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1 Introduction

An important class of linear multi-degree-of-freedom (MDOF)
dynamical systems is associated with potential (conservative), cir-
culatory and gyroscopic forces and can be described by
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whose stiffness matrix is arbitrary (non-conservative), subjected
to a gyroscopic force. Physical systems modeled by (1) are com-
monly found in aerospace, mechanical, and civil engineering.

Equation (1) represents a set of coupled second-order ordinary-
differential equations and can be obtained by the application of
Lagrange’s equations

Mg+ Gy+Ng+Kqg=0 1)
where M, f}, N and K are n by n constant real matrices; the inertia
matrix M is symmetric and positive definite (M = M S 0), Gand N
are skew-symmetric (G = —GT, N=-N T) and K is symmetric. The
n-vector of generalized coordinates is denoted by ¢, and the dots
indicate differentiation with respect to the time #. The terms in G,
N and K correspond to gyroscopic, circulatory, and potential
forces, respectively. The matrices N and K can also be thought of
as the skew-symmetric and symmetric additive parts, respectively,
of a given stiffness matrix. Since any arbitrary matrix can be

uniquely expressed as the sum of a skew-symmetric and a sym-
metric parts, (1) also describes a multi-degree-of-freedom system,
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dtog 0Oq 0q
with the Lagrangian
AR U T WP P B
La.9=54'Mg+54 Gq-54 Kq 3)

and the so-called “dissipative” function

®(q. §)=§"Ng 4

Consider a change of coordinates from ¢ to p defined by the real
linear transformation

q=Pp&p=Pq Q)

where P can be any nonsingular real matrix. Noting (3) and (4), this
transformation of coordinates causes M, K, N and G to be
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congruently transformed, i.e.,
M — M=P"MP,K — K=P'KP, .
G — G=P'GP,N - N=P'NP ©

If N=0 and G =0 (pure potential system or conservative non-
gyroscopic system), one can always find the transformation
matrix P so that M =1 (the identity matrix) and the new potential
(stiffness) matrix is diagonal, i.e., in new coordinates p, called
normal (principal or modal) coordinates, the system is then decom-
posed into n independent single-degree-of-freedom subsystems.
The procedure for decoupling such systems is well known and is
called modal analysis. When N # 0 and/or G # 0, the system is
not completely decomposable because changes of coordinates (5)
that makes M and K diagonal retains N and/or G as skew-symmetric
matrices. However, sometimes it might be decomposed into several
independent subsystems. Also, it is worth pointing out that the
minimum number of degrees of freedom necessary to incorporate
circulatory and/or gyroscopic forces is two. Therefore, it is
natural to ask whether or not we can decompose system (1) into
independent subsystems, each of which has no more than two
degrees of freedom, by means of a real change of coordinates
(i.e., using a congruence transformation). The intent of this paper
is to show that multi-degree of freedom gyroscopic circulatory
potential systems can be uncoupled when certain conditions are
satisfied.

For a given set of matrices M, K, G, and N in (1), our overall aim
is to find a real nonsingular matrix P, and the necessary and suffi-
cient conditions under which it exists, such that the matrices
M, K, G, and N in (6) are in canonical (simplest) form. The canon-
ical form for M will turn out to be the identity matrix, and for K a
diagonal matrix. The canonical forms for G and N will be quasi-
diagonal, a term that will be explained in the following section.
We will show that when certain necessary and sufficient conditions
are satisfied, the multi-degree-of-freedom (MDOF) system
described by (1) can be decomposed, through the use of a real coor-
dinate transformation, into independent, uncoupled subsystems
each of which has at most two degrees-of-freedom.

Though we have considered the unforced equation of motion (1),
all the results related to decomposition and uncoupling in this paper
also apply directly to systems that are forced, as will become
obvious as we proceed.

In the next section, we formulate an algebraic result, which is
basic to our further considerations. In Sec. 3, we develop the neces-
sary and sufficient conditions for the uncoupling of systems under
consideration based on our results in Sec. 2. In Sec. 4, we consider
a specific but useful form for the circulatory matrix that reduces the
number of conditions required for the uncoupling. Section 5 gives
the conclusions.

2 Central Theorem

It is well known that for an n X n real skew-symmetric matrix G
there exists an n by n real orthogonal matrix Q such that

07GQ =diag(p, ), ..., Buj2t2) for n even

=diag(p,Ja,..

where J, is the two-dimensional skew-symmetric matrix

0 1
EN]

and some of the real numbers $; may be zero (see, for example [1],
p. 65). Furthermore, J3 = —I,, where I, is the 2 by 2 identity matrix.

The block-diagonal form of matrix (7), which we shall refer to as
quasi-diagonal, is the simplest possible (canonical) form of a skew-
symmetric matrix with respect to orthogonal similarities, while the
canonical form for a real symmetric matrix is, of course, a diagonal

(Ta)

. ﬂ(n_l)/sz, 0) for n odd (7b)
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matrix consisting of its eigenvalues along the diagonal. We also
note that the form (7) is recognized as the real Jordan form for
the matrix G and therefore plays a fundamental algebraic role [2].

Lemma 1. Let K = KT and G = —G” be n by n real matrices. The
necessary and sufficient conditions that there exists a real orthog-
onal matrix Q such that

0"KQ = A =diag(h,..., A ®)

and
Q"GQ =T =diag(pJa..... BnJ2) for n even (9a)

=diag(pJ2, ..

where all the %; s and ; s are real numbers, are

<s Bu=1)2J2, 0) for nodd  (9b)

[K, G*1=0,0r KG* = G’K (10)

and

[K, GKG] =0, or (KG)* = (GK)? (an

where the commutator of any two square matrices A and B is
defined as [A, B]: = AB — BA.

Proof. The proof of this result can be found in Refs. [3] and [4].m

Remark 1. If Rank(G)=2m < n (the rank of a skew-symmetric
matrix must be even), then m of the ﬁj are nonzero. The two-
dimensional blocks appearing along the diagonal of matrix (9)
can then be ordered, with no loss of generality, in such a way that
the first m of them are nonzero, i.e., we can put

) ﬂm«]% 0n—2m),

where the real numbers §; # 0, j=1,..., m, and 0,2, is an (n —
2m) by (n — 2m) zero matrix. The nonzero numbers f; correspond
to (complex) conjugate pairs of purely imaginary eigenvalues of
G, namely, +f;i, i = /=1, with the zero eigenvalue of G having
a multiplicity of (n — 2m).

We next prove a central theorem that plays a key role in our
further considerations.

I' =diag(pJ>, ..

Tueorem. Let K =K" G=-G"and N=-N" be nbyn real
matrices, and let Rank(G) = 2m < n. The necessary and sufficient
conditions for a real orthogonal matrix Q to exist such that

OTKQ = A =diag(4, ..., 4, (12)
0"GQ =T =diag(B, /s, ..., B2, On—zm) (13)

and
QTNQ =N =diagwJa, ..., Un2J2) for n even (14a)
= diag(y]JQ, AN l/(n_l)/g.lz, O)fOV n odd (14b)
where J;, vj, andﬁj are real numbers with ﬂj #0,j=1,...,m, are

that the following six commutation conditions be met:

[G,N]=0 (15)
[K, GN]=0 (16)
[K,G?1=0, [K,GKG]=0 (7

and
[K,N*]1=0, [K,NKN]=0 (18)

Note the distinction between N and N in (14): N is a real skew-
symmetric matrix, while N is a quasi-diagonal, skew-symmetric
matrix whose structure is given in (14). This notation will be
used throughout the paper.
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To prove this theorem, we additionally need the following two
lemmas.

Lemma 2. The product of two skew-symmetric matrices G and N
is symmetric if and only if |G, N]=0.

Proof. Assume that [G, N] =0, then GN = NG = (GN)”. The last
equality follows because G and N are both skew-symmetric.
Hence, GN is symmetric. On the other hand, if GN is symmetric
then GN = (GN)! = NG; the last equality again follows because
G and N are skew-symmetric. Hence GN — NG =[G, N]=0. =

Lemma 3. If conditions (15)-(17) are satisfied, then the sym-
metric matrices

K, GN, G*, GKG (19)

commute pairwise.

Proof. According to Lemma 2, the matrix GN is symmetric; the
other three matrices of the family shown in (19) are symmetric,
since the matrix G is skew-symmetric, and K is symmetric. There
is a total of C§ =6 conditions for pairwise commutation of the
matrices in (19). Three of them appear in (16) and (17); the remain-
ing three are shown to follow from (15)—(17) in the Appendix. =

Remark 2. When A is diagonal as in (12), and I" and N are quasi-
diagonal as in (13) and (14), then the matrices I'N, I'?, N2, TAT
and NAN are diagonal. They are:

I'N =NI" = —diag(pv11z, . .., Bpylml2, On—om) (20)

I = —diag( D, ... Bl Opow). B; #0,j=1,....m  (21)
N? = —diagWih, ..., vyl ) for n even (22a)

=— diag(u%lz, e, 1/(2,1_1)/212, 0) for nodd  (22b)

TAL = —diag(f2 2, frar, - .. Brlams Podam-ts Onam)  (23)

and

NAN = —diag(vida, Vi1, - .. Uy s Uy pdncr) for neven  (24a)

= — diagWwida, Vi1 .. Voo py pinet)s Vi1 phin—2» 0) for n odd
(24b)

Proof. Let us prove (20). Since I" and N are block-diagonal matri-
ces, the product I'N is obtained by multiplying the corresponding
diagonal blocks of I" and N. Premultiplying the j™ diagonal block
of N (I') by the j™ diagonal block of I" (N) we get the j™ diagonal
block of the product 'N (NI'), i.e., forj=1,...,m

(Bilvidal = Bvid; = vipis = i Bl = =Bl

The third equality shows that the jth diagonal block of I'N is the
same as the jth diagonal block of NI', each being —f;v;1>, and there-
fore

IN=NI"= —diag(ﬁlvllg, ey ﬂml/mlz, On_zm)

where some of the products f;v; could be zero because some of the
v; could be zero.

When n is even, A can also be considered a block diagonal matrix
with each block being a 2 by 2 diagonal matrix and by multipli-
cation of the corresponding blocks the products shown in
(21)—(24) can be similarly obtained. When »n is odd, the last block
of A is one-dimensional (scalar) and the multiplication yields the
result shown. L]
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Proof of the Theorem. Necessity. Let the orthogonal matrix Q be
such that QTKQ=A, Q"GO =T and Q"NQ =N with A, T and
N as in (12), (13) and (14), respectively. Then [G,N]=
O[T, N]Q" =0 because I' and N commute (see (20)). Also,
we have [K, GN]=Q[A, IN]Q” =0, [K, G*]=Q[A, %107 =0,
[K, GKG] = Q[A, TAT'1QT =0, [K,N?]1=Q[A,N*]QT =0 and
[K, NKN] = Q[A, NAN]Q" =0 since, according to Remark 2, all
the matrices I'N, I'2, N2, AT and NAN are diagonal, and therefore
commute with the diagonal matrix A, making all their commutators
equal to zero.

Sufficiency. Suppose that conditions (15)—(18) are satisfied.
Then, because of Lemma 3, the symmetric matrices in (19)
commute pairwise and, according to a well-known result (see,
for example, Ref. [2]), they have n common linearly independent
eigenvectors. Let o(G) =(xif,..., +if,,0,...,0), ﬁj #0,j=
1,2,...,m, be the spectrum (denoted by o()) of the skew-
symmetric matrix G. Then o(GH = (- %, - %, e, — 51,
—ﬁfn, 0,...,0). With no loss of generality, let g; be a (real) unit
eigenvector such that

G*q1=—Fq1., #0

Kq1 = Aiqu
GKGq1 = puq
and
GNq, = a1q,

where, A1, y;, and a; are real numbers, which could be zero. Pre-
multiplying each of the last two equations by G gives G?KGq, =
u1Gq; and G®?Ng, = a;Gg,. Since G’K = KG? (because G? and K
commute) and G*N = NG? (because G and N commute), we then
get KGG*q = p,Gq, and NG?>q, = a;Gq,. Furthermore, because
qul = —ﬂfql, these two relations become

K(Gq1) = -, p7*(Gq) (25)
and

Ng = —a1 f72Gq, (26)

Since (|Gl =/q]GTGq1 = /~4{ G*q1 =/ fiaiq1 =1 #0, it

follows from (25) that the vector ¢g,: = —ﬂl"l Ggq; is a unit eigenvec-
tor of the matrix K corresponding to the eigenvalue A,: = —u, /}1_2.
Furthermore, because G is skew-symmetric,

@' =—p7'q'Gg =0, i. e., the unit vectors g; and g, are
orthogonal. On the other hand, we see from (26) that Ng; =
—v1qy with vy = —ﬁflal. Also, Ng, = —ﬂ;lNqu = —ﬂflalql =
viq; since G and N commute. Now using g; and ¢, as the
first and second columns we form an orthogonal matrix
Or=[ar @ @ gn ], whose remaining columns can be
chosen arbitrarily provided QITQL =1,.

We see that for k=1, 2,..., n, noting the orthogonality of the
columns of Q;, the elements of the first and second rows
(columns) of the symmetric matrix QITKQ | are given by

4, Kqi = q{ Kq\ = J1q{ q1 = 1181, and
27)
where 6 denotes the Knonecker delta. We note that Gg; = —f;g>.

Multiplying both sides of this equation by G, we infer that

Gar = —p'G*q1 = pran.

Hence, for k=1, 2, ..., n, the elements of the first and second
rows (columns) of the skew-symmetric matrix QITGQl are then
given, respectively, by the relations

G Kqr = gL Kgr = Jaql qa = 120

41 Gax = —q; Gq1 = Bq{ g2 =}, 52 and

43 Gar = —q; Ggr = —p,q; 1 = =P 51k (28)
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Similarly, for k=1,2,...,n, noting that Ng, =-v;q, and

Ng> =v14q,, the first two rows (columns) of the skew-symmetric
.7 .

matrix Q] NQ, are given by

41 Ngi = —q{ Ng1 = v1q} g2 = 115y and
@ANgr = —q Ng» = =145 q1 = —v1 81 (29)

From (27)-(29), the structures of the three matrices QITKQI,
0TGQ, and QTNQ; are thus found to be as follows:

A0
0'KQ, = o0 A
0 'K,
0 A 0
0/GQ, = 7’6' 0
0 G,
and
0 v i
r 0
Q1 NQ1 = *VIO :
0 N

n=2

Since the (n—2)-dimensional matrices K,_,, G,—» and N,_, satisfy
the same conditions as K, G and N this procedure continues in
the same manner, and after m steps we conclude that there exists
an orthogonal matrix O such that

QTGQ=diag<[j’1|:_Ol (1)i|”ﬁm|:_01 (l)],on—Zrn)

QTKQ = diag(/lla s j'Zma Kn72m)

P . 0 1 0 1
QTNdelag<l/l|:_l 0:|,.,.,I/m|:_1 0:|,Nn—2m>

where 0,,_,, is (n — 2m)-dimensional zero matrix, while K,_,,, and
Nyu—om are (n —2m)-dimensional symmetric and skew-symmetric
matrices, respectively. From (18), the matrices K5, and N,_,,,
satisfy conditions

[an2m, N,%,Zm] =0 and [Kn72m, anZmanZmanZm] =0

and

and, according to Lemma 1, there exists a real orthogonal
(n — 2m)-dimensional matrix Q,_,, that reduces the matrices
K,—2m and N,_», simultaneously to diagonal and quasi-diagonal
forms, respectively, i. e.,

~T

anmen—2an—2m = diag(/12m+1’ ey /1n)

and

~T ~ .
O, omNn—2m Qo = diagWms1J2, . . . ,unj2J2) for n even

=diagWms1J2, . . ., Viu-1y/2J2, 0) for n odd

0 ]
Qn—2m

simultaneously reduces K. G and N to the forms given in
(12)-(14). .

Thus, the orthogonal matrix

Q=QP?

When the forms in (12)—(14) are obtained we shall refer to this as
the simultaneous (orthogonal) quasi-diagonalization of the matri-
ces G, N, and K by the (real orthogonal) matrix Q.

Remark 3. Tt is clear from the proof of the Theorem that the roles of
G and N can be interchanged.

021005-4 / Vol. 92, FEBRUARY 2025

Remark 4. 1t can be verified by direct computation that the six con-
ditions in (15)—(18) are satisfied when n=2.

Remark 5. 1t follows from the proof of the theorem that only the
four conditions given in (15)—(17) are necessary and sufficient for
a real orthogonal matrix Q to exist that simultaneously reduces G,
K and N to the block-diagonal forms

s 0 1
QTGdezag(ﬂl[_l o]""

QTKQ = dzag(/h LR )LZm, Kn—Zm)

and

PO . 0 1 0 1
QTNdezag<y1|:_1 0],...,vm|:_1 0],Nn_2m>

where K,_, and N,_p, are (n — 2m)-dimensional symmetric and
skew-symmetric matrices, respectively. The additional two condi-
tions given in (18) ensure the simultaneous orthogonal diagonaliza-
tion of K(K,—_»,) and quasi-diagonalization of N(N,—_2,). We show
in this Remark that when 2m > n — 2, only the four conditions
(15)-(17) are necessary and sufficient for the simultaneous orthog-
onal quasi-diagonalization of G, N, and K.

We begin by noting that when G has full rank (n = 2m), the three
matrices 0,2, Ky—om, and N,_p,, disappear, and so (15)—(17) give
the necessary and sufficient conditions for the simultaneous orthogo-
nal quasi-diagonalization of G, N, and K. When 2m =n — 2, in the
above block-diagonal forms the submatrices K, and N,_,,, are
two-dimensional, and consequently, by Remark 4, conditions (18)
are automatically satisfied. In the case when 2m =n — 1 (then n is
odd) these three submatrices are one-dimensional (scalars) and they
therefore always commute. Therefore, when 2m > n — 2, the four
conditions in (15)—(17) are necessary and sufficient for the simulta-
neous orthogonal quasi-diagonalization of the matrices G, N, and K.

A direct consequence of our Theorem is the following assertion.
It is a counterpart of the well-known result related to real symmetric
matrices which states that two such matrices can be simultaneously
diagonalized by a real orthogonal transformation if and only if they
commute in multiplication [1].

COROLLARY 1. Let G=—G" and N = —NT be n by n real matri-
ces, and let Rank(G) = 2m < n. The necessary and sufficient condi-
tion that there exists a real orthogonal matrix Q such that

0'GQ =T =diag(p,Ja. ..., Ptz Ouam) (30)

and
Q"NQ =N =diag(J, ..., unyJs) for n even (3la)
=diag(viJa, . .., Vu-1y/2J2, 0) for n odd (31b)

is that the skew-symmetric matrices G and N commute in multipli-
cation, i.e., [G, N]=0.

Proof. Application of the Theorem with K =0 gives the result. =

We next give three lemmas that will be used when we consider
the application of our Theorem in the following Section to real-
world structural and mechanical systems.

Lemma 4. Let K = KTand G = —GT be n by n real matrices. If
all the nonzero eigenvalues of the skew-symmetric matrix G are dis-
tinct, then the condition

K, G*1=0

Transactions of the ASME



implies the condition

[K, GKG] =0.

Proof. See [4]. ]

Lemma 5. Let K=K G=-G"and N=-NT be nbyn real
matrices. If all the eigenvalues of the symmetric matrix K are dis-
tinct, then the condition

[K, GN]=0
implies the condition

[G,N]=0.

Proof. Since K is symmetric there exists a real orthogonal matrix Q
such that K =QAQ"T where A =diag(),...,A,). Then from
[K, GN]1=0 we get AQTGNQ = QT GNQA. Upon expansion, this
condition is equivalent to

Arbrs = Ashy,r,s=1,...,n

where b,, is the rs™ element of the matrix Q" GNQ. Since all 4, are
distinct, the above equations imply that b,, =0 when r # s. That
means that QT GNQ is a diagonal matrix and therefore GN is a sym-
metric matrix. Since G and N are skew-symmetric matrices and their
product is symmetric, [G, N] =0 by Lemma 2. ]

Lemma 6. Let K=K' G=-G' and N=-NT be nbyn
real matrices, and let Rank(G) =2m < n. If all the nonzero
eigenvalues of the skew-symmetric matrix G are distinct, then the
two conditions

[G, N1=0and [K, G*] =0
imply the condition
[K,GN]=0

Proof. Since G and N commute, according to Corollary 1, there
exists a real orthogonal matrix Q such that

o
0 0n—2m

and N = ONQ” where N is as in (31). Also, we can write

GzQ[ ]Qf,f=diag(ﬂ112,...,ﬁmjz)

where K and K are 2m- and (n—2m)-dimensional symmetric matri-
ces, respectively, and K is 2m by (n—2m) matrix. Then, the condi-
tion [K, G?] =0 yields K = 0 because I" is nonsingular, and

K% =12k
Next, after partitioning the symmetric matrix K, as K = [K rslsmt

with two-dimensional sub-matrices K,;, the above condition
becomes

2 1 2 1
ﬂrKrszﬂsKrs,r, s=1,....,m

which yield K,; = 0 when r # s because, in view of the assumption,
the set of numbers {f,, ..., f,,} are distinct. Thus, the matrix K that
satisfies the condition [K, G?] =0 must be of the form

K= Q[ diag(lérr)lrl] I(‘;:|QT

where K,,, r=1, ..., m, are two by two symmetric matrices and K
is an (n—2m)-dimensional symmetric matrix. But from (20), we
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know that I'N = —diag(p\viLa, ..., B¥ml2, 04—2m) so that

[K, GN] = Qldiag(K, K), TN1Q"
=—Qdiag((K11, piviba), .., [Kyms Bptma], 04—2,)O"
=—Qdiag(piv[K11, ), .., BptmKpms 12, 04-2,)0" =0

since [K,y, b1=0,r=1,...,m. ]

3 Uncoupling of Gyroscopic Circulatory Systems
We begin with the observation that the change of coordinates

~—1/2 ~ 172 . . ..
q=M / x, where M ’? denotes the inverse of the unique positive
definite square root of M, transforms (1) to the simpler form

X+Gi+Nx+Kx=0 (32)
where
G=-G" =G (33)
N=NT =" Rir " (34)
and
K=K =m"""kar""? (35)

The systems described in (1) and (32) are equivalent and we will
deal mainly with (32) in what follows. We shall refer to the matrices
K, G, and N as the stiffness (potential) matrix, the gyroscopic
matrix, and the circulatory matrix, respectively.

The system described by (1) can be uncoupled into (real) inde-
pendent subsystems of at most two degrees-of-freedom using a
real change of coordinates if and only if it can be uncoupled for
the system described by (32) by a real orthogonal transformation.
On the other hand, observe that in principal coordinates a two
degree-of-freedom system under consideration has the canonical
(simplest) form

p+php+vhp+Ap=0 (36)

where p is a two-dimensional real vector of principal coordinates,
A =diag(Ay, A2) and 4y, 45, v and f are real numbers.

Suppose now that Rank(G) = 2m < n and that a transformation
(5) decomposes the system (1) into independent subsystems, each
of which has no more than two degrees of freedom. In this case,
in view of the above observation, we can assume that the trans-
formed system has the following form

p+Tp+Np+Ap=0 (37
with
A =diag(Ai, Aoy ..., Ay) (38)
T =diag(p,J2, ..., BJ2s On_om) (39)
and
N =diagw\Ja, ..., vy2J2) for n even (40a)
=diag(viJs, ..., Vu-1)2J2, 0) for n odd (40b)
where 4;, v; and ﬁj are real numbers with ﬁj #0,j=1,...,m.

We note that (37) describes a set of independent, uncoupled (real)
subsystems of at most two degrees of freedom.

Result 1. LetK =K', N =—-NT, G=—G" and Rank(G) =2m < n.
The necessary and sufficient conditions for (32) to be transformed to
(37) with A, T and N as in (38)—(40) using a real orthogonal
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transformation are

[G,N)=0,[K, GN]=0 (41)
K, G*1=0,[K, GKG] =0 (42)

and
[K, N*1=0,[K, NKN]=0 (43)

Proof. Using an orthogonal transformation x = Qp in (32) and mul-
tiplying from the left by Q7 gives

p+0"GOp+Q"Nop+Q"KQp=0
The theorem states that an orthogonal matrix Q exists, such that
0'KQ=A,0"GQ=T,0"NQ=N

where A, I" and N are as in (38)—(40), if and only if conditions
(41)—(43) are satisfied. ]

Note that the uncoupling conditions (41)—(43) trivially hold (dis-
appear) in the following three cases: G=N =0, K=G=0 and
K =N =0. In the first case, as well known and previously men-
tioned in the Introduction, the system can be transformed to the
completely uncoupled form p + Ap =0. In the second and third
cases the system can be reduced to the forms p+Np =0 and
p+T'p=0, respectively. If N =0, Result 1 gives necessary and
sufficient conditions for the quasi-diagonalization of conservative
gyroscopic systems obtained earlier in Ref. [4].

Remark 6. The roles of G and N can be interchanged in
Result 1, as well as in other results of this section. Thus,
when Rank(N)=2m < n then the conditions in (41)—(43), in
which the symbols G and N are interchanged, are necessary
and sufficient for (32) to be transformed using a real orthogonal
transformation to (37) with

A= diag(ll, /12, ey ln)

I'=diag(p,Ja, ..., Pyrt2) for n even

=diag(pi )2 ..., Pu_i1)2J2, 0) for n odd
and
N =diag(v1Ja, . .., UnJ2, Op_om)
where ﬁj and v; are real numbers with v; #0, j=1,...,m.

Remark 7. Conditions in (41)—(43) are equivalent to the symmetry
of the following set of matrices

GN, KGN, KG?,(KG)?, KN?, (KN)?
as well as to the symmetry of GN and the pairwise commutation of
the matrices
K,GN,G*,N*, GNG, NKN
Remark 8. Consider the case when one of the two
skew-symmetric matrices G or N is nonsingular. For definiteness,

let us say that N is nonsingular. Then from Remarks 5 and 6, the
four conditions

[G, N1=0,[K, GN]=0,[K, N*]=0,[K, NKN] =0
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are necessary and sufficient for system (32) to be transformed by a
real orthogonal change of coordinates to (37) with the matrices

A =diag(A, A2y ..., An)
I' =diag(pJ2, ..., p,J2),and
N =diagwJa, ..., Unt2)
where /J’j and v; are real numbers with v; # 0, j=1,..., m. System

(32) then uncouples into m=n/2 independent two-degree-
of-freedom subsystems each of which, in general, is a gyroscopic
circulatory system.

On the other hand, if G is nonsingular conditions (41) and (42)
are necessary and sufficient for system (32) to be transformed by
a real orthogonal transformation to (37). The matrices A, I', and
N have the same structure as above except that now f; and v; are
real numbers with ﬁj #0,j=1,..., m. This again leads to m =
n/2 independent two-degree-of-freedom subsystems, as before.

When 7 is odd then the uncoupled system has at least one single
degree of freedom potential subsystem.

Remark 9. The above result regarding uncoupling of the MDOF
system can be directly applied to gyroscopic circulatory systems
that are forced. Namely, the necessary and sufficient conditions
for the equation

X+ Gx + Nx+ Kx=f£(1),

where K =K', N=-NT, G=—-G", Rank(G)=2m < n and the
external force n-vector f(t) =[ f1(t), /(?), ... ,f,,(z)]T, to be trans-
formed to

p+Tp+Np+Ap=gt)=:0"f(t)

with A, I" and N as in (38)—(40) using a real orthogonal transforma-
tion x = Qp are conditions (41)—(43).

Let us illustrate Result 1 and Remark 9 with the following two
examples.

Example 1. Consider a four-degree-of-freedom system subjected to
the external force n-vector f(¢), as described above, in which

M1 -05 0 0 o o0 2 =2
-0.5 1 0 0 0o 0 -2 2
K= ,G= )
0 0 1.25 0.75 -2 2 0 0
L O 0 075 125 2 =2 0 O
ro 0 1 0
0 0 01
N =
-1 0 0 0
L0 -1 0 O
(44)

To check if the six commutation conditions (41)—(43) are satis-
fied, we use Remark 7. We obtain:

-2 2 0 0
2 =2 0 O .
GN = 0 0 -2 2 =NG, ie., [G,N]=0;
o o0 2 =2
-3 3 0 0
3 -3 0 O .
KGN = 0 0 -1 117 GNK, i.e.,[K, GN]=0;
o o0 1 -1
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transformed by a real orthogonal transformation into two indepen-

[-12 12 0 0 dent two-dimensional subsystems. Indeed, one easily verifies that
kcr=| 12 120 0 _ p. K. G*] = 0: the orthogonal coordinate transformation x = Qp, where
0 0 -4 4 R ’
| O 0 4 -4 1 0 10
0= 1]1-1t 0 10
-6 6 0 0 V200 1 01
- -1 1
(KG)* = 8 06 06 2 =(GK)%,i.e.,[K, GKG] = 0; 0
0 0 6 —6 decomposes the system into two independent, uncoupled
- two-degree-of-freedom subsystems described by
-1 0.5 0 0 R o 117 0 1 s
D1 Py pi -P1
05 -1 0 0 | +4 |+ +
KN? = =N’K.ie., [Pz] [—1 0][192} [—1 0][172] [05172]
0 0 -125 -0.75
0 0 -075 -125 =L[ﬁ(’) _ﬁ(’)]
L . : V2L B0 = fa0)
[K, N’]= 0; and,
and
[—0.875 -0.125 0 0
X —0.125 —-0.875 0 0 [P%]+|: 0 1i||:P3:|+|:0-5P3i|=i|:f1(f)+fz(f)i|.
(KN)" = 0 0 0875 —0.195 Pa -1 0[] pa 2p4 2L A0+ @)
L O 0 -0.125 -0.875

= (NK)*,ie. [K, NKN]=0

Thus, conditions (41)—(43) of Result 1 are satisfied, and taking
into account that detN # 0, the system in this example can be

Example 2. We consider a nine-degree-of-freedom system that is
subjected to an external force n-vector f(¢) and that is described
by the matrices (for brevity, the numbers shown below are correct
to 4 decimal places)

[ 7.1032 —-0.1111  -0.1111 -0.3968 —0.5635 —-0.5635 —1.0635 —1.3968 —1.8968
—0.1111 1.8889 -0.1111  -0.1111 -0.1111 -=0.1111 -=0.1111 -=0.1111 -=0.1111
—-0.1111  —=0.1111 1.8889 -0.1111 -0.1111 -0.1111 -0.1111 =0.1111 —-0.1111
—-0.3968 —0.1111 —0.1111 3.6032 —0.3968 —0.3968 —-0.3968 —0.3968 —0.3968

K=] -0.5635 -0.1111 -0.1111 -0.3968 4.4365 -0.5635 -0.5635 —-0.5635 —0.5635
—-0.5635 -0.1111 —=0.1111 -0.3968 —0.5635 4.4365 —-0.5635 —0.5635 —0.5635
-1.0635 -0.1111 —=0.1111 -0.3968 -—0.5635 -0.5635 5.9365 —1.0635 —1.0635
-1.3968 -0.1111 —=0.1111 -0.3968 —-0.5635 -—0.5635 —1.0635 6.6032  —1.3968

| —-1.8968 —-0.1111 —0.1111 -0.3968 -0.5635 —0.5635 —-1.0635 —1.3968 7.1032 |

B 0 —-0.7071 —0.2887  0.2887 0 0 0 0 0 ]

0.7071 0.0000 0.7071 0.7071 0.7071 0.7071 0.7071 0.7071 0.7071
0.2887 —0.7071 0 —1.7321 0.2887 0.2887 0.2887  0.2887 0.2887
—-0.2887 —-0.7071 1.7321 0 —0.2887 —0.2887 —0.2887 —0.2887 —0.2887
G= 0 —-0.7071 —0.2887  0.2887 0 0 0 0 0
0 —-0.7071 —0.2887 0.2887 0 0 0 0 0
0 —-0.7071 —0.2887  0.2887 0 0 0 0 0
0 —-0.7071 —0.2887 0.2887 0 0 0 0 0
L 0 —-0.7071 —0.2887 0.2887 0 0 0 0 (U
and
0 0 0 0 06124 -0.6124 —-1.0607 1.0607 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
N=|-06124 0 0 O 0 2.4495 0 —-0.6124 -0.6124
0.6124 0 0 0 -2.4495 0 0.6124 0.6124 0.6124
1.0607 0 0 0 0.6124 -0.6124 0 -2.1213 1.0607
-1.0607 0 0 0 0.6124 -0.6124 2.1213 0 —1.0607
L O 0 0 0 06124 -0.6124 -1.0607 1.0607 0 |

and a computation shows that conditions (41)—(43) are satisfied. The eigenvalues of K are {1, 2, 2,4, 5, 5,7, 8, 9}; they are not distinct,
since there are two eigenvalues with multiplicity 2. Also, the eigenvalues of G are {2i, — 2i, 2i, — 2i, 0, 0, 0, 0, 0}, and the eigenvalues of
N are {3i, —3i, 3i, —3i, 0,0, 0, 0, 0}; the non-zero eigenvalues of both these matrices are therefore not distinct. The rank of both G and N
is 4.
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The orthogonal matrix

(a9 ag a; as
ag —8(13 0 0
ag ag —Ta; 0
ag ag az —bag
O=|ay ag az as
ag ag ay de
ag ag ay dg
ag ag ay ae
| do ag ay dg

where a9=1/3 and a;=1//(j+/»), j=1,2,..

neously quasi-diagonalized K, G, and N, and gives

., 8, simulta-

A=diag(1,2,2,4,5,5,7,8,9),
I' =diag(2J>, —2J,,0,0,0,0,0)
and
N =diag(0, 0, 0, 0, 3J2, — 3/, 0)
so that the forced system with these matrices K, G, and N uncou-

ples into the following four independent two-degree-of-freedom
subsystems, and one independent single-degree-of-freedom subsys-

tem:
P 0 21| b LOfl p|_|&a®
EI R FA R PR b
B3I G -
D4 2 0] P4 0 4] pa ga(0)
[ﬁ5]+ [ 5 3][175]:[5750)]
Pe -3 5]Lps g6(0)
|:i77i| + [7 —3][P7] =|:g7(t)]
Ds |3 8| ps gs()
and
Py + 9p9 = go()
where
[81() &) g0 ga®) g5 gﬁ(t)g7(l)g8(t)g9(t)]T= 0'f()
with
12
si0=3)_ O, 80=- \/_fz(l)+1/2_ > o
J=1 j=1j#2
ga<r>——£f3(t>+£Zf<z>
1#23
g4(t)=_ff4()+f Z £
/#234
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as ay as ay a) 7

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
—5as 0 0 0 0

as —4ay 0 0 0

as ay —3a3 0 0

as ay as —232 0

as ay as ay —day

9
gs(t) = —@fs(m@ PRI0)

6 j=1
#2345
25 V5
g = _—fé(t)"‘ﬁ fi®
j=1,7.8,9
V3 V3
g0 ==""HO+== D f®
j=1.89
V6 V6
g8(0) = =)+ > fi(),and
j=1,9
V2
go(t) = > (i@ = fo()
CoroLLARY 2. Let K=K', N=-N', G=-G" and
Rank(G) =2m < n. If the matrices K, N and G, commute pairwise,

ie.,

[K,N]=0,[K, G]=0,[G, N] = (45)

then there exists a real linear change of coordinates that transforms
(32) to the form (37) with

A=diag(/11127-‘-,lm12, j'2m-+-17~~-, j-n) (46)
F=diag(ﬂ1‘]27~ ) ﬂsz, 0n72m) (47)
and

N =diag(v1J2, ..., vnj2J2) for n even (48a)
=diagw1Ja, ..., Vu-1)2J2, 0) for n odd (48b)
where J;, vj, and ﬁj are real numbers and ﬁj #0, j=1,....,m. If
m< [n/2]-the integer of n/2, then for any vy #0,

A2kt = domsok kK € {1,..., [n/2] —m)].

Proof. If the matrices K, N and G commute pairwise, then the con-
ditions in (41)—(43) are satisfied, and, according to Result 1, there
exists a real orthogonal transformation Q which transforms (32)
to the form given in (37)-(40). Moreover, the first two condi-
tions in (45) correspond to the conditions [A, N]=0 and
[A,I1=0. The condition [A,I']=0 requires A, =4y, A3=
A4y ..o, dam—1 = Aom because f; # 0. If m <[n/2] and v # O for
some k € {1,..., [n/2] —m}, the condition [A, N] = 0 additionally
requires Aop4ok—1 = A2m+2k- m
We illustrate this result in the example below.

Example 3. Consider an 11 degrees of freedom system that satisfies
the conditions in (45) so that a real orthogonal matrix Q exists that

Transactions of the ASME



simultaneously quasi-diagonalizes K, G, and N, and the matrices
A, T, and N for the system are given by

A =diag(Ay, ..., 211), " =diag(J>, J>, 07), and
N = diag(OJz, 2]2, 4.]2, OJZ, Jz, 0)

where 07 is the 7by7 zero matrix. The non-zero f/s in I' are
p1 =P, =1, and the non-zero v/sin N are v, =2, v3 =4, and vs =
1. Since n =11, [n/2] = 5. Also, the rank of I" is 4, so that m =2,
and we find that m < [n/2]. Then the condition that [A, I']=0,
requires that A, =4, and A3 = A4. Next, from N we see that the
values of k for which v, # 0 are the set {1,3}. The condition
[A, N] =0, then requires that Ay,42x—1 = Aok for k € {1, 3}.
That is, 45 = ¢, and A9 = A;9. We note that the commutation condi-
tions impose no restrictions on the remaining 4;'s, namely, on 17,
ﬂ,g, and )»11.

Remark 10. The pairwise commutation of K, G, and N given in
conditions (45) in Corollary 2 ensures that the conditions in
(41)—(43) are all satisfied. However, the reverse is not true, i. e.,
(41)—(43) does not imply (45). This is because the set of matrices
{K, G, N} that satisfy (41)—(43) is much “larger” (has higher cardi-
nality) than the set that satisfies (45). As a simple example, when
n=2, all 2 by 2 matrices K, G, and N satisfy conditions
(41)—(43), while the satisfaction of (45) restricts the matrix K to
being proportional to the identity matrix.

According to Lemmas 4-6, the following Result is a direct con-
sequence. It covers situations commonly found in real-life systems
that are widely encountered in aerospace, civil, and mechanical
engineering.

Result 2. Let K=K', N=-NT, G=-G* and Rank(G)=2m.
Then (32) can be reduced to (37) with A, I" and N as in (38)—(40)
using a real orthogonal transformation

(a) When the eigenvalues of the potential matrix K are distinct,
and if and only if

[K, GN1=0,[K, G’ =0,[K, GKG] =0, [K, N°] @)
=0, [K, NKN]=0;

(b) When the nonzero eigenvalues of the skew-symmetric matrix

G are distinct, and if and only if
[G.N]=0,[K, G*]=0,[K, N°’] =0, [K, NKN] = 0;  (50)
(c) When the nonzero eigenvalues of G are distinct, the nonzero
eigenvalues of N are distinct, and if and only if
[G, N1=0,[K, G*]=0,[K, N*] =0; (51)
(d) When the nonzero eigenvalues of G are distinct, the nonzero
eigenvalues of N are distinct, the eigenvalues of K are dis-

tinct, and if and only if

[K,GN1=0,[K,G*]=0,[K,N*]=0 m  (52)

We notice that when the matrices K, G, and N have certain char-
acteristics related to their eigenvalues, the number of necessary and
sufficient conditions for their simultaneous orthogonal quasi-
diagonalization reduces. Indeed, going back to Example 1, we
find that the nonzero eigenvalues of G are distinct, and hence we
needed to check only for the four conditions (50).

According to Remark 5 under the four conditions (41)—(42),
system (32) with Rank(G) = 2m can be reduced by a real orthogonal
change of coordinates into m independent two-dimensional subsys-
tems and one (n — 2m)-dimensional positional (non-gyroscopic)
system. Moreover, if 2m >n -2, (41)-(42) imply (43), i. e.,
these conditions are necessary and sufficient for (32) to be orthog-
onally transformed to the form (37)—(40). In particular, this would
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be true when G has full rank. Therefore, we have the following
result.

Result 3. Let K=K', N=-NT, G=-G' and Rank(G)=
2m > n — 2. Then (32) can be reduced to (37) with A, I" and N as
in (38)—(40) using a real orthogonal transformation

(a) If and only if
[G. N1=0,[K, GN1=0,[K, G*]=0,[K, GKG] =0; (53)

(b) When the eigenvalues of the potential matrix K are distinct,
and if and only if

[K, GN]=0,[K, G| =0,[K, GKG] =0;  (54)

(c) When the nonzero eigenvalues of the skew-symmetric matrix
G are distinct, and if and only if

[G,N]=0,[K,G*]=0. = (55)

Since matrices with repeated eigenvalues are non-generic, in

many applications to physical systems in aerospace, civil, and

mechanical engineering, the eigenvalues of G will be distinct.

Hence, when n — 2m < 2, just the two commutation conditions in

(55) would suffice for a real orthogonal matrix Q to exist such
that (32) can be reduced to (37).

Example 4. Consider the four-degree-of-freedom system described
by (32) in which

245 -04 -045 -0.85
K= -04 16 -04 0
-045 -04 245 0.85 |
L-085 O 0.85  2.05
[0 =5 -2 -4 0 0 2 -1
Go 5 0 =5 =2 N= 0O 0 O 56)
2 5 0 -4 -2 0 0 -1
14 2 4 0 1 =21 0

The spectrum of G is { +3+/2i, +6+/2i} and we can apply
Result 3-c. We obtain

0 2 -1 -2
2 1 2 0 .
GN=4| °| 5 o o |=NG.ie.,[G,NI=0,
20 2 -1
and
~13.6 -1.6 72 92
vl 16 -8 16 0 |_ .. 2
KG=91 75 _16 -136 —9n |TCOKIeIKGI=0.
92 0 -92 -116

We see that all conditions of Result 3-c are satisfied and the
system (32), (56) can be transformed by a real orthogonal transfor-
mation into two independent two-dimensional subsystems. Indeed,
the orthogonal coordinate transformation x = Qp, where

1 =1/v/2 1 —1/42
Q_L -1 0 0 =2
V31 12 -1 -1V2
0 =2 -1 0

transforms the system into the following uncoupled form that has
two independent two-degree-of-freedom subsystems

[l o]l o]l [
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231 4+672 3 -v2 + =0.
|:P4i| |:—1 0:||:P4] |:—1 0] ps 1.2p4

By using (33)~(35), taking into account that the elgenvalueslof
the matrices G, N and K are same as of M~ G, M N and M K
respectively, the Results for the system described by (32) can be

translated for (1) as follows.

Result~ 4 Let M =1\7IT >0, K= kr, N= —]VT, G= —GTand
Rank(G) =2m. The necessary and sufficient conditions that the
system described by (1) can be transformed by a linear change of
coordinates to the one given in (37)-(40) are that

1~ ~

N=Ni

GM G RGN =Gar Nk (57)
k' G G =Ga Gk, R G = (G R

(58)
and

K NMC N = N v R, (ki BT = (Vv R
(59)

Result 5. Let =" > 0, K =I~(T, N= —NT, G= —GTand
Rank(G) = 2m. Then (1) can be reduced to the (37) with A, " and
N as in (38)—(40) using a real change of coordinates

(a) When the eigenvalues of the matrix 'R are distinct, and if
and only if the following five conditions are satisfied

ki ' Gir ' N =Gar Nk (60)

Kot Gt G = G Gk, (kb Gy
= (G ki, 61)

PN U VP I VI [PV VRS [PV [PV J N

Ko ' N N = N N R (kv A
= (NI kA 62)

(b) When the nonzero eigenvalues of the matrix M _1G are dis-
tinct, and if and only if the following four conditions are sat-
isfied

GM™'N=NM"'G kM G G=GM'GMT'R - (63)

K 'Nar' N = N N & (ki N
= (NA R (64)

. ~ 1 .
(c) When the nonzero eigenvalues of M G are distinct, the

. ~ -1 . .
nonzero eigenvalues of M N are distinct, and if and only
if the following three conditions are satisfied

(65)

. ~ -1 .

(d) When the nonzero eigenvalues of M G are distinct, the
. ol . .

nonzero eigenvalues of M N are distinct, the eigenvalues

of MK are distinct, and if and only if the following three
conditions are satisfied

Ko ' G N =G Nk (66)
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K. (67)

Result_6. LetM=M' >0, K=K, N=-N', G=-Gand
Rank(G) =2m > n — 2. Then (32) can be reduced to (37) with A,
I"and N as in (38)—(40) using a real change of coordinates

(a) If and only if

NG ke

Gk "G ' N=GMT ' N R (68)

o~ ]~

GM N=

S S

kG G =G G K(KM "Gy

= (GM ki (69)

(b) When the eigenvalues of the matrix MK are distinct, and if
and only if the following three conditions are satisfied

Ko Ga N = G N & (70)
K Gir' 6 = 6o Gar 'k, (ki Gy
= (Ga k'Y, (71)

(c) When the nonzero eigenvalues of the matrix MG are dis-
tinct, and if and only if the following two conditions are sat-
isfied

50 4 13 -3 14
M=|0 4 0|, K=|-3 10 3 |,
4 0 5 14 3 13
0 2 0 0 -4 0
N=|-2 0 2|,G=|4 0 -4 (73)
0 -2 0 0 4 0

Observing that any three-dimensional nonzero skew-symmetric
matrix has distinct eigenvalues and that in this example
N = —-0.5G, we see that the uncoupling conditions (72) reduce to
the single condition

Kb'Gu ' G =G G k.

Now we first calculate

s o
=gl 0 225 0
-4 0 5
and then
16 -1
kMG 'G=4] 6 20 —6 | =®&M 'GM G
-1 -6 1
=G 'Gm 'k

and, according to Result 6-c, there exists a change of coordinates
q = Pp that decomposes system (1), (73) into two independent sub-
systems: one with two degrees of freedom and another with a single
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degree of freedom. Indeed, the transformation ¢ = Pp with

3 1 1

«/122 «/131 32
P=| — ——— 0

V22 2/11

3 11

V2 V1T 32

reduces system (1), (73) to the form
P (U I 0 -1|| p —2p;
T 422 L +V2 + =0
[Pz] [—1 0][1’2] |:1 0 || p2 3.5p>
p3+3p3=0.

4 Uncoupling of Systems Through Imposition
of Structure on the Skew-Symmetric Matrix N

Consider now a special form of the circulatory matrix N in (32)
given by

n—1 m—1

N=-N"=>">"a,K'G**'K" (74)
r=0 s=0
where a,; are real numbers, and Rank(G) = 2m.
The form of this series includes expressions for N like,
m—1
N=) a,G*" (75)
s=0
and
N = bsK2S+1 G2S+1K2.Y+1 (76)

5s=0

as well as simpler sums made up of a few terms, for example

N =ayG + a1 KGK + a;KG’K

Result7. LetK =K', N=—-NT, G = -G and Rank(G) =2m < n.
If and only if

[K,G*1=0 (77

and

[K, GKG] =0 (78)

there exists a real orthogonal coordinate change x = Qp that decom-
poses (32) with the circulatory matrix of the form given in (74) into
m independent, uncoupled two-degree-of-freedom subsystems, and
n—2m independent, uncoupled single-degree-of freedom subsys-
tems given by

p+Tp+Np+Ap=0 (79)
where
A=diag(Ay,..., i) (80)
I' =diag(p\Ja, .. .. Btz On—om) (81)
and the circulatory matrix
N=diagw\Ja, ..., Vw2, Op_om) (82)
with
n=1 m=1
y=> > (= DanfP A Mj=1,....m  (83)

r=0 s=0
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Proof. Using the orthogonal transformation x=Qp in (32) and
multiplying from the left by Q7 gives

p+0"GOp+Q"'NQOp + Q"KQp =0.

It follows from Lemma 1 (see Remark 1) that an orthogonal
matrix Q exists, such that QTKQ = A and Q"GQ =T, where A
and I' are as in (80) and (81) if and only if conditions (77)
and (78) are satisfied. Now, because of (74), it follows that ' NQ =
N has form (82)—(83), since

QTKI‘GZS+1KVQ — AVF25+1AF
= (= )’diag(B=' 2250, ... .,

2s+1 qr r
ﬂm ﬂZm—M’ZmJZ, On—2m)-

L]
CoROLLARY 3. Let K=K, N=-NT, G=-G"and Rank(G)=
2m < n. Suppose that all nonzero eigenvalues of the matrix G are
distinct. If and only if
(K. G*1=0 (84)
there exists an orthogonal coordinate change x = Qp that decom-
poses (32) with the circulatory matrix of the form given in (74)
into m independent, uncoupled two-degree-of-freedom subsystems,
and n—2m independent, uncoupled single-degree-of freedom sub-
systems given by (79)—(83).

Proof. If all nonzero eigenvalues of the matrix G are distinct then,
according to Lemma 4, [K, G*1=0 implies [K, GKG] =0, and the
Corollary follows from Result 7. n

Although the series form given in (74) for the circulatory matrix
N is quite versatile since the real coefficients a,, are arbitrary, it does
not cover all matrices N that allow quasi-diagonalization of the
system described by (32). For example, when K =A and G=T
as in (80) and (81), respectively, and N = diag(0,,,, N) where N
is a nonzero (n — 2m)-dimensional quasi-diagonal skew-symmetric
matrix, then the matrix N cannot be expressed in the form (74).
Therefore, (74) and the commutation conditions (77) and (78)
suffice for a real orthogonal matrix Q to exist so that the real trans-
formation x = Qp decouples the system described by (32) into inde-
pendent subsystems of at most two degrees of freedom, although
when N has the form (74) these commutation conditions are neces-
sary and sufficient for quasi-diagonalization of the system. We will
show in the following analysis that if the skew-symmetric matrices
G and KGK are simple (i. e., they have distinct eigenvalues)—a
situation that commonly arises in applications—then each matrix
N that allows quasi-diagonalization of the system is expressible in
the form (75) and (76), respectively.

Suppose that all eigenvalues of G are distinct and that there exists
a real orthogonal matrix Q such that QTKQ = A, QTGQ =T, and
OTNQ =N, where A is diagonal,

U'=diag(p,J2, ..., PnjrJ2) when n is even (85a)
=diag(f1Ja, ..., Pu-1)2J2, 0) when n is odd, (85b)

and
N =diagw\Ja, ..., UynJ2) when nis even (86a)
=diag(v1Ja, . .., Vu-1y2J2, 0) when n is odd, (86b)

in which the §;'s are nonzero real numbers and v;'s could be arbi-
trary real numbers. From Corollary 3, the matrices K = QAQ”
and G=Qr Q" satisfy (84) (and automatically (78) since all
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eigenvalues of G are distinct). Now consider the equation

m—1
N = § as 1—*25+l
5s=0

87)

where m =n/2 and m = (n — 1)/2 for n even and odd, respectively,
and I', and N are as in (85) and (86). Upon expansion, taking into
account that J3**! = (= 1)*J3, (87) is equivalent to

m—1
14 2 .
—= a(=p),i=1,....m (88)
2
or, in matrix form
Vla =Dl(3 (89)
with  a=lap, ar,...,au1".  c=[v,va.. . D=
diag(1/p,, 1/p,. ..., 1/B,,) and V; is the Vandermonde matrix of
the scalars — %, —ﬂ%, A —ﬂ,zn, i.e.,
m—1
1 —p (=D 1
vi=|1 -5 (=55
1A )"

whose determinant is given by

detA= [T 5 -4

1<j<k<m

Because g # p; for k # j, the matrix V) is nonsingular so (89) has a
unique solution. Thus, if all eigenvalues of the matrix G are distinct
then any skew-symmetric matrix N which allows orthogonal quasi-
diagonalization of system (32) can always be expressed in the form
(75).

The case when all eigenvalues of the skew-symmetric matrix
KGK are distinct can be treated similarly.

The equation

m—1
N= Z bsA2S+ll—*25+lA25+l
s=0

(90)

where A, I', and N are same as above, is equivalent to the equation

V2b=D26 (91)
with  b=1[bg, b1,..., buat1', c=lvi,va,...,unl", Dr=diag
(1/6], 1/0’2, ey l/Um), Oj zﬁj}Qj—lej 75 0, j= 1, s, m, and V2
is the Vandermonde matrix of the numbers —(7%, - (T%, o, = a%,,

which is nonsingular since o} # o; for k # j. Note the fact that all
the numbers o; are nonzero. That they are distinct, follows from
the assumption that the matrix KGK is simple. Therefore the
matrix V, is nonsingular and equation. (91) has a unique solution.
We therefore conclude that if the eigenvalues of the matrix KGK
are distinct then any skew-symmetric matrix N that allows orthog-
onal quasi-diagonalization of system (32) can always be expressed
in the form (76).
Now we have the following two results.

Result 8. When all the eigenvalues of the skew-symmetric matrix G
are distinct, then the conditions given by (75) and (84) are necessary
and sufficient for quasi-diagonalization of (32) using an orthogonal
coordinate transformation.

Result 9. When all the eigenvalues of the skew-symmetric matrix
KGK are distinct, then the conditions given by (76)—(78) are neces-
sary and sufficient for quasi-diagonalization of (32) using an
orthogonal coordinate transformation.

Let us go back to Example 4. In that example, all the eigenvalues
of the skew-symmetric matrix G are distinct, and so the system can
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be quasi-diagonalized by an orthogonal transformation as we have
shown earlier. In addition, from Result 8 the skew-symmetric
matrix N can be expressed in the form (75). More precisely, it is
easy to verify that

17 5
—G+—0G>.

N= 324

T

Remark 11. The roles of G and N can be interchanged in the above
results starting with (74).

We return to Example 1 to illustrate this Remark. For the matrices
K and N from (44) we have

0o 0 7 1
1o o 1 7
KNK=5127 -1 0 o
-1 =7 0 0

Now it is easy to see that the matrix G from (44) can be expressed as
G =16N — 16KNK

which is of the form (74) in which the roles of G and N have
been interchanged. Since [K, N’]=0 and [K, NKN]=0, as
we have shown earlier, then because of Result 7 in which the
matrices G and N are interchanged, the system of this example
can be orthogonally quasi-diagonalized. On the other hand,
o(KNK) = {x i, £0.75i}, i.e., the matrix KNK has all distinct
eigenvalues, and according to Result 9 (with G and N interchanged)
the matrix G can be expressed in the form

G =bKNK + b,K>N3K3.

We find that by = b, =256/21.

The sums (74)—(76) can be expressed in terms of the matrices M,
K, G and N of the original dynamical system (1) using (33)—(35),
and all the above statements obtained for the system described by
(32) can be translated for (1). For example, (75) becomes

. o~ 1.26-1) 5
=Y @G ©2)
=1

and the following result can be formulated.

Result 10. When the matrix # ' G has all distinct eigenvalues, then
the condition

kMG G=Gm Gk 93)
together with (92), is necessary and sufficient for quasi-
diagonalization of (1) using a real change of coordinates.

Example 6. Consider a three-degree-of-freedom system (1) with
nonzero matrix G. Since the matrix M G has distinct eigenvalues
and m = 1, it follows, according to Result 10, that the system can be
quasi-diagonalized by a real change of coordinates if and only if

N = a,G, where a; is a real number, and condition (93) is satisfied.

5 Conclusions

This paper develops a new central result in linear algebra that
identifies the necessary and sufficient (n&s) conditions for the
simultaneous quasi-diagonalization of two skew-symmetric matri-
ces and a symmetric matrix using an orthogonal congruence. This
result is used to quasi-diagonalize a linear gyroscopic nonconserva-
tive n-degree-of-freedom (MDOF) system described by a mass
matrix that is normalized to the identity matrix /, a gyroscopic skew-
symmetric matrix (G), a circulatory skew-symmetric matrix (N), a
potential symmetric matrix (K), with G multiplying the velocities
to give the gyroscopic force. Since any arbitrary stiffness matrix,
S, can be split into its additive symmetric and skew-symmetric
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parts as S =K + N, the paper addresses the uncoupling of gyro-
scopic systems with arbitrary (nonconservative) stiffness matrices.
Both forced and free vibrations of the MDOF system are
considered.

It is shown that a total of six n&s commutation conditions
between the three n by n matrices K, G, and N are needed for
their simultaneous orthogonal quasi-diagonalization. This simulta-
neous orthogonal quasi-diagonalization, which is achieved by a real
coordinate transformation through the use of a real orthogonal
matrix, yields a set of uncoupled, independent subsystems in
which each subsystem has no more than two degrees of freedom.
These n&s commutation conditions, of course, place restrictions
on the three matrices. When K has distinct eigenvalues, the
number of n&s commutation conditions reduce to 5; when the
non-zero eigenvalues of G(N) are distinct, they reduce to 4; and,
when the non-zero eigenvalues of both G and N are each distinct,
they reduce to 3. Recalling that it is generic to have distinct eigen-
values, many of these conditions are often met in real-life structural
and mechanical systems found in aerospace, civil, and mechanical
engineering. Because the behavior of a two-degree-of-freedom sub-
system is much simpler to understand than that of an MDOF system
with numerous degrees of freedom, the decomposition of an MDOF
system into such subsystems is useful in providing a better under-
standing of the MDOF system’s behavior as well as in providing
more accurate computational methods in the determination of its
response to external forces.

Furthermore, when the rank, 2m, of the skew-symmetric matrix
G(N) is such that n — 2m < 2, where #n is the number of degrees of
freedom of the MDOF system, then the number of n&s conditions,
for uncoupling the MDOF system into a set of independent subsys-
tems, each with at most two degrees-of-freedom by an orthogonal
coordinate change, reduces to four. This reduces to three n&s con-
ditions when the eigenvalues of K are distinct, and then further
down to just two n&s conditions when the non-zero eigenvalues
of G(N) are distinct.

In an effort to reduce the number of n&s conditions for simulta-
neous orthogonal quasi-diagonalization, we posit a specific form
for the matrix N(G) and show that the number of n&s commutation
conditions required reduces to just two. When N(G) has this posited
form and the nonzero-eigenvalues of G(N) are distinct a single n&s
condition permits the MDOF system to be decomposed into a set of
at most two degree-of-freedom independent subsystems. It is
shown that when all the eigenvalues either of the gyroscopic
matrix G(N) or of the matrix KGK(KNK) are distinct—a situation,
as mentioned before, that often occurs in real-life—, all gyroscopic
nonconservative multi-degree-of-freedom systems that can be
orthogonally quasi-diagonalized to yield uncoupled subsystems
of dimension two or less must have this posited form for their cir-
culatory matrix N(G).
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Appendix
LemMma 3. The four commutation conditions given in (15)—(17),
which are

[G,N1=0,[K, GN]=0,[K, G*] =0, [K, GKG] =0 (Al)

guarantee the remainder of the three pairwise commutation condi-
tions among the matrices

K, GN, G?, and GKG
given in (19).

Proof. We begin by noting that for any three n by n matrices, A, B,
and C, the following properties are true:

(a) [A, B]=—[B, A, and [A, B] =0 implies that [B, A] =0,
(b) [AB,C]=I[A, C|B+A[B,Cland [A, BC]=[A, B]C+BI[A, C]
(c) [A%, A]=0

Using (1) and properties (a)—(c), we next obtain:

[GN, G]1=GIN, G]+ [G, GIN =-G[G, N1+ [G, G]=0 (A2)

[GN, KG]=[GN, K]G + K[GN, G] = -[K, GN]|G

(A3)
+ K[GN, G]=0
We note that (A2) requires that only the first commutation condi-
tion in (A1) be satisfied and (A3) requires that only the first two
commutation conditions in (A1) be satisfied.
We now show the following three remaining commutators equal
to zero when (A1) is true. We will be using property (b) often.

(i) [GN, G*1=[GN, GIG+ GIGN, G]1=0

In the last equality, we have used (A2).

(ii) [GN, GKG]=[GN, GIKG + G[GN, KG]=0
To get the last equality we use (A2) and (A3).

(iii) [G?, GKG]=[G* GIKG + G[G*, KG]
= G[G?, KG] = G[G?, K1G + GK[G>, G]
= G[G?, K1G = -G[K, G*1G = 0.

We have used property (c) to get the second and fourth equalities.

We observe that (i) follows from the first commutation condition
in (A1), (ii) follows from the first two commutation conditions, and
(iii) follows from the third commutation condition in (A1l). ]
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