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Abstract

A linear autonomous mechanical system under non-conservative positional forces is considered. The
influence of small forces proportional to generalized velocities on the stability of the system is studied.
Necessary and sufficient conditions are obtained for the matrix of dissipative and gyroscopic forces to make
the system asymptotically stable. A system with two degrees of freedom is studied in detail. Explicit
formulae describing the structure of the stabilizing matrix and the stabilization domain in the space of the
matrix elements are found and plotted. As a mechanical example, a problem of stability of the
Ziegler—Herrmann—Jong pendulum is analyzed.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Consider a linear mechanical system with non-conservative positional forces proportional to
the vector of generalized coordinates and small forces proportional to the vector of generalized
velocities

Mg + ¢éDg + Aq = 0, (1)

where M, D and A are constant real square matrices of order m, corresponding to inertial,
dissipative plus gyroscopic, and non-conservative positional forces, respectively, €0 is a small
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parameter, q is a vector of generalized coordinates, and dot indicates differentiation with respect
to time 7. The matrix M is assumed to be non-singular.
Separating time with q = ue” we get the eigenvalue problem

(M2? 4 ¢DJ+ A)ju = 0. )
The eigenvalues /1, ..., A, are solutions of the characteristic equation
det(M/? + ¢éDA + A) = 0. (3)

Consider now system (1) in the absence of velocity-dependent forces (¢ = 0). Such a system is
called circulatory. In this case it follows from Eq. (3) that if 1 is an eigenvalue, then —/, 1, —/ are
eigenvalues too. Therefore, a circulatory system is marginally stable if and only if all the
eigenvalues +iw;, w; >0 are purely imaginary and semi-simple. The semi-simple eigenvalue means
that the number r of linearly independent eigenvectors corresponding to that eigenvalue is equal
to its algebraic multiplicity k. If r<k, then secular terms proportional to *e“!, a<k —1
(instability) appear in the general solution of Eq. (1). Thus, existence of a pair of algebraically
double eigenvalues +iwg,wo>0 with only one eigenvector, other eigenvalues being purely
imaginary and simple, corresponds to the boundary between stability and flutter instability (i.e.,
oscillations with growing amplitude).

Perturbation of the circulatory system by small velocity-dependent forces ¢D destroys the
symmetry of eigenvalues. The eigenvalues can move to the right or left half of the complex plane.
As the result, the non-conservative system can become unstable or asymptotically stable
depending on the behavior of perturbed eigenvalues. It is important and practical to know what
kind of matrices of velocity-dependent forces D stabilize or destabilize the unperturbed circulatory
system.

The dependence of stability of a linear autonomous mechanical system on the structure of
forces acting on the system is a classical subject going back to the works by Thomson and Tait [1].
However, the general interest to the problem of influence of small velocity-dependent forces on
the stability of a linear non-conservative system arose in the early 1950s due to the famous work
by Ziegler [2].

The destabilizing effect of viscous damping in the specific linear systems with two degrees of
freedom subjected to non-conservative forces was first recognized by Ziegler [2,3] and Bolotin [4].
This effect was further explored by Herrmann and Jong [5], Nemat-Nasser and Herrmann [6],
Bolotin and Zhinzher [7], Kounadis [§8], Beletsky [9], Bolotin, Grishko and Panov [10], Gallina
and Trevisani [11] and others. However, this effect was not placed into the framework of theorems
of sufficient generality. Nor was it shown whether a more general system with many degrees of
freedom can also exhibit such behavior. The destabilization paradox has attracted much attention
in the world literature; see review papers by Herrmann [12], Seyranian [13], Bloch et al. [14], and a
recent work by Kirillov [15].

However, already in 1960s Bolotin [4] and Herrmann and Jong [5] found that for some specific
problems there exist damping configurations for which the destabilization paradox does not take
place. Done [16] tried to find the stabilizing matrices in a general formulation, however, he did not
succeed in getting results in an explicit form even for 2x2 matrices. Walker [17] formulated
a stabilization problem: assuming that the unperturbed circulatory system is stable how to get
the asymptotic stability due to small velocity-dependent forces. He found a class of
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“non-destabilizing” mTimesm matrices ¢éD by the Lyapunov direct method. It should be noted
that his theorems provided some sufficient but not necessary conditions for the matrix D to be
“non-destabilizing”. Another attempt to find stabilizing configurations of the matrix D
was done in a cluster of works by Banichuk, Bratus and Myshkis published in the early
1990s; see for example Refs. [18,19]. They succeeded in getting one of the necessary conditions
for the matrix D of velocity-dependent forces but failed in constructing stabilizing matrices
even for 2x2 case. The next clarifying step was taken by O’Reilly et al. [20,21] who
obtained in explicit form the domain of stabilization for general systems with two degrees
of freedom assuming that the unperturbed system has only distinct purely imaginary
eigenvalues. In important papers by Seyranian and Pedersen [22], and Seyranian [23], two-
dimensional stabilization domains for the classical examples by Bolotin [4] and Herrmann-Jong
[5], assuming that the unperturbed system is on the boundary between flutter and stability, were
found.

The purpose of the present paper is to find the necessary and sufficient conditions that the
matrix D of velocity-dependent forces must satisfy in order to stabilize the unperturbed
circulatory system with arbitrary degrees of freedom for sufficiently small ¢. The paper is
organized in the following way:

In Section 2, we derive main formulae for perturbations of eigenvalues of a circulatory
system due to small velocity-dependent forces. Both general and degenerate cases are
considered.

Based on these results, Section 3 treats stabilization conditions for the matrix D of velocity-
dependent forces of a system with arbitrary degrees of freedom. It is assumed either that the
circulatory system is stable or it is taken at the boundary between stability and flutter domains.
Two theorems for the necessary and sufficient stabilization conditions are formulated and proved.
These conditions imply linear and quadratic constraints on the elements of the stabilizing matrix
D. To compute the coefficients of the linear and quadratic forms, one only needs to know the
spectrum of the circulatory system with the corresponding right and left eigenvectors and the so-
called associated vectors.

Section 4 is devoted to synthesis of stabilizing matrices using Walker’s results [17]. We
formulate and prove Theorem 3 giving a class of matrices D making a circulatory system
asymptotically stable.

Section 5 treats systems with two degrees of freedom. Here we find stabilizing matrices in
explicit form with the inequalities implied on the elements of the matrix D. Both cases of non-
symmetric and symmetric matrices are considered.

Finally, in Section 6, we discuss the Ziegler—Herrmann—Jong pendulum loaded by tangential
follower force. The form of the stabilizing matrix D is found and the inequalities on its elements
are derived.

2. Behavior of eigenvalues due to perturbation ¢éD
Let at ¢ = 0 the spectrum of eigenvalue problem (2) contain a complex-conjugate pair of double

purely imaginary eigenvalues +iwo with the Jordan chain of length 2. The left and right
eigenvectors and associated vectors ug,u; and vy, v; corresponding to the double eigenvalue 4y =
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iwg satisfy the equations [24—27]

(A —afMuy =0, (A — oiMu; = —2iwyMuy, 4)
VoA —iM) =0, Vv[(A—wjM)=—2iwgvs M. (5)

In addition, these vectors are related by the following conditions:
ViMug =0, viMu; = v] Muy#0. (6)

The vectors up,u; and vy, v; are not uniquely defined. Since the matrix A — a)(Z)M 1s real the
eigenvectors uy and vo in Egs. (4) and (5) can be chosen real. Then, the associated vectors u; and v,
are purely imaginary. Other eigenvalues *iw;, j = 3,...,m are assumed to be simple and purely
imaginary. The unperturbed circulatory system is therefore on the boundary between the stability
and flutter [28].

It should be noted that if a circulatory system depends on parameters (for example, non-
conservative load parameter), then it generally has simple eigenvalues, and only at some specific values
of parameters its spectrum contains multiple eigenvalues. The case of a pair of double purely
imaginary eigenvalues with the Jordan chain of length 2 is typical (generic) for one and more
parameter systems [29]. That is why the boundary between flutter and stability domains is generally
characterized by the pair of double purely imaginary eigenvalues with the Jordan chain of length 2,
while the stability domain corresponds to the systems with all simple purely imaginary eigenvalues [28].

Consider a simple eigenvalue /4; = iw; with the right and left eigenvectors u;, v;. A perturbation
eD shifts 4; from the imaginary axis. The perturbed eigenvalue and eigenvector are smooth
functions of the parameter ¢ and can be represented as the Taylor series [30]

L=ljtew 4, u=uit+ezi+ .- (7)
Substitution of expansions (7) into eigenvalue problem (2) yields the equation
(A — 0;M)z; = —2/;;Mu; — /,;Du;. (8)
Multiplying Eq. (8) from the left by v/, we obtain the coefficient g,
v Du;
J J
L= — ) 9
1 2TV, ()

Due to perturbation ¢D the double eigenvalue with the Jordan chain of length 2 as well as its
eigenvector take increments, which are represented in the form of the Newton—Puiseux series [30]

d=lo+e 0 +eda+ A+,

1/2

u=uy+¢& W1+8W2+83/2W3+---. (10)

Substitution of these expansions into eigenvalue problem (2) and collection of the terms with the
same powers of ¢ gives the equations

(A — 02M)w; = —2iw2 Muy, (11)

)2
(A — w%M)wz = —2iwoA1Mw| — 2iwglrMug — iwgDug — % Muy. (12)
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Substituting the vector w; = Aju; + yugy given by (11) into Eq. (12) and then multiplying both
parts of Eq. (12) by vo, we get the coefficient 4; in expansions (10)

VOTDU()
2inglll '
Note that d is a real number since the eigenvectors uy and vq are real and u; is purely imaginary.
Thus, if d#0, then 4;#0, and the double eigenvalue splits into two complex eigenvalues.

In the case when the coefficient 4; in expansions (10) becomes zero (d = 0), the splitting of the
double eigenvalue Ay is described in the first approximation by the following expression:

A =1wg + lre + o(e). (14)

i=id, d= (13)

Substituting expansions (10) with 4; = 0 into eigenvalue problem (2) and collecting the terms with
the same powers of ¢, we get the equations

(A — 0iM)w; =0, (15)
(A — w%M)Wz = —2i(,{)012Mllo — iwoDllo, (16)

(A — w%M)W4 = —ZiU)O(;LzMWZ + )»3MW1 + 14Mll()) — ia)()DWQ — ilel() — )L%M“O. (17)
Solving Egs. (15) and (16) we find the vectors w; and w,
wi = fug, Wy = Jou; + yug — iwgG(Duy), (18)

where 8 and y are arbitrary constants, and G is the operator inverse to A — w3M. In particular,
this operator can be represented in the form [31]

G = (A — ©3M + 2iwgvovI M)}, (19)

with det G#0. We multiply Eq. (17) by the left eigenvector vy, and then substitute in the result the
quantity vi Mw, obtained from multiplication of Eq. (16) by the left associated vector v;. After
this transformation substitute the vectors (18) into Eq. (17). Finally, we arrive at the quadratic
equation serving for determining the coefficient A,

vlTDuo + VOTDul ; VgDG(DUQ) 0
— — w —
2viMu, 0 2viMu,

This equation, derived first in Ref. [26], describes with Eq. (14) splitting of the double eigenvalue
in the degenerate case 4; = 0.

24 (20)

3. Stabilization conditions

Stability of the circulatory system perturbed by the velocity-dependent forces with the matrix
¢D depends on whether the eigenvalues shift to the left- or to the right-hand side of the complex
plane. The explicit formulae describing splitting of eigenvalues derived in the previous section
allow us to find constructive conditions of stability of the perturbed non-conservative system.

Consider first the case when the unperturbed (¢ = 0) circulatory system is stable and its
spectrum consists of simple eigenvalues *iw;, j = 1,...,m with the left and right eigenvectors
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u;,v;. After the introduction of small velocity-dependent forces (¢>0) increments of these
eigenvalues are governed by the formula 4; = iw; + e + O(&?), where the real coefficient JURE
given by Eq. (9). Therefore, the conditions

v/ Du;

L= >0, j=1,... 21

mean that in the first approximation with respect to ¢ all the eigenvalues 4; do not move to the
right-hand side of the complex plane due to perturbation &D, &¢>0. Strong inequalities (21)
guarantee that for a sufficiently small >0 the perturbed eigenvalues 4; belong to the left-hand
side of the complex plane.

Thus, we have proved the following:

Theorem 1. The necessary conditions for the small velocity-dependent forces with the matrix D to
make stable circulatory system (1) at ¢ = 0 asymptotically stable are

T
v; Du;

=0, j=1,...,m
vaMuj

If all the weak inequalities (=0) are replaced by the strong (>) ones, then the above conditions
become sufficient for asymptotic stability.

Example 1. To illustrate Theorem 1 we consider two-dimensional non-conservative system (1)
with the matrices M, D, and A specified by the relations

301 1 2 183 217
M = , D= , A= . (22)
11 3 4 21 25

When the velocity-dependent forces are absent (¢ = 0), the eigenvalues of the circulatory system
characterized by the matrices M and A are purely imaginary and simple (stability)

=i, Ja=3i, Ii=-i, J=-3i (23)

The left v, v, and right u;, u, eigenvectors of the eigenvalues 4, 1, can be chosen real

6 1 4 1
il B SR Y AR Y A B ey

With matrices (22) and eigenvectors (24) the stability conditions of Theorem 1 take
the form
viDu, 7 vIDu, 1

=—> =—=>0. 25
viMu, 277 vIMuw, 2 (25)

Thus, according to Theorem 1 the non-conservative system with small velocity-dependent forces
¢D is asymptotically stable. Indeed, for small ¢ all the roots of the characteristic equation of the
system

24+ 823 +2042 — 26222 + 64eA + 18 =0 (26)
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have negative real parts, which can be verified by the Routh—-Hurwitz conditions. For example, if
¢ = 0.1, then the eigenvalues are

1, = —0.175+£i0.986, 1», 1> = —0.024 +i2.994, (27)

which means asymptotic stability.

Consider now the case when the unperturbed circulatory system (¢ = 0) is on the boundary
between the stability and flutter and its spectrum contains a pair of the double purely imaginary
eigenvalues Fiwy each with only one eigenvector, other eigenvalues being purely imaginary and
simple. Such circulatory system is unstable because of the secular terms in the general solution of
Eq. (1).

After the introduction of small dissipative and gyroscopic forces (¢>0), the double eigenvalue
Ao = 1wy with one eigenvector splits in general into two simple eigenvalues. This splitting is
governed by expansion (10) where the coefficient A; is found from the quadratic equation (13).
Note that the quantity d is real because the vectors uy and vy are real, and the vector u; is purely
imaginary. Therefore, for d #0 the double eigenvalue 4y = iwy splits due to perturbation ¢D, &¢>0
into two simple eigenvalues 1 = iwg & v/ide + O(¢), one of them belonging to the right-hand half
of the complex plane (Fig. 1). This means that infinitely small velocity-dependent forces generally
destabilize the circulatory (¢ = 0) system.

As a consequence, we have that the equality d = 0, i.e.,

v Dug
2iv0TMu1 =0 (28)
is the necessary condition of stabilization of the system by the velocity-dependent forces eD. When
this condition is satisfied, the splitting of the double eigenvalue is governed by the expansion
A =1wo + 42¢ + o(e), where the coefficient 4, is found from the quadratic equation (20).

The coefficients of Eq. (20) are real. If the circulatory system is stabilized by small velocity-

dependent forces, then it is necessary for both roots 1, that Re 4, <0. This condition is equivalent

ImA ImA
n/4
. / d>0 . d<0
io, 10, \
0 ReA 0 ReA

-, \ -iay

Fig. 1. Destabilization of a circulatory system by the perturbation &D.
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to the weak Routh—Hurwitz conditions written for the polynomial (20)

D D
\f u0T+ Vo Duy >0, (29)
2V0 Mlll

T

vy DG(Duy)

———>0. 30

2V0TM111 ( )

Strong inequalities (29) and (30) guarantee splitting of the double eigenvalue 4y = iw, into two
simple eigenvalues situated in the left-hand side of the complex plane for a sufficiently small ¢>0.
The conditions

Y Dy >0, j=3 31)
- =V, — Dy ety m

vaMuj /
mean that in the first approximation with respect to ¢ all the eigenvalues +iw; do not shift to the
right-hand side of the complex plane due to perturbation ¢D, &> 0. Strong inequalities guarantee
that for the sufficiently small ¢>0 the perturbed eigenvalues /; belong to the left-hand side of the
complex plane.

Thus, we have proved

Theorem 2. The necessary conditions for the small velocity-dependent forces with the matrix D to
make circulatory system (1) at ¢ =0, being on the boundary between stability and flutter,
asymptotically stable are the following

voDuy 0 vIDug + v{ Du, 20, —io viDG(Duy) -0
. T - B} T = b O T = .
2ivy Muy 2vyMu, 2vyMu,
v Dy,

———=>0, j=3,...,m.

My =

If all the weak inequalities (=0) are replaced by the strong (>) ones, then the above conditions
become sufficient for asymptotic stability.

Conditions given by Theorems 1 and 2 are constructive, necessary conditions of
stabilization of a circulatory system by small velocity-dependent forces. Correspondingly, the
sufficient conditions of stabilization of system (1) follow from Egs. (21) and (28)—(31) after the
change of weak inequalities by the strong ones. These conditions imply restrictions on the
elements of the matrix D. Conditions (21), (28), (29), (31) are linear and condition (30) is quadratic
with respect to the elements of the matrix D. To compute the coefficients of the linear and
quadratic forms, one needs to know the spectrum of the circulatory system with the
corresponding left and right eigenvectors and associated vectors. One can see that the m?
elements of the matrix D must satisfy either m inequalities (21) or one equality (28) and m
inequalities (29)—(31).

Note that necessary conditions similar to (28) and (31) were obtained in Refs. [18,19], but
essential inequalities (29) and (30) were missing in those papers.
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Example 2. Two-dimensional circulatory system with the matrices M and A specified by the relations

M — {3 1} =L[168 104] (32)
1 1 11] 50 54
has a pair of double purely imaginary eigenvalues (stability-flutter boundary)
Jo=2i, Jog=-2i (33)
with the left and right Jordan chains of length 2 consisting of eigen- and associated vectors ug, vy, uj, v
5 [44/3 1 {0
uoz[_3], u1=—1[ 0 }, voz[_J, Vl:{zz]' (34)
Let us perturb the circulatory system by the velocity-dependent forces ¢éD with the matrix
1 2
D= [3 4] . (35)
It is easy to see that in this case the first stability condition of Theorem 2 is not satisfied
viDu, 19
#MOUI =55 20 (36)

Direct calculation of the roots of the characteristic equation (3) with the matrices given by Egs. (32)
and (35)
4 )3 2 2,0 314
227+ 847+ 1647 — 274 +ﬁ“+32:0 (37)
for ¢ = 0.1 yields
I, =—02374i2.068, 11,7, =0.037 £i1.921, (38)

which means instability. It is easy to verify that the Routh—Hurwitz conditions for polynomial (37) are
not fulfilled for small &. However, small velocity-dependent forces with the matrix

115 —47 (39)
319 3
stabilize the circulatory system, because according to Theorem 2
T T T T
vy Dug viDuy + vyDu; 31 . vyDG(Duy) 13

=0, —=—>0, — —=—>0 40
2ingu1 2v0TMu1 6 1@ 2ngu1 2 (40)

Indeed, for small ¢ all the roots of the characteristic equation of the system

62 248

24 + 3 e 4+1602 + 526202 + 5 e+32=0 (41)

have negative real parts according to the Routh—Hurwitz conditions. For example, if ¢ = 0.1, then the
eigenvalues are

1,21 =—0300+i1.977, 4,1, = —0.217 +1i1.988, (42)

which means asymptotic stability.
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4. Synthesis of the stabilizing matrix D

The necessary and sufficient conditions of stabilization of circulatory system (1) by the velocity-
dependent forces given by Theorems 1 and 2 are constructive and can be used to check the
stability of the system. However, in practice one often needs to synthesize the stabilizing matrix D
explicitly by means of the coefficients of the matrices M and A of the unperturbed circulatory
system.

It seems that Bolotin [4] was the first who in the early 1960s noticed that the matrix D
proportional to the matrix M stabilizes circulatory system (1) for m = 2. In 1969 this result was
extended to systems with m > 2 degrees of freedom by Bolotin and Zhinzher [7], being then proved
independently by Done [16] in 1973. In the same year Walker [17] found that the matrix D = ¢¢M
belongs to the class of matrices

o
D= > MM A, det M#0, det A#0, ¢,>0, (43)
p=—00
which stabilize initially stable circulatory system (1). Note that Walker’s considerations were
based on the direct Lyapunov method, and he did not investigate the initially unstable circulatory
systems situated on the boundary between stability and flutter.

In this section, we find how wide is the class of Walker’s matrices (43) and show that they satisfy

the sufficient conditions of stabilization given by Theorems 1, 2. First of all we need the following:

Lemma 1. Let 1o = iwg (w#0) be a double eigenvalue with the left and right eigenvectors wy, vy and
associated vectors uy, vy satisfying Eqs. (4) and (5). If det M #£0, then for arbitrary integer p =0 the
following relations take place:

M(M~'A) uy = o Muy, (44)
VoMM ™' A)?uy = 0, (45)
VIM(M~'A)?uy = o v Mug = o viMu; = v M(M~'A)”u; 0. (46)

Proof. For p = 0 the lemma is obviously true.
Consider the case p>0. Let us multiply the first of Egs. (4) from the left by M(M™'A)?~'M~".
This yields the sequence of equalities, which prove Eq. (44)

MM 'A) ug = - - - = 0FMM'A)? Fug = - -+ = o Muy, (47

where 1 <k <p. Multiplying Eq. (44) by v from the left and taking into account orthogonality
condition (6) we prove Eq. (45). Multiplication of both sides of Eq. (44) by vI from the left yields

VIMM™'A)Puy = o viMu,. (48)
To prove the remaining half of Eq. (46) we multiply the second of Egs. (4) by M(M~'A)”~'M™!

and obtain

(MM™'A)? — oMM~ 'A)? "Dy = —2imeM(M~'A)? u,. (49)
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Taking into account orthogonality condition (6) we get from Eq. (49) for p =1

VgM(M_lA)lll = a)OVO TMu;. (50)
Suppose that for any k from 2 to p — 1 we have
VOTM(M_IA)kul = wo VOMlll (51)

Then, multiplying both sides of Eq. (49) by v{ from the left and taking into account Eq. (45) and
hypothesis (51) we establish the equality

ViIM(M™'A)Pu; = o v Muy, (52)
which completes the proof.
Now we formulate the statement which gives the stabilizing matrix D of arbitrary order »z in an
explicit form.

Theorem 3. Velocity-dependent forces with the matrix
m—1
D=> MM A, det M£0, ¢,>0,
p=0
where p is an integer number, make circulatory system (1) at ¢ = 0 asymptotically stable if the
unperturbed circulatory system is stable or situated on the flutter boundary.

Proof. First of all we note that summation from —oo to co in expression (43) for Walker’s matrix
is superfluous because for any p>m and p<0 (if det A#0) the matrix (M~ 'A)” is a linear
combination of the matrices (M~'A)?, where 0<¢<m — 1. This is an obvious consequence of the
classical Cayley—Hamilton theorem [24], which states that any matrix satisfies its characteristic
equation. Thus, in formula (43) we should replace the summation limits by 0 and m — 1.

To check the sufficient conditions provided by Theorems 1 and 2 of the present paper, it is
enough to consider the matrix D = M(M~'A)” since the coefficients ¢, =0. Then, from Lemma 1
and the second of Egs. (4) we have

VIM(M™'A) uy = viM(M™'A)Pu; = v Muy, (53)

G(Duy) = G(M(M~'A)”u) = 0 G(Mup) = oo <yu0 - L) (54)
0
where y is the arbitrary constant and the matrix G is given by Eq. (19). Substituting Egs. (53) and
(54) into conditions (28)—(30) we get for the double eigenvalue
voDug = vy M(M ' A)?ug = a)o voMug = 0, (55)

vIDuy + v} Du1 VIMM ™' A)ug + VMM ™' A) Py

= (wh)*>0, 56
2v0Mu1 2v0Mu1 (wp)"> (36)

2

I'DG(D IDoGM IM(M™'A)? &

iy DGO _ g, oDy GMw) ML A 2 (90} S (s7)
2vyMu 2vyMu, 4vy Mu, 2
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and for the simple eigenvalues we obtain

Y/-TM(M_IA)pu, » lMu,
v/ Mu; J vTM

= (/) >0. (58)

Therefore, the sufficient conditions given by Theorems 1 and 2 are satisfied. This completes the
proof.

According to Theorem 3 Walker’s matrix has no more than m free parameters, while the
matrix D satisfying conditions of Theorems 1 and 2 has either m? or m? — 1 free parameters. This
means that the class of Walker’s matrices is much narrower than that given by Theorems 1 and 2
of the present paper. Thus, Theorem 3 simplifies Walker’s Theorem 1 from [17] making the
summation in Eq. (43) finite and extends it to the initially unstable systems located on the flutter
boundary.

Example 3. Finally, we return to the circulatory systems of Examples 1 and 2 and synthesize the
stabilizing matrices D according to Theorem 3. The first circulatory system characterized by the

matrices
3 1
M = ,
1 1

has two pairs of simple eigenvalues =i, £3i. It turns out that the velocity-dependent forces with
the matrix ¢D,

183 217
-3 ]

21 25

(60)

186 218
D-M+a-| ]

22 26

make the circulatory system asymptotically stable, because all the roots of the characteristic
equation

204 42423 4+ 202 + 4062 0% + 56eA + 18 = 0 (61)
have for small ¢ negative real parts. For example, if ¢ = 0.1, then
A1, A1 = —0.100 £10.995, 15, 7, = —0.500 +i2.958. (62)
The circulatory system specified by the matrices
M 31 1 [168 104 63
o1 T I s 54 (63)

has a pair of the double eigenvalues +2i with the Jordan chain of length 2. This system is
stabilized by the small velocity-dependent forces with the matrix

1 [201 115}

D=Md+A
TASTT 61 65

(64)

Indeed, all the roots of the characteristic equation for small ¢

204 420273 4+ 164 + 50624 + 80eA +32 =0 (65)
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have negative real parts according to the Routh—Hurwitz conditions. For ¢ = 0.1 the eigenvalues
of the perturbed system are

I, =—0250+1i1.984, 1y, 1, = —0.250 +i1.984, (66)

which means asymptotic stability.

5. Stabilization of a system with two degrees of freedom

In this section we will show that for systems with two degrees of freedom it is possible to find
the structure of stabilizing matrices D in an explicit form, and therefore obtain full description of
the set of stabilizing matrices.

We consider system (1) with m = 2. Multiplying Eq. (1) by M~! from the left and introducing
the notation

D=M"'D, A=M'A, (67)
we get the equation
q+eDq+Aq =0. (68)

For ¢ = 0 we have a circulatory system. Consider the case when the circulatory system is situated
on the boundary between the stability and flutter. Then its spectrum consists only of a pair of
double purely imaginary eigenvalues +iwy. Since there are no simple eigenvalues, stability of the
system depends on the behavior of this pair.

The necessary and sufficient condition of existence of the double eigenvalue Ay = iwg in the
spectrum of the circulatory system can be written in the form

412801 + (2p — dny)” = 0, (69)
which is equivalent to the following equality det A = (tr A/2)* [15].
Therefore,
=0} =" 0, apa <0 (70)

Taking into account conditions (69) and (70), we find from Egs. (4) and (5) the eigenvectors and
associated vectors ug, vo, u, v; of the double eigenvalue g = iwyg:

2&12 1 [ 2«5121
U = | . ~ |» Yo= . ~ | (71)
ary — A dyy — dj
0 0 7
= —4ia)0 ’ V= —4i(1)() ’ ( )

With the use of these vectors we find the denominator of formulae (28)—(30)

2vou; = —8iwg(da — dn), (73)



794 O.N. Kirillov, A.P. Seyranian | Journal of Sound and Vibration 283 (2005) 781-800

since the mass matrix is equal to the identity matrix. Taking into account (69) and (73), we get
from the necessary condition (28)
viDuy  (dy — di1)(axn — an) + 2(ddoy + dadn)

= 0. 74
2ivgu1 8wy (74)

This condition can be written in the compact form: 2 tr(AD) = tr A tr D.
Let us find the coefficients of quadratic equation (20). For the coefficient at the linear term, we
obtain

vIDug + viDuy = —8icwg(dan(day — dn) + dizdia) + dardin) = —diwg tr D(@xn — ). (75)
To find the free term of Eq. (20) we must solve the non-homogeneous equation for the vector w
(A — a)gl)w = Duy, (76)
where the eigenvector ug is taken from Eq. (71). Solving Eq. (76), we get
G(Dug) =w = [_2”5”], (77)
2d 1,

vo DG(Dug) = 2(éy, — éyy) det D. (78)

Substitution of Egs. (73), (75), and (78) into quadratic equation (20) yields
5+ nltrD+1det D=0. (79)

Thus, for the system with two degrees of freedom (m = 2) the necessary conditions (28)—(30)
written in the compact form are the following:

2tr(AD) = trAtr D, (80)

trD>0, det D>0. (81)

Note that analogous conditions and Eq. (79) were obtained in Ref. [15] by the analysis of the
characteristic polynomial (3) of system (1). y
Let us find the stabilization domain in the space of the elements of the matrix D, which satisfies
conditions (80) and (81). Two cases naturally arise. In the first case @, #0 we find the term d»,
from equality (80) and obtain the structure of the matrix of dissipative and gyroscopic forces as
diy d
D = | (dy — di)(dn — axn) — 2and Jn | (82)
2an 2

Using condition (69) of existence of the double eigenvalue 4y, we transform inequalities (81) for
matrix (82) in the following way:

dii + d» >0, (83)

~ ~ djg—a ~ ~ dyn—d
<d11—d12u><d22—dlzu>>0- (84)

2dy, 2dy,
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These inequalities are equivalent to the following conditions:

~ ~ di—dn s ~  dop —di
din=dypy ———, d22>d12T- (85)
12

Inequalities (85) define two half-spaces in the space of three parameters diy,d»,d>. The
intersection of these half-spaces yields a dihedral angle, which is the domain of stabilization of a
circulatory system by small dissipative and gyroscopic forces with the matrix D from Eq. (82)
(Fig. 2).

When d,; #0 the necessary stability conditions are
~ 5111—5122 ~ ~ &22_5111

dy =da , dn=dy ————, (86)

25121 2521

which correspond to the dihedra1~ angle in the space of three parameters di1,dy, and dy;. In this
case the structure of the matrix D is defined by the expression
J (dr — dn)1 — axn) — 2a1da
p=|"" 205, . (87)
do dx»

If @12 #0 and dy; #0, then conditions (85) and (86), corresponding to matrices (82) and (87), are
equivalent.

Consider separately the case when d;; = d. Then, @, =0 or a; = 0. Note that these two
equalities cannot be satisfied simultaneously because this means that the double eigenvalue /g
would have two linearly independent eigenvectors in contradiction with the initial assumption.
From Eq. (80) we find dj» = 0 or d3; = 0. In accordance with the strong conditions (85) and (86)

Walker's matrices

S
SN
\\%““?‘\“{\“ﬂ R

\\\\‘&\\\\\‘3\‘ R

. S RS
ASYMPHOtic R RS
stability N

O
S
RS>
\‘\\‘\\
oS>

Fig. 2. Asymptotic stability domain (its boundary is double-hatched) for the non-symmetric matrices D given by Egs.
(57) and (62) for (&11 — 5[22)/2(}12>0 (OI‘ (&11 — 5[22)/2&21 >0).
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the domain of stabilization in the space of three parameters d 11> d~22 and d 12 (or 6721) 1s the dihedral
angle d~11 >0, 6?22 >0.

Let us find now the structure of the symmetric matrices D stabilizing a circulatory system. Then,
gyroscopic forces are absent and inequalities (81) mean the non-negativeness of the matrix D.
Note that the strong inequalities (81) mean that the dissipation is full. Isolating the coefficient
di» = d» in Eq. (80), we get

(@ — an)dn — dx»)

di . —
~ 2 +
S ) (dr2 + an) ' (88)
(G2 — dy1)(dy1 — d) J
»

2(a12 + aa)

Note that d, + d»; #0. Otherwise, the double eigenvalue o would have two linearly independent
eigenvectors in contradiction with the initial assumption. Calculating the determinant and the
trace of matrix (88) and assuming their non-negativeness we obtain the necessary conditions of
stabilization in the plane of the two parameters dy\, dr»

N
\/?7—16; 5 o5 X+ x:1+<w>. (89)

di1,d» =0, it a
12 + doi

Note that conditions (88) and (89) were first derived in Ref. [15] by the direct analysis of the
characteristic equation (3) of system (1). Strong inequalities (89) describe the domain of
stabilization of system (1) by small velocity-dependent forces. Therefore, the domain of
stabilization of the circulatory system by the symmetric matrices ¢éD with the structure given by
Egs. (88) and (89) is an angle in the plane of the parameters d;, and d», (Fig. 3). One can see from
formula (89) that in general this angle is less than 7/2, being right only for a;; = ax.

Now we show how the set of stabilizing matrices D defined by Theorem 3 is located in the
domain of stabilization given by Eqgs. (82) and (85) or Egs. (86) and (87). According to Theorem 3

|

Asymptotic
stability

L
2 d,

Fig. 3. Asymptotic stability domain (hatched) for the symmetric matrix D given by (63).
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for m = 2 the stabilizing matrix D has the form

. - co + crdn c1dn
D=cl+ A= . . (90)
C1dny co + craxn
Denoting dii = co+ ¢1d11, d» = co + c1dxn and expressing the coefficient ¢; we obtain the

following matrix of velocity-dependent forces

i an(dy —diy)

N ar — dni

D= - - . 91
ar(dy —dn) i ©h

axn — diy

Since the coefficients ¢y and ¢; are non-negative, tr D> 0. Besides, with Eq. (69) we get from Eq.

(C2))

~ ~ 2
%tﬁ:(éL;@% 0. (92)

Consider the case when @, #0. Then matrix (91) follows from Eq. (82) if we denote there

a
dip=—2— (dy —dy). 93)
dy — dn

This means that Walker’s matrices form a two-dimensional-subset of the three-dimensional-
stability domain given by inequalities (85). Eq. (93) defines a plane in the space of parameters
d11,d», and d>, coming through the edge of the dihedral angle given by Egs. (85) as shown in
Fig. 2. The part of plane (93) satisfying the condition d; + d, >0 is a set of the matrices D given
by Theorem 3 stabilizing the circulatory system with two degrees of freedom. This set is shown in
Fig. 2 as a hatched region. Note that the case d,; #0 can be considered analogously.

We conclude that Walker’s matrices given by Eq. (43) for the systems with two degrees of
freedom are equivalent just to D = ¢oI 4+ ¢;A. Therefore, in this case Walker’s matrices do not

“enlarge considerably” the class of stabilizing damping configurations as it was announced in Ref.

[17]. It turns out that Walker’s matrices constitute a 2d-subset belonging to the 3d-set of
stabilizing matrices given by Egs. (85) and (86).

Finally, we return to the general problem (1) with two degrees of freedom with an arbitrary
non-singular matrix M. The structure of stabilizing matrix D in terms of the matrices M and A is
given by the following equalities:

D =MD(A), A=M"A. (94)

Thus, D = ~Ml~)(M’1A) is the stabilizing matrix for system (1) expressed in terms of the matrices
M, A, and D given by Eqgs. (82)—(87).
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Fig. 4. Ziegler-Herrmann—Jong pendulum.

6. Mechanical example: Ziegler—Herrmann—Jong pendulum

Consider a double pendulum [2,5] composed of two rigid weightless bars of equal length /,
which carry concentrated masses m; = 2m and m, = m. The generalized coordinates ¢, and ¢,
are assumed to be small. A follower load Q is applied at the free end as shown in Fig. 4. The visco-
elastic hinges are characterized by the same stiffness ¢ but different damping coefficients ¢b; and
&¢by. Introducing the dimensionless quantities

Ql bl bz 4
q:_’ kl = s k2: 5 T=1t Y (95)
¢ vV eml? eml? V- ml

where 7 is time, we write the equations of small vibrations of the pendulum in the form

d’y dy @1
ﬁ—FsDa—l—Ay—O, y—[%] (96)

with the matrices

1

=3 97)

ki+2k, =2k A 113—¢qg g-—2
—k1—4k2 4k2 ’ _5 q—5 4—q )

It is known that in the absence of viscous damping (¢ = 0) the equilibrium of the pendulum is
stable for g<gq, = 7/2 — /2, [5]. The critical load ¢, corresponds to the boundary between
stability and flutter of the circulatory system. At this point the spectrum of the system contains a
pair of the double, purely imaginary eigenvalues +imwg, wy = 2714 with only one eigenvector.

Let us find with the use of stabilization conditions (80) and (81) the values of damping
parameters k; and k, making the perturbed system asymptotically stable. Calculating the
invariants of the matrices A and D for ¢ = ¢,

1 1
trA =2, trD=§k1+3k2, detD=§k1k2, 98)
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tr(AD) = (—%Jr?) ki + (—%+ 3\f2>k2 (99)

and substituting them into Egs. (80) and (81), we obtain the necessary stabilization conditions as
ki = (52 + 4ks, k> =0. (100)

Therefore, if the damping coefficients at the hinges satisfy the strong conditions (100), then the
pendulum is asymptotically stable. This result coincides with that found in Ref. [5].

Let us find now the general structure of the matrix D stabilizing circulatory system (1) without
assumption that the matrix D has form (97). Substituting the coefficients of the matrix A,
evaluated at the critical point ¢ = ¢, into formulae (86) and (87), we get the stabilizing matrix in
the form

D— dii (17 = 124/2)day + (3 — 2/2)(dr — d11)

= 101
dr) dy (101)

with the coefficients satisfying the following inequalities:

—dy»<dy(3 —2V2)<d);. (102)

It is easy to verify that if the matrix D has form (97), then conditions (101) and (102) are
equivalent to conditions (100).

7. Conclusion

Stabilization and destabilization phenomena of circulatory systems due to small velocity-
dependent forces have been attracting substantial interest from researchers for half a century since
the work by Ziegler [2]. In the present paper three theorems on the necessary and sufficient
conditions for the matrices of velocity-dependent forces to stabilize an unperturbed circulatory
system are established. These results are of general nature and have an applicable form allowing
one to find elements of the stabilizing matrices.
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