p) #0 forallz e d2NKer L, u € [0,1].
Hence, using the homotopy invariance theorem, we have
deg{QN|n(r), 2 NKer L,0}
T
1
= deg{ - = S [asz + asz + asz™ + agzx™ — f(t)] dt, 2N Ker L, O}

T
0

= deg{—x,2NKerL,0} #0.
In view of the above discussion, we conclude from Lemma 2.1 that The-
orem 3.1 holds.

THEOREM 3.2. Suppose that one of the following conditions holds.
(A3) a1 > (T/7)ay, a3 +aq +as > 0, ag = 0;
(A4) a1 >0, as+ags+as+asg>0, 7=EkT and k is an integer.
Then equation (1.1) has at least one T-periodic solution.

Proof. Let x(t) be a T-periodic solution of equation (2.1),. Integrating
(2.1)) from 0 to T', we see that

T
| [(as + as)z(t) + (a5 + ag)2"(t)] dt
0 T T

= | lasz(t) + asa(t — 7) + asa"(t) + aga™(t — 7)] dt = | f(t) dt.

0 0
Thus, there exists a constant n € [0, 7] such that
(a3 + as)|z(n)| + (a5 + a6)|z" ()] < [floo-

From (As) (or (Ay)), it follows that there exists a positive constant Ny such that

(3.17) [z(n)] < N1
Multiplying (2.1) by 2/(¢) and integrating from 0 to T', we have
T T
(3.18)  Jaulo’(®)* dt < {(a1 + agna™ '(t))[2'(t)]* dt
0 0

T
= — | [as2(t) + aua(t — 7) + asa™(t) + aga™(t — 7) — f(t)]2'(t) dt.
0
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If (As3) holds, then, by (2.4), (3.18) and the Schwarz inequality, we have
T
arlz' () < {[aala(t — 7)| + [FON|2'(0)] dt < aslzlo]a’]2 + | fl2]a’]2
0

1
T
< —aila'l3 + (asV'T N1+ | fl2) |22

In view of (As), there exists a positive constant N such that
(3.19) |22 < No.
If (A4) holds, (3.18) implies that
ar]z'(t)[3 < |fl2l2]o-

Therefore, (3.19) also holds.

Now the proof proceeds in the same way as in Theorem 3.1 and is therefore
omitted.

THEOREM 3.3. Suppose that the following condition is satisfied:

2

(As) (a3+a4)ﬁ<1, as=as=ag=0, az+as>0.

Then equation (1.1) has at least one T-periodic solution.

Proof. Let x(t) be a T-periodic solution of (2.1),. In view of (As), it is
easy to prove that (3.17) holds. Multiplying (2.1), by 2”(t) and integrating
from 0 to T, by (2.2), (2.4), (3.17), (As) and the Schwarz inequality, we have

T
(3.20) [2")3 = {|2" (1) dt
0
T

= A\ [a12/(t) + asz(t) + asx(t — 7) + f(£)]2"(t) dt
0

< (a3 + aq)|zl2]2" |2 + | fl2|2"|2
T2
< (a3 + a4) 9.2 2”13 + [(as + aa) VT Ny + | flo][2” ]2,

which, together with (3.17) and (As), implies that there exist positive constants
Dy and Dy such that

(3.21) |z"|2 < Dy,
(3.22) ]a;’|2 < DQ, ]a:\oo < Ds.

Now the rest of the proof is similar to the proof of Theorem 3.1 and is therefore
omitted.
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4. Examples and remarks
ExAMPLE 4.1. The Liénard equation
(4.1) 2" 4 202'(t) + 100(z>(t))’ + 10z(t) + 20z(t — 28)
+ 425(t) + 22°(t — 28) = cost
has at least one 27-periodic solution.

Proof. By (4.1), we have a; = 20, ag = 100, a3 = 10, a4 = 20, a5 = 4,
ag = 2, the delay 7 = 28, n = 5, and f = cost is a continuous periodic
function with period 2. It is straightforward to check that all conditions of
Theorem 3.1 are satisfied. Therefore equation (4.1) has at least one 27-periodic
solution.

REMARK 4.1. Equation (4.1) is a very simple second order delay differ-
ential equation. However, it is easy to check that no results in [2, 4, 6-15]
and the references therein are applicable to (4.1). On the other hand, to the
best of our knowledge, the existence of periodic solutions of (1.1) with a; > 0
(i =1,2,...,6) has not been studied in previous works. This implies that the
results of this paper are essentially new.
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