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Abstract

The paper considers the problem of deriving the accurate, infinite dimension, Laplace transfer function matrix of a
system consisting of links that are individually governed by a one-dimensional wave equation. The first step is deriving
some single input transfer functions, for a single uniform link. The building blocks of those transfer functions are time
delays, representing the wave motion, and low-order rational expressions, representing the boundary phenomena. The
transfer function approach enables simple yet accurate simulation schemes, exact frequency response for the entire
frequency range, finite time analytical solutions, and a good starting point for dedicated control laws. The transfer function
provides also an alternative way of obtaining many of the well-known properties of flexible structures. Three methods of
modeling multi-link systems are presented. Two of them provide systematic and easy to use approaches for deriving models
for systems of any order.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Flexible structures are governed by partial differential equations (PDE), and hence have infinite dimension.
However, most modeling methods use finite dimension approximations of the system. In the modal approach
the infinite dimension appears as an infinite sum of spatial eigenfunctions multiplied by time functions. In
practice though, only a finite sum is used. In the popular finite element method (FEM), the finite dimension is
achieved by spatial discretization. While finite approximation is practically and even conceptually convenient,
some important properties of the system’s behavior are lost by it.

This paper takes a different approach. It considers the problem of deriving the accurate, infinite dimension,
Laplace transfer function of a system consisting of links that are individually governed by a one-dimensional
wave equation. It is assumed that the system is subjected to a finite number of point actuators (inputs), and
that its behavior at a finite number of locations (outputs) is of interest. The first step is deriving a set of single
input, infinite dimension, transfer functions for a single uniform link. The results, once properly rearranged,
are in line with the wave approach to structures [1-5]. The building blocks of those transfer functions are
time delays, representing the wave motion, and low-order rational expressions, representing the boundary
phenomena.
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The transfer function modeling approach has several theoretical and practical advantages. Simple
algebraic investigation of these transfer functions reveals many properties of the flexible links such as
stability, rigid body degrees of freedom, and reciprocity. In the case of conservative boundary conditions
this represents a different, and to the best of our knowledge new, way of obtaining well-known results
from the modal approach. When the boundary conditions contain dampers, the results presented in this
paper do not have counterparts in classical modal analysis. The practical opportunities offered by the
transfer function approach are accurate yet simple simulation schemes, exact frequency response for the
entire frequency range, analytical solution for the finite time response and identification of dedicated
control laws.

The use of transfer functions to model flexible structures is not a new idea and results for some
cases have been reported [6—13]. The problem is often expressed in terms of the Green’s function of the
system, since the transfer function is the Laplace transform of that function [9]. In some cases, e.g. Ref. [11],
the results are in the spirit of the modal approach and the transfer functions are given as a sum of an infinite
series of modal terms. In other cases, e.g. Ref. [6], closed form expressions were derived only for a free—free
system. A general method, applicable to a wide range of systems, is presented in Ref. [12]. This method
is based on a matrix exponent in the s domain. Numerous transfer functions have been derived in
Ref. [8, Section 1.14], but the general boundary conditions case considered in this paper does not coincide with
any of them.

The class of linear systems governed by a one-dimensional wave equation considered in this paper is
admittedly limited. However, only in this case are the infinite dimension transfer functions directly related to
the wave approach, or in more general terms, to the time response. This is due to the fact that the exponents in
the solution are linear in the Laplace variable s, thus representing time shifts. In beams, on the other hand, the
transfer functions include terms such as exponents of as'/2, where o is a complex constant, which do not
correspond to time-domain operators. In some works, e.g. Ref. [14], the wave motion in more general
structures was considered, using Fourier based spatial transfer functions. It is suggested in Ref. [14] to use
inverse FFT to obtain the time responses. While this is a viable alternative to other modeling methods such as
FEM, it cannot provide insight into the system properties and the controller design. Concentrating on linear
systems governed by a one-dimensional wave equation enables a complete analytical investigation and the
design of a dedicated controller with a distinct structure.

Standard, model based, control strategies are difficult to apply to flexible structures mainly due to the very
high dimension of the FEM or modal models, and the low damping in the system. Taking account of the
delays, or wave motions, in the system can be advantageous for controller design [15]. The explicit, highly
structured, and physically meaningful form of the transfer functions in this paper was used for the design of
dedicated control laws [16-19] that achieve finite spectrum, plus delay. From a physical point of view, this is
achieved by making the actuating end a sink for the returning wave. This concept can be extended beyond the
class of systems addressed in this paper, and also to nonlinear systems. As long as the actuating end has linear
boundary conditions, the same control law will absorb the incoming wave even if the rest of the structure
contains nonlinearities. In more general cases a different control law will be needed, yet the same line of action
is still possible. Recently the wave approach has been applied to control of discrete systems, consisting of
lumped springs and masses, with promising results [20].

After obtaining a transfer function for a single link, the next step in the modeling process is constructing a
model for a multi-link system, possibly with several actuation and measurement points. It should be noted that
since the basic unit is a uniform link, a change in diameter, for example, is considered as another link. Three
methods for constructing the multi-link model will be discussed. They range from algebraic methods, through
recursive assembly of links in a feedback fashion, to the infinite dimension equivalent of a ““‘dynamic stiffness
matrix”’. As in the single link case, the multi-link transfer functions allow physical insight into the system and
lead to convenient simulation schemes and suitable control laws [18].

The paper is organized as follows. In Section 2 the basic single link, point moment, transfer function, is
derived. It is then extended to distributed moment, non-zero initial conditions, and other transfer function. In
Section 3 the properties of the transfer functions and their physical interpretations are considered. Section 4
discusses possible applications of the transfer function model. Section 5 presents modeling methods for multi-
link structures. The results are summarized and discussed in Section 6.
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2. Modeling of a single link
2.1. The standard problem

As an illustration of a system governed by the wave equation, consider the system in Fig. 1 showing a
uniform rod of length L subjected to a lumped torque moment M(7) at the point x = xy.

Assuming no internal damping, the torsional waves in the system are governed by the wave
equation [4]:

12%0(x,0) 2°0(x,0) 1
¢z or oxz Gl

- M(1) - 0(x — xo), (1)

where 0(x, ) is a torsion angle at distance x from the left end, I, denotes the polar moment of inertia, p is the
material density, G is the shear elasticity modulus, and ¢ = (G/ p)l/ % is the wave propagation velocity. The
boundary conditions are given by

00(x, 1) 0%0(x, z) 69(x ) _
I G—= o =J; e o + K0(x,1), x=0,
00(x, 1) 0%0(x, 1) 00(x, 1)
G - (T 0, ). =L )

where J;, D; and K, i = 1,2 are the inertia, damper and spring constant at an end. This general setting includes
all linear boundary conditions of interest. For example, in a free end all the coefficients are identically zero,
and a fixed end is obtained when K — oo (or J — o0).
A Laplace transform with respect to time converts the PDE (1) into an ODE in x:
%0(x,s) s

1
g 20009 = = G M~ x0), ®)
pr

where M(s) and 0(x,s) denote Laplace transforms, with respect to time, of M(r) and 6(x, t) respectively. The
boundary conditions become

a0
é’; (i + Dis+ K)0(n,s),  x=0,

C))
aHé); D = —(J25* + Das + K>)0(x,s), x=L.

1,G

1y

It is shown in Appendix A that the solution of Eq. (3) is

0(x,s) = :GI(S)( slx—xol/c _ e—s\x—.on/L) + CI(S)CSX/L + CZ(S)C_SX/L. (5)
S
M(r) 0(x.1)
v ¥
B.C.1 B.C.2

x

%o

L

Fig. 1. The flexible system.
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Substituting Eq. (5) into the boundary conditions (4) gives, after solving the two linear equations for C,(s) and

C(s) (see Appendix A for complete derivation), the following transfer function:

1 e—("y—(i)rs +R1(S)e—(y+5)rs+R2(S)e—(2—y—(3)rs +R1(S)R2(S)e—(2—"/+(5)zs

I , X Z=Xo,
0(x,x0,5) | 2¢s 1= Ri(s)Ry(s)e~ 2" ’
M(S) - 1 ef(éfy)rs _{_Rl(s)ef(wr&)rs + Rz(s)ef(nyfé)rs 4 Rl(S)Rz(S)ef(zféﬂ)” -
. XX X0,
2¢s 1 — Ri(s)Ry(s)e 25 ’ 0
where
Gl, L X X0
= — = — V= — 5 = —
e 7
and
o — (J: 2 D: K
Rl'(S) — (pé ( 152 + D;s + 1)’ _ 1’2
(/)S + (J,‘S + D,‘S + K,)
The physical interpretation of these quantities will be discussed in Section 3. By defining
f= |x — Xo __max(x, xo)
- L > ’1 - L >
the two equations for the transfer function can be combined into the single expression
1 e P + Rl(s)e—(2i1—[i)rs + Rz(s)e—(2—2:1+/f)rs + Rl(S)Rz(S)e—(Z—ﬁ)rs
G(x, x9,8) = —- ,
2¢s 1 — Ri(s)Ry(s)e—2ws

or equivalently

L (0 Ri@e P01+ Ro(s)e10%)

2¢s 1 — Ri(s)Ry(s)e~2%

G(x, x9,5) =

(6)

()

(®)

©)

The latter form emphasizes the pure delay of the system, which is fz, and is also convenient for the special

cases given in Table 1.

2.2. Extensions-distributed moment and initial conditions

The fundamental transfer function derived in the previous subsection assumes that the external moment is
applied at a point and that the initial conditions are zero. In general, the moment may be distributed, as shown

in Fig. 2, and the initial conditions are given by 6(x,0) = 0y(x), 00/0t(x, 0) = wo(x).

Table 1

Special cases of the transfer function

Case G(x,s)

X0 =0 1+ RO+ Ra(s)e ™)
2¢ps 1 — Ri(s)Ry(s)e~2ws

X0 =X 1o+ Ri(s)e 21%)(1 4+ Ra(s)e21-11)
2¢s 1 — Ri(s)Ra(s)e2ws

xo=x=0 L (L+ R+ Ro(s)e™™)

2¢s 1 — Ri(s)Ry(s)e=2ws

==t L (4 R+ Ra(s)e™
2¢s 1 — Ri(s)Ry(s)e=2%
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M(Df(x) 0(x,1)

Ji. Dy, K| /—*_l l Ja, Dy, Ky

Fig. 2. A structure with distributed moment.

0,,(0) M(x1)

=~ =~
D .

.

Fig. 3. A fixed—free system with an angle input.

A Laplace transform leads then to the following ODE:

%0 ’ 1 :
a(x);’ 9 _ %e(x, 9 =g M6/~ % 00(x) = 5 - @0(x). (10)

0(x, s) can be derived by solving the equation, including its boundary conditions that are unchanged. However,
treating the functions f(x), 6y(x) and wy(x) as weighted infinite sums of delta functions, it is easier to use the
convolution, or Green function [9] integral

L L L
0(x,s) = M(s)/0 G(x, x0, 8)f (x0) dxo + spl,, /0 G(x, x9, 5)00(x0) dxo + pI,, /0 G(x, X9, 8)wg(xg) dxg.  (11)

The identity p = G/c> was used in the last two terms. Numerical integration can be used if no analytic
expression exists for the integral, or equivalently for the differential equation (10). Even though the moment is
distributed, M() is a scalar and one can obtain the SISO transfer function from M(s) to 6(x, s) as

0(x, s)
M(s)

L
= /0 G(x, X0, 8)f (xo) dxy. (12)

2.3. Some other transfer functions

Next we consider a similar problem that is required for the dynamic stiffness approach for multiple-link
modeling in Section 5. Consider the system in Fig. 3, where a flexible link is fixed at one end and is rotated by
an angle 6;,(¢) at the other.

This time we are interested in the transfer function from the input angle 0;, to the moments in the rod. The
system is still governed by the one-dimensional wave equation (1), but the boundary conditions change to

A derivation similar to the previous case leads to

M(0,5)  $s(l+ )
On(s) — 1—e2™

K(s) = (14)

M(L,s)  2¢se™™
Hin(s) - I —e2’

Here the subscripts ‘¢’, and ‘nc’, stand for collocated and non-collocated, respectively.

Kie(s) = (15)
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Some methods of multi-link modeling, which will be presented in the sequel, give only the angles at the ends
of a flexible rod. The angle at any point along the rod is then given by

e 1T _ o—(Q2—))s e~ (= _ o=(4p)ts

e(x’ S) = 1] —e2ts 9(0’ S) + 1 —e2ts

(L, s). (16)

3. Physical interpretation of the transfer function

The transfer function (8) was derived in a straightforward mathematical manner, but it has a distinct
structure that corresponds to a clear and meaningful physical interpretation. These properties are analyzed in
this section, and their applications are given in Section 4.

3.1. Delays and the wave approach

Since ¢ is the wave propagation velocity, 7 is the time required for the wave to travel from one end to
another, and can be regarded as the time constant of the structure. The numerator of G(x,x,s) contains four
exponents with negative argument, which are time delays. They represent the four possible routes of the wave
from xq to x, without completing a full cycle, and are shown in Fig. 4 for x> x;. The shortest route is clearly
the direct one, and it is the pure time delay existing in the system, as can be seen from Eq. (9).

R(s) are dynamic reflection coefficients of the motion at each end. Some important special cases are of
interest. If the end is free, then R;(s) = 1 and the wave is returned identically. A fixed end is obtained by
K; — oo (equivalently J; — 00), which results in R(s) = —1. The wave is then returned identically but with a
changed sign. If the end contains no damper, then it follows immediately that R;(s)Ri(—s)=1 and
consequently |R;(jw)| = 1. This property is an indication of conservation of energy, which exists in systems
without dampers.

A transfer function that is based on delays, representing the wave motion along the flexible link, and
dynamic reflection coefficients, describes the system in terms of the moving wave approach. This is a major
departure from the modal approach where the moving waves are described as an infinite sum of standing
waves.

3.2. Relationship with classical vibration theory

While the approach in this paper is different from the classical vibration theory, e.g. Refs. [4,21], all the
results of the latter can be recovered from the transfer function (8). This sub-section is devoted to showing
those well-known results from a different point of view, and to demonstrate the wealth of information
included in the transfer function (8). The results are given here in a brief manner and elaborated derivation
and discussion of them can be found in Ref. [19].

0 >

v

<
D
| |

Fig. 4. The four time delays in G(x,s).
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Reciprocity: The transfer function does not change if the actuation and measurement points are
interchanged. This is immediate from the fact that # and f remain the same.
Eigenvalues: The eigenvalues of the system in all possible cases are the roots of the characteristic equation

1 — Ri(s)Ra(s)e™*™ = 0. (17)

In conservative systems, where |R;(jw)| = 1, the roots are purely imaginary and only the phase angle has to be
considered. The natural frequencies in that case are the solutions of

-1 Py 1 oy

tan + tan™
K1—J10)i sz—Jz(A)/zC

+ Ty = kn. (18)
This equation is different and more explicit than the one usually used in classical control texts. For example it
reveals immediately that if both ends contain inertia then as k increases, wy — (k — 2)n/t. In case only one
end contains inertia, with or without a spring, and the other end contains only a spring, then as k increases,
or — (k—3/2)n/7, etc. Tt is worth noting that Eq. (18) is in accordance with the phase closure principle,
which exists in conservative systems [22].

Stability: The following observations are proven in Appendix B by considering the characteristic
equation (17).

(a) The system does not have poles (eigenvalues) in the open right half-plane (ORHP) for all possible values of
the inertia, spring constant and damping, including zero.

(b) If at least one of the damping elements D, is non-zero then the system has one pole at the origin (if no
springs exist) and all other poles are in the OLHP.

(c) In the absence of damping all the poles are on the imaginary axis (natural frequencies).

Poles at the origin (rigid body modes): The transfer function (8) has two poles at the origin if the boundary
conditions consist of inertias only, one pole if there exists at least one damper (but no springs), and no such
poles if there exists at least one spring.

3.3. Comparison with finite dimension models

A common way of modeling flexible structures, mainly for conservative systems, is expressing 6(x, t) as

N

00,0 =Y Vi(x)q(0) (19)

k=1

for a certain finite N. This approximation leads to a state space model of order n = 2N. If the spatial functions
Vi(x) are the exact modeshapes of the system, then Eq. (19) represents the modal truncation method. This
form can be obtained directly from Eq. (8) by writing

Glx,5) = @ | 0l i (—c" ), Gl ) : (20)

2 -
s s H\S—DP S— Pk

The existence of the first two terms depends on the number of poles at the origin, and p; are the poles of the
system, i.e. the roots of Eq. (17). The coefficients ¢,(x) are given by

i(x) = lim (s = p)Golx. ). 1)

By writing G(x,x,,s), with obvious notation, as

N(x,s)

2¢sD(s)’ 22)

G(x, x9,5) =
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8 8
6 6 N=5
@ o
2 4 2 4
© ©
2 2
0 0
0 2 4 6 8 0 2 4 6 8
time time
8 8
6 N=10 6 N=25
Q@ o
2 4 2 4
®© ©
2 2
0 0
0 2 4 6 8 0 2 4 6 8
time time

Fig. 5. Impulse response of the true system (top left) and three FEM models with 5, 10 and 25 elements. The moment M(¢) acts on the left
end, the normalized angle is 2¢ - 6(L) and the normalized time is #/7.

we can obtain, using L’ hopital’s principle, explicit expressions for cx(x):

N(x,pp) N(x,pi)
cx(x) = = , , : (23)
2 D R Rypw)
LW 2, <2f ~ R0 Rﬁ(ﬁi))

In Eq. (23) ** denotes derivative with respect to s. In the absence of any spring (otherwise s = 0 is not a pole),
formal derivation leads to the following expected expressions for cyo(x) and co(x).

i
coo(x) = {11”2”"’

. (24)
0 otherwise

1 otherwise.

D =D,=0 0 Dy =D, =0,
, co(x) =
Dy+Ds

Here J, = pl,L is the moment of inertia of the rod itself. Taking N terms of the series, one gets, for any given
x, the same transfer function that would have been obtained by calculating the eigenvalues and eigenfunctions
of the system and transforming it to modal coordinates.

If the spatial functions V;(x) are admissible functions satisfying the geometrical boundary conditions, then
Eq. (19) represents the assumed mode method. The FEM can be regarded as a special case of the latter method
when V,(x) have a certain structure with a local support. While the finite approximation methods are fairly
accurate (absolutely accurate in case of modal truncation) in approximating the natural frequencies, the
models do not posses a direct relationship with the delay. This is due to the fact that the delay is not related to
a single mode (spatial function) or to a group of modes, but is a consequence of all the modes acting together.
As the delay, or wave, is a key element of the structure’s motion, invaluable insight is lost when one refers to
finite dimension modeling.

The impulse response at the free end of a free—free rod subjected to a torque at the other end is shown
in Fig. 5, together with three FEM approximations. As can be seen, even a system of order 50 is not capable of
approaching the true response. Notice also that although all the poles are purely imaginary, the true response
is not oscillatory. The oscillations in the approximations are thus artifacts of modeling and are not related to
the physical behavior.

4. Applications of the transfer function

The distinct structure of the transfer function leads to several applications and insights that cannot be
obtained by standard modal and FEM modeling.
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M) 1 + Dela O(L.1)
— 2% i Y 1+R)*(1+R —

Delay

L

Fig. 6. A simulation scheme for the angle at x = L.

4.1. Simulation

Treating the denominator of G(x,x,s) as if it is a result of feedback, we arrive at a simple simulation scheme
consisting only of delays and linear second-order blocks, as is shown in Fig. 6. Standard simulation software,
e.g. Simulink, can now be easily used to obtain an accurate time response at any number of points along the
flexible link, as a result of different excitation conditions. This approach is much more efficient than numerical
solution of the PDE. As was already demonstrated, finite dimension approximations such as FEM or
truncated modal model often perform poorly in the time domain.

4.2. Analysis and design of damping elements

The effect of damping on the structure response is often of interest [23,24]. Modal approaches cannot
handle lumped dampers at the ends, and FEM models give only an approximation. The characteristic
equation (17) is convenient for analyzing the damping effect and can be useful in the design of such devices.
The following simple example demonstrates this possibility.

Example 1: Consider a free—free rod and two dampers with constant D. One option, which will be called
case I, is to put one damper on each side. The other option, denoted case 11, is to put both of them in parallel
on one side, which is equivalent to a single damper with a constant 2D. The question is which configuration
will provide more damping to the system. Calculating the reflection coefficients R(s) for each case we obtain,

1—-d 1 —2d

Rij=Ry=-—" =
M=r=rry =11 24

Here d = D/¢ is the non-dimensional damping. The characteristic equation in this case is
1-— R1R2672m =0.

leading to the following sets of poles:

Re{p; i} = %ln <t—zl), Im{p, ;} = %’

o =, d<l,
Re{pent = %ln( 1724 ), Im{p; 1} = k=172 g5
T 2 :

Several interesting observations can be made. The real part is common to all poles, a property called uniform
damping [24]. There are critical values, d = 1 in case I and d = % in case II, where the poles go to infinity and
the end becomes a sink for the wave. Beyond those values, increasing the damper constant results in decreased
damping (real part) until as d approaches infinity the systems have no damping at all. In case I the damped
natural frequencies (imaginary part) do not change with d while in case II this is true except for a jump at
d= % Finally, to answer the question in the beginning of the example, Fig. 7 shows that in the relevant range
of d< %, configuration II, i.e. the two dampers in one side, results in poles with larger absolute value of the real
part and hence with faster decay.
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Re(p)

|
5F l ! 4
— - Casel ]!
—— Caselll |
-6 I 1 1 1 |I
0 0.2 0.4 0.6 0.8 1 1.2
d

Fig. 7. The real part of the modes vs. the normalized damper constant d = D/¢. Case I—dashed, case II—solid.

u(f) + M@ O(L,1)
Flexible o (0.0)
Structure ’

Y )
F |—| Predictor |g—| Observer

X(t+h) X(t)

Fig. 8. Position tracking control scheme for a flexible link.

4.3. Time and frequency responses

Analytical solution: Using long division, G(x, xy,s) can be written as

00 4
G(x, X0, 5) = Z D [Ri($)Ry(9)] Pi(s)e 20, (25)

=1

where P,(s) and h; correspond to the appropriate term of the numerator, e.g. Py(s) = Ri(s), hy = 2n — .
Suppose now that a solution is required only for [0, 7], then there is no need to consider the terms with delays
greater than 7', and an equivalent transfer function is given by a finite series. As each term represents a delayed
linear system, an exact analytical solution can be obtained for any input.

Frequency response: The exact frequency response function (FRF) for the entire frequency range is obtained
by simply calculating G(x, xq,jw). All finite approximations give the FRF only in a finite frequency band. It
should be noted that truncated modal models have the correct natural frequencies, but not the accurate
frequency response even at the range of frequency included in the model.
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4.4. Feedback control design

The exact and explicit form of the transfer function can be used for the design of the feedback tracking
control system shown in Fig. 8. This is the subject of several papers, e¢.g. Refs. [16,19], and will be discussed
here only briefly.

Consider the collocated rate feedback, which is the inner loop in Fig. 8.

20 R (s)
M(s) = u(s) — ——————w(0, s). 26
(5) = ) = 1 oy (0.9 26)
By using that control law the delay is eliminated from the characteristic function and the closed loop transfer
function from the command u(s) to the displacement at x = L, the point of the outer feedback, is

O(L,s) 1+ Ra(s) et _ e”™
us) — 2¢s NS+ (Da+ s+ Ky

In the absence of inertia, the control law (26) reduces to a constant rate feedback, hence it can be considered as
a generalization of the cases discussed in Example 1. The elimination of the poles is achieved when the end
becomes a sink for the wave. Having the form of a rational transfer function plus delay, dead time
compensators [25] can be used in the outer, position loop. The overall transfer function becomes then rational,
with arbitrarily assigned dynamics, plus delay.

@27)

5. Modeling of multi-link systems
5.1. Problem statement

In the previous sections the transfer function model of a single link was derived, analyzed and discussed.
Many structures consist of combinations of flexible links, and therefore a transfer function for more complex
systems is sought. In this section, we extend the results obtained for a single link to a structure consisting of
multiple links. We consider the case of N inertias connected by N—1 flexible rods shown in Fig. 9.

Each inertia J; is connected to a constant frame (skyhook) with a spring K and a dashpot Dy, and is
subjected to an external moment M. Some or all of those quantities may be zero, and the “inertia” k actually
represents any kind of discontinuity, e.g. a change in the rod diameter. In Section 2, we derived the
relationship between the angle at a general point along a link and the two angles at the ends. Therefore, it is
sufficient to derive the transfer function from an input torque to the principal angles 6;(¢). In the following
subsections we present three different approaches for this modeling problem. The first one, the direct algebraic
approach is the most obvious way of approaching the problem, and is given here mainly for comparison with
the other two that seem to be more promising.

5.2. Direct algebraic approach
The first method is algebraic, consisting of writing a separate PDE for each link and combining them

through the boundary conditions. This approach is similar to common procedures in time domain [26], yet it is
in the Laplace domain. It follows the same steps as for a single link, but for a set of equations. We present

M, 0, M2 0, My Oy
=N Inertia ==\ Inertia ==\ [Inertia
I —1
4> | / 4> | / / o
Link 1 Link 2 Link N-1

Fig. 9. A flexible multi-link system.
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details for a two-link system, which is governed by two wave equations, shown already in the s domain
3% 0;(x; 2
ﬁ_%gi('xiaé‘) = 09 = 1927 (28)
0x; c

1

where 0;(x;, s) is a torsion angle at distance x; from the left end of each flexible rod. p;, G;, ¢;and I,,;, i = 1,2 are
defined as before. The boundary conditions are given by

00
GiIp 5(0, ) = (/15> + Dis+ K1)0,(0,5) — M(s),
1

00

Gy p aTcz(LLS) = —(J35” + D3s + K3)02(Lo, 5),

01(L1,s) = 62(0, ),
00, 00, 2

Gol py z—(0,5) — Gil p1 5—(L1,5) = (J25” + Das + K2)05(0, 9). (29)
6x2 ax1

The solution of Eq. (28) is given by
0i(xi,5) = Ca(s) - ™/ + Cip(s) - €™/, i =1,2. (30)

The next step is substituting Eq. (30) into the boundary conditions and solving the four linear equations for
the ‘constants’ Cy(s). Since the only non-homogeneous term is M(s), all of these functions are proportional to
it. After some lengthy derivation and rearranging, one arrives at the following transfer functions:

01(x1,5)  (Bo(s) + Bi(s)e 21=F0us 4 By (s)e 225 4 By(s)e 2nitn—fin)s)y  e=fins

= 31
M(s) 5+ (Ao(s) + A1(5)e™25 + Ap(s)e=272% + A3(s)e=2r1F72)) G
0x(x2,5) Ci(s)eHml 4 Cy(s)eH2n—fank (32)
M(s) s+ (Ao(s) + A (s)e2715 + Aa(s)e™275 + As(s)e—2m+m))”
Here
Gil L, X
= =, . = 5 = 1,2
b G T Bi L !

and A,(s), B(s) and Cys) are polynomials whose explicit form is not shown here for the sake of brevity. Similar
to a single link, long division of the numerator of Eq. (31) by its denominator leads to an infinite sum of
delayed rational transfer functions. Fig. 10 shows some of the first delays. The physical interpretation is that
each time the wave arrives at the discontinuity point, part of it moves in the same direction while another part
is reflected back.

X
1
2 ~y
3 ~
-—— ]
-
4 A
5 A
.
~
6 I ol
- ~
A

Fig. 10. The first routes (time delays) of the moment to a point in the first link.
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M > Inelrtia Inezrtia < T T>|: lne;tia

Fig. 11. The left and right subsystems.

0,(x))

|

Gi(Ly.Ly)

Fig. 12. Block diagram of the feedback connection.

5.3. Feedback approach

While the derivation in the previous subsection is certainly valid, and using it we were able to obtain the
required transfer functions, it suffers from some drawbacks. First, the complexity of the expressions makes it
difficult to identify any underlying structure. Secondly, extending the results to a larger number of links does
not look promising.

In this subsection a different approach is taken. The system is partitioned into several smaller subsystems,
and the model is constructed by using the correct interrelations existing between them. Applying that
approach to a two-link system, the first step is to artificially disconnect the right flexible rod from the left
subsystem and replace it by two torques with magnitude 7(¢) acting on the two substructures in opposite
directions. As a result we obtained two one-link subsystems, as shown in Fig. 11.

The left subsystem has inertia 1 and inertia 2 as its boundaries. Its transfer functions, denoted by
Gr(x10,x1,5) are given by Eq. (8) with ¢, 71, and f; replacing ¢, 7, and f3, respectively. The right subsystem
has a free left boundary condition and inertia 3 on its right end. Hence its transfer functions, denoted by
GRr(x20,x2,5) are given by Eq. (8) with ¢, 12, 5, 1 and Rs(s) replacing ¢, 1, f, Ri(s), and Ry(s), respectively,
where Rj(s) is defined as

b5 — (J35% + Dys + K3)

R = .
3(s) D5 + (J382 + D3s + K3)

(33)

The torque 71(¢) reflects the restoring action of the right subsystem when an angle input is applied to it. The
overall motion in the left subsystem is a superposition of the responses to both M(¢) and 7(¢). This procedure
leads to the block diagram in Fig. 12.

Notice that all the transfer functions in the figure are similar to the cases listed in Table 1. Direct
calculating yields

01(x1,5) G Gr(x1,L1,5)GR(0,0,5) "' GL(0, Ly, )
= Gr(x1,0,s5) — -
M(s) 1+ Gr(0,0,5)" Gr(L1, L1, 5)
_ GL(-xl > 09 S)GR(Os 03 S) + GL(X], O’ S)GL(LI’ Lla S) - GL(X], Lla S)GL(Oa Lls S)

34
Gr(0,0,5) + Gr(L1, L1, 5) 34
02(x2,5)  GRr(x2,0,5)GR(0,0,5)"' G(0,Ly,5)
M(s) 14 Gg0,0,5) " GL(L1, Ly,5)
_ GR(X29 07 S)GL(Oa Lls S) (35)

B GR(Oa 09 S) + GL(L],L],S) '
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Explicit evaluation of the expressions in Eqs. (34) and (35) verifies that they are indeed identical with those in
Egs. (31) and (32). If the structure contains more than two links the process is repeated with the new
disconnection point just before the last link, and the left subsystem is the entire system in Fig. 11. It is also
possible to use larger subsystems on the right. For example, combining two two-link systems, whose transfer
functions have already been calculated, yields the one for four links. Thus, using the feedback approach one
can systematically find the exact, infinite dimensional, transfer function of a flexible system with any number
of links.

Example 2: Consider a system with three identical mass moments of inertia J, connected by two identical
links. The characteristic equation, given by the denominator of Egs. (34) and (35) becomes

0 =2¢s(1 — R*(s)e™™) (1 + R(s)e ™) + ¢s(1 + R(s))(1 + R(s)e ™) (1 — R(s)e™*")
= ¢s(3 + R(s) + (2R(s) — 2R*(s))e ™ — (R(s) + 3R*(s))e™*")

— ¢s(1 + R(s)e™ ™) <1 _ Me_m)

3 4+ R(s)
_ ¢ —Js —21s (b —Js 2¢ —Js —21s
—¢s<l+me ><1_¢+J52¢+Jse >

The first term is the pole at the origin, existing whenever the system does not have springs. The second
is identical with the characteristic equation of a link clamped in one end, which indeed contains all
the anti-symmetric modes of the system. The third term gives all the symmetric modes. Following the
analysis in Appendix B it can be shown that all the poles are purely imaginary (also obvious since the
system is conservative). Furthermore, the two expressions multiplying the exponents have unity absolute value
for s = jw. Hence the set of natural frequencies contains all w that satisfy either one of the following
equations:

tan~'(Jay /d) + 1o = (k + 1/2)n,

tan~! (Jow,,/¢) + tan~ (Jw,, /2¢) + 10, = mm.

These equations provide a much more convenient way of finding the natural frequencies for this three mass
system than the one from classical vibration theory that is implicit.

5.4. Dynamic stiffness approach

The basic unit in the feedback approach in the previous section is a link together with its boundaries, and
the model was obtained by combining links. A different approach is to consider the inertias as the ‘main’
elements and looking at the links as connections between them. Applying Newton’s second law to the kth
inertia in Fig. 9, we have

d%6, do,
—_*X__D
dr K dr

Ji — KOk + My + Tyt + Timrk + Ticgrr + T (36)

Here

Ti_1%—1 1s the moment applied to J; by link k—1 as a result of the angle 0;,_; when 0, is fixed.
Ti_1. 1s the moment applied to J; by link k—1 as a result of the angle 0, when 0,_, is fixed.
T i+1 1s the moment applied to J; by link k as a result of the angle 0, when 0y is fixed.

T« 1s the moment applied to J; by link k as a result of the angle 0, when 0, is fixed.

Notice that if the links were modeled as pure springs, Tx_14—1 + Tk—1 4 = K(Or—1—0s), and the same for the
other link. Hence Eq. (36) is a generalization of the standard mass—spring modeling method. The role of of
K.(s) and K,c(s) in Eqs. (14) and (15) is revealed now, since they generate the four moments 7;;. The index £,
or k—1, in the following formulas denotes the links to which these transfer function belong. Notice that these
are properties of the link, and due to symmetry are the same when 0,(¢) is fixed and 0y (¢) is the input. The
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Laplace transform of Eq. (36) can be written as

Ar($)0k(s) = Mi(s) + Ki—1,nc()0k-1(5) — Kie—1,¢(5)0kc(5) + Kiene()0k+1(5) — K o(5)0k(s)- (37)
Ko (s) = Kn(s) =0, since the end inertias have only one flexible connection, and

Ai(s) = Jps* + Dis + K.
After rearranging Eq. (37) can be written as
—Ki—1,0¢(8)0k—1(5) + (Ak() + Ki—1,e(5) + K o($)0k(8) = Kiene($)0x11(5) = Mc(s). (38)
Using the definition
Sk(s) = Ak(s) + Ki—1,:(5) + K o(5)-

the overall system is now given by

Sl(s) _K],nc(s) 0 0 T _GI(S)_ _M](S)_
—Kinc(s)  Sa(s)  —Konc(s) 0 : 02(s) M (s)
0 —Kone(s)  Sa(s) - 0 O35) | = | Ma(9) |, (39)
0 —KN—I,nc(S) . .
o - 0 —Kyawly  Swl | LWL LMV

Any transfer function between any input M,(s) and any output 0,(s) can be obtained by solving this set of
equations. This is probably the most natural, and the easiest to use, modeling method for a multi-link system.
Actually it coincides with the spectral finite element method [3], once one makes the substitution s = jw. The
structure of the model (39), as well as that of Egs. (34) and (35), enables derivation of control laws for
stabilization and tracking [18].

6. Conclusion

A method of transfer function modeling for multi-link flexible systems, governed by the wave equation, is
presented. First a closed form expression for the transfer function of a single link is derived and analyzed. The
building blocks of the transfer function are time delays, representing the wave motion, and low-order rational
expressions, representing the boundary phenomena. Comparing the transfer function to finite dimension
approximations reveals some advantages. Unlike modal models, the method handles lumped damping
elements at the ends in a natural manner, and unlike FEM it gives the exact poles as the roots of its
denominator. Even more fundamental is the explicit recognition of the wave motion and reflection as the
principal mechanism of the response. This well-known fact is heavily masked, practically absent, in FEM and
modal models. The transfer function approach leads naturally to accurate, yet simpler than solving PDEs,
simulation schemes consisting of low-order linear blocks and delays. From a strict mathematical point of view
the scheme is still infinite dimensional because of the delays, however in practice this is a standard block in
many simulation software packages. Another application where the transfer function model is advantageous is
feedback control design. Besides being the natural form of model for that task, the specific structure of the
transfer function leads to control laws that eliminate the delay from the closed loop. The wave-delay
correspondence implies that the control law makes the actuating end a sink for the returning wave.

The transfer function modeling method is extended to structures with multiple links, where three methods of
constructing the multi-link model are discussed. The better ones seem to be the feedback approach and the
infinite dimension equivalent of a “dynamic stiffness matrix”’. These methods provide a systematic way of
assembling any number of single link transfer functions into a large multi-link model. As in the single link
case, the multi-link transfer functions allow physical insight into the system, and the usefulness of the
approach for classical vibration analysis, control synthesis and simulation is demonstrated.
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Appendix A. Detailed derivation of the transfer function G(x, x0, s)

The first step is showing that Eq. (5) is indeed the solution of Eq. (3). It is easily seen that at any x# x,
0(x, s) can be written as

0(x,s) = C1(s)e™/ + Ca(s)e™*¥/¢, (A.])

which is identical with the homogeneous solution only with different coefficients. Hence at x# x¢ the left-hand
side is equal to zero, same as the right-hand side. Notice now that

0(x. 5) — i"gjp) (eS¢ 4 gmstx—xo)/c) 4 f(Cl(s)e“/" — Co(s)e ), x> xq,
_6;_=:{%%@mvww+es@&Wg+%«L@kﬂﬂ_Ib@ksVQ, x<xp. (A.2)
Evaluating these expressions near x, yields
a0(x, 5) glc(;) +5(Ci(s)e™/¢ = Cy(s)e™/9),  x = x{,
ox { éwc(ls,f +3(Ci(s)e™/¢ — Cy(s)e™/9),  x=xj. (A-3)
Hence
%(X{{,s) - g—i(xa, ) =— Aég) . (A4)

That jump is translated to a delta function in the second derivative with the same magnitude as the right-hand
side of Eq. (3). Substituting Eq. (5) into the boundary conditions (4) gives, after rearranging

ba()C1(5) + br()Cals) = ¢E M) (5150 — by(s)e ), (A.5)
b0 C1(5) + bils)eHCa(9) = Ty () = bty L), (A6)

Here

bi(s) = Ai(s) + ¢s,  ba(s) = Ai(s) — Ps,  b3(s) = Aa(s) + Ps,  ba(s) = Aa(s) — Ps
and ¢ and A;(s) were already defined. Egs. (A.5) and (A.6) are linear in C;(s) and C»(s), and their solution is
M(s) by(5)b3(s)e"E=0/¢ 4 by(s)ba(s)e*EH50/¢ — 2D (5)by(s)e ™ E—0)/¢

- A.
=445 b b — baWba(s)e : (AP
M(s) by (5)b3(s)e" EH0/¢ 4 by(s)ba(s)e L0/ — Dby (s)b3(s)eL0)/¢
Cots) = MOBODs(s)e 2(9hu(5e b (9" As)
4ps bi(s)b3(s)esL/¢ — by(s)ba(s)esL/¢
Dividing the numerator and the denominator of each expression by b(s)b3(s)e*’/¢ and defining (same as Eq.
(7)
_ ba(s) ba(s)
R Ry(s) = — .
©=-F5 R6=—5

C1(s) and Cj(s) can be written as

M(s) e + Ry () Ra(s)(s)e LA 4 2 Ry(s)(s)eCL0b/e

Cil9) = 4¢s 1—- Rl(S)Rz(S)eszS/C

(A.9)

Cals) = M(s) e¥os/¢ Rl(S)Rz(s)e—x(zL—xo)/c + 2R1(S)e—x0s/c
T 4gs 1 — Ry(s)Ra(s)e2L5/¢ :

Substituting Egs. (A.9) and (A.10) into Eq. (5) yields the two cases in Eq. (6).

(A.10)
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Appendix B. Vibration oriented properties of the transfer function (6)

This appendix contains a series of results that prove the statements given in Section 3 regarding the stability
and poles location of the transfer function.

Observation 1. |R;(s)| <1 for every s in the ORHP with equality only for a free end where R;(s) = 1. |Ri(jw)| =
1 for w+#0 if and only if D; = 0.

Proof. Let s = a + bj, then

Vi@ + b*) + (D; — ¢p)a+ K]+ [2J:ab + Dib — pblj

|Ri(s)| = 3 - (B.1)
[J,'(Cl +5b ) + (D,‘ + ¢)a + K,‘] + [2J,ab + D,‘b + (t)b]]
Straightforward calculation lead to
INum(R))|*> — |Den(R))|> = —dapJ(a* + b*) — 4pDi(a* + b*) — 4adK,, (B.2)

where ‘Num’ and ‘Den’ denote the numerator and denominator, respectively. Unless J; = K; = D; =0,
expression (B.2) is negative for all >0, hence |R;(s)| < 1. When a = 0, the left-hand side of Eq. (B.2) is zero if
and only if D; = 0.

Result a. The system does not have poles in the ORHP.

Proof. If Re(s) > 0, then |exp(—27s)|<1. From Observation 1 it follows that |R;(s)R,(s)| <1, therefore s in
the ORHP cannot be a solution of the characteristic equation (17).

Result b. The system has poles on the imaginary axis (except for the origin) if and only if D; = D, = 0 (this
result, together with Result a are equivalent to (b) in Section 3.2).

Proof. Since |exp(—2tjw)| = 1, a pole on the imaginary axis requires that |R;(jw)R>(jw)| = 1. However from
Eq. (B.2), |R,(jw)| <1 with equality only when D; = 0, hence ‘only if’. If D; = D, =0, |R|(jw)Ry(jw)| = 1 Vo,
hence s = jw is a pole for every w satisfying the angle equation (18).

Result ¢. If D; = D, = 0 all the poles of the system are on the imaginary axis.

Proof. First notice that in the absence of damping, R;(s) = 1/R;(—s). Let s* be a solution of the characteristic
equation (17). Then
Ri(s")Ry(s")e ™ = 1. (B.3)
Leading to
. 1
Ri(—5")Ry(—s*)e ") = =1 B.4
mofelmee R Rl (B4

Hence —s is a pole as well. Since no poles exist in the ORHP, all the poles must reside on the
imaginary axis.
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