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BOUNDARY CONTROL PROBLEM FOR STRING
VIBRATIONS EQUATION. II

Abstract

In the paper we consider string vibrations equation. Assuming that the state
of a string is given at initial time, we study a problem on finding such boundary
controls at the ends of a string that reduce the state of a string the to given state
at finite time. In the paper we establish necessary and sufficient conditions on
initial and finite functions and in fulfilling these conditions we find obvious form
of desired controls.

The present paper is continuation of the paper [1]. Therefore statement of the
text and enumeration of formulae of the present paper is direct continuation of the
paper [1]. Notice that by accomplishing this paper we have used some facts from
the paper [2].

§1. Necessary conditions of existence of solutions
in W3[Q;] of problem III from [1]

In this section we’ll establish necessary conditions of existence of the solutions
in WQQ [@Q1] of problem III from the paper [1] provided T" = [.

Theorem 3. It T =1 and for arbitrary four functions o(z) € W2[0,1], ¥(x) €
W30,1], ¢y (x) € WZ[0,1] and 1 (x) € W4([0,1] there exists the solution u(x,t) from
/V[722 [Q1] of problem III, this solution satisfies the following three requirements:

ut(0,0) — 1z (0,0) — we(l, 1) +uz(l,1) = 0, (30)

ut(1,0) 4+ uz(1,0) — u(0,1) — uz(0,1) = 0, (31)
l l
/ut(x,O)d:n + u(0,0) + u(1,0) + /ut(:c,l)dt + u(0,0) —u(l,l) = 0. (32)
0 0

Proof. At first we prove this theorem for the special case u(z,0) = p(z) =0
and ui(x,0) = 1(x) =0 for 0 < z <[, i.e. we prove that for the special case the
solution from W3 [@Q;] of problem IIT satisfies the three requirements:

—ur (1, 1) +ug(1,1) =0, (30%)

u(0,1) +uz(0,1) =0, (31x)

l
/ut($,l)dx —u(0,l) —u(l,l) = 0. (32:x)
0

Since the boundary values w(0,t) = u(t) and u,(l,t) = v(t) of the solution
u(z,t) from W3 [Q;] of problem III belong with respect to ¢ to the classes W3 [0, (] and
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W3 [0,1], respectively and for ¢t = 0 satisfy the agreement conditions with ¢(z) = 0
and ¥ (x) =0, then
w(0) =0, v(0) =0, 1'(0)=0. (33)

Having continued the boundary values p(t) and v(t) by an identity zero on the
values of t < 0, by the conditions (33) we’ll get that so continued functions (we
denote them by the symbols p(t) and v(t)) will belong to the classes W3[0,1] and
W5 [0,1], respectively. We can verify that a unique (by theorem 1) solution from
W3 [Qi] of the mixed problem (1)-(3) for ¢(z) = 0 and ¥ (z) = 0 has the form:

u(w,t) = p(t —x) + v (t+x —1), (34)
where v4(t) = fol v(s)ds. Differentiating (34) with respect to ¢t and z and then
assuming ¢t = [, for all z from [0,1] we get

up(x, 1) = p/' (1 — ) + v (2), (35)

ug(z, 1) = _H/(Z — )+ V(). (36)

Assuming in (35) and (36) at first z = 0 and then x = [, and using equality (33)
4(0) = v(0) = 0 we find

ua(l,1) = =/ (0) + 4 (1) = 3 (D). (40

Equality (31*) follows from comparison of (37) and (38), equality (30*) from
comparison of (39) and (40). To prove equality (32*) we integrate relation (35) with
respect to x from 0 to [ and again use the equalities (33).

We get

l l
J () da = bf [/ (1 = @) + vy (2)da] dz = p(l) = p(0) + 11 (1) = 1 (0) =

’ = pl) + 21 (1) = u(0,1) + u(l, ).

Thereby, for the special case p(x) = 0 and 9 (z) = 0 theorem 3 is proved.

Now, let u(z,t) be a solution from WQQ [Qi] of general problem III with arbitrary
o(z) € W2[0,1] and +(x) € W}0,1]. Continue the functions op(x) and ¥ (x) on the
segment [—[, 0] and [/, 2] so that the continued functions ¢(z) and v (z) belong to the
classes W[, 2l] and W[, 2]] respectively, and we consider the function v(x,t)
determined by D’Alambert formula with so continued functions ¢(z) and ¥(x):

T+t

o) = 5 lela+ )+ ola = 0]+ 5 [ V(). (a1)

1
2
This function v(z,t) belongs to the class /V[722 [Q:] and satisfies the initial conditions

fort =0
v(z,0) = @(x), vi(z,0) =Y(x) for 0 <z <L (42)
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Differentiating equality (41) with respect to t and x, and then assuming t = [, we

get
1

vl ) =5 [P+ @@ -0 45 [Pt +vE-0],  63)

— N

+ é [W(z+1) -y (z-1)]. (44)

Now, notice that by virtue of equalities (42) the difference [u(z,t) —v(z,t)] is a

(@) = 5 [ @+ 1) + ¢ (z = 1)]

solution from Wf [@] of problem III with initial conditions, being identically equal to
zero for t = 0. Therefore, by the above considered special case the three requirements
of the form:

— [ue (L, 1) — v (1, 1)] + [uz(l,1) — vz(1,1)]
[ug(0,1) — v (0,0)] + [uz(0,1) —v,(0,1)] =

0,

0,
l

/ ug(x, 1) — vz, )] doe — [u(0,1) — v(z, )] — [u(l, 1) —v(l,1)] = 0. (47)

0

have been fulfilled for this difference.
In equalities (43) and (44) we assume = = [:

vl 1) = 3 [¢20) — FO)] + 5 WD) +9(0)],

UI(Z7 l) =
From these equalities we get
vl 1) — v (l,1) = P(0) — ¢'(0) = ut(0,0) — u(0,0). (48)

Requirement (30) follows from (45) and (48). Further, in equalities (43) and (44)
we assume x = 0:

N = N

[¢(20) + /(O] + 5 WD) — $(O)].

00,1) = 3 [¢/0) — (=] + 5 [60) + 9=,
0a0,0) = 5 [0 + £ (D] + 5 [6(0) — 0D

From these equalities we get

—v1(0,1) = v2(0,1) = =¥ (1) = () = —w(1,0) — ux (1, 0). (49)
Requirement (31) follows from (46) and (49). Finally,

l

/ t(x, D)dx +v(0,1) +v(l,1)
0

L\D\»—t

l
/ "(+1) — ¢ (z—1)dz] —
0

l

FD) 40— D)da+ 5 o) + 201 + 5 [ )yt

-l

l\.')\)—t
O\N
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2l
+3 162D + ) + 5 [ W)y = 3 [-0(2) + p0) + 0(0) ~ o(-1)] -
0
0 l

2l
—5 [ vy =5 [y + 5 (o) + o0 + 90 + (-0 + 5 [ vy
—1 —1 -l
1 2l l l
+5 [ vy !w D)y + (0 +ﬂ0=JW@®@+U@®+u@W
follows from relations (43) and (41)

Validity of requirement (32) is established by the comparison of the last equality
with (47). Theorem 3 is proved.

§2. Basic theorem

Theorem 4 (basic). In order for the preassigned four functions p(z) € WZ[0,1], ¥ (z) €
W10,1], oy(z) € W2[0,1], 1y (x) € W4[0,1] there exist the boundary controls u(t)
and v(t) from the classes W3[0,1] and W3 [0,1] respectively, providing satisfaction
by the solution u(x,t) from W2[Q;] of the mized problem

Ut — Uype = 0 in @, (50)
uw(0,t) = pu(t), uz(l,t) =v(t) for 0<t<I, (51)
u(z,0) = ¢(x), u(z,0) =¢(x) for 0<z <, (52)
to the conditions
wl@, ) = o1 (@), wwl) = 9y(z) for 0<a <L, (53)

and subjected to the agreement conditions with the functions p(x) and ¥ (x) fort =0
and with the functions pi(x) and ¥, (x) for t =1 it is necessary and sufficient that
the three requirements

B(0) — ¢(0) — 1 (1) + £h(1) =0, (54)
() + /(l)—w)— £4(0) =0, (55)
l
/w )z + (0 /m )z — 1(0) — 1 (1) = 0 (56)
0

be fulfilled.
In fulfilling the indicated three requirements the boundary controls p(t) and v(t)
have the form:

u(t) = 5 [ ()dn + o(t) + 500+
0

+2/w1 S0 + 5o = 1),
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U(t) = 31(0) + 3oh(1) — 0 — 1) + 501~ 1)

Proof: Necessity of fulfilment of three requirements (54)-(56) is proved in theo-
rem 3. Show that in fulfilling these three requirements, the boundary controls p (t)
and v(t) from classes W2[0,1] and W0, 1], respectively, providing satisfaction of the
solution from W2[Q;] of the problem (50)-)52) to the conditions (53) and agreed
with ¢(z) and ¢(z) for t = 0 and with ¢, (z) and v, (x) for ¢t = [ exist in an obvious
analytical form.

We'll look for the solution from W2[Q,] of problem III considered for T = I, i.e.

of the problem

Ut — Ugy =0 in Q) (57)
u(x,0) = p(x), w(x,0)=p(z) for 0<x <, (58)
u(z,l) = (), w(x,l) =v(x) for 0<z <], (59)
in the following form:
ulx,)=Fx+t)+Gt+1l—z) for 0<z<Il, 0<t<lI, (60)

where F(x) and G(x) are two functions belonging to the class WZ2[0,2(]. In order
to express the functions F'(z) and G(x) for all the values of z from the segment
0<z<2lbyp(x), Y(x), ¢ (x)and P, (z) we differentiate (60) with respect to t.

We get
u(z,l) =F'(x+t)+ Gt +1—x). (61)

Then we assume in (60) and (61) at first ¢ = 0 and then ¢ = [ and using conditions
(58)-(59) and arrive at the following relations:

F(z)+G(l —x) = ¢(x), (62)
Fl(z) + G'(1 — z) = ¢(x), (63)
F(l+z)+ G2l —z) = ¢ (x), (64)
F'(l+z)+ G'(2l — z) = ¥y (2), (65)

valid for all z from the segment [0,!]. Differentiating relations (62) and (64) with
respect to x, we get

Fl(z) -G (l—2)=¢'(x) for 0<z<]I, (66)
F(l+2)-G Q2 —x)=¢)(x) for 0<x<I. (67)
Half-sum and half-difference of relations (63) and (66) reduce to the equalities
/ ]‘ 1 /
Fla) = 20(2) + 50'(2). (68)
/ 1 L
G(l—x)= 5¢($) 5% (@), (69)

determining the functions F'(x) and G(z) on the segment 0 < z <[ by the functions
¢(x) and 9 (z), half-sum and half-difference of relations (65) and (67) reduce to the
equalities

Fi+7) = in(@) + 544 (@), (70)
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1

G20~ ) = S (@) ~ 3¢ (a), ()

determining the functions F(x) and G(z) on the segment 0 < z < 2 by the func-
tions ¢, (x) and 9, (z). Let’s establish expressions for the functions F'(t) and G(t)
themselves on the segment 0 < ¢ <[ and [ <t < 2. Integrating (68) with respect
to x in the ranges from 0 to ¢, for any t from the segment [0,[] we get

F(t) ) +

N | =

(/u; )iz + (1) — 50(0). (72)
0

and integrating (69) with respect to x in the ranges from [ — ¢ to [, for any t from
the segment [0, ] we get

l

G(t) +/¢ ¢p~wn+%ﬂw4y (73)

-t

N —

Further, integrating (70) with respect to x in the ranges from ¢ — [ to [, for any ¢
from the segment [I, 2] we get

l
1 1 1
F(t)= 1) - 5 [ @)z = 500 + 5t =1, (74
t—t
Finally integrating (71) with respect to x in the ranges from 0 to 2] — ¢, for any ¢
from the segment [I, 2] we get
20—t

1

G(t)=G21) ~ 5 [ wr@do+ 5,21 = 1) = S, (0) (75)
0

Using the relations (62) and (64) we express G(0) by F(0), and G(2) by F(2l). We
determine the values of F'(z) and G(I — x) from relations (72) and (73)

F(a) = FO) + 5 [ 99 + 5e(@) - 50(0),
0

l
Gt~ 2) = GO) + [ w(€)d ~ 50D - Jo(a).

T

Substituting these two relations into (62) we find

+1/w (€€ + () — 59(0)+

l

/‘ e — s0ll) + 50(x) = olz),

[\DM—A

_l’_
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whence

l
1 1
G(0) = —F(0) + 5¢(0) + 30D — 5 [ ¥(€)d (76)
0
We find the values of F'(I + x) and G(2] — ) from the relations (74) and (75) in a
similar way:
1 / 1
F(l+a) = @) - 5 [ 0,(©d¢ - 3010+ 501(0)

T

T
1

G2t =) = G(2) — 5 [ 61O + 51(0) — 5, 0)
0

Substituting the last two relations into (64), we get

l
P~ 5 [ 01©d — 50 + 5e1(a) + G-

—3 [ 910+ 501(0) = 501(0) = 1 (@),
0

whence

N

G(2l) =—-F(2])+ 1cpl(l) + gol )+

X / G (77)
0

Now, from the continuity condition of the functions F(z) at the point x = I, we
express F'(2]) by F(0). Equating the right hand sides of (72) and (74) taken for

t =1 we get
I

[ (e + o) - 500) =

0

F(2i) - ;/w (€)d€ — 201 + 301(0).
0

N | —

+

From the last equality and relation (56) we find

F(2) = F(0) + o1(1) — 9(0). (78)
Finally,
l
G2 = ~F(0)+90) - 30 + 5010+ 5 [ni©d. (1)

0
follows from (77) and (78).
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Be convinced that the function G(z) is continuous at the point x = [, i.e. the
values of G(I) determined from relations (73) and (75) coincide between themselves.
Really, from the equality (73) taken for ¢ = [, allowing for relation (76) we get

/Z¢ §)de+
0
I
1

4= /¢(g)d§ - %gp(l) +5¢(0) = —F(0) + ¢(0),

0

G(l) = —F(0) + ;tp(()

l\D\}—t

and from equality (75) taken for ¢ = [, allowing for relation (79) we have:

l
G() = =F(0) +9(0) = 51() + 52, (0) + 5 [ va(€)de-
0

l
~3 [ 91O + 3010) = 501(0) = =F(©0) + 2(0).

0
Add to this fact that, the values of the derivative F’(l) determined from the equalities
(68) and (70) coincide between themselves by the relation (55),the values of the
derivative G'(1), determined from the equalities (69) and (71), coincide between
themselves by the relation (54). Now, we can confirm that the functions F(t) and
G(t) determined by the relations (72)-(75) provided that the constants G(0), F(2()
and G(21) are expressed by F'(0) by means of equalities (76), (78) and (79), belong

to the class W3 [0, 21].

From belongness of the functions F(t) and G(t) to the class W2 [0,21] it follows
that the function u(z,t) determined by equality (60) is a solution from /WQQ [Q1] of
the problem (57)-(59).

To complete the proof of the basic theorem we calculate in an obvious analytical
form the desired boundary controls u(t) and v(t). From equality (60) we have

wu(t) =u(0,t) = F(t) + Gl + t), (80)
v(t) = uy(0,t) = F'(L+t) — G'(¢). (81)
Determine the values for G(I 4 t) from equality (75)
-t
G+ =G — 5 [ 6i(a)de + 51 - 1) = 51(0)

Using equality (79) for G(21) we find
I—t

l
GL+1) = =F(0) +0(0) = 51D + 3010) + 5 [r(o)dz = 5 [ 0@+
0 0

1
2
-

byl —1) = 501(0) = —F(0) + 9(0) — 2 1() +

l
> 5 /wl )dz + wl(l—t).
t
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Putting to the right hand side of (80) the values G(I +t) from the last equality and
F(t) from equality (72), we get

t
1 1
W(t) = FO)+ 5 [ wl@do+ So(®) - 50(0) = F(O) + ¢(0)-
0
l t
1 1 1
+2/¢1 )dx + goll—t 2/1/1 dx—i— gD )+§cp(0)—|-
-t 0
l
1 1 1
+3 /%(@dw + 59010 —t) - 5@1@)-
So
1 / 1 1 / 1
u(t) = 5 [(@)dn + 500)+ 500 + 5 [ i@z + 5010 -0) - 50),
0 -t

We determine the values of F'(I 4+ t) and G'(t) from equality (70) and (69) in a
similar way:

S, Gt = gl — 1) — 51— 1)

1
SP1(t) + 5

F'(l+1t) =
(i+6)=3

Putting to the right hand side of (81) the values of F'(I4t) and G'(t) determined
from the last equalities, we get

1
v(t) = 5 [() + A () — (=) + (1= 1)] .
The basic theorem is proved.

§3. Corollaries from the basic theorem

Let’s formulate two important statements. One of them follows from the basic
theorem for ¢, (z) = 0 and v, (x) = 0, and the second one for p(z) =0 and Y (z) =

Theorem on full dampening of vibration process: In order for the preas-
signed initial functions p(x) € W2[0,1] and ¥(x) € W4[0,1] there exist the boundary
controls u(t) and v(t) from W; [0,{] and W; [0, ] respectively providing satisfaction
of the solution u(x,t) from the class W; [@i] of the mixed problem (50)-(52) to con-
ditions of full dampening u(x,l) =0, w(x,1) =0 (for 0 <z <
< 1) and subjected to the conditions of agreement with the functions ¢(z) and
(x) for t = 0, it is necessary and sufficient that the three requirements:

l
¥(0) = ¢'(0) = 0, (1) + /(1) = 0, / W(@)dz + o(0) + (1) = 0.
0

be fulfilled.
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In fulfilling these three requirements the boundary controls u(t) and v(t) have
the form

1

59(0), v(t) = 5l — 1) + 56— 1)

¢
/w Ydx + go()+2
0

l\.')\r—l

Theorem on obtaining arbitrary permutation and arbitrary velocity
of initially-resting system by means of boundary controls. In order for
preassigned functions ¢, (z) € WZ[0,1] and 1, (x) € W}[0,1] there-exist boundary
controls p(t) and v(t) from the classes W2[0,1] and W, [0,1], respectively providing
satisfaction of the solution of u(x,t) from W; [Q1] of the mixed problem (50)-(52)
with p(z) = 0 and ¢ (x) = 0 to the conditions u(z,l) = ¢ (x), u(z,l) = ¢, (x) (for
0 <z <) and subjected to the agreement conditions with the functions ¢, (x) and
¥ (x) for t =1 it is necessary and sufficient that the three requirements:

l
=1 (1) + #1(1) = 0, 11(0) + ¢1(0) = 0, /%(!E)dw —1(0) =1 (1) = 0.
0

be fulfilled.
In fulfilling these three requirements the boundary controls u(t) and v(t) have
the form:

l

5/% S1) + 30l =), v(0) = 3 [2(0) + 40
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