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Spectrum modification for gyroscopic systems

The problem of modifying the spectrum of gyroscopic systems by applying external forces is considered. The
analysis of the problem leads to a certain inverse integro—differential eigenvalue problem in the distributed
parameter case, and to a non-symmetric restricted rank modification in the finite—dimensional case. The explicit
solution presented may be applied to stabilize structures and systems, where a small part of the spectrum is
required to be assigned and the rest of the spectrum is to remain unchanged. The required forces are determined by
using a partial knowledge of the eigenvalues which are intended to be changed, and their associated eigenfunctions
(eigenvectors).
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1 Introduction

Consider an n degree-of-freedom vibratory system, attached to a rigid frame. Suppose that the frame rotates with
a constant angular velocity. Then the free infinitesimal oscillations of the system about the frame are governed by
the system of ordinary differential equations

Mii+Giu+ Ku=0, M,G,K € R"*" 4 e R, (1)

where M and K are symmetric positive definite mass and stiffness matrices and G = —G7 is a skew-symmetric
gyroscopic matrix. The eigenvalues of the system (1) are the roots of the characteristic equation

det (\M +\G + K) = 0. (2)

It is well known (see [5]) that with the conditions that we have imposed on M, G and K, the system (1) has 2n
semi-simple purely imaginary eigenvalues (including multiplicity).

If a harmonic force rsin(at), r constant vector and « real scalar, is applied to the system (1) then the
dynamics of the system is governed by

Mii+ Gi + Ku = rsin(at). (3)

The system (3) oscillates with large amplitude vibrations whenever i« is in the neighborhood of an eigenvalue A;.
If A\j = ia then the system resonates, its amplitude of oscillation increases with time without bound. To avoids
resonance, or near resonance phenomena, the dynamics of the system may be altered by applying an external force
of the form

(fTa+ g u)b, b, f,g€R". (4)
The equations of free motion for the modified system are thus
Mii+ Gu+ Ku = (fTu+ gTu)b, (5)

or equivalently

Mii+ (G = bfT)u + (K — bg")u = 0. (6)
Let
Q= {{Mi}?;1 ) {Aj}?2m+1} (7)
be a self conjugate set, where {u;}7, is a prescribed set, closed under conjugation, and \;, j =m+1,...,2n, are

eigenvalues of (1). The problem under consideration is to select the vectors f and g such that the eigenvalues of
the modified system, defined as the roots of the characteristic polynomial

det (\’M + MG —bfT) + (K - bg")) =0, (8)
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form precisely the set (2.
Next consider the small oscillations of a taut string, rotating about its axis  with constant angular velocity
wi. It will be shown in §5 that the motion of the string is governed by the system of partial differential equations

SR Pl | 1O e | 1 R U A

0 —w?—¢? (7) 5z
with vanishing boundary conditions at x = 0 and x = 1, where ¢(x,t) and &(z,t) are the displacements of an
element of the string in the y— and z—direction, respectively, ¢?(z) > 0 for all 0 < z < 1, and the subscript ¢
denotes a partial derivative with respect to time. Let

(] s[4 o= (28] monen- 3]

By application of an external force of the form

1
o[ g (10)
=0
we assign the eigenvalues of (9) to the set

Q= {{udmy N ) (11)

which leads to a spectral modification problem similar to that described by (6). where here, in the distributed
parameter case, n — 00.

We now consider the small oscillations of a uniform string traveling with constant velocity v over two fixed
supports at £ = 0 and 2 = 1. The motion of the moving string is governed by the partial differential equation

Uge 4+ 29Ugt + (12 — e =0, 0<z<1,t>0,v* <, (12)
and boundary conditions
u(0,t) = u(l,t) =0, (13)

see e.g. [9]. With f = f(z) and g = g(x), we look for an external force of the form

1
b/zzo (fug + gu) dx, (14)

which assigns the eigenvalues of (12), (13) to the set Q.

It is shown in §2 that the three systems described above belong to a certain class, called gyroscopic systems.
A unified approach can thus be applied in selecting the required external forces to modify the spectra of the above
mentioned systems.

Some spectral properties of gyroscopic systems are developed in §3, and an explicit solution to the partial
assignment of the spectrum is presented in §4. Examples are given in §5 and conclusions are drawn in the last
section.

2 Gyroscopic Systems

Denote the domain of the spatial coordinates by X, and the relevant Hilbert space by V C {f(z) : X — C}. The
scalar product (-, ) is such that (av, fw) = (Bw,av) = @f(v,w) for all v,w € V and a, f € C, where bar denotes
complex conjugation. Homogeneous boundary conditions are taken into account by restricting the displacement
function u(t,z) € C*(R,V), i.e. u(t,z) is twice continuously differentiable function from the real numbers to the
Hilbert space V.

Let the dual of V be denoted by V', and let a linear operator A € V' be such that

(Av,w) = (v, Aw), (Av,v) >0, (15)

for all v,w €V, ||v|| # 0. Then A is said to be a self-adjoint positive definite operator.
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A linear operator B € V' which satisfies
(B’U,’LU) = _(van)a (16)

for all v,w €V, is called a gyroscopic operator.
We now show that the three systems (1), (9) and (12) described in §1 fit into the general framework of

MUtt+GUt+KU:0, (17)

where M and K are self-adjoint positive definite operators and G is gyroscopic.

Clearly with X = {1,2,...,n}, V = C" and the scalar product (v,w) = 57w, the system (1) falls into this
framework.

Then with

X = {1,2} x [0,1],
V= {v=[(,2),02,2)]": v(i,z) € C*([0,1]);v(i,0) = v(i,1) = 0 for i = 1,2},

and

L 2
(v,w) = / Zv(i,x)w(i,a:) dx for any v,w €V,
0 =1

we find that (9) can be written in the form (17) where

— 22 2
Y B Pl R e (S
w1 0 —c*(7) = — wi

For a sufficiently small w the operator K is positive definite.
We now show that the system (12) is gyroscopic. Selecting

X=[0,L], ,V={v(x) e C*([0,1]) : v(0) = v(1) =0 },
L—
(v,w) = /0 v(z)w(z) dz for any v,w €V,

v 0%v
Muv = =2y— , Kv=(y*-3?)—
v=wv, Guv V5, KV (v C)6x2’

gives

—_—
(Mv,w) = /0 w(z)v(z) de = (Mw,v) = (v, Mw),

L
(Mwv,v) = /0 lv(z)|? dz > 0.

Integrating by parts yields

L
(Kv,w) = —/0 (v? = A)w'"(z)v(z) de = (v, Kw),
and
L
(Ko) = [ 6P =@ do >0,

in view of the boundary conditions (13). Since v'(z) does not vanish identically, K is a self-adjoint positive definite
operator. Another integration gives

T
(Gv,w) = —/0 2yw' (x)v(z) de = —(v, Gw),

and hence the traveling string is a gyroscopic system.
From now on M and K are considered to be self-adjoint positive definite operators and G denotes a gyroscopic
operator.
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3 Some Spectral Properties of Gyroscopic Systems

With separation of variables u(t,z) = e*wv(x) the system (17) reduces to the eigenvalue problem

(MM + \G + K)v(z) =0 and v(x) € V. (18)

The scalars A; and the corresponding functions v;(z) which non-trivially solves (18) are called eigenvalues
and eigenfunctions, respectively.

Following [4, 5] the spectral properties of gyroscopic systems are well understood. For the sake of completeness
we redevelop here some results needed for the analysis.

Proposition 1. The eigenvalues of (18) are purely imaginary.

Proof: Let A and v(z) be an eigenpair of (18). The scalar product of (18) with \v(z) € V gives

— (A, AGv) = (A, 2 Mv) + (\v, Kv), (19)
—(AGw, \v) = (A2 Mw, \v) + (Kv, \v), (20)

and by (15) and (16) we have
(Av, \Gv) = (A\*v, A\Mv) + (v, \Kv) . (21)

Adding (19) and (21) gives

0=MA+XN( (v, \Mv) + (v,Kv) ). (22)
Since (Av, MAv) > 0 and (v, Kv) > 0 we necessarily have A + A = 0, i.e. \ is purely imaginary. O
A first order realization of (18) is given by
K 0 v 0 K v
0 o) w )=l Gl 2

Denote A = i\ and ¢+in = [v, \w]T. Then, since ) is purely imaginary the system (18) has the following symmetric
realization

0o 0 0 K
10 0 -K -G n
]_ 0 K 0 0 Lb} (24)
K

G 0 0

o O O

M

>
coco X
cogo

0
0
K
0
where the left-hand-side matrix is positive definite. If {;\, [ Z ]} is an eigenpair of (24) then {;\, { z;z }},
{—;\, [ _(;7 ] } and {—;\, [ Zi_z ] } are also the eigenpairs of (24). It follows therefore that the real eigenpairs
of (24) determine the generally complex eigenpairs of (18) uniquely, and vice versa.

We now introduce the Hilbert space W = VxV associated with (23), such that for each [vy, vo]7, [wi, w2]T € W
the scalar product

([v1,v2]", [wi,w2]") = (Kvy,wy) + (Muvs, ws). (25)
For each eigenpair {); , v;} of (18) we thus have the counterpart {\; , V;} of the first order realization (23), where

Uj

Y= [ Aj; ] ’ 0

and conclude that that
Proposition 2. The eigenfunctions (26) are complete in W.

In analogy to the well known biorthogonal relations for the symmetric generalized eigenvalue problem see,
e.g. [2, p. 507] the following result holds for gyroscopic systems.
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Theorem 3. Let vj, v, be two eigenfunctions of (18) associated with two eigenvalues Aj # M. Then
< Vi, Vi >= ()\kMUk,)\j’Uj)-{—(K’Uk,’Uj) =0. (27)

Proof: Similar to (19)-(20) we write

—(Akvr, AjGoj) = (A\gvg, \jMuj) + (Agor, Kvj), (28)
and

—(/\kG’Uk, )\j’l)j) = (/\zM’Uk, )\jUj) + (KUk, )\j’l)j). (29)
Then

(Akvk, )\jGUj) = (/\zvk, )\jMUj) + (Uk, /\]‘K’Uj), (30)

by virtue of (15) and (16). Adding (28) and (30) gives
0= (Xk-l-/\j)( ()\kvk,)\jM’Uj)-f-(Uk,K’Uj) ), (31)

and it thus follow from Proposition 1 that (27) holds. O
If A\, is a semi-simple eigenvalue of multiplicity ¢ then we may choose ¢ linearly independent eigenfunctions
such that (27) holds. This can be done, for example, by using Gram-Schmidt orthogonalization.

4 Modifying the Spectrum

We consider here the following problem

Problem 1. Suppose M, G, K, b(z) and a complex set {u;}]L, are given. Find two functions, f(z)
and g(x), such that each element of Q, defined by (7), is an eigenvalue of the modified system

Mvy + Gvy + Kv = (f,v)b + (g, v)b. (32)

Separation of variables v(t,r) = e*w(z) gives
(W2 M + pG + K)w = (f, pw)b + (g, w)b with w(x) € V. (33)
The pair {u;, w;(x)} which non-trivially solves (33) is called an eigenpair of the modified system (32).

Theorem 4. Suppose that the eigenvalues A1, ..., Ay, of (17) are distinct, pj & {\c}rx>1, and (b,v;) # 0 for
j=1,....,m. Then the solution to Problem 1 is given by

fl@) =" BiX\iMv;, g(z) =) B;Kv;, (34)
j=1 j=1
where

U IS+ )
(0, Aj0) TT=1 (A7 = i)

Proof: We first show that with (34) each {Ag, v}, for & > m, is an eigenpair of (33) when fi,...,0,, are
arbitrarily chosen. Indeed, substituting (34) in (33) gives

Bj =

(35)

A Moy + M Gog + Ko — b() B30 Muj, Ayw) = b (D B Kvj, vr)

j=1 j=1

=0-0% B;( (\jMuj, eww) + (Kvj,op) ) =0
j=1

by virtue of the orthogonal relation (27).
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Let wi(z) € V be the solution of
pa Mwy () + pxGug (2) + Kwi(z) = b(w). (36)
Such a solution exists by the Fredholm alternative, since py is not in the spectrum of (17).
We now show that with (1, s, . .., Bm chosen according to (35), each {u,wy} is an eigenpair of (33). Similar
o (28) and (29) we obtain for j =1,2,...,m
—(prwi, AjGvj) = (prwp, A3 Mvj) + (prw, Kvj) (37)
and
= (urGwr, \jvj) = (uj Mwr, Ajvg) + (Kwg, Ajvg) = (0, \jv;)- (38)
Adding (37) and (38) gives
(b, \jvj) = (A + Aj) ( (i Mg, Ajug) + (Kwg, v;) ) (39)

by virtue of (15), (16) and Proposition 1. Substituting (34), (35) in (33) and using (39) yields

iy Mwy, + prGwy, + Kwy, — b (f, prwy,) — b (g, wy)

5 = (b, \jv;
:b_bzﬁj((AjMUj:likwk)-%(va,wk _b 1_2 7 +/\J (40)
j=1 = 7

Note that K > 0 implies that A; # 0 for all j. Write (; = (b, Ajv;)53;, then the right-hand-side of (40) vanishes if
and only if

G 1
cl o |=1: (41)
Cm 1
where
(A +X) e (E A+ An) !
C= s s (42)
(ﬁm +>‘1)_1 (ﬁm +>\m)_1

An explicit formula for the determinant of C, attributed in [7, p. 345] to [1], is given by

ILi<jcran = 26) T <jcpan (B — T2)
H],kil (ﬁj + Ak)

det(C) =

It thus follows that with the conditions imposed, C' is invertible, and there exists a unique solution (1, (s, ..., Cn
o (41).
Moreover, using (43) and Cramer’s rule one may find

H:'L (ﬁi + Aj)
0oy =)

i#]

G =

It follows from the explicit solution given by (34) and (35) that the functions f(z), g(x) are real whenever
each of the sets {u;}72; and {\;}72; is self-conjugate.

We now establish the uniqueness of the solution in the case where the eigenfunctions of the first order
realization (23) are complete in W.

Theorem 5. Suppose the eigenfunctions of (23) are complete in W, A1,..., Ay are distinct, {p;}7t, N
{M}e>1 =0, and (b,vg,) # 0 for all k > 1. Then the solution to Problem 1 is unique.
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Proof: We may generally express a solution to Problem 1 in the form
i =2 [
-1 = Z Bk
[ M—f = Ak Uk
for some constants (3, by virtue of the completeness of the eigenfunctions. It thus follows that

9= BeKvi, = BeleMuvy. (44)

E>1 k>1

It will now be shown that 8 = 0 for all & > m. Let {\;,v;} and {)A;,w;} be normalized eigenpairs of (18) and
(33) respectively, in the sense that ||vj|| = ||w;|| = 1. Then by (18) and (33) we have

(wy, Af Muj) + (wj, \jGvj) + (wj, Kvj) =0 (45)
and

(AF Mwj,v;) + (\jGwj,v5) + (Kwy,v5) = (b,95) ((F, \jwy) + (g,w5))- (46)
Subtracting (45) from (46) gives

0= (b,v;) ((f, \jw;) + (g, wy)) (47)

by virtue of (15)-(16) and Proposition 1. Since (b,v;) # 0 it follows from (33) and (47) that
)\?ij + AjGw; + Kw; = 0.

Hence {\;,w;} is also an eigenpair of (17). Suppose that v; and w; are linearly independent. Then @ = (b, v;)w; —
(b, w;)v; is an eigenfunction of (17). But (b,w) = 0 contradicts our assumption that b is not orthogonal to the
eigenfunctions of (17). It thus concluded that v; = w;.

Since b(x) is not identically zero it follows from (18) and (33) that

(f,Ajvj) + (g,v;) =0 for all j > m. (48)
Substituting (44) in (48) yields

> (BrAMug, Ajvg) + > (BeK vk, v;)

k>1 k>1

= ZBk((AkM'UkaAjUj) + (K’Uk,’l)j)) = Bj (()\jM’Uj,)\jUj) + (KU]',U]')) = 0
k>1

in view of (27). The positive definiteness of M and K implies that §; = 0 for all j > m. Hence f and g have the
form (34). The proof is completed by the uniqueness of 81, fa, . . ., Bm, established in the proof of Theorem 2. O
By the completeness of {V;};>1 we have

N We N
. = = di¥y, k=1,2,...,m, 49
W { Ui Wi } i>1 AE " (49)

and by (27)
< Wi, Vi >=dp; < V;,V; > .

Hence (39) can be written in the form

~ ~ (b> >‘j Uj)
< Wi, Vj >= ————~
! (1 +Aj)
and it thus follows that
(b7 Ajvj)

di; = )
M g+ N) < Vv >

for all 1 <k, j < m. Using (42) we obtain

~ <V1,Vi> (o S

Vi (b‘:;q‘:)ll) (Wl - Ei>m dllvl)
= C_l .

‘A/P _?(;:;\n:;’:j (VAVm - Zi>m dmi‘}i)

The eigenfunctions of Problem 1 with f and g as in (34)-(35) are thus complete in V. Therefore, it is concluded
that the spectrum of (33) with (34) and (35) is precisely the set Q.
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Figure 1: Coordinate systems

5 Modeling and Examples

Let X-Y=Z be a stationary coordinate system, and let z—y—z be another coordinate systems of origin O which moves
in a general space motion with respect to the stationary coordinates, as shown in Figure 1.

Denote the angular velocity and angular acceleration of z—y—z by w and w. Let r and rg be the position
vectors of a particle P and the origin of O of z—y—z, respectively. Denote the position of P with respect to the z—y—z
coordinates by the vector u. Then in Newtonian dynamics we have

r=ro+u, (50)

r=ro+u+wxu (51)
and

F=fg+i+2wXt+wX (wxu)+wxu, (52)

where 7 and # are the velocity and acceleration of P as observed from the stationary coordinates, @ and i are
velocity and acceleration with respect to an observer fixed to z—y—z. Let R be the resultant of all forces applied to
the particle P. Then by Newton’s second law

R = mii, (53)

where m is the mass of P.

Spatial oscillations of a particle. Let the particle of mass m be connected to a ring of radius «
via two springs of constant x and free length 5. Suppose that the ring is rotating with constant angular velocity
w = (wi,ws,ws3)T. Let the moving frame z—y-z be attached to the ring, with its origin O at the center of the
ring, and with its axis z aligned with P(Q, as shown in Figure 2. Then for small oscillations about the equilibrium
position, Hook’s law gives

P e

R 207 | Lw |

where v = (1 — 8/a), and u1, uz, ug are the displacements of the mass in the z—, y—, z—direction. Since O is a
fixed point of rotation, #p = 0, and we have by (52)

1 i
F=U+2wXu+wX (wxu)= 1 2
1| | s

0 —2ws  2ws U —w} — w? W1 Ws WiWs Uy

+ | 2ws 0 —2w, sy | + W1Wws —w? — w? Walsz Us

. 2
—2ws 2wy 0 U3 wiws WaWws —Wwj — Wy us
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Figure 2: Spatial oscillations of a particle

By Newton’s second law we have

0 1 ’ill 0 —20.]3 2LU2 ﬂl
0 = 1 ’U,Q + 2(4)3 0 —20.]1 112
0 1 ’U,g —20.]2 2&)1 0 Q.L3
Qw% — w% — w§ Wi1w2 wiws U1
+ W1Ws 2wiy —w? —w? Walwz Uy (54)
WiWs Walz 2wly — w3 — w3 Us

where w2 = x/m. For sufficiently small w the stiffness matrix K is positive definite.
For the sake of demonstration we set w = (1,2,1)7, w,, =3,y =1/2 and b = (1,0,0). Each of

0.0000 — 0.11717 | 0.0000 — 0.0930i
6.0860i, |  0.0476 + 0.0318i | v, < 3.1895i, | —0.0277 — 0.2482i | o,
| —0.0951 4 0.0159 | 0.0554 — 0.1241
0.0000 + 0.2585i |
0.8878i, | 0.2945 — 0.2167i (55)
| —0.5890 — 0.1084i |

and their complex conjugates, is an eigenpair of (54).
We wish to assign the complex conjugate pair {0.8878i, —0.8878:} to {—1+4,—1 —i}. Using (34) and (35)
we find

—2.0000 ~16.7625
f=1| 01217 |, 9= 149362 |. (56)
3.9485 —11.7818

Small oscillations of a taut rotating string. Consider the taut string of density p(x), stretched
with tension T, attached to a rotating frame, as shown in Figure 3. Let the angular velocity of the frame be
w = (w1,0,0)T. For an infinitesimal element of the string vibrating in the y — 2 plane the Newton’s second law
gives

[ Ta
k= { Ttp, }

where ¢ and ¢ are the displacements of the element of the string in the y— and z—direction, respectively. Since
the origin of x — y — z is stationary, (52) gives

SR A R P P A
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Figure 3: Small oscillations of a taut rotating string

Figure 4: Small oscillations of traveling string

Hence by Newton’s second law

{1 Hw%[ 0 —met% ~w} — (@) 0 {
1 &t 2w, 0 & 0 _Wg% - (55)59722

where ¢%(z) = T'/p(x). The system has the following eigenpairs

o[} (1)

where A\, = i(1 4 27k) for all integers k # 0. Note that the eigenvalues £, have multiplicity two. However, for
each double eigenvalue there exist two linearly independent eigenfunctions. The problem is thus non-defective.

To demonstrate the partial spectral modification we chose w; = 1 and ¢® = 4. We wish to assign the complex
conjugate pair {i(1+ 27), —i(1 +2m)} to {—1+1i,—1—i} using b(z) = (1,1)T. Following (34) and (35) we obtain

o (3 — 4n®) cos(mz) + (1 + 87 + 47?) sin(7z)

= 4+ 87 { (1 + 87 + 47?) cos(mz) — (3 — 47?) sin(7x) } (58)
7w =27 [ (1487 + 472) cos(nx) — (3 — 472) sin(mz)

9= 4+ 8r { (4% — 3) cos(mz) — (1 + 87 + 47?) sin(mz) } ' (59)

It may be confirmed by direct substitution that despite the applied force, all other eigenpairs remain unchanged.

Small oscillations of a traveling string. With ¢ = 1, v = 0.5 and b = 1 the eigenpairs of the
traveling string, modeled by (12) and (13), are

{Ak, e—%Akx _ eQAkz} : (60)

where A, = 37i(£1 + 4k) for all integers k. The functions

f(z) = —% ((97T2 + 247 — 32) cos (%) + (972 — 247 — 32) sin (ﬂ-—;)) sin(mx) (61)
g(z) = 2—7;6 <9(97r2 + 24w — 32) cos <3”Tx> + (32 — 247 — 972) cos (%)

+(97% — 247 — 32) (cos (%) + 9sin <3”Tx>>> (62)
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assign the pair {2mi, —3mi} to {—1+4i,—1 —i}. The modified system (33) has the eigenfunction

.8 g
- ) ) 1 — e~ 212%) g32 2+ Six
167(2+%Z>I e(2+§z)z - ( 2_ 2. ) P : 2 C;. 4, 2.

2 65757’ _ e—2+21 621 + e§+§l + e§+§l + 62

and its complex conjugate, corresponding to the eigenvalues —1 + ¢ and —1 — 4, respectively. All other eigenpairs
are unaltered by the applied force.

6 Concluding Remarks

We now comment on the possible practical significance of the presented approach. Reduction of vibrations in the
traveling string problem has a considerable engineering importance. In [11] we read:

... the axially moving string equation is controllable and observable by a single point actuator and sensor
which satisfy

sin(krz,) # 0, sin(krxs) # 0 with z4,2s € (0,1) for k=1,2,...

where x, and x5 are the locations of the actuator and the sensor, respectively. Satisfaction of these
conditions requires xs and x, to be irrational.

Since the set of non-admissible points is dense, some difficulties may arise in application of the traditional optimal
control approach. Moreover, use of any finite number of point actuators will not circumvent this difficulty.

With our approach, however, we may change in a desired manner the dynamics of the string (in a weak
solution sense) by using a single point actuator. It should be noted, however, that the entire state must be
accessible.

We do not require full controllability of the system, that is

(b,vj) =wvj(ze) #0for j=1,2,...,

where v; are given by (60). Only the partial controllability with respect to the eigenpairs which are intended to be
changed, that is

(b,vj) =wvj(ze) #0for j=1,2,...,m,

is needed.

In the present state of the art there is no systematic way to model damping of vibratory systems and
structures. One popular model is the linear viscous damping force given by Du;, where D is non-negative definite
self-adjoint operator. It has been shown in [10] that such a model can be reconstructed from spectral data. We
note in passing that if G is replaced by D in (18), then a similar force may be used to assign part of the spectrum.
All that is needed to be done is to replace (34) and (35) with

1 H?;(Ni - ) _
(0, Agv5) TT%1 (N = )

f=Y_Bi\Mvj, g==> BiKvj, B; =
j=1 j=1

This result has been established for the finite dimensional case in [3].
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