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ON THE QUASI-DIAGONALIZATION AND
UNCOUPLING OF DAMPED CIRCULATORY
MULTI-DEGREE-OF-FREEDOM SYSTEMS

Ranislav M. Bulatovié and Firdaus E. Udwadia

ABSTRACT. The decomposition of linear multi-degree-of-freedom systems with
damping, circulatory, and potential forces is considered through a real linear
coordinate transformation generated by an orthogonal matrix. Criteria are de-
rived that establish the conditions under which such a transformation exists,
allowing these systems to be decomposed into independent, uncoupled subsys-
tems, each with a maximum dimension of two. These criteria are expressed
in terms of the properties of systems’ coefficient matrices. Several numerical
examples are provided to demonstrate the analytical results.

1. Introduction

An interesting and long-standing topic in the dynamics of linear multi-degree-
of-freedom (MDOF) systems is the investigation of the possibility of decomposing
them into a series of mutually independent low-dimensional subsystems. It is well
known that the normal modes of a linear symmetric undamped MDOF dynamical
system constitute a modal matrix, which defines a real congruence transformation
(real change of coordinates) that diagonalizes (completely uncouples) the system.
Rayleigh [1] extended the use of normal mode analysis to a damped MDOF system,
in which the damping matrix is a linear combination of its inertia and potential
(stiffness) matrices. Caughey and O’Kelly showed in 1965 that such a symmetric
damped system can be uncoupled by modal analysis if and only if its damping and
potential matrices commute with respect to the inverse of its inertia matrix [2].
In this case, the system is said to be classically damped, and upon uncoupling,
such a system can be treated as a series of independent single-degree-of-freedom
subsystems. Rayleigh damping (proportional damping) is just a special case of
classical damping. Today, classically damped systems are frequently assumed in
the design and modeling of linear MDOF systems.
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The presence of gyroscopic and /or circulatory forces in an MDOF system makes
it asymmetric and the system cannot be completely uncoupled through the use of
a real congruence. The best that can be done is to uncouple the system into
subsystems each of which has at most two-degrees-of-freedom. This is what has
recently been accomplished for several categories of asymmetric MDOF systems
[3-6], and necessary and sufficient (né&s) conditions for their uncoupling have been
obtained. Because the behavior of a low-dimensional subsystem is considerably
easier 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 understanding of the MDOF system’s behavior as well as
in providing more accurate computational methods in the determination of its
response to external forces.

Systems of interest in this paper are linear MDOF systems described by the
equation

(1.1) M{+ D¢+ Kq+ Nq = f(t)

where M, D, K and N are n by n constant real matrices; M is  symmetric and pos-
itive deﬁmte (M MT > 0), D and K are symmetric, and N is skew-symmetric
(N = —-N . M is the inertia matrix, D, K and N correspond to damping, po-
tential, and circulatory (positional non- conservatlve) forces, respectively [7]. The
n-vector of generalized coordinates is denoted by ¢, f(t (t) is the external forcing vec-
tor, and the dots indicate differentiation with respect to time, t. The matrices
K and N can also be thought of as the symmetric and skew-symmetric additive
parts, respectively, of a given stiffness matrix. Since any arbitrary matrix can be
uniquely expressed as the sum of a symmetric and a skew-symmetric part, Eq. (1.1)
also describes a damped multi-degree-of-freedom system whose stiffness matrix is
arbitrary (non-symmetric). Systems modeled by Eq. (1.1) are found in various ar-
eas of physics and engineering (elasticity, fluid dynamics, rotor dynamics, controls,
plasma physics, etc.).

Our overall goal is to obtain n&s conditions for the system described by (1.1)
to be uncoupled so that a real change of coordinates ¢ = Pp where P is a real
nonsingular matrix, transforms it into a canonical (simplest) form that is max-
imally uncoupled. It was previously shown in [3] that gyroscopic conservative
systems can be uncoupled into at most two degrees of freedom independent sub-
systems when the appropriate two n&s conditions are met. Reference [4] extends
this result to damped gyroscopic MDOF potential systems wherein the symetric
damping matrix has a special form. Ref. [5] deals with developing the n&s con-
ditions for uncoupling MDOF potential systems with arbitrary damping matrices
through quasi-diagonalization, yielding independent subsystems with at most two
degrees of freedom. MDOF gyroscopic systems with arbitrary stiffness matrices
are considered in Ref. [6], and the n&s uncoupling conditions for such systems are
obtained. The dynamical system (1.1) considered in this paper does not belong
to any of the classes of systems considered in Refs. [3—6]; however, the approach
developed in [5] can be applied for uncoupling it, as shown below.
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The organization of the paper is as follows. In Section 2 some results in lin-
ear algebra are briefly presented, including a recent result on the simultaneous
quasi-diagonalization (the term that will be specified later) of a skew-symmetric
matrix and two symmetric matrices by means of real orthogonal congruence. This is
applied in Section 3 to develop the conditions for the decoupling of MDOF damped
circulatory systems by a real change of coordinates. Section 4 gives the conclusions.

2. Algebraic preliminaries

It is well known that for an n x n real skew-symmetric matrix NV there exists
an n by n real orthogonal matrix @ such that

(2.1) QTNQ = diag(vyJo, . .. ,Unj2J2) for m even
= diag(v1Ja, ..., V(n-1)/2J2,0) for n odd,

where Js is the two-dimensional skew-symmetric matrix

0 1
B[]
and some of the real numbers v; may be zero (see, for example [8, p. 65]). Further-
more, J3 = —I, where I5 is the 2 by 2 identity matrix.

The block-diagonal form of matrix (2.1), 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 symmet-
ric matrix is, of course, a diagonal matrix consisting of its eigenvalues along the
diagonal. We note that if Rank(N) = 2m (the rank of a skew-symmetric matrix
must be even), then m of the v; are nonzero. The two-dimensional blocks appearing
along the diagonal of matrix (2.1) 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

(2.2) QTNQ =N = diag(viJa, ..., vmJ2, On_2m),

where the real numbers v; # 0, j = 1,...,m, and 0,_2,, is an (n — 2m) by
(n —2m) zero matrix. The nonzero numbers v; correspond to (complex) conjugate
pairs of purely imaginary eigenvalues of N, namely,+v;i, i = /—1, with the zero
eigenvalue of N having a multiplicity of (n — 2m). Note the distinction between
N and N in (2.2): N is a real skew-symmetric matrix, while N is a quasi-diagonal,
skew-symmetric matrix whose structure is given in (2.2).

The following assertion plays a key role in our further considerations.

THEOREM 2.1. Let K = KT, D = DT and N = —NT be n x n real matrices,
and let be Rank(N) = 2m. Necessary and sufficient conditions for a real orthogonal
matriz Q to exist such that

(2.3) QTKQ = A = diag(\1,...,\n), and
(2.4) QTDQ = A = diag(6y,...,6,), and

(2.5) QTNQ =N = diag(viJa, . .., VmJ2, On_2m),
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are that the following seven commutation conditions be met:

(2.6) [K,D] =0,

(2.7) [K,N? =0, [K,NKN]=0,
(2.8) [D,N?] =0, [D,NDN]=0,
and

(2.9) [K,NDN] =0, [D,NKN]=0,

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

PRrROOF. The proof of this theorem is given in Ref. [5]. O

When the matrices K, D and N can be reduced to the forms (2.3)—(2.5) by
a real orthogonal congruence, we shall say that these matrices are simultaneously
quasi-diagonalized by the real orthogonal matriz Q, or simultaneously orthogonally
quasi-diagonalized, for short.

REMARK 2.1. Conditions in (2.6)—(2.9) are equivalent to the symmetry of the
following set of matrices

KD, KG? DN? (KN)?>, (DN)>, KNDN, DNKN.

REMARK 2.2. It can be verified by direct computation that the six conditions
in (2.7)—(2.9) are satisfied when n = 2 and [K, D] = 0.

The following statement, which was obtained earlier in [9] (see also [3] and [10]),
follows directly from Theorem 2.1.

COROLLARY 2.1. Let K = K” and N = —NT be n by n real matrices, and
let be Rank(N) = 2m. Necessary and sufficient conditions that there exists a real
orthogonal matriz Q such that QT KQ and QT NQ are such as in (2.3) and (2.5)
respectively, are that

(2.10) [K,N?] =0
and
(2.11) [K,NKN]=0.
ProoF. Application of Theorem 2.1 with D = 0 gives the result. O

REMARK 2.3. When conditions (2.10) and (2.11) are satisfied, then
[KI, NKFN] =0,

where j and k are non-negative integers. Indeed, under conditions (2.10) and
(2.11), according to Corollary 2.1, there exists a real orthogonal matrix @ such
that K = QAQT and N = QNQT with A and N as in (2.3) and (2.5), respectively.
Then [K7, NK¥N] = Q[A/,NA*N]QT = 0 because A7 and NA*N are diagonal

matrices.

We give the following three lemmas next, which will be used later.
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LEMMA 2.1. Let K = KT and N = —N7T be n by n real matrices. If all the
nonzero eigenvalues of the skew-symmetric matriz N are distinct, then the condition

[K,N?] =0
implies the condition
[K,NKN]=0
PROOF. See [3]. O

LEMMA 2.2. Let K = KT, D =DT and N = —N7T be n by n real matrices. If
all the nonzero eigenvalues of the skew-symmetric matriz N are distinct, then the
three conditions

(2.12) [K,D] =0, [K,N*=0, [D,N}=0,
imply the conditions
(2.13) [K, NKN]=0, [D,NDN]=0,
and
(2.14) [, NDN]=0, [D,NKN]=0.
PROOF. See [5]. O

LEMMA 2.3. Let K = KT, D = DT and N = —NT be n by n real matrices. If
all eigenvalues of the symmetric matrix K are distinct, then the conditions

(2.15) [K,D]=0, [K,N*=0, [K,NKN]=0,
imply the conditions
(2.16) [D,N?*] =0, [D,NKN]|=0, [K,NDN|=0 [D,NDN]=0.

PrOOF. Since K and D commute and the matrix K has all distinct eigenvalues,
the matrix D can be expressed in the polynomial form

n—1
D=> a;K,
3=0
where a; are real numbers [11]. Then we obtain

n—1
[D,N?| = Zaj K’,N?, [D,NEN]=> a;[K', NKN],

7=0
n—1 ‘
[K,NDN] = a;[K, NK’N],
j=0
and
n—1
[D,NDN]= > ajax[K/, NK*N].
7,k=0

From this, in view of Remark 2.3, we get (2.16). O
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3. Uncoupling of damped circulatory systems

We begin with the observation that the change of coordinates ¢ = M*I/Qgc,
where M~1/2 denotes the inverse of the unique positive definite square root of M,
transforms (1.1) to the simpler form

(3.1) i+ Di+ Kz + Nx = f(t),
where

(3.2) D=DT=M"2DM~Y/?,
(3.3) K=KT=M"1'2KM~'/2
(3.4) N=—-NT=MY2NM—1/2
and

(3.5) Ft) = M2 f(t).

The systems described in (1.1) and (3.1) are equivalent and we will focus mainly
on (3.1) in the subsequent analysis. We shall refer to the matrices D, K, and N as
the damping matrix, the potential matrix, and the circulatory matrix, respectively.

REsuLT 3.1. Consider the system described in Eq. (3.1) in which Rank(N) =
2m. Then conditions

(3.6) [K,D] =0

(3.7) [K,N?]=0 [K,NKN]=0,
(3.8) [D,N?|=0 [D,NDN]=0,
(3.9) [K,NDN]=0 [D,NKN]=0,

are necessary and sufficient conditions for Eq. (3.1) to be transformed by an or-
thogonal change of coordinates x = Qp to the equation

(3.10) P+ Ap+ Ap+Np = Q7 f(2)

with

(3.11) A = diag(dy, ... ,0n),

(3.12) A =diag(A1, ..., ),

and

(3.13) N = diag(v1Ja, . .., vmJ2, 0n_am),

where 65, Aj, and v; are real numbers with v; #0, j =1,...,m.

PRrROOF. Using the real orthogonal transformation z = Qp with QTQ = I,
Eq. (3.1) after multiplication from the left by Q7 becomes

B+QTDQp+QTKQp+ Q"NQp = Q" f(x)
in the new coordinate p. Theorem 2.1 states that an orthogonal matrix @) exists,
such that
QTDQ =4, Q"KQ=A, Q'NQ=N
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where A, A, and N are as in (3.11), (3.12) and (3.13), if and only if conditions
(3.6)—(3.9) are satisfied. O

COROLLARY 3.1. The system described in Eq. (3.1) with two degrees-of-freedom

can be transformed by an orthogonal congruence transformation to the form (3.10)—
(3.13) if and only if [K, D] = 0.

PROOF. See Remark 2.2. O

As seen, Egs. (3.10)—(3.13) describe a set of independent, uncoupled (real) sub-
systems, m of which are quasi-diagonalized two-degree-of-freedom and n — 2m of
which are, in general, damped single-degree-of-freedom potential subsystems. Re-
call that 2m is the rank of the circulatory matrix N. When the skew-symmetric
matrix N is nonsingular and conditions (3.6)—(3.9) are satisfied, then the system
uncouples into m = n/2 independent two-degree-of-freedom subsystems, each gen-
erally functioning as a damped circulatory system. When n is odd, then the uncou-
pled system has at least one single degree of freedom subsystem which, in general,
is a damped potential system.

The uncoupling conditions (3.6)—(3.9) trivially hold (disappear) in the following
three cases: D = N =0, K = N =0 and K = D = 0. In the first two cases,
it is well known that the system can be transformed to the completely uncoupled
(diagonal) forms p + Ap = 0 and p + Ap = 0, respectively. In the third case the
system can be reduced to the quasi-diagonal form p 4+ Np = 0. When N = 0, the
uncoupling conditions disappear except for [K, D] = 0, which is a necessary and
sufficient condition for the complete uncoupling (i.e., diagonalization) of damped
potential systems (Caughey—O’Kelly [2]). On the other hand, if D = 0, conditions
(3.6)—(3.9), clearly, become two conditions (3.7) that are necessary and sufficient for
the quasi-diagonalization of potential circulatory systems, which were mentioned
earlier in the case when the circulatory matrix N is nonsingular [12,13].

Let us illustrate Result 3.1 with the following example.

ExaMPLE 3.1. Consider a four-degree-of-freedom system, as described above,
in which

4 -2 0 0 0o 0 10 02 01 0 O
-2 4 00 0 0 01 01 02 0 O
K= 0o 0 5 3|’ N= -1 0 0 0}’ D= 0 0 03 02
0 0 3 5 0 -1 0 0 0 0 02 03

Evidently, [K, N?] = [D, N?] = 0 because N? = —1I.

To determine if the other commutation conditions (3.6)—(3.9) are satisfied, we
use Remark 2.1. We obtain:

6 0 0 0

1106 0 0] o N

KD=110 o o1 19| =(ED), ie, [K,D]=0;
0 0 19 21
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-4 -2 0 0 ]
-2 —14 0 0 T .
(KN)? = 0 0 14 9 =(KN)*, ie., [K,NKN]=0;

0 0 -2 —14

-8 -7 0 0]
1 |-7 -8 0 0
“100(0 0 -8 -7

0 0 -7 -8

8 -2 0 0
1 |-2 -8 0 0| o N
KNDN = | " o 3 _yy| = ENDN)T, ie. [K.NDN]=0; and

0 0 -11 -13

-13 —-11 0 0
1 fj-11 -13 0 0] _ T . —
DNKN—E 0 0 -8 -9 =(DNKN)*, 1ie., [D,NKN]=0.

0 0 -2 -8
Thus, conditions (3.6)—(3.9) of Result 3.1 are satisfied. Taking into account that
Rank(N) = 4, i.e., m = 2, the system in this example can be transformed by a
real orthogonal transformation into two independent two-dimensional subsystems.
Indeed, one easily verifies that the orthogonal change of coordinates x = Qp, where

1 0 10
1 ]1-1 0 10

V2|0 1 01
0 -1 01

= (DN)?", ie., [D,NDN]=0;

Q=

decomposes the system into two independent, uncoupled two-degree-of-freedom
subsystems described by

AR o R Pl R e | Y A it ]

Bl fam] e [+ [0 o ] = [t )

In the case of proportional damping, the following result is obtained as a con-
sequence of Result 3.1.

COROLLARY 3.2. Let K = KT, D =al +bK, N = —NT and Rank(N) = 2m.
Then conditions (3.7), i. e.,

[K,N?] =0, [K,NKN]=0,

are necessary and sufficient for Eq. (3.1) to be transformed by an orthogonal change
of coordinates x = @Qp to the form

P+ (al +bA)p+ Ap+Np= QT f(?)
with A and N as in Egs. (3.12) and (3.13).
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PROOF. When D = al + bK and two commutation conditions (3.7) are satis-
fied, we obtain

[K,D] = [K,al +bK] = o[K,I]+ b[K, K] =0,
[D, N?] = [al +bK,N?] = a[l, N*] + b[K, N*] = 0,
[D,NKN]|=[al +bK,NKN]|=a[l, NKN]+bK,NKN] =0,
[K, NDN] = [K,aN? + bNKN] = a[K,N? +b[K, NKN] =0, and
[D,NDN] =a[l, NDN]+b[K,NDN] =0
Thus, all the commutation conditions of Result 3.1 are satisfied, and the statement

follows. It is worth noting that a more direct proof could have been obtained by
applying Corollary 2.1. O

REMARK 3.1. When the non-zero eigenvalues of the circulatory matrix IV are
distinct then, because of Lemma 2.1, the two commutation conditions in Corollary
3.2 reduce to just the single condition [K, N?] = 0.

COROLLARY 3.3. If the matrices K, D and N commute pairwise, i.e.,
(3.14) [K,D] =0, [K,N]=0, [D,N]=0,

and Rank(N) = 2m, then there exists an orthogonal change of coordinates that
transforms Eq. (3.1) to the form (3.10) with

(315) A:diag()\1127...,Amlg,/\2m+1,...,)\n),
and
(316) A= diag(éllg,...,5mI2,52m+1,...,5n),

and N as in (3.13).

PrOOF. Evidently, if the matrices K, D and N commute pairwise, then con-
ditions (3.6)—(3.9) are satisfied, and, according to Result 3.1, there exists a real
orthogonal transformation that transforms Eq. (3.1) to the form (3.10)—(3.13).
Moreover, the two last conditions in (3.14) correspond to the conditions [A,N] =0
and [A,N] = 0 that require Ay = A2, A3 = A4y ..., Aamm—1 = Aoy, and §; = dg,03 =
04, ..., 02m—1 = O2m, because v; # 0. Denoting repeated numbers A; and §; with
A1y A2, ..oy A and 81,09, ..., 0y we get (3.15) and (3.16). O

The pairwise commutation of K, D and N given in conditions (3.14) ensures
that the conditions in (3.6)—(3.9) are all satisfied. However, the reverse is not
true. This is because the set of matrices {K, D, N} that satisfy (3.6)—(3.9) is much
“larger” than the set that satisfies (3.14). As a simple example, when n = 2 and
K is proportional to the identity matrix, all 2 by 2 matrices D and N satisfy
conditions (3.6)—(3.9), while the satisfaction of (3.14) restricts the matrix D to
being proportional to the identity matrix.

When the matrices K, D and N have certain spectral characteristics that often
occur in real-world applications, the number of necessary and sufficient uncoupling
conditions in Result 3.1 can be reduced as follows.
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RESULT 3.2. The system described in Eq. (3.1) in which Rank(N) = 2m can
be reduced to the form given in Egs. (3.10)—(3.13) using a real orthogonal transfor-
mation

(a) When the eigenvalues of the potential matriz K are distinct: if and only

if
(3.17) [K,D]=0, [K,N*=0, [K,NKN]=0;
(b) When the nonzero eigenvalues of the circulatory matriz N are distinct: if
and only if
(318) [KvD]:Ov [Ksz]ZO’ [D7N2]:0§

(¢c) When the eigenvalues of the potential matriz K are distinct and the nonze-
ro eigenvalues of the circulatory matriz N are distinct: if and only if

(3.19) [K,D] =0, [K,N?=0.

PROOF. Parts (a) and (b) follow readily from Result 3.1 and Lemmas 2.3 and
2.2, respectively. Part (c) follows from part (a) and Lemma 2.1. O

REMARK 3.2. The roles of K and D can be interchanged in the parts (a) and
(c) of the above assertion. Thus, when the eigenvalues of the damping matrix D
are distinct then the conditions in (3.17) and (3.19), in which the symbols K and
D are interchanged, are necessary and sufficient for (3.1) to be transformed using
a real orthogonal transformation to (3.10)—(3.13).

EXAMPLE 3.2. Consider the four-degree-of-freedom system described by (3.1)
in which

7 3 -1 -1 0 -5 -2 -4
3 9 3 0 5 0 =5 -2
K= -1 3 7 1]’ N = 2 5 0 -4’
-1 0 1 7 4 2 4 0
1.3 01 -03 -0.2
D 01 11 0.1 0

-03 01 1.3 0.2
-02 0 0.2 1.4

The spectra of N and K are {£3+/2i,+61/2i} and {3,6,9, 12} respectively, and
we can apply Result 3.2(c). We obtain

99 39 -33 -3
139 105 39 o0 . -
KD=|_33 39 g9 3 |=ED), ie, [KD[=0,

-3 0 3 10.2
and
22 15 —-4 -10
2 _ 15 33 15 0| oNT . 21
KN =-18 4 15 22 10 = (KN*)", ie, [K,N°]=0.
—-10 0 10 16
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Thus all conditions of Result 3.2(c) are satisfied and the system can be transformed
by a real orthogonal transformation into two independent two-dimensional subsys-
tems. Indeed, the orthogonal coordinate transformation z = @Qp, where

1 —1/vV2 1 —1/V2
1 |- 0 0 —V2
VBl 1VZ -1 —1V2
0 —v2 -1 0
transforms the system into the following uncoupled form that has two independent
two-degree-of-freedom subsystems

PR e R P el e A R

P+ ]« o o [ a] B = 260
where [g1(t) g2(t) g5(t) g4(t)]" = Q" f(t) with

Q=

m@=§§ﬁ@—b@+h@% @@=§aﬁ@—ﬁw—%m»
gg(t)=%(f1(t)—f3(t)—f4(t)) and 94(t)=—%6(f1(t)+2fz(t)+f3(t))-

All of the above results can be translated for the original system described
by Eq. (1.1) using Egs. (3.2)—(3.4). For example, taking into account that the
eigenvalues of the matrices D, K and N are the same as those of M*1D7 MK
and M~ N respectively, Result 3.2 can be translated for (1.1) as follows.

RESULT 3.3. The system described in Eq. (1.1) in which Rank(N) = 2m can
be reduced by a real change of coordinates ¢ = Pp to the equation
(3.20) P+ Ap+ Ap+Np = PTf(t)
where A; A and N are as in Egs. (3.11)—(3.13)

(a) When the eigenvalues of the matrix M= K are distinct: if and only if
KM™'D=DM™'K, KM 'NM'N=NM'NM'K,
(3.21) e e e
(KM 'NM~Y)? = (NM'KM~1)?

(b) When the nonzero eigenvalues of the matriz M~'N are distinct: if and
only if
(322 KM™'D=DM'K, KM 'NM'N=NM'NM'K,
' DI-LNNI-N = NN IT-1D:

(c) When the eigenvalues of the matriz M= K are distinct and the nonzero
eigenvalues of the matriz M~ N are distinct: if and only if

(3.23) KM'D=DM 'K, KM 'NM~'N=NM"'NM'K.

Also, in view of Corollary 3.2 and Remark 3.1, we state the following assertion.
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COROLLARY 3.4. Let D = aM + bK, Rank(N) = 2m and the nonzero eigen-
values of the matrizx M—'N are distinct. Then the condition
KM 'NM~'N=NM"NM~'K
is necessary and sufficient for Eq. (1.1) to be transformed by a real change of coor-

dinates x = Pp to the form (3.20) with A and N as in Egs. (3.12) and (3.13).

ExaMPLE 3.3. Consider the three-degree-of-freedom system described by (1.1)
in which

o4 (13 -3 14] [0 2 0
M=o 4 0, K=|-3 10 3|, N=|-2 0 2{,
40 5 14 3 13 0 -2 0

~ [096 —0.06 0.84]

D=|-006 0.76 0.06

0.84 0.06  0.96]
We first calculate

) K 0 —4]
M= 5 0 225 0
-4 0 5

and then we find that the spectrum of M 1K is {-2,3,3.5}, i.e., the matrix MK
has distinct eigenvalues. Furthermore, since N is a three-dimensional nonzero skew-
symmetric matrix, the matrix M~'N has a conjugate pair of purely imaginary
eigenvalues, and therefore Result 3.3(c) can be applied. Thus, we obtain

[2.685 —0.51 2.715 o o
KM™'D=|-051 226 051 |=(KM'D)Y =DM 'K
2715 051 2.685

and
o (1 6 -1 S S
KM'NM7'N=|6 -20 —6|=(KM 'NM'N)' =NM'NM'K
-1 -6 1

and, according to Result 3.3(c), there exists a change of coordinates ¢ = Pp that
decomposes the system into two independent subsystems: one with two degrees of
freedom and another with a single degree of freedom. Indeed, the transformation
q = Pp with

3 1 1

V22 11 3v2
P= 1 3 0
- v/ 232 2\/11 1 1

reduces the system to the form

Dlelom el )+ ] - [29]

P3 +0.2p + 3ps = g3(1),
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where [g1(t) 9%(75) 93(75)]T = PNTf(t) with g1(t) = \/%N(Sfl(t) ~+ fo(t) = 3f3(t)),
92(t) = %\m@fl(t) —3f2(t) — 2f3(t)) amd g3(t) = ﬁ( 1(t) + f3(t))-

Note that the matrix D of this example can be expressed as D = 0.14M +0.02K
and therefore Corollary 3.4 can also be applied.

REMARK 3.3. The results presented above may be interpreted as counterparts
to the uncoupling results obtained via a real coordinate transformation, recently de-
rived for other mathematically and physically distinct classes of linear asymmetric
dynamical systems [3-6].

4. Conclusion

This paper investigates linear n-degree-of-freedom (MDOF) systems with po-
tential, damping and circulatory forces, building upon our earlier work in the un-
coupling of linear dynamical systems [3—6].

Since the circulatory matrix is skew, it precludes the decomposition of such a
system into n uncoupled subsystems through the use of a real coordinate change.
The best that can be done using a real coordinate change is to uncouple the system
into subsystems each of which has at most two-degrees-of-freedom. The conditions
for such a decoupling are provided here. The main findings are summarizes below.

In the general case, the MDOF system under consideration, in which the circu-
latory matrix has rank 2m < n, can be decomposed by a suitable real linear change
of coordinates into m uncoupled two-degree-of-freedom subsystems and (n — 2m)
single-degree of freedom subsystems if and only if the seven conditions obtained in
the paper are satisfied. Each of the two-degree-of-freedom subsystems corresponds
to a circulatory system in canonical form (with diagonal potential and damping
matrices), while each of the single-degree-of-freedom subsystems corresponds to a
potential system. Such an uncoupling is useful in providing a deeper physical un-
derstanding of the behavior of an MDOF system with numerous degrees of freedom
in terms of one- and two-degree-of-freedom subsystems that are much simpler and
easier to understand, as well as in providing more accurate computational methods
in the determination of its response to external forces.

The seven n&s uncoupling conditions, as expected place restrictions on the
system’s matrices. It is shown that the incorporation of additional information
about the spectra of the matrices, which many real-life systems commonly possess,
enables a reduction in the number of these conditions. When the potential matrix
K has distinct eigenvalues, the number of n&s uncoupling conditions reduce to
three; when the non-zero eigenvalues of the circulatory matrix N are distinct, they
reduce also to three; and when the eigenvalues of K are distinct and non-zero
eigenvalues of N are distinct, they reduce to two.

Several illustrative examples are considered throughout the paper to give clarity
to the analytical results that are obtained.

Lastly, we point out that the results obtained here are also useful in analysing
the behavior of MDOF nonlinear dynamical systems in the vicinity of their equi-
libria, about which they can be linearized.
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O KBA3U-INJATOHAJIN3AIININ N1 PACITPE3AKBY
ITPUTVYIITEHNX INMNPKVYJIATOPHUX CUCTEMA CA
KOHAYHUM BPOJEM CTEITEHUN CJIOBOJE

PE3uME. Pa3zmarpa ce jgekoMmosunuja JUHEAPHUX HTPUTYIIEHUX MUPKYIATOPHUX
CUCTEeMa, ca KOHAYHUM OPOjeM CTereHu C10001e oMolly peaJine JinHeapHe KOOD/IU-
HaTHEe TpancdopMaImje, TeHEPUCAHEe OPTOTOHAJIHOM MaTpurioM. V3Benenu cy Kpu-
TepHUjyMHU KOjU CaJIpKe YCJIOBE €r3UCTEHINje KOOPANHATHUX TpanchOopMaImja Koje
oMoryhaBajy [eKOMITO3UIN]y CUCTeMa Ha He3aBUCHE, Mel)yCOOHO HeCIperuyTe MMojl-
cucTeMe, IPU Y€MY HUjeJIaH OJ IbUX HeMa BHUIe OJ1 JBa cTereHa cjaoboje. Kpure-
PUjyMU Cy M3parkKeHu KpPo3 KapaKTEPUCTHUKE OIMMCHUX MaTPHUIa cucTema. Hekomko
HYMEPUYIKUX IPUMjepa JIaTO je PaJu WIYCTPAIHje aHATUTHIKAX PE3yJITaTa.
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