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Preface

General

Oscillations are extremely important in all areas of human activities, for all sci-
ences, technologies and industrial applications. Any development, any change can
be interpreted as motion. Any motion is deeply connected with one of the most
fundamental properties of nature — its ability to react with oscillations at any inter-
nal change or external influence.

Sometimes these oscillations are harmless, often they can be noticed as noise or
cause wear. Vibrations, if they are not desired, can be dangerous. But sensibly or-
ganized and controlled vibrations may be pleasant (think of all kinds of music) or
vitally important (heartbeat). If the oscillations are sufficiently small and the con-
sidered dynamical system is smooth, it can be very helpful to linearize it in the vi-
cinity of some static or dynamic solution and use the corresponding powerful ana-
lytical methods. But in many practical cases the oscillations are either not small or
the system is not smooth. In these cases a non-linear analysis becomes essential to
understand physics of the system or of the process.

“To understand™- is the key word here. The main objective of any analysis is
comprehension. The only systematic way to solve any problem or to improve any
system is to understand its nature and foresee its behavior. There are different
ways to obtain the knowledge of the object one is working with. The first and still
the most important way is the experiment. It is the only way to get any objective
information about nature. But this way is not a simple one. The problem is not
only that it is often very difficult and expensive to perform real experiments. Even
more important is the fact, that the measurement itself never helps a scientist (or
an engineer) to understand anything, before he tries to interpret it. And the only
way to interpret anything is modeling. However the experiment always remains
the last proof of each theory or model. So like two eyes are necessary for spatial
vision, both modeling and experiment are inevitable for physical understanding.

Different types of modeling are often used in modern fundamental and applied
sciences. The main rule says: Models must be as simple as possible and as accu-
rate as necessary. In practice it means, a simple analytic model is often better than
complex numeric one, if it is sufficiently accurate. On the other hand, if simple
models are not able to describe significant properties of a natural object, the nu-
meric or even the natural modeling (for example in hydro- and aerodynamics) are
the only efficient way to achieve comprehension.

The same statement can be applied not only to natural sciences, but even to
mathematics. However, the experiments here are mostly numeric. The greatest
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mathematician of the late 19" and early 20 century, Henri Poincaré, wrote: “Usu-
ally an equation was considered to be solved if the solution had been expressed in
a finite number of known functions. But this is only possible in one case out of
hundred. What we always could do, or better should do, is to solve the problem
qualitatively. This means trying to find the general form of the curve which tracks
the unknown function.” (Henri Poincaré, Science et Méthode).

This idea of Poincaré gave the main direction to the development of applied
mathematics and mechanics in the 20™ century, and it did not loose its actuality
even now. His methods to find periodic solutions of the perturbed ordinary differ-
ential equations and to analyze their stability [98], caused a mental revolution both
in the theory of differential equations and in the nonlinear mechanics. It was the
starting shot for the development of the perturbation methods, being now one of
the most powerful groups of analytic methods in the theory of nonlinear oscilla-
tions.

It is interesting that the Poincaré’s statement is also valid for applications. En-
gineers are seldom interested in particular solutions. Usually the parameters of the
system are known with some grade of uncertainty and the initial conditions are
very difficult to control. Hence an engineer is interested first of all in general ten-
dencies in the behavior and evolutions of a system, he is working on. To explain
the main qualitative phenomena and to predict the qualitative influence of specific
parameters is the task of an analyst and the base for design. Thus approximate
analytic methods are both necessary and useful.

Nonlinear Oscillations

Dozens of brilliant books were written on different aspects of vibrations both
from theoretical and practical points of view. At least the classical works by Lord
Rayleigh [108], Poincaré [98] and Timoshenko et al. [126] should be mentioned
here. Even these three titles demonstrate the main difficulty for students and prac-
tical engineers to find an appropriate balance between sophisticated mathematical
methods and problems, which are relevant for applications.

There are excellent textbooks and monographs devoted to different mathemati-
cal aspects of nonlinear oscillations. Bogoliubov and Mitropolskii [23], Bolotin
[25], Nayfeh [79], Arnold [8], Sanders and Verhulst [114], Guckenheimer and
Holmes [44], Mitropolskii and Nguyen [75], Nayfeh and Mook [80], Volosov and
Morgunov [134] and Verhulst [131] can be mentioned here. Being significant con-
tributions to the development of mechanics and approximate methods in the the-
ory of ordinary differential equations and dynamical systems, these books remain
almost unavailable for the majority of mechanical engineers, first of all, because
of their mathematical language.

Books intended for applied scientists and practical engineers are very seldom.
Most of them are concentrated on qualitative discussion of practically important
particular effects without addressing generality and mathematical rigor of the used
methods. The most versatile book of this type is no doubt Panovko and Gubanova
[85]=Butitisralsomecessary tospointitorexcellent specialized monographs on oscil-
lations in systems with collisions [10, 15, 58, 62, 77], systems with friction [49,
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104, 130], machines with high frequency vibrational excitation [15, 17, 20, 78],
autoparametric resonance [129] and chaotic vibrations [76].

“Nonlinear Oscillations in Mechanical Engineering”

The recent book is concentrated on the effects connected with the nonlinearities
usual in mechanical engineering. These nonlinearities are caused, first of all, by
contacts between different mechanical parts. So the main part of this book is de-
voted to oscillations in mechanical systems with discontinuities caused by dry
friction and collisions. Another important source of nonlinearity is caused by ro-
tating unbalanced parts usual in various machines and variable inertias occurring
in all kinds of crank mechanisms, for example in combustion engines.

This book is devoted to nonlinear oscillations and is written for advanced un-
dergraduate and postgraduate students, but it may be also helpful and interesting
for both theoreticians and practitioners working in the area of mechanical engi-
neering at universities, in research labs or institutes and first of all in the develop-
ment departments of industrial corporations.

Mathematical Methods in This Book

Perturbation methods, especially averaging and multiple scales are the basic
approach used in this book. The objective here is to adopt these methods to the de-
scribed class of problems and make their use convenient for mechanical engineers
without loosing mathematical correctness.

It was also Poincaré who justified the use of divergent series and introduced the
concept of asymptotic analysis. The next important step was done in the middle of
the 20" century in Russia. Krylov, Bogoliubov, Mitropolskii and their colleagues
[23, 24, 66, 74, 75, 111, 134] suggested and justified the averaging method. This
method allows the asymptotic analysis not only of stationary or periodic solutions,
but it is also suitable for transient processes. However, the first successful attempts
to link perturbation methods with classical variation of parameters were done by
van der Pol [99] and corresponding ideas can be found even earlier in the works of
Lagrange [68]. The book by Bogoliubov and Mitropolskii [23] gave a strong im-
pulse for the further development of asymptotic methods both due to clear mathe-
matical proof of the approach and due to the great variety of considered applica-
tions. It is still an interesting and inspiring source for scientists.

Fast and Slow Motions

Averaging method clearly displays the main feature of different phenomena
and processes of fundamental and applied interest taking place in mechanical sys-
tems, which allows developing and using asymptotic methods in nonlinear oscilla-
tions. Very often motions of these systems can be split into some slow evolution
and overlaying “fast” vibrations of a high frequency at a small amplitude. These
slowsmotions describingsthe-evolutionrof the system are, as a rule, of the main in-
terest for the researcher.
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Several scientists have used this property as the fundamental background for
the development of further methods and approaches. Two of them should be men-
tioned here. The first one is the method of multiple scales. It was developed by
Nayfeh and his colleagues [79, 80]. This method is substantially very close to the
averaging method, but due to its straight forward formulation is very popular in
physical applications. First of all, the use of multiple scales is very simple for dif-
ferential equations with partial derivatives, even if its accuracy is not always
proved.

The same can be said about the “method of the direct separation of motions”. It
was originated in the works of Kapitsa [55, 56]. This method was most generally
formulated by Blekhman [16 — 21], who also gave numerous examples of its use
for different problems in mechanics and physics. The method of the direct separa-
tion of motions is even easier to use than the multiple scales. Its accuracy is
proved for the most typical cases and it was successfully used for systems de-
scribed by both ordinary and partial differential equations [19, 20, 53,119 — 125].

The main uncertainty connected with both multiple scales and direct separation
of motions is that if the considered problem is even a little bit aside the typical ap-
plications the user never knows if the results are correct or not and the method it-
self does not give any instrument to control its accuracy. Averaging to the contrary
contains a clear way for its mathematical validation including sensible accuracy
control. If the requirements of the corresponding theorems are not fulfilled in a
practical problem, there is always a chance to expand the method’s applicability
by formulating and proving new theorems. This area was and remains the mathe-
maticians’ domain. The author would be very pleased if he could attract their at-
tention to numerous and diversified engineering problems, even though only an in-
finitesimally small subset of this inexhaustible field is touched in the present book.

Structure

The book is structured as follows. A short introduction to the problems under
consideration is given in the first chapter. It includes the standard perturbation
techniques alongside the usual simplest descriptions of dry friction and collisions
between rigid bodies.

Chapter 2 is devoted to vibrations in systems with dry friction. The discussion
encloses both the self excited oscillations due to the negative friction gradient and
the friction caused flutter alongside the vibration caused transportation.

Oscillations in systems with almost elastic collisions are discussed in Chapter
3. The analysis is based on the ideas of the unfolding transformations, which give
a clear and transparent framework for analysis of one dimensional systems re-
stricted from one side (for example an oscillator near a wall) and from both sides
(for example the same oscillator in a clearance).

Systems with strong energy dissipation are discussed in Chapter 4. The main
idea here is to separate the dissipative subsystem, which moves in many important
cases as a slave of the almost conservative subsystem (at least in the first order
approximation):» Thissapproachmissconsequently applied both to systems with
strong linear damping and to systems with inelastic collisions.
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Chapter 5 is devoted to the problem of the significantly nonlinear resonance,
which occurs always, when the power of an exciter is comparable with the energy
demand of the machine. It is actually the case in all real machines otherwise their
drive would be too powerful and expensive. So the practical importance of the
nonlinear resonance can be hardly overestimated.

The basic ideas of analysis and elementary effects in systems subjected to
strong high frequency excitation are discussed in Chapter 6. Stiffening, softening,
biasing alongside smoothing of dry friction are the main effects illustrated by sim-
ple examples. Misbehavior of the “optimally” controlled pendulum under the in-
fluence of the HF excitation is the advanced example combining several ap-
proaches introduced in the previous chapters.

Further development and general analysis of systems subjected to high fre-
quency excitation is given in Chapter 7. Especially results concerning systems
excited due to oscillating inertial coefficients are relevant for applications.

All the analysis in the present book is based on the appropriately modified av-
eraging. The relevant theorems are formulated and explained qualitatively.
Mathematical proofs are given in the Appendixes, which can be omitted by read-
ers interested in applications, but are strongly recommended for those interested in
the development of theoretical approaches.
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1. Introduction

1.1. Usual Sources of Nonlinearity in Mechanical
Engineering

The world around us and we ourselves are inherently nonlinear. The simplest ex-
periment illustrating this statement is an attempt to bend a wooden beam. As long
as the load is small, the deflection of the beam is approximately proportional to
the applied force. But at some sufficiently large level the beam will simply break.
This strong and definitely irreversible change is an elementary example of nonlin-
ear behavior illustrating an important feature enforcing us to formulate the first
statement more precisely. The world is nonlinear, but in many cases, if we con-
sider only small influences and changes, the linear approximation is often suffi-
cient to understand, predict and control its behavior.

Nonlinearities and their consequences in the physical and technical world are
highly diversified and the development of the corresponding theoretical frame-
work and mathematical language is still in its infancy. We would like to start
with several examples demonstrating the most usual sources of nonlinearity in
mechanical engineering.

1.1.1 Geometrical Nonlinearities

The first and the simplest one are geometrical nonlinearities arising form pure
kinematics. The first example shows the pendulum (cf. Fig. 1.1), whose dynamics
is governed by the following equation:

gb+§singp=0 (1.1)

For small oscillations around the down pointing equilibrium ¢ =0 this equa-

tion can be linearized, but if one is interested in large oscillations or even in the
rotational motions of the pendulum its nonlinearity becomes significant.

Another example is based on the crank mechanism usual in all kinds of ma-
chines (Fig. 1.2). It consists of a rotating rod, which is attached to a fixed point by
a spring with stiffness C and free length x,. We assume that the spring is linear
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(the last statement means that the deflection of this spring is proportional to the
applied force, irrespective of its magnitude.) The governing equation for this sys-
tem has the following form:

CL(\/L2 +1*—2LIcos ¢ —xo)
Q= sin (1.2)
ml\/L2 +1*=2Llcosg

Fig. 1.1. The mathematical pendulum is one of simplest examples of geometrically nonlin-
ear systems

Fig. 1.2. The geometrically nonlinear crank

1.1.2 Physical Nonlinearities

The assumption concerning the linearity of the spring is also correct only for
small deflections. Both rubber (Fig. 1.3) and steel (Fig. 1.4) demonstrate nonlinear
relationships between stress and strain if the applied load is sufficiently large.




1.1. Usual Sources of Nonlinearity in Mechanical Engineering 3

stress

strain

Fig. 1.3. Stress-strain diagram for a rubber like material

stress

strain

Fig. 1.4. Stress-strain diagram for steel

These two diagrams are the most usual examples of physical or material nonlin-
earity in mechanical engineering.

1.1.3 Structural or Designed Nonlinearities

In numerous applications the nonlinear characteristic of a spring is desired.
Two simple examples of the designed nonlinearities are shown in Fig. 1.5 and 1.6.

F
W Xo X

Fig. 1.5. Designed hard nonlinearity

The stiffness of the system of springs in the first example increases as the de-
flection exceeds a certain value X, , after which the spring on the right hand side
sually called hardening and is sometimes
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described as a progressive stiffness characteristic. It is achieved here through the
designed clearance between the two springs.

F
Fy

Fy

Fig. 1.6. Designed soft nonlinearity

The stiffness of the system of springs in the second example decreases as the
load exceeds a certain value F after which the spring on the right hand side of
the mass gets active (as long as the external force is smaller that the preload F,
the spring on the right hand side of the mass presses it against the stop and the
whole frame moves as a solid body.) This behavior is usually called softening.

These two examples belong to the group of structural nonlinearities and dem-
onstrate how easily the nonlinear characteristic can be designed through appropri-
ate combining of linear components.

1.1.4 Constraints

Unilateral constraints are another important example of structural nonlineari-
ties. It is an important source of nonlinearities and it will be discussed extensively
below. Here we give only one example (Fig. 1.7) showing the pendulum sus-
pended near a rigid wall.

M

SOUNSNNUONONONONNNANNYN

Fig. 1.7. The pendulum near the wall and its torque characteristic

This system is not simply nonlinear. It is much more complex. Some additional
hypotheses are necessary in order to describe the collisions between the mass and
the wall. In any case this system cannot be linearized at least as long as we remain
in the framework of rigid body mechanics.
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Kinematical constraints (not only unilateral) are an important source of nonlin-
earities. Although Newton’s equations are linear with respect to coordinates and
forces, the Lagrange’s equations in generalized coordinates (which take con-
straints implicitly into account) are usually nonlinear. Consider the crank mecha-
nism (Fig. 1.8) as an example.

RS

Fig. 1.8. Crank mechanism

Its position can be completely characterized by the angle ¢ between the crank
and the horizontal axis. The position of the slider can be always expressed in

terms of this angle:
2
- 11" sin? (13)
X=rcose+ 12 sm- @ .

This relationship is significantly nonlinear and lead to Lagrange’s equation
governing the mechanism:

1 1 1
T=-—mreo*+—Mi>=—J h?
S 5 (p)o

2 2
J (@) =mr? + Mr*sin’ (/)(1 + ’lﬂ—zcos2 (/)/(1 —%sinz (pn

0A=Fox=0Q5p= (1.4)

O=-rsing| 1+— COS(p/ 1——sm 1)
d(oT) oT 1dJ .

_ =J + -
dt(&(/’)) 00 27 ()% 2d(p(p =0

Here mr? is the crank’s inertia, M is the mass of the slider, T is the kinetic
energy of the whole mechanism, () is the generalized force obtained through the
relationship for the virtual work.
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This equation is totally nonlinear, but we would like to attract your attention to
the second term on the left hand side. It depends on (/')2 . It is the consequence of
the variable effective inertia J ((0) due to kinematical coupling (1.3). This
nonlinear dependency on the generalized velocities is usual for diverse mecha-
nisms.

1.1.5 Nonlinearity of Friction

The last but not least source of nonlinearity which we are going to mention here
is damping. Damping mechanisms are extremely complex and deeply connected
with microscopic processes in materials, on their surfaces and in thin fluid films.
Even the simplest models of viscous damping are nonlinear. Usually they can be
represented in the following form:

R=-f (|Y|)ﬁ (1.5)

Here R is the damping force directed against the velocity. The function
f (| X|) describes how the friction force depends on the magnitude of the veloc-
ity. The usual linear damping corresponds to f’ (|X|) =b |X| . This damping is ex-
tremely rare in applications. The only real case is the stationary flow in a long
pipe. Nevertheless linear damping is very often used if the real damping mecha-
nism is unknown, but some energy dissipation is necessary for the analysis.

More realistic is the power law [’ (v) = b|\_/|a , 1<a <2 1t describes fluid
damping at high Reynolds numbers. The case & = 2 corresponds to the fully de-
veloped turbulent flow, which is typical for air.

Dry friction in the contact between two surfaces depends both on the relative
velocity and on the normal force in the contact area: f (v) = uN . In the one

dimensional case of dry friction the relationship (1.5) is usually written as follows:
R =—uN sgn(v) (1.6)

The friction coefficient £/ is however not a constant. Even more, the formal re-
lationship (1.6) is not a function. It is not defined for v = 0 . This special case cor-
responds to the so called sticking and is usually described by a separate coefficient
M, . The friction force during sticking cannot be calculated according to the equa-
tion (1.6). It is determined by the condition v =0 as long as the calculated value
doesn’t exceed the maximal value:
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|R|< u,N (1.7)

Slipping starts as soon as the inequality (1.7) is broken if we suppose sticking.

The simplest Coulomb’s friction law ( ¢ = const ) is shown in Fig. 1.9 a). The
friction law taking the sticking friction into account is shown in Fig. 1.9 b). Fig-
ure 1.9 c) shows the friction coefficient taking into account the negative slope of
the force—velocity curve at small relative velocities. This decreasing friction coef-
ficient was confirmed in numerous experiments for various friction partners and
fluids (air, water, oil) between them. Figure 1.9 d) shows finally the regularized
friction law used sometimes in numerical simulations. It doesn’t take into account
the possibility of sticking (the vertical line for v =0 is replaced through a quasi
viscous damping) and is applicable only to investigations in which sticking
doesn’t occur.

a) R b) R

c) R \/ d) R

/\

Fig. 1.9. Different idealization for dry friction

Additional information concerning dry friction and the corresponding refer-
ences can be found in Chapter 2.
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1.2 The Basic Ideas of the Perturbation Analysis

1.2.1 Variation of Free Constants and Systems in the Standard Form

The main idea of perturbation methods is to consider systems being close to an
unperturbed one. It is supposed that the solutions of the unperturbed system are
easy to find. In other words it is supposed that the unperturbed system can be inte-
grated in a closed form.

Consider a system

z=7(zt,¢) (1.8)

Here & <<1 is a small parameter. Consider the corresponding unperturbed
system

zy = Z(z2,,1,0) (1.9)
We suppose that its general solution is known:
zo=f(t,C)c>%:Z(f(t,C),t,0) (1.10)

Here C is the vector of arbitrary constants. Taking C as a set of new vari-
ables, i.e. considering (1.10) as a transformation for the perturbed system (1.8), the
following equation can be easily obtained:

o . of
%C'FE:Z(][(LC),LE)
(1.11)
+...
&=0

oz
:Z(f(t,C),t,0)+8§

Here ... stays for the terms 0(5‘2 ) . Taking (1.10) into account and supposing
the matrix (af /oC ) to be not degenerated, i.e. det (6f /oC ) # 0 the following

equation for the new variables C can be obtained:

C:g(ijl oz(f(t,C),1,¢)|
oC os

(1.12)

=0
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A system in form (1.12), i.e. a system which right hand side is multiplied by the
small parameter, is called a “system in the standard from” for the averaging
method. Usually it is written as follows:

x=¢X(x,1,6) (1.13)

Here x is the 7 -dimensional vector of the state variables, X is the #-
dimensional vector-function depending on the state variables, time and perhaps on
the small parameter & .

Actually the statement: “The system (1.13) is in the standard form because the
small parameter stays as a factor in front of its right-hand side” is too simplified.
The functions at the right hand side of (1.13) have to be in addition bounded and
smooth, and the time average of the right hand sides must exist (see below). These
additional conditions are not always easy to satisfy. Even if the unperturbed sys-
tem is a linear excited and damped oscillator (1.14), but the excitation and damp-
ing are not small, it cannot be directly transformed to the standard form (cf. Chap-
ter 6).

mi+ fx+cx=asinwt, a=0(1), f=0(1) (1.14)

Nevertheless there are two large and very important classes of systems suitable
for the perturbation analysis.

The quasi-conservative, especially quasi-linear systems belong to the first class
[78]. Many classical examples for the perturbation analysis like Duffing’s and van
der Pol’s equations [123] belong to this class of systems. Many other examples
can be found in any classical book concerning perturbations (cf. [23, 79, 80, 99,
114]).

Systems with strong excitation, i.e. systems with dominating external and iner-
tial forces, belong to the second class. Numerous examples of such systems can be
found in [20, 21], some special problems are considered also in [119 — 124]. 1t is
usual to write the governing equations for the problems of this class in a slightly
different form:

¥=F(x,xt)+0®(x,t,7), =0t 0>>1 (1.15)

This form expresses better the fact that the term w® (x, t,7T ) containing the
high-frequency excitation, is dominating here (because @ is the large parameter).

There are many different methods for the asymptotic analysis of perturbed dy-
namical systems. First of all, these methods differ according to the type of solu-
tions they deal with. There are numerous methods considering only periodic solu-
tions and their stability. Most of them are based on the ideas of Poincaré and
Lyapunov.

Another group of methods considers also transient solutions of dynamical sys-
tems, i.e. these methods allow analyzing not only an infinitesimal vicinity of peri-
odic solutions, but also their attraction area.
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Three of these methods are most popular today. We are going to start with the
standard averaging.

1.2.2 Standard Averaging as an Almost Identical Transformation

Averaging as a perturbation method was worked out in the middle of the 20"
century first of all in the works of Russian mathematicians Bogoliubov and Mitro-
polskii [23, 24, 74, 75] and then developed by their colleagues both in Russia [7,
78,82 -84, 111, 133] and in the West [112 — 114].

Initial value problems in the standard form are investigated by the averaging.

x=¢eX(x,t,), x(0)=x, (1.16)

Let us firstly introduce the time average of the function X :

T

(X (x.t,6)) = lim X (x,t,¢)dt (1.17)

T—o T

The integration here has to be performed with respect to the explicit time (vari-
ables x are considered as constant parameters).

If the function X is periodic with respect to the explicit time £, the definition
of the time average can be significantly simplified:

Vi:X(x,t+27,6)=X(x,1,6)=

1 % (1.18)
<X(x,t,5)>t = (!X(x,t,g)dt

The main idea of the averaging method is not to try to solve the system (1.16),
but to try to find another system, being simpler than the original one, which solu-
tions are close to the solutions of the original system for a sufficiently long time
interval. The simplification which can be achieved using averaging is to eliminate
the independent variable 7 from the considered equations, i.e. to reduce the effec-
tive order of the system by one.

In order to do it formally (without mathematical proof) for the simplest periodic
case, the following almost identical transformation can be applied:

x=E+eu(é )+ 0(e) (1.19)

It is very important to understand the sense of this transformation in order to
comprehend the physical meaning of the method. It splits the solution to (1.16)

into two parts — the large slowly varying part &, describing the evolution of the

systemgzand-the-small-fast-oscillatingspart 2 , which is responsible for the oscilla-
tions of the solution around the slow component.
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We require that the new variable & is governed by the autonomous equation
E=e2(é,6)+0(&) (1.20)

Both the unknown function (f R 8) , which has to be a periodic function of
time, and = (f R 8) have to be determined by the following procedure. Applying
(1.19) and (1.20) to (1.16) the following equation can be obtained:

- ou
ga(é,a)hea=8X(§,t,g)+0(€2) (1.21)

Balancing the terms 0(8) and requiring that # has to be a bounded periodic

function, we obtain that this condition can be fulfilled only if = is the time aver-
age of X :

E(&.e)=(X (& 1.e))
u(E0,6) = (1(X(§,3,g)—5(§,g))d9+uo (& 2)

(1.22)

It is usual to choose the free functions (f , 6‘) in order to guarantee that the
time average of the functions # is equal to zero, i.e. <u (é‘, t, 8)>t =0.

It is not the unique possible choice of the functions #,,. Another one is conven-

ient if the equations (1.16) have the Hamiltonian form. Then the free functions can
be chosen in order to guarantee that the averaged equations also have the Hamil-
tonian form.

Higher order approximations can be obtained in a similar way. For the second
order approximation we apply the following transformation:

x=C+eu (& 1,8)+€u,(E,1,6)+... (1.23)

We require further that the new variable & is governed by an autonomous
equation

E=¢E (&6)+EE, (E,6)+... (1.24)

Balancing the terms 0(8) we obtain as above:
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E (&)= < (&.1.6)), —I[X £t,6)-8, (&e)]ar, (12D

Balancing the terms O (62) we obtain:

Ou, 0X — Ou _
—=— u-5,-—E =
o ox, 8¢
(1.26)
_ Jax u, ox
=y = o u - Y = o u,
X x=£ § P X x= ¢
Finally the equation of the second order approximation is
: oX
E=e(X (b)) +e’ | +0(&") (127)
X
x=¢ ¢

The procedure above is purely formal, because it does not explain if we can
shorten the equations for & neglecting the small terms 0(82) or 0(63) in the

equations (1.20) and (1.27) respectively. It also doesn’t explain why and for how
long a time the solutions of the original system (1.16) and those of the shortened
averaged systems (1.20) or (1.27) are close to each other.

Answers to these questions were given by Bogoliubov in his first Theorem.

Consider the system (1.16) and assume
1. X is a measurable with respect to t vector-function.
2. It is bounded and satisfies the Lipschitz-condition with respect to the vector-
argumen X .
| X (x.t.6)|< M
(1.28)
HX(xl,t, €)- X(xz,t,g)H < Al = x,

3. The time average of the function X exists uniformly with respect to X .
Consider the averaged system satisfying the same initial conditions

§=62(&8), £(0)=x (129)
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—

Under these conditions the mistake by using the system (1.29) with functions =
determined by the relationships (1.22) instead of the original one has the magni-
tude order of the small parameter & for the asymptotically long time interval
t=0(1/¢).

The proof of this theorem is not very complex. Readers interested in the mathe-
matical background can find it in Appendix I.

If the averaged system (1.29) has an asymptotically stable singular point in the
linear approximation and the function X is continuously differentiable with re-
spect to x then the original system (1.16) has a solution which remains in the vi-
cinity of this point for infinite time.

This is the contents of the second Bogoliubov’s Theorem. Its mathematically
correct formulation and proof can be found in Appendix II.

1.2.3 Method of Multiple Scales

“Multiple scales” is surely the most popular method for the asymptotic analysis of
dynamical systems in the west. It differs slightly in form from the averaging
method, but is substantially very close to it. The multiple scales technique is very
simple and straight forward in its formulation, its logic is easy to understand and
to learn and it is excellently explained in [79, 80]. Thanks to numerous works by
A.H. Nayfey this method is successfully used for analyzing both ordinary and par-
tial differential equations, although its accuracy is not always mathematically
guarantied. Correct use of multiple scales in these cases requires deep physical
understanding of the problem.

The basic logic of the method of multiple scales can be easily illustrated by
considering a system in the standard form (1.16). The first step of the solution is to
convert to two independent variables & =t and 7 = &f, supposing that
xX= ¢)(5,T ) , 1.e. to convert from the system of ordinary differential equations

(1.16) to the following system with partial derivatives:
0
—+ga—=8X(¢)(0,r),8) (1.30)
T

The relationship between (1.16) and (1.30) is determined by the condition that,
if (0(49,2') is a solution to (1.30), then x = (D(t,é‘t) is a solution to (1.16). In
other words, the system (1.30) is more general then the original equations (1.16)
and any solution to (1.30) taken along the straight line @ =7, T = &t satisfies the
equations (1.16).

We require (/)(49,7) to be a 27 -periodic function of 7 and try to find ¢ as
a formal asymptotic expansion in terms of & :
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9(0.7)=vy,(0,7)+ey, (0,7)+... (1.31)

All the functions here have to be bounded functions of the fast time €. Substi-
tuting this expression into equation (1.30) and balancing the terms with equal
powers of & the following relationships can be obtained:

g %:0

aaj oy (132)
.o Y oY
g . + 9 X(l//o(ﬁ,r),e,g)

The first of these equations means that 1/, depends only on the slow time 7 :

v, =£&(7) (1.33)

Substituting (1.33) into the second relationship from (1.32) a simple equation
for (9,2‘) can be obtained:

v _ _de
> =X(&(7).1.¢) — (1.34)

The function ¥/, ((9, T ) has to be a bounded function of @, i.e. its derivative

can contain only oscillating components. It is possible if the function — annihi-
lates the constant component of X . It means dr

ds

—==(X (¢, 0,.9))6 (1.35)

dr

Here the average is calculated with respect to the fast time & . Returning back
to the straight line @ =7, 7 = &¢ we find that the slow component of the solution
is governed by the following equation:

%: s(X (E.0,2)) (1.36)

The fast oscillating small correction ¥/, can be calculated as follows:

v, = ](X(g, 9,8)-(X(£.9,2)),)d3+y! (£.¢) (137)
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Comparing (1.31) and (1.35) - (1.37) with the corresponding relationships from
the previous subsection describing the averaging method (1.19) and (1.22), (1.29)
it is easy to notice that they are identical ({/; =u ). Considering the higher order
terms in the expansion (1.31), the higher order approximations to (1.16) can be ob-
tained by the multiple scales technique. They are the same as those obtained by
the averaging method.

1.2.4 Direct Separation of Motions

The method of the direct separation of motions was originated by Kapitsa [55,
56], who used it for analyzing a pendulum with a vibrating suspension point. The
general formulation of this method was given later by Blekhman [20], who de-
scribed it as the most effective method of vibrational mechanics. It was also used
to solve numerous dynamical problems both in Russia and, in the last 10 years,
also in the west [16 — 22, 53, 73, 119 — 124].

Direct separation of motions was formulated originally for systems of second
order differential equations, but it can be easily reformulated as follows.

Consider a system of ordinary differential equations:

x=F(x,et)+®(x,et,t) (1.38)
The basic idea of the direct separation of motions is to consider only the solu-

tions, which are a superposition of slow evolution and fast oscillations. The object
of main interest is the slow component:

x(1)=&(7)+y (z.1)

v=¢t <W(T>’)>,:isz(r,t)dt:0 (1.39)
0

The next step is to go over from the system of 7 differential equations (1.38) to
a system of 27 integral-differential equations:

E=F(&r)+(F(&+y(t7).7)-F (7))
+<(D(§+l//(t,2'),2',t)>t
y=F(E+y(t.),7)-F(&7) (1.40)
—<F(§+l//(t,f),r)—F(§,r)>t
+ CD(é‘+W(t,r),r,t)—<®(§+w(l,r),r,t)>t
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The relationship between systems (1.38) and (1.40) is as follows: if a pair
(f,l/l) is a solution to (1.40), then x(l ) determined according to (1.39) is
automatically a solution to (1.38). It means the system (1.40) is more general than
the original one. This system is not only more general, but it is at first sight also
more complex. Nevertheless in many important cases it is easy to solve with the

assumption that the variable & in the second equation (1.40) is constant.

The system in the standard form (1.16) can be considered as an example. In this
case

F(x,et)=0; ®(x,¢t,t)=¢X(x,1) (1.41)
Substituting (1.41) into (1.40) the following equations can be easily obtained:
E= 8<X(.§+1//,t)>t
y=eX (E+y.t)—e(X(E+y.1))

It is natural to solve the second equation of the system (1.42) asymptotically:

(1.42)

V=y,tey, +... (1.43)

Inserting this expression into the second equation (1.42) and balancing terms
with the equal powers of the small parameter, it is easy to see, that

W, =0
§=e(X (1)) (1.44)
=X (£.0)~(X (£.1))

Equations (1.44) don’t differ from the equations of the first order approxima-
tion (1.20), (1.22) or (1.36), (1.37).

Unfortunately neither the method of multiple scales nor the method of the di-
rect separation of motions has a mathematical proof differing from that for the
standard averaging.

1.2.5 Relationship between These Methods

All the considered methods are very useful and efficient in the analysis of oscil-
lating systems. All of them applied to the system in standard form give the same
result. (It is actually the necessary condition for such a procedure to be called a
method.) So the choice of one of them in any special case is connected mainly
with personal preference. From the authors point of view the multiple scales, and
especially the direct separation of motions, are slightly easier for the practical use
compared tortherstandardraveragingimethod. Their main advantage is the straight
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forward algorithm used to solve the problem, which does not require to initially
transform the system to the standard form. This transformation may be sometimes
rather difficult.

But this statement is correct only for systems which are in or can be transformed
to the standard form. The situation becomes much more interesting if it is impos-
sible to transform a system to the standard form or one of the conditions (1.28) or
(1.29) is not fulfilled. In such a case it is possible to try any of the described meth-
ods. The problem is how to make sure that the obtained results are correct. The
main advantage of the averaging method becomes clear in these cases. There is a
clear way, based on the Gronwall’s lemma, to prove the accuracy of the averaging
procedure. Thus the method contains the instrument to generalize itself. This
situation enables researchers move away from pure physical intuition (being the
most effective in many cases) and to take the path of rigorous mathematical analy-
sis.

1.3 Examples of Elementary Nonlinear Problems Solved
by Standard Averaging

Here we give three academic examples of simple nonlinear problems, which can
be solved by asymptotic methods.

1.3.1 Instability and Self Excited Oscillations in the Van Der Pol’s
Equation

Consider the simplest equation with self excitation:
i-e(l-x")x+x=0, 0<e<<I (1.45)

Damping in this system is negative for sufficiently small values of x . Thus the
trivial equilibrium x =0 is unstable. For sufficiently large values of x the term
1—x7 is negative and the effective damping gets positive. The objective is to find
the limit cycle enveloping the unstable equilibrium.

The unperturbed system to (1.45)is (€ =0):
X, +x,=0 (1.46)
It is a harmonic linear oscillator. Its general solution is well known:
X, = Asin(1+60); x, = Acos(t+0) (1.47)

Here A and @ are the free integration constants. This solution can be used as
the transformation in the perturbed equation (1.45):
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x=Asin(t+6); x=Acos(1+6) (1.48)

This transformation is named after van der Pol [99], who suggested it in 1926.
The new variables A and @ are governed by the following equations:

A= ¢gAcos (t+ 0)(1 — A% sin’ (t+ 9))
R 1.49
9=—gsin(t+6’)cos(t+0)(1—A2 sin® (t+0)) (14

This system has the standard form for averaging. It can be averaged with re-
spect to 7. The equations of the first order approximation are as follows:

A =lg(Al—lAﬁj
2 4

6,=0

(1.50)

Index 1 indicates here the first order approximation. These equations have two
stationary solutions with respect to the amplitude:

A4, =0; 4, =2 (1.51)

The first one is unstable, the second one stable. It describes the stable limit cy-
cle in the original phase plane.
In this case the averaged system can be integrated completely. The result is

2

14 e o0 (1.52)
‘91 = ‘90

4 =

The constants #, and 6, are determined by the initial conditions. Returning

back to the original variables we obtain the following first order approximation:

_ 2sin(t+6,) L 2cos(1+6,)

X, = ;X = 1.53
1 \/ l4en \/ I+e ™ (159
The stable limit cycle is
x,, =2sin(1+6,); x,, =2cos(1+6,) (1.54)

Examples of the transient solutions with X, <2 and X, > 2 are shown in Fig.

1.10 for £ =0.3.

ol LElUMN Zyl_i.lbl
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Fig. 1.10. Transient solutions of the van der Pol’s equation converging to the stable limit
cycle

1.3.2 The Main Resonance in a System with a Small Cubic
Nonlinearity

Consider the resonance problem in a system with a small cubic nonlinearity:
¥+2Bx+x+ex’ =acosat, £<<l,a= 0(6), p= 0(8) (1.55)

We assume that the amplitude of the external excitation, damping and the
nonlinear term are small.

The unperturbed system corresponding to (1.55) is the same as in the previous
example. So we can apply the van der Pol’s transformation, which we are going to
use now in a slightly different form:

X=Asing; x=Acos@ (1.56)

Here @ is the almost uniformly rotating phase. For the unperturbed system
@ =t +const . The new variables are governed by the following equations:

A=-2BA4cos* p+acoswtcosp—eA sin’ pcosp

. . a . 2 . 4 (1.57)
(o:l+2ﬁcos¢)sm(p—zcosa)tsm(p+8A sin” @

We are going to investigate the main resonance, i.c. the frequency of the exter-
nal excitation @ is close to the natural frequency of the unperturbed system,
whichgingthisycasesispsequalstogonessWeycan assume that the frequency delay is
small, i.e. it has the same magnitude order as the small parameter:
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w=1+6,5=0(¢) (1.58)
Then equations (1.57) can be rewritten as follows:
A=-2BA4cos’ p+acosy cosp—eA’ sin® pcos g
(p=1+2ﬁcos¢sin(o—%cosy/singo+gA2 sin* @ (1.59)
=140

Here we have introduced the second phase i = @f . The two phases ¢ and

I have almost the same rotation speeds. Thus it is sensible to introduce the phase
difference between them:

O=p—y (1.60)

Now we can rewrite equations (1.59) replacing @ through  + 6 :
A=-2pAcos’ (y +6)+acosy cos(y +6)
—eA’ sin’ (y +60)cos(y +0)

0=-6+ Zﬂcos(l//+49)sin(w+6’)—%cosy/sin(t//+6’) (1.61)

+eA’ sin” (y +0)
w=1+0

This system contains two slow variables 4 and @. The fast phase ¥ can be

considered as the independent variable. Thus the system (1.61) has the standard
form and it can be averaged with respect to i/ . Equations of the first order ap-
proximation are:

A =-pA, +%acos 0,
(1.62)

6, =-6-—"sing, +§<9A12
24, 8

If we are interested in the stationary resonant solutions, we can determine their

amplitude from the following equations (the right hand sides of the equations
(1.62) must be equal to zero):
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acosf, =204,

. 3 (1.63)
asin@,, =-284,+=¢4,’
4
The stationary amplitude is determined by the algebraic equation
3 2
474, + A, (25 —ZgAmzj =a’ (1.64)

This equation can have up to three positive solutions. The corresponding reso-
nance curve is shown in Fig. 1.11.

4
a) Ar

@ @
Fig. 1.11. Stationary resonant amplitudes; a) the hard nonlinearity & > 0 ; b) the soft
nonlinearity & < 0

It is easy to show that the upper and the lower branches of these curves are sta-
ble (solid line) and the middle branch is always unstable (dotted line).

An important indicator of the resonance in a nonlinear system is the difference
between the stationary amplitudes if one increases (or decreases) the excitation
frequency. Consider the hard nonlinearity for example. If we increase slowly the
excitation’s frequency, the amplitude follows the upper curve as long as possible.
Then it falls down abruptly and follows the lower curve. If we decrease the fre-
quency beginning with a high level, which is over the resonance, then the ampli-
tude follows the lower curve as long as possible and then jumps up to the upper
curve. Thus the amplitude in the first case is larger than in the second case.

If we consider the soft nonlinearity then everything is the other way round.

Further discussions of this standard problem can be found in the textbooks [80,
120].

1.3.3 Secondary Resonances in the System with Cubic Nonlinearity
and Strong Excitation

The considered resonance at @ = 1 is the strongest but not the only one in the
system withrcubic nonlinearitylLet'usrassume the amplitude of the excitation is
not small and investigate if additional resonances are possible in that system:
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X+2Bx+x+ex’ =acosat, £<<l,a=0(1), B=0(¢) (165
The unperturbed system corresponding to (1.65)is (¢ =0, #=0):
X, +x, = acos wt (1.66)

Its general solution can be easily obtained if we exclude the main resonance
from the further analysis (@ # 1):

X, = Asin(1+a)+

> COS wt

I-o (1.67)

X, =Acos(t+a)— —sin ot

l-w

A and «a are the free constants here. We apply the modified van der Pol’s

transformation based on the solution (1.67) in order to investigate the perturbed
system:

x=Asinp+2Acoswt; x = Acosep—2Awsin wt

- a _ (1.68)
A 2(1_0)2) o(1)

The new variables 4 and @ are governed by the following equations:
A=-2pcos (p(A CoS ¢ — 2/1a)sinl//)

—& cosgp(A sinp+21 cosx//)3

(p:1+%sin¢(/lcosgo—2la)smw) (1.69)

+%sin(p(Asin(/>+2&0051//)3

y=w

What is a resonance in such a system? Resonance is such a combination of pa-
rameters that the time average of the right hand sides gets discontinuous. The ba-
sic idea behind this definition is as follows. Consider a product of two trigonomet-

ric functions SIn @7 sin @,¢ . Its time average is always equal to zero except one

parameter combination @, = @, . Then the time average is equal to l/ 2. Thus
this parameter combination corresponds to the resonance.
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Let us investigate how this definition works for the system (1.69). These equa-
tions can be transformed to more convenient form if we use trigonometric identi-
ties:

cos’x =2 cos x ++cos3x
sin® x =3sinx—1sin3x (1.70)
cosxsin’ x =4cosx —Lcos3x
Applying (1.70) to (1.69) one obtains:
A=-2p4cos’ p+4Blwcos psiny — A’ cospsin® ¢
-~ % eA*A(cos @ —cos3p)cosy

—3£AA” sin 2¢(1+ cos 2y )
—2eA’ COS(/)(3 cosy +cos 3(//)

(/7=1+,Bsin2(0—4 Csingsiny + &4 sin’ ¢ (1.71)

+%¢9A/1(35in(/)—sin3g0)cosy/ +

+3eA” (1-cos2¢)(1+cos 2y )

3

+2g%sin(p(3cosw+cos3w)

Y=o
Which terms in these equations can produce a discontinuous average? In order

to see that we can replace ¢ through ¢ and { through @f . Then it becomes ob-
vious that the main resonance corresponds to the parameter constellation @ =1.

This case was investigated in the previous subsection. There are however two fur-
ther parameter constellations producing discontinuous terms:

@ =3—cos3pcosy

1 (1.72)
W= 3 — cos @ cos 3y

These frequencies correspond to the secondary resonances in our system.

Let us consider the first case @ = 3. Here the natural frequency of the lin-
earized system is smaller than the frequency of the external excitation. The corre-
sponding resonance is called “sub-harmonic”.
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In the second case @ = 1/ 3 and the natural frequency is larger than the fre-
quency of the external excitation. The corresponding resonance is called “super-
harmonic”.

Approximate predictions for the stationary amplitudes in these cases can be ob-
tained similarly to the previous subsection. The corresponding results can be
found in [80, 120].

1.4 Axiomatic Theory of Collisions

Great attention in the present book is paid to discontinuous systems, first of all
to systems with friction and collisions. Theory describing collisions of solid bod-
ies doesn’t belong to standard courses in technical mechanics for engineers. Thus
we give here a short overview of the classical stereo mechanical theory of colli-
sions.

Theory describing collisions of solid bodies is very complex and not really
completed yet. Different approaches based on formal axioms are developed in [4,
77, 109, 135]. Physical modeling based on the wave propagation in the colliding
bodies is discussed in [52, 140]. Quasi static approach based on the Hertz’ contact
model was developed in [42, 54]. An effective approach based on the visco-elastic
contact elements inserted between the colliding bodies is discussed in [26, 42, 51,
52]. An overview of different theories and discussion of their applicability can be
found in [26, 52]. Here we discuss shortly the classical stereo-mechanical ap-
proach.

1.4.1 Impulsive Motion of the Point Mass

The usual assumption of the axiomatic impact theory is that the duration of a colli-
sion is short and thus the change of the positions during this time interval is negli-
gible. The change of the velocities of the colliding bodies is on the contrary large
(comparable with the velocities just before the collision). It is possible if the con-
tact forces acting during the collision are very large. Infinite forces are necessary
for the finite change of the velocity during an infinitesimally small time interval. It
is useful to replace the contact forces by their integral characteristic, which is
called “impulse”:

1=[F(t)d (1.73)

Here ¢ corresponds to the beginning of the collision and #, corresponds to its
end, vector I is the contact force and vector / is its impulse.
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Consider a point mass 7 subjected to a “normal” force Q(t) alongside with
the contact force /' . Change in position # and velocity v of the mass during im-

pact can be calculated as follows:

my(t+)—mz(tf) =1 +t]Q(t)dt

(1.74)

£(e)=(e)= Jolok

The integral terms can be neglected for the infinitesimally short collisions.
Thus we obtain the relationship for the velocity change during the collision:

(1.75)

1.4.2 Impulsive Motion of a System of Point Masses

These relationships can be easily generalized for a system of point masses
m;,i=1,2,...,n subjected to external forces (J, and interaction forces R
alongside the impulsive contact forces ;. The inferaction forces satisfy the New-

ton’s law (action is equal to reaction):

R,=—R,;R,=0 (1.76)

Equations of motion for this system are:

miz.i:Qi +Ei+ Bi'
- JZ; L i=12,...,n (1.77)

Integrating these equations during a collision and neglecting the finite terms,
we obtain the equations governing the change of the velocities due to the collision:
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mAv, =1, +21U, i=12,...,n
j=1

(1.78)
th t)de; 11 =-1"; 1" =0

—Jji> =

The terms [ f ; are the impulses of the reaction forces. It is sensible to distin-

guish between the hard couplings (due to kinematical constraints) and soft cou-
plings (like springs or dampers). The impulses in the soft couplings are equal to

zero, the impulses in the hard couplings are finite. We will use an index % for
these couplings.

All the classical theorems of dynamics can be reformulated for the impulsive
motion. We can introduce the mass of the whole system, position of the gravity
center and its velocity as follows:

Mz:zlmi;re :igmz’fﬁ Y :égmizi (1.79)

The changes of these values due to the collision are:
Mavg =31, Y 1!, =0 (1.80)
i=l1 i=l j=1

Similarly we can calculate the impulsive change of the kinetic torque with re-
spect to any fixed point:

n
Ko =Zmi (L‘ _10)Xzi
i1

n " (1.81)
- Zmi (1',- _IO)XAL = Z(—ri __rO)X_Ii
=1 i=1
Here we use the assumption that
(ri—r;)x1=0 (1.82)

It means that the interaction between two point masses is collinear to the line
connecting them (this is an independent axiom in mechanics).
Finally we can calculate the impulsive change of the kinetic energy.

ol LElUMN Zyl_i.lbl
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N
Y,

1 & | 1 & + - + -
o7 =3 el T J=3 ) ()
:%Z::_Ii '(l’f+ +X?)+%Zn:iﬁf '(Xi+ +Xi_)

i=1 j=I

(1.83)

Here we have used the relationship (1.78). The hard couplings link two point
masses rigidly. It means the distance between these masses does not change dur-
ing the collision. Hence

(r,—r,)(xr-25)=0 (1.84)

Index * here means that it doesn’t matter if we take the velocities before or af-
ter the collision. But according to (1.82) the internal impulses of the hard cou-

plings are collinear with the Vector( r—r,; ) . Hence we obtain the relationships:

h + +\_n. 1h - -\ _
—[ij '(l}i _X_/)_ 0; lij '(Zi _Xj) =0 (1.85)

Applying these relationships to the last term in (1.83) and taking the skew
symmetry of the matrix [ f’ ; into account (¢ (1.78)) we can see that this term
yanishes. So we finally obtain the Kelvin’s formula [4] for the change of the ki-
netic energy due to the collision:

AT =%IZ:,L (v +v)) (1.86)

1.4.3 Impulsive Motion of a Rigid Body

The obtained results can be easily generalized in order to describe the impulsive
motion of a rigid body. Let us introduce two frames (see Fig. 1.12).

The frame O'x'y'z"' doesn’t move. The frame O Xy z is connected with
the rigid body ¥, which does not move relative to it. Velocity of an arbitrary
point A is

YV, =Y, +Qxr, (1.87)
Here v, is the velocity of the pole O, Q is the angular velocity of the body.

It is sensible to place the origin O into the gravity center of the body. Then ac-
cording to (1.80)



28 1. Introduction

MAy, =1, (1.88)

i=1

Here M is the mass of the body, [/, are the impulses of the contact forces,
which are applied in points 4, .

x!

Fig. 1.12. Two frames for description of an arbitrary motion of a solid body

The kinetic torque of the solid body can be calculated as the integral over the
volume of the body

K, = jp(r)zx(f_lxr)dV=(;)'9 (1.89)
vV

Here p( I) is the density, ® is the inertial tensor of the body. Then the rela-
tionship (1.81) takes the following form:

n

@'AQZZ(L—IO)XL (1.90)

i=1
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=

I 3 -
Av,=Av,+AQxr,=—> [, +0-
M= ]
Here @71 is the inverted tensor of inertia.

All these relationships enable us to calculate the jumps in the velocities if the
contact forces or their impulses are known. Unfortunately it is not the case in col-
lision problems. Thus some additional hypotheses are necessary.

1.4.4 Collinear Collision of Two Point Masses

Consider the simplest possible collision of two point masses moving along a
certain straight line (Fig. 1.13).

Vi v,

&

Fig. 1.13. Collision of two point masses

Assume we know their velocities just before the collision: v, and Vv, . Our ob-
jective is to determine the velocities of both masses after the collision. The equa-
tions of the impulsive motion for this simple case are:

m, (vl (t) —vl’) = —I(t)
m, (v2 (t)—v;) = I(t)

I(t)::J.F(r)dr

The collision is possible if the masses approach each other before the collision
(at the time 7 ) and separate from each other after the collision (at the time 7, ):

(1.92)

v, >V, v <) (1.93)

Between these time points there is an instant £, at which the relative velocity
of the masses is equal to zero, i.e. V, (IO) =V, (to). This time separates two
phases of the collision. Compression in the contact zone increases during the first
phase. At the time 7, it is maximal. After that the relaxation phase begins. It ends
as soon as the contact force becomes equal to zero. The impulse at the end of the
compression phase is
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[(fo)=—mmf1;1 (Vf—V5)>0 (1.94)
1 2

During the collision the impulse can only increase, thus

mm _ _
1(f+)2—ml IH;Z (v =v) (1.95)

The fundamental hypothesis for the description of collisions was formu-
lated by Newton, who has suggested that the relationship between the im-
pulses depends on the material and shape of the colliding bodies but does
not depend on their velocities before the collision.

He has introduced the impulse restitution coefficient R , which is still the basic
characteristic of the collision.

I(t,)=(1+R)I(z,), 0<R<1 (1.96)
Taking (1.94) into account we can calculate the final impulse:
mm _ _
1(f+)=(1+R)—m11+;12 (v =v) (1.97)

The velocities after the end of the collision according to (1.92) are:

I _ -
v, =V, —Zl(a):vl —(1+R)ﬁ(v1 —v2)

| " (1.98)
V;r :V2+m—2[(f+):V2+(1+R)n/llTln/lz(Vl—Vz)

Let us demonstrate that the coefficient R characterizes the energy losses dur-
ing the collision. The change in the kinetic energy can be calculated according to
the equation (1.86):

AT:—%((Vf v ) ()= (v +v;) 1(1,))

1 mm _ L\
:—E(I—RZ)W(V1 —vz)

(1.99)

The case R =1 means that there are no energy losses during the collision.
Suchyascollisionsisscalledsabsolutelyselastic. If R = 0, the velocities of the collid-
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ing bodies are equal after the collision. Such a collision is called absolutely inelas-
tic or plastic.

Experiments show that the Newton’s hypothesis correctly describes collisions
in some intermediate range of the initial velocities (cf. [42]). The restitution coef-
ficient is very close to one for glass balls (R = 0.94). It is almost equal to zero
for heavy machines with a layer of bulk material between the colliding bodies.

1.4.5 Direct Collisions in Mechanical Systems with Ideal Constraints

The described approach can be easily generalized for a simple direct collision
in a mechanical system with ideal, holonomic and steady constraints. A collision

is called direct if the relative velocity of the colliding bodies is perpendicular to
the contact surface [77]. Let us choose the coordinate ¢ describing the distance

between the contact surfaces as one of the generalized coordinates. The other co-
ordinates are ¢, i = 1,2,...,n. The total kinetic energy of the system with
n+1 degrees of freedom is a quadratic form of the generalized velocities:

T = %qTMq +m’qg +%qu

4, m, my,m, m,
p m m m m (1.100)
q= 2 .m= 2 M= 21 2 2n
qn mn mnl mn2 mnn
Equations of motion for this system are:
. oT oT . )
pP-——=Q, P=——=Mq+mg
oq oq
p-=0+F,  p=T-miqemg
q 1 (1.101)
T
p:[pl P, .- pn] >
T
oT or or oT T
—{— — .. —} .Q=[0, 0, ... 0]
oq | 0q, 0q, aq,

Here Q is the generalized force corresponding to the contact coordinate, F' is
the corresponding contact force, Q is the vector of the generalized forces corre-
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sponding to other coordinates. The generalized forces do not contain reactions of
the constraints and thus are finite during collision.
Integrating these equations during the time interval of the collision we obtain:

p(t)-p_=0; p(t)—p_=1(¢) (1.102)

Taking (1.101) into account we obtain for the generalized velocities the follow-
ing linear equations:

M(a(1)-q.)+m(q(r)=3.)=0
m’ (q(r)-q )+m(q()-4.)=1(z)

These equations can be easily solved with respect to the change of the general-
ized velocities:

a(r)=4-=-M"m(q(1)-q.)
(m-m"™M™'m)(q(¢)-4_)=1(z)

(1) (1.104)
m-m'M 'm

1(2)

m-m'M 'm

(1.103)

q(t)=q_+

q(r)=q_.-M™'m

These relationships are valid for the whole time interval of the collision. At the
end of the compression phase in particular, we obtain the following relationship:

q(1,)=0=1(t,)=—(m-m"M'm)q_ (1.105)
Applying the Newton’s hypothesis (1.96) we can calculate the final impulse:
I(t,)=(1+R)I(t,) =—(1+R)(m—-m"M 'm)q_ (1.106)
Finally we find all the generalized velocities after the collision:
q,=—Rq.
4, =q_+(1+R)M 'mg_ (1107

This result completes the analysis of the collision of the mechanical system
with ideal constraints.
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1.4.6 Concluding Remarks

Only the simplest cases of the direct collisions were considered in this para-
graph. Analysis in case of a general collision, i.e. if the relative velocity has a tan-
gential component to the contact surface, is much more complex. Especially im-
portant is to take the friction forces in the contact zone into account, because the
friction forces are proportional to the normal contact force, i.e. they also have the
impulsive character. A compact analysis of these problems from the axiomatic
point of view can be found in [77].

However a different approach is useful in applications and especially in nu-
merical simulations. It is based on the nonlinear contact elements taking energy
dissipation and friction into account. These elements can be used almost univer-
sally in order to describe complex collisions with multiple contacts. However it is
not easy to determine their parameters [52].




2. Oscillations in Systems with Dry Friction

Dry friction is one of the most complex phenomena in mechanics. Generalizing
one can say that “dry” friction is the macroscopic appearance of the microscopic
processes in a thin layer including the sliding surfaces and liquid or gas between
them. The detailed modeling of these processes depends on the micro-conditions
and may be extremely sophisticated. Some of the corresponding investigations and
additional references can be found in [2, 43]. For example in many cases it seems
to be necessary to take wear into account in order to explain some important fea-
tures of friction.

Two basic effects of the dry friction are taken into account in all theories. The
first of them is the discontinuity of dry friction which is connected with the differ-
ence between resistance to sliding whilst stationary (stick, static friction), and re-
sistance to sliding in motion (slip, dynamic friction). The ability of a friction con-
tact to resist against an applied external force without any macro motion displays
the fact that friction can be interpreted as a constraint in such a situation.

The contact resistance against slip is usually characterized through the friction
coefficient. The friction coefficient is the relation between the magnitude of the
friction force and the magnitude of the normal pressure force in contact. This coef-
ficient is however not constant. It depends at least on the relative velocity between
the contacting surfaces and usually on the normal force (or normal pressure) itself.

Many mechanical interfaces are characterized by a form of dry friction where
the force-velocity curve has negative slope at low velocities. Initially, friction de-
creases as the contacting objects start to move, whereas at higher velocities the
friction force increases again; in particular this characterizes surfaces with bound-
ary lubrication. The initial negative slope corresponds to negative damping and
may thus cause oscillations that grow in amplitude, until a balance of dissipated
and induced energy is attained, as pointed out already by Lord Rayleigh [108].

The characteristic change in friction coefficient with velocity has been ex-
plained quite convincingly by Tolstoi [127], who considers the normal separation
distance between the friction surfaces as a key to the specific shape of the friction
curve. However it is currently unclear to which extent the friction-velocity rela-
tionship, obtained experimentally during a quasi-static change of velocity, can be
used to describe friction forces in dynamics, for example during the stationary os-
cillations [132].

A typical measured friction curve for low relative velocities is shown in Fig.
2.1. It was measured for two steel bodies in oil. One can easily see the typical
negative gradient of the friction coefficient at low relative velocities. The viscose
properties of the lubricant become dominant at higher relative velocities and result
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in increasing friction coefficient. (This situation is not shown in Fig. 2.1 but can
be found in literature [2].)

0.15-

0.144

0.131

0.12

friction coefficient

0.114

0.10 I T \ \ |
0 0.1 0.2 0.3 0.4 0.5

relative velocity, [m/s]
Fig. 2.1. A typical measurement of the friction coefficient

There are three main phenomena connected with the dry friction in oscillating
systems: stick-slip oscillations due to negative friction gradient, instabilities due to
the non-conservative character of friction and the friction induced displacement.

The stick-slip vibrations are well known in many kinds of engineering systems
and everyday life, e.g. as sounds form when a violin is played, squeaking chalks
and shoes, creaking doors, squealing tramways, chattering machine tools, and
grating brakes. Numerous works are devoted to the study of friction induced oscil-
lations. For ease of setup and interpretation an idealized physical system consist-
ing of a mass sliding on a moving belt has been considered very often. Panovko
and Gubanova [85] show that self-excited oscillations occur in such a system only
when the belt velocity is lower than the value corresponding to the minimum of
the friction coefficient. Tondl [128], Nayfeh and Mook [80] and Mitropolskii and
Nguyen [75] describe self-excited oscillations of the “mass-on-moving-belt” sys-
tem, presenting approximate expressions for the vibration amplitudes for the case
where there is no sticking between mass and belt. Popp [102] presents models
with numerical and experimental results for four systems that are similar to the
mass-on-moving-belt. Ibrahim [49, 50] and McMillan [70] present and discuss the
basic mechanics of friction and friction models and provide reviews on relevant
literature. A very readable historical review on dry friction and stick-slip phenom-
ena is given by Guran et al. [45] and a large survey on friction literature until 1992
by Armstrong-Hélouvry et al. [5].

Much research seems to be concentrated on determining the onset of stick-slip
vibrations in order to avoid these totally. However, stick-slip vibrations might be
acceptablerinrapplicationsyprovidedstheirramplitudes are sufficiently small. There-
fore, simple expressions providing an immediate insight into the influence of pa-
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rameters on vibration amplitudes are useful. There are, however, very few works
providing expressions for stationary stick-slip amplitudes. Armstrong-Hélouvry
[6] performed a perturbation analysis for a system with Stribeck friction and fric-
tional lag, predicting the onset of stick-slip for a robot arm. Elmer [30] discusses
stick-slip and pure slip oscillations of the mass-on-moving-belt system with no
damping and different kinds of friction functions, provides analytical expressions
for the transfer between stick-slip and pure-slip oscillations, and sketches typical
local and global bifurcation scenarios. Thomsen [122] sets up approximate expres-
sions for stick-slip oscillations of the mass-on-moving-belt, which are accurate for
very small differences in static and dynamic friction. In section 2.1 we generalize
these results predicting the stationary amplitudes for larger differences in static
and dynamic friction (c¢f. [125]). We also use this classical example in order to in-
troduce two different approaches for the analysis of discontinuous systems. The
basic idea of the first one, which can be called “stitching”, is to split the consid-
ered motion into several time intervals. In each of these intervals the system’s be-
havior is continuous and all the discontinuities are replaced by the switching con-
ditions between different time intervals and subsystems. The second one is
averaging; its applications in this chapter are limited to the pure slip motions.

The standard publications are concentrated so strongly on the negative friction
gradient as the source for friction induced instability that other mechanisms are
seemingly almost forgotten. These mechanisms are possible in systems with two
ore more degrees of freedom which become coupled due to the fact that dry fric-
tion substantially couples the normal and tangential contact forces. Several exam-
ples for these types of the friction induced instabilities can be found in [28, 105].
The applications include gear rattle, brake squeal and others. A simple example il-
lustration of this type of instability is discussed in section 2.2.

The third phenomenon connected with dry friction is the vibration induced dis-
placement and transportation. Intensive research in this area was started in a 1964
the book by Blekhmann and Dzhanelidze [15]. Many industrial applications for
this phenomenon, like vibrating conveyers and screens followed this book (see for
example [18]). A particular problem of the so-called “Chelomei’s pendulum” [27],
combined two interesting effects — a pendulum under a high frequency excitation,
and a vibration induced displacement. It attracted for a long period of time atten-
tion of different scientists [16, 20, 124].

The recent interest to such systems was inspired by the development of elec-
tronic devices combined with piezo-electric ceramics and ultrasonic motors as ex-
citation sources for the mechanical part of a system [130]. Several works from the
Danish school should be mentioned here [53, 73, 118, 123, 124], where the Direct
Separation of Motions (cf- [20]) was used for systems with friction. But in particu-
lar cases, where the first approximation is not sufficient, special methods were de-
veloped and successfully used by Fidlin and Thomsen [37, 40]. These examples
are discussed in sections 2.3 and 2.4.
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2.1 Self Excited Oscillations of the Mass-on-Moving-Belt

2.1.1 The Problem Description; Equations of Motion

Fig. 2.2 shows the physical system we are going to investigate in this section. It is
amass M on a belt which moves at constant speed ¥, . The mass is a rigid body;
its position at time fis X (t~ ) in a fixed frame of coordinates. It is subjected to a
normal static pressure load F', linear spring-loading CX , damping force
bdX/di and a friction force F /U(Vr) The dynamic friction coefficient 4
here is a function of the relative velocity, V, = dX / di —V, ; the static friction
force is F'yt .

Fig. 2.2. The classical “mass-on-moving-belt” system

The motion of the system is governed by the following equations (in non-
dimensional form):

X+2Bx+x+p(x-v,)=0if x=v, (slip) @2.1)

¥=0, x+2pv, <y, if x=v, (stick) 22)

Here already we have to distinguish between two qualitatively different states
of the system. When the mass slips relative to the moving belt its motion is gov-
erned by the equation (2.1). But if the conditions (2.2) are fulfilled, the mass can
stick to the belt due to the static friction force.

All parameters in the equations are positive and both variables and parameters
are undimensioned according to the following relationships:
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X C ~ v, b
X=—; @y == =0; Vv, = ; P=
L M w,L 2\Jem

L=

2.3)
x="

F
c
dx
dt

Here lengths have been normalized by the characteristic length L and time by
the linear natural frequency @), of free oscillations of the mass when there is no
damping and friction.

For the friction function ,u(vr) we assume, following to [49, 50, 85] (¢f. Fig.
2.3):

u(v,)=p sgn(v,)—ky, +ky,’ (2.4)
#(v.)
(Vs )
ﬂs
v

/\ —4,

Fig. 2.3. Friction coefficient as a function of the relative velocity

The following signs are used in the equation (2.4):

V. =X—V,

3u,—u, Iy, —p, (2.5)
kj=———" ky=———"

2 v, 2 v,

Here g4 is the coefficient of static friction, Vv, is the velocity corresponding to
the minimum coefficient £, of dynamic frlctlon M, <p, ,andk >0,k >0.
As it appears | /1| < 1, when the mass is at rest on the moving belt (v, = 0 stick
phase), whereas when the mass starts sliding the friction forces initially decrease
with increasing velocity (v, # 0, slip phase). This particular form of the friction
law is not overly restricted; it resembles characteristic features of friction models
riction”, describing the friction-velocity
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relationship for systems with boundary lubrication, also shares the essential fea-
tures of (2.4), even though they differ in detail.

The problem to be solved below is to determine stable periodic solutions to
(2.1), (2.2) with friction law (2.4). Closed form solutions are not available, due to
the discontinuity and nonlinearity of the friction function 4. However, for the
important case of relatively small difference between static and dynamic friction
coefficients, we can employ perturbation analysis in order to set up approximate
analytical expressions, and check the validity of results by using numerical simu-
lation.

2.1.2 Types of Motion

According to (2.1) and (2.4) the mass has a static equilibrium at X = X
- 3
X=—pu(-v,)=u kv, +kv, (2.6)

To study motions near this equilibrium we shift the origin by defining the new
variable.

u(t)y=x({t)—-x (2.7)
Equations (2.1) and (2.2) are transformed by this substitution into

U+u+ech(u)=0 (slip) (2.8)

i =0, u—(ky,—ky,')+2pv,<0 for @=v, (stick) (29
The following function is introduced here:
eh(i) =2+ p(i —v,) — u(-v,)
=, (1+sgn —v,))+ Q2B —k +3kv, )i (2.10)
kv’ + ki’

Here & << 1 has been introduced as a formal book-keeping parameter, in order
to indicate that the damping and the difference in static and kinetic friction coeffi-
cient are assumed small. The real assumptions are: the parameters k3 and
20— kl are small, the non-dimensional belt’s velocity has the magnitude order 1.
For example we can choose this formal parameter as follows:

& =max {|k, —23|.|k|} .

The equilibrium # =0; 2z =0 in (2.8) corresponds to a steady state sliding,
with the mass being at rest and the belt sliding at constant velocity v, below it.

2
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Expression (2.10) shows explicitly, that the negative friction gradient produces
negative damping. It is the simplest source for instability in dynamic systems.
Hence, this static equilibrium can be stable or unstable. If it is unstable, then stable
periodic motion takes over; this is the only possibility, since generally the steady
state must be a static equilibrium, a periodic motion, or a chaotic motion — and
chaotic solutions cannot occur for a single second order autonomous ordinary dif-
ferential equation (e.g. [120]).

Two different kinds of periodic solutions to (2.8), (2.9) are considered below:
pure slip oscillations where the velocity of the mass is always smaller than the ve-
locity of the belt — and stick-slip oscillations where the velocities of the mass can
be equal to (i.e. the mass occasionally sticks to the belt) or even exceed the veloc-
ity of the belt. The pure-slip oscillations are shown in Fig. 2.4 (velocity as the time
series and the corresponding phase diagram).
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Fig. 2.4. Pure slip oscillations of the mass-on-moving-belt
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The sick-slip oscillations are shown in Fig. 2.5.
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Fig. 2.5. Stick-slip oscillations of the mass-on-moving-belt
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It seems that during stationary oscillations the velocity of the mass would never
exceed that of the belt, i.e.u (l ) <v, for t>t,. This is so because the energy
storing spring cannot accelerate the mass to a velocity exceeding the maximum
velocity during the previous oscillation period, and the energy-providing belt can-
not accelerate the mass to a velocity beyond its own. It is of course, possible to
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start the system from a state with 2 > v, , however, viscous damping and dry fric-
tion will then drain energy until a stationary state is achieved withz <v, . This
explanation is however not quite correct. The negative friction gradient means
qualitatively nothing other than the negative damping which is active during the
motion of the mass relative to the belt. Thus the energy of the mass can increase
during slipping. So it can overtake the belt for a short period of time. But than, the
direction of the relative velocity changes and the friction decelerates the mass until
it sticks. The corresponding motion is illustrated in Fig. 2.6.

151 L LS
X
X 11
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0 : : . r !
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Fig. 2.6. Stick-slip oscillations of the mass overtaking the belt

2.1.3 Pure Slip Oscillations

With pure slip the inequality # < v, is valid for all 7, so that the discontinuity
of the friction function is never met or crossed. For this case the function £/ in

(2.10) can be written as follows:

eh(i) = hi+hu’ +ha®  for 1 <v,
2.11)
h=28—k +3ky,; h=-3kv,; h=k

In order to apply the standard averaging for solving (2.8) the standard Van-der-
Pol transformation based on the harmonic solution to the unperturbed problem can
be used:

u=Asiny; u=Acosy (2.12)

The new variables A (t) and ¥/ (t) are governed by a system in standard form
for averaging:
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A=—eh(Acosy)cosy

_ . . 2.13)
W :1+zh(Acosy/)smt//

Averaging this system with respect to the fast phase {¥ we obtain an equation
of the first order approximation:

A':-%gA(iH @AJ (2.14)

There are two equilibrium points in this equation: A trivial solution 4 =0
corresponding to the static equilibrium # = 0 and a nontrivial solution given by

A = A (2.15)

This stationary amplitude corresponds to periodic solutions # = 4, Sin (t + 9)
with an arbitrary phase € (the considered system is autonomous).

As for the stability of solutions, one finds that the trivial solution is unstable if
the friction gradient is negative; taking (2.11) and (2.5) into account this condi-
tion becomes:

4pv
v, <v, =v [l-——"—
b bl 3(/15_/1,”)

As it appears, when there is no viscous damping ( f = 0) the static equilibrium
is unstable for excitation speeds lower thanv, . Viscous damping stabilizes the

(2.16)

equilibrium, and at sufficiently large damping 3 > — ( M, — p ), the static equi-
librium is always stable.
Periodic motions exist and are stable if /#, <0 and /&, >0. Since ¢, > u ,

the latter requirement is automatically fulfilled. The amplitude A, of the stable
periodic motion can be found by inserting (2.11) and (2.5) into (2.15):

A4 = 2Vm\/l—(vb/vm )2 —% = 2‘,Vb12 —Vb2

Hy— My,

2.17)

Vo <V, <V
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Here v, is the speed below which pure slip oscillations first occur, as given by
(2.16).

This expression for A, assumes pure slip, so the increase in amplitude for de-
creasing vV, will cease when the mass starts sticking to the belt, i.e. when
max (u) =v,. With max (u) = 4, (by (2.12)), it is found that sticking first oc-
curs when 4, = v, . Inserting this into (2.17) and solving for v, we find that stick-
slip oscillations occur when v, <V, , where

4
vy = \/;Vbl (2.18)

Hence, the range of belt velocities where pure slip oscillations occur is rather

small, its width (vbI — Vbo) being only 1—+/4/5 ~10% ofv,, . It forms a tran-
sition zone to a wider range of belt velocities where stick-slip motions occur.
When sticking just starts, the amplitude of oscillations is given by inserting

V, =V,,in (2.17) and then using (2.16) and (2.18) to find:

[4
Voo A s = Vio = gvm

Hence, for vanishing damping /3 the maximum amplitude grows linearly with the
velocity v, of minimum kinetic friction. As it appears from (2.12), the non-
dimensional displacement amplitude equals the velocity amplitude; thus the veloc-
ity amplitude Av1 = A1 .

4 (2.19)

2.1.4 Stick-slip Oscillations

Let us investigate what happens if the velocity of the belt is smaller that the
critical value calculated according to (2.18), i.e.v, <V,,. We have shown that in
that case the mass sticks to the belt during a part of an oscillation period.

This case cannot be analyzed using the above averaging procedure for pure slip
oscillations, since the switch from slip to stick is accompanied by the change of
number of degrees of freedom in this system from one to zero. As long as the
mass sticks to the belt its motion is determined kinematically and it does not have
any degree of freedom. While slipping it has one degree of freedom and its motion
is determined by the corresponding equation of dynamics.
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The simplest way to solve this problem is to analyze the stick and the slip
phases of the motion separately, and link the results together to obtain an ap-
proximate expression for one full oscillation period. Let us start with the slip
phase.

Slip phase

During sticking the mass moves together with the belt, i.e.2Z = v, . This contin-

ues until the force from the restoring spring and the damper has increased to the
maximum static friction force, i.e. until the strict inequality in (2.2) or (2.9) is no

longer satisfied. We consider this the initial condition at timef = 0, where the
stick phase ends and the slip phase begins, i.e.:

u(0)=-2pv, +kyv, —ky,’; u(0)=v,; (slip starts) (2.20)

Motions during the subsequent slip phase are then governed by (2.8). This
equation is non-linear, so approximate methods are in need. However, during slip
it is continuous in its highest derivatives, since the inequality # <V, holds during

the slip phase. Further, since the solution is only needed for the finite time interval
of the slip phase we can use a straightforward perturbation approach. We can try
to find an approximate solution as follows:

u(t)=u,(t)+eu,(t), tel0;¢,], e<<l1 (2.21)

We substitute this relationship into (2.8) and (2.20), balance terms of the same
powers of &, insert (2.10), and obtain two new initial value problems determining

the functions #, and#, :

iy +u,=0; u,(0)=0; u,(0)=v, (2.22)

i+, =—h(iy); u,(0) = =28y, +k.v, —kuv,’; 10,(0)=0
2 k k (2.23)
ﬂ* :_ﬂ, kl* :_1’ k3* :_3
& & &
The solution to (2.22) for the zero-order approximation 2/ is:

u, = v, sin(f) (2.24)

Inserting this and (2.10) into (2.23), the equation for the first order correction
u; can be obtained:
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.. 3 3 1
i, +u; =—c; —c cos(t) +—c, cos(2t) ——c; cos(3¢) (2.25)
2 2 4
Here we have used the following signs:
X 15
¢, =k, ¢ =26, — kv, + ?cg (2.26)
The solution of this linear equation satisfying the initial conditions in (2.23) is:

3 1 . 55 1
u = 5 Cy— Eclt sin(¢) + (3—2 c,—C J cos(?)— 5 ¢, cos(2¢)
(2.27)

1
+—c, cos(3¢
3 & (31)

The secular term fSinf is fully acceptable here, since it remains bounded in
the finite time of slipping.
Hence, the motion during the slip phase is approximately given by:

: 3 1. 55
u(t):vbsmt+g ECS—EcltsmtJr 503—01 cost

—103 cos 2t+ic3 cos3t}+0(52) (2.28)
2 32

te [0, tsl] (slip phase)

Expression 0(6‘2) denotes here small terms. The corresponding velocities #
and accelerations # can be obtained simply by differentiation.
It is still necessary to determinef,, the time where slip stops and stick can

start. This occurs after the mass has slipped back on the belt, and has been accel-
erated forward by the spring and the friction, until the velocity of the mass again

equals the belt’s speed. Hence we determine £, as the first solution of the equa-
tion u (tsl) =v, for?,, > 0. Using (2.28) directly to compute#/ , a transcendental
equation would have to be solved numerically to determine? ;. The most consis-
tent way to estimate its solution seems to be the asymptotic analysis used above.
So the zero order approximation according to (2.24) isv, COS{, =V, , with solu-

tion:

th=2x (2.29)
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The perturbed equation (2.28) should then determine the first order approxima-
tion for 7, . However, (2.29) is an extreme point of the cosine function, and so the
accuracy of the first approximation will be O(\/Z ). Hence, for the typical values
of friction differences used in this study, i.e. g£, — 1, ~ 0.3, the error in 7 , will
be about 55%. This problem especially concerns? ; , whereas vibration amplitudes
are fairly well approximated (see below). If a better approximation for 7, is
needed, then one could consider the higher-level approximations for the solutions
of (2.8). It should be recalled that numerical solutions for Z, can always be ob-
tained simply by solving the algebraic equation 2 (tsl ) = v, numerically, with %
given by differentiation of (2.28):

. 1 . 55 .
u(t)=v,cost+¢ —Ecl(smt+tcost)— FTIe sint

+c,sin 2t—ic3 sin 3t}+0(82) (2.30)
32
te [O, tsl] (slip phase)
The first order approximation to Z; can be found as follows:
f\ =20 er, +0(£%)
2¢ 15 (2.31)
! = \/——1 = \/Zkl* 4B, ——kw,> >0
v, 2

Substituting this relationship into the sticking condition (2.9) we can transform
this inequality to the following form:

et +&(28 — k. + kv, ) <O (2.32)

If our formal small parameter & is sufficiently small, this condition is always

fulfilled because v & >> & . The corresponding motion was illustrated in Fig. 2.5.

If, however, ¢ is sufficiently large, then this inequality is not fulfilled. This
situation was illustrated in Fig. 2.6. In this book we remain in the frame of pertur-
bation analysis and assume the small parameter to be sufficiently small.
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Stick Phase

Stick starts at =, and then the mass just follows the belt, i.e.
u=vu(t)=u(t)+v,(1-1); te(1;T) (2.33)

Here u( ) is known by having applied (2.28) for the just completed phase of
slip. The time ¢ = T where stick ends is determined by the periodicity condition,

i.e.u(T) = u(O) , so that

Yy

Stick-Slip Vibration Amplitude

Considering velocity amplitudes during one stick-slip cycle, we note that dur-
ing stick the velocity is constant, 2% =V, while during slip the velocity changes
continuously with a maximum absolute value at time # =7, defined by the solu-
tion to # (tm) = 0. Seeking an approximate solution, we let

t =t

m m0

+et,; £<<l1 (2.35)
Inserting this into (2.28) and Taylor-expanding for small &, one finds:
ii(t,,) = iy (1,0) + & (8,41 (1,,0) + 8, (1,0) ) + O(7) (236)

Balancing terms of same orders of magnitude, it can be found that the condition
U (tm) =0 is approximately satisfied if

iy (2,0) =05 i, (2,,0) = 1,14, (2,,) (2.37)

Considering (2.24) it can be noticed that the first equation is satisfied by
t,,, =7 . Inserting this and relationships (2.24), (2.27) for u,,, u, into the second
equation, one can determine the first order approximation (letting £ =1):

t,=r——L-—= (2.38)

The velocity at this time is:
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. T
u(t,)=-v, +Ec1 (2.39)

As a measure indicating the magnitude of oscillations, which are asymmetric
with respect to # =0, we can use the velocity amplitude /Lo of stick-slip oscil-
lations as half the peak-to-peak velocity, i.e.

1 .
A, = E(v” —u(t,)) (2.40)
This velocity can be calculated as follows:
2
V4 kY2 v 5(v
4, = (I_E’BJVb +?(ﬂs _ﬂm)v_b I_Z(V_b] > Vp <Vy (2.41)

The corresponding displacement amplitude A4, can be determined similarly, by
calculating approximations to the times f,, and #, whereut =0; (¢f Fig.2.7,
which shows displacement, velocity, and acceleration during one cycle of stick-
slip oscillation).

The corresponding approximation is

3z 1 52 RY/4
tm_ :7_501 +3—203; u(tm_) :—Vb +2C3 +—C1
7 1 52 T
e =TG5 u(t,.)=v, +2¢c ¢

(2.42)

Defining the displacement amplitude A, as half the peak-to-peak displacement,

we become the following result:

Ay = () (e, ) =v, 56

4\ v

m

3z % 5(v, ) (243)
=(1_7[ﬂ)vb+7(ﬂs_ll’lm)v_b 1__(_1)J s V<V

m

. . . *
One can show that this function has a maximum value atv, =V, :
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3
Ve, for ’usv P < _g(l—(ﬂ'—3)ﬂ)

m

(2.44)

4, 4(1-np)v,

" , otherwise
15\ 3n(u-m,)

Here v, is given by (2.18). Thus, if the difference in static and dynamic fric-

tion is not too large, the strongest stick-slip oscillations occur when the excitation
speed reaches the value separating stick-slip oscillations from pure-slip oscilla-
tions, v, =V, . For larger friction differences the strongest oscillations occur at a
smaller excitation speed, as given by the second expression in (2.44).

u
u(o) /_\ P
1 1 1 K3
0 ', ' T2
u
v, %\ ﬁ
0 | ‘ 1
tm+ tm tm— t‘s T 2AVO
n slip _ stick
i
0 ‘ 1
. t, T

Fig. 2.7. Displacement, velocity, and acceleration during one cycle of stick-slip oscillation;
deﬁmtlons of dlsplacement and velocity amplitudes Ao and Avo , switch time 7, and the
e e displacements and velocities
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Since the analysis assumes friction differences that are small (but finite), then
the first case applies, so that we conclude that the strongest oscillations occur

atv, =V,

4
Vy=Vpo - AO,max =Vho = gvm

The last equality expresses that the predicted amplitude A, of pure-slip oscilla-
tions equals the predicted amplitude A, of stick-slip oscillations at the value of
excitation speed separating these different kinds of motion. This exact continuity
is neither obvious, nor required, since the two expressions were derived using ap-
proximate methods.

It can be noticed from (2.43) that at small values of the excitation speed, the
stick-slip oscillation amplitude grows approximately linear with this speed:

A4,

= A (2.45)

\%

m

4, = l—ﬂﬂ—i—%[MJ v, for v, <<1 (2.46)

Finally, since the velocity of the mass must change continuously with time, the
maximum and minimum displacements of the mass must occur during the slip
phase; they cannot occur during sticking, because displacements here increase
linearly with time until the slip starts. Hence, the amplitude 4, determining dis-
placements during the slip phase, also determines the oscillation amplitude of the
complete stick-slip oscillation.

Stick-Slip Base Frequency

Since at # =T one cycle of slip and stick is completed, the base angular fre-
quency of stick-slip oscillations is

o - 27 _ 2y,
YT vt +u(0)-u(t,)

(2.47)

This frequency is generally somewhat lower than the linear natural frequency
of the system and the frequency of pure slip oscillation.
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2.1.5 Discussion of the Results

The type of stationary motion for the “mass-on-moving-belt” with friction law
(2.4) depends on the speed of the belt.

Stick-slip oscillations with stationary amplitudes of displacement and velocity
A,and 4, as given by (2.43) and (2.41), and base frequency @, given by
(2.47) occur for small excitation speeds of the belt (at these speeds the negative
friction gradient is large). This type of oscillations exists until the belt’s velocity
reaches the critical value v, (2.18), (2.16). The belt’s velocity corresponds to the
maximal oscillations intensity, i.e. maximal displacement and velocity amplitudes.

If the belt’s velocity exceeds this value (and the negative friction gradient de-
creases) stick-slip oscillations become impossible, because the mass doesn’t get
enough energy in order to catch up with the belt. The pure slip oscillations with

stationary displacement and velocity amplitude A4, as given by (2.17), and base
frequency 0, = 1 (equal to the linear natural frequency of the system) occur as
long as the belt’s speed doesn’t exceed the second critical value v,, (2.16). For
some parameters it may happen that v,; =V, , so that pure-slip oscillations can-
not occur at all. This take place according to (2.16) if viscous damping is suffi-
ciently large, or the friction forces or difference between static and kinetic friction
is sufficiently small.

If the belt’s velocity exceeds the second critical value (vb > Vbl)’ the static
equilibrium at the position x(t ) = X becomes stable. This situation corresponds
to a steady state sliding of the mass.

Fig.2.8 shows the predicted variation of displacement amplitude with excitation
speed for typical parameters. Here Ao indicates the amplitude during stick-slip os-
cillations for and 4, is the amplitude for pure slip oscillations. As it appears,
when the excitation speed is increased from zero, stick-slip oscillations occur with
increasing amplitude until pure-slip oscillations take over. These prevail only in a
narrow range of belt velocities above which, oscillations cease and steady slip be-
comes the stable type of motion.

The simulations were performed for the following parameter values:

B =0.05v =0.5; p=0.25 n=04.

The correlation between the analytical predictions and numerical simulation
(encircled points) is very good; closer correlation follows as the actual parameters
values converge with the assumptions underlying the analytical expressions, i.e. as
long as the difference in static and kinetic friction, the amount of viscous damp-
ing, and the amplitudes are not too large. It also appears that the predictions for
the stick-slip amplitudes A4, are much better than the low-order approximation (in-
dicated in dashed line) given in [122].
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Fig. 2.8. Amplitude of stable periodic motions as a function of excitation speed V,; the
solid line corresponds to the analytical prediction; the dashed line corresponds to the ana-
lytical prediction from [122]; the dots correspond to numerical simulation results

Fig.2.9 shows the predicted variation of base frequency @ with excitation
speed, showing a slight drop in frequency for the lower velocities. Seemingly, the
correlation with numerical simulation is quite good; however, since the change in
frequency is so small, the relative error in the prediction is somewhat larger than
for the displacement and amplitude predictions. This is a consequence of the diffi-
culty in predicting, with high accuracy, the end of the slip phase of a stick-slip cy-
cle, based on an approximate expression for the displacements during that cycle.
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Fig. 2.9. Frequency of stable periodic motions as a function of excitation speed V, ; the
solid line corresponds to the analytical prediction; the circles correspond to numerical simu-
lation results

Fig. 2.10 illustrates how the quality of the analytical predictions changes as the
assumptions underlying the analysis fails to hold true. The figure shows the varia-
tion of displacement amplitudes with excitation speed — just as Fig. 2.8, but for

different levels of friction difference ( M- U, ) / v, —and compare these to re-
sults of numerical simulation.
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Solid lines correspond to the analytical prediction; dots (O, x,[0,®,<-) show
the numerical simulation results for the following values of the parameter

(1, —1,,)/v,, =(0.075; 0.099; 0.15; 0.3; 0.6 ) respectively. All the other

parameters remain as before.
It is evident from the figure that the quality of the correlation deteriorates as

( Mo — U, ) / v, increases from a value well within the assumed small size

(0.075, circle symbols) to a value closer to unity (0.6, diamond symbols). The lat-
ter quite high level of friction gradient is an example where the second equation in
(2.44) applies, e.g. the amplitude has a maximum at an excitation speed lower than
the critical value separating stick-slip and pure slip oscillations. Higher order ap-
proximations will be required in order to improve on the accuracy for such large
levels of friction gradient.
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Fig. 2.10. Comparison between analytic and numeric prediction for different friction gradi-
ents

The figure also illustrates how the magnitude of oscillation amplitudes and the
range of oscillation-producing velocities increase with the level of friction gradi-
ent. For the smaller values of the negative friction gradient, the relation between
stick-slip amplitudes and excitation speed is very close to being linear, as pre-
dicted by (2.46).

2.1.6 Concluding Remarks

The example also shows how elaborated it can be, to apply “stitching” even to
the simplest nonlinear systems (what we have done in case of the stick-slip oscil-
lations). It is the only example of this approach in this book. In the next chapters
we will use the “smoothing” methods like averaging and multiple scales in the
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forms, which are modified in an appropriate manner, in order to make their use in
discontinuous problems possible.

In the next section however, we will turn away from discontinuous problems in
order to discuss another instability mechanism, caused by dry friction.

2.2 Friction Induced Flutter

When talking about flutter, we mean dynamic instability in a system with two or
more degrees of freedom, which is mathematically caused by asymmetry of the
stiffness matrix. This asymmetry (meaning nothing else but an energy source) can
have different physical origins (see [85] for detailed discussion). Several simple
examples are given in this section in order to illustrate how this kind of instability
can be caused by dry friction. Let us start with mathematical basics.

2.2.1 Mathematical Basics of Flutter in a System with Two Degrees of
Freedom

Consider the following linearized system:

Mx+Bx+Cx+ Ax=0

m 0 b 0 0 a
0 m, 0 b, -a 0 (2.48)
C:|:Cll Clz:|’ =Gy P C:CT
c2l c22

Here M is the matrix of inertia, B is the matrix of damping, C is the sym-
metric matrix of stiffness and A is the skew symmetric matrix corresponding to
the non-conservative forces (energy source).

This system is obviously homogeneous and we are going to formulate the sta-
bility conditions for its trivial solutionx =0 . The corresponding characteristic
equation is:

2
mA~+bA+c¢, ¢, +a

det =0 =

Cp—a mzﬂ“z +b,A+c¢y (2.49)
(rnl/i2 +b1/1+c“)(m2/12 +b,4 +c22)—(c12 +a)(c, —a)=0

This is a fourth order algebraic equation with respect to the natural values A :
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mm, A+ (m,b, + m,b, )/13 + (mlc22 +m,c,, +bb, ) AP .50
+(cyyby +epb ) A+ ey +a’ —¢,” =0 .

The Hurwitz’ conditions [25] must be fulfilled, if all the natural values must
have negative real parts:

2 2
a >c¢, —CCy
(mICZZ +m,c, +b1b2)(cnb2 +czzb1)

(b, +myb;) 2.51)

2 2
a <c¢, —¢ 6yt

_mm, (Cnbz +Cub, )2
(mlb2 +m,b, )2

If the first inequality isn’t fulfilled, the trivial solution increases exponentially
without oscillations. If the second inequality isn’t fulfilled, the trivial solution os-
cillates with the exponentially increasing amplitude. This type of instability is
usually associated with flutter.

The inequalities (2.51) are sufficient conditions for the stability of the trivial so-
lution. Sometimes it is sensible to analyze the system without damping (because it
is usually not easy to estimate the real damping). In that case, the natural values
can be calculated explicitly:

A= (2.52)

2mym, 2mm,

2
2 2
_mGy, ¥ myGy, (mlczz +m,c, J Gy TGy ta
mm,

Sufficient conditions for instability can be formulated in this case only, because
it is impossible to make conclusions concerning stability of a nonlinear system
when only a linearized system has been analyzed.

2 2
a <cC, =€y
2

a2 > C'122 + —mlczz — G, (259
2mm,

The system gets unstable if any of these inequalities is fulfilled. The types of
instability are shown above.
2.2.2 Wobbling of an Elastically Supported Friction Disc

System shown in Fig. 2:11 is considered as the first example of the friction in-
duced instability.
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rotating disc

fixed point o
friction ring

Fig. 2.11. Elastically supported friction disc

It consists of a homogeneous disc (radius R , thickness 2/, equatorial moment
of inertia J,, polar moment of inertia Jp) which is fixed in its center of mass and
can tilt in any direction. The disc doesn’t rotate around its symmetry axis (other-
wise we should take the gyroscopic terms into account, which would cause unnec-
essary complexities without any significant physical effect).

The disc is supported by a friction ring with the same radius R . The ring ro-
tates together with the rigid base around the vertical axis. The connection between
the ring and the base in vertical direction is elastic with the characteristic stiffness
C. Inertia of the ring can be neglected in comparison with the inertia of the disc.

It is sensible to introduce the space frame (x, y,Z) and the disc frame
(f, n, C) in order to describe the motion of the disc (see Fig. 2.12 (a)).

The wobbling of the disc can be described by two generalized coordinates
(a,f) (seeFig. 2.12 (b)).

s /

s |
// / //{/\\3 |
X Vi (a) 5 !
// 4

Fig. 2.12. Generalized coordinates describing the wobbling of the disc
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The relationship between these two coordinate systems is as follows:
x=<&cos S+ sin
y=¢&sinasin f+ncosa— ¢ sinacos ff (2.54)
z=—(cosasin f+nsina+ ¢ cosacos ff
This transformation can be linearized for small tilts:
x=5+¢pf g=x-zf
yv=n-S{a = n=y+za (2.55)
z=—¢f+na+d =xf-ya+z

Our objective now is to calculate the reaction between the disc and the friction
ring. We assume that the reaction of each element of the elastic layer is collinear
with the vertical axis z and depends on the vertical coordinate of the correspond-
ing point at the disc’ surface only:

F_ =F,-C(-fRcosp+aRsing) (2.56)

Here @ is the angle along the friction ring. In the disc’ frame we obtain:

Feg‘ ((0) - Ezoﬂ
F,(¢p)=-F,a (2.57)
F,.(¢)=F,,—-CR(-fcosp+asing)

The force component Fe§ = N acts in the normal direction to the disc’ surface

and causes the friction force in each contact point (see Fig. 2.13).
|

7] Fy

een the disc and the ring
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Assuming the permanent slip in contact one can easily calculate the elementary
friction force:

Fye(@)==F,sinp=—uNsing
F, (9)=F,cosp=uN cosp (2.58)
Fy(9)=0

Here 4 is the friction coefficient (which we can assume constant in this sec-

tion). Adding the force components (2.57) and (2.58) we obtain the full reaction
force in each contact element between the disc and the ring:

F.(p)= F;O/?—,usingo(Feo —CR(—,BCOS(p+asing0))
F,(¢p)=-F,a+ ,ucosgo(Fe0 —CR(—fBcosp+asin (p)) (2.59)
F,.(¢)=F,—CR(-Bcosp+asing)
The corresponding elementary torque is as follows:
M(p)=r(¢)xE(p) =
M (9)=n(9)F.(¢)~C(9)F,(¢) (2.60)
M, (9)=<(0)F:(0)~E(0) F.(9)

Substituting (2.59) into (2.60) and taking into account that at the contact line
& =Rcose, n=Rsing, { =—h one obtains the explicit expressions for the
elementary torques:

M. (p)=Rsingp(F, —CR(—,Bcosqurasingo))
+h{—FeOa + ,ucosgo(F;0 —CR(—Bcosp+asin go))}
.61
M, ()= —h{FeOﬂ—,usingo(FeO —CR(—ﬂcosgoJrasingo))}
—R cos go(FeO —CR(—Bcosp+asin (o))

Integrating the elementary torques along the contact line one obtains the total
torques responsible for the tilting of the disc:
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2z
M, = IMg (p)dp= —(7Z'R2C+ 27zFeOh)a + muhRC

N (2.62)
M, = IM” (¢)dp =—muhRCa —(ZR*C+27F,,h)

0

Finally we obtain the equations of motion governing the tilting of the disc:

J G +ba +(xR*C+27xF, h)a— muhRCH =0
. (2.63)
J B+bp+muhRCa +(xR*C+27F,h) f =0

The terms bcr and b ﬂ are introduced here in order to take the damping of the

disc into account. Equations (2.63) have exactly the form that was discussed in
section 2.2.1. Referring back to the form (2.48) we can notice that

¢, =Cy =nR’C+21F h
¢, =6y =0 (2.64)
a=—-muhRC

In other words the tilting of the disc with respect to both axes is coupled
through the skew symmetric matrix caused by dry friction. This mechanism is il-
lustrated in Fig. 2.14 and can be physically explained as follows.

Let us assume the disc tilts around the & -axes. The springs on the left side of

the Fig. 2.14 are more highly stressed than those on the right side as a conse-
quence. The corresponding reaction forces on the left side are larger. They cause
the restitution torque, which is mathematically expressed through the terms at the
main diagonal of the stiffness matrix. The relative motion between the disc and the
friction layer causes friction forces tilting the disc around the 77 -axes.

The friction induced tilting torque acts in opposite direction on the left and on
the right side of the disc. The resultant torque would be equal to zero, if the spring
forces were uniform. In our situation however, they are non homogeneously dis-
tributed and the torque acting on the left side of the disc is larger than the torque
acting on its right side. As a result a non compensated torque occurs. It tilts the
disc around the 77 -axes. This fact is mathematically expressed by the skew sym-

metric terms in the stiffness matrix.

Now we could repeat the analysis assuming the disc is tilted around the new
axis. The result would be the same. Tilting around any axis causes tilting around
another axis, which is perpendicular to the first one. The disc starts wobbling.
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My,
I
Fig. 2.14. Tilting torque due to non homogeneous friction forces
The stability conditions (2.51) take in our case the following simple form:
a’>-c,
< [N (2.65)
J

The first inequality is always fulfilled. The second one can be transformed to

the following explicit form:
1/R2C +2F, h
b ‘ (2.66)

< -
# hRC~N7J

This result shows that a tilting disc on the elastic friction layer without damping
would be always unstable! This result is relevant for oscillations of friction
clutches (“eek noise”) and layers. It can be easily generalized for a rotating disc.
The gyroscopic terms should be taken into account in that case. The stability con-
dition, determining the maximal acceptable friction coefficient, depends then on
the disc’s rotation speed.

2.2.3 On the Unstable Behavior of an Asymmetrically Supported Disc
(Brake Squeal)

An elementary model of brake squeal is discussed in this section as the second ex-
ample. This model was suggested by Peter Hagedorn in a personal communica-
tionywhorkindly-allowedsincludingsthisssection into the book.

Consider the system shown in Fig. 2.15.



62 2. Oscillations in Systems with Dry Friction

Fig. 2.15. A rotating disc with an asymmetric elastic support

It consists of a rigid rotating disc pressed between two friction pads. These pads
are supported elastically with respect to both in axial displacement and tilting
around the 77-axis. The axial springs are preloaded with the same force IV, . The
forces acting on the disc are shown in Fig. 2.16.

Fig. 2.16. The forces and torques acting on the disc

These forces can be calculated as follows:
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1 1 1 1
N, =N, +Zcra—zclﬂ; N, =N, +Zcra+zclﬂ
1 | . 1 1
Ny =N, _Zcra_zdﬁa N, =N, _Zcra"'zdﬁ
1
R, =u(N,+N,)=2uN, +E ucra (2.67)

1
R, =pu(Ny+N,)=2uN, S Hera
M,=-Cp
My, =0

Now we can calculate the total torques acting on the disc (we neglect the gyro-
scopic terms as before):

M§ :_(Nl +N, =N, —N4+R12ﬂ+R34ﬂ)r
=—cr’a—4uN,p

(2.68)
M, =M, +(N,—~N,~N,+N,)l+(R,-R,)h
=C,f+ ucrha
The corresponding linearized equations of motion are as follows:
Ja+crla+4uNgf=0
(2.69)

Jﬁ—,ucrha+CTﬂ:0

These equations have a well known structure. The two degrees of freedom are
coupled non-symmetrically through the dry friction, which is the energy source

amplifying the oscillations. Referring back to the general equations (2.48) one can
find the following relations:

r
o =cr’yey=Cre,=c, Z:UE(4N0 —ch)
(2.70)
a:,u%(4No +ch)

The corresponding inequalities (each of them is sufficient for the instability)
(2.53) are:
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‘CT - crz‘
4Jr\|N,ch

The first inequality is never fulfilled. The second one can be fulfilled if the fric-
tion coefficient is sufficiently large. Then the oscillating instability occurs.

The mechanism described is strongly simplified. The realistic model of the
brake squeal does not consider the motions of the friction disc as a rigid body. It
must take (according to P. Hagedorn) the bending modes of the disc into account,
but the logic described and the mechanism of instability remains the same.

44’ Noh<—Cp; > (2.71)

2.2.4 Conclusions

The friction induced flutter is an important source of instability in systems with
dry friction. Most of books and articles devoted to friction induced vibrations con-
centrate on the negative friction gradient as the main source of instability. Practi-
cal experience has convinced the author that the mechanism described in this sec-
tion is not less important, but unfortunately almost unknown by mechanical
engineers. That’s why it is considered in this chapter even though the discussion
here is limited to the elementary analysis of stability and the effects of nonlinear-
ity are not taken into account.

2.3 Vibration Induced Displacement. Averaging in
Discontinuous Systems

Let us move on to the last group of problems connected with dry friction we are
going to discuss in this chapter. We are going to discuss the so called “vibration
induced displacement” or in other words the phenomenon transforming symmetric
oscillations (excitation) into directed motion of the system. (Sometimes it is called
“vibration induced transportation” or “vibration induced translation™.) This phe-
nomenon is used in numerous machines in chemical and civil engineering like vi-
brating conveyors, screens and other machines transporting bulk materials. Hun-
dreds different designs of these machines are used in practice. The phenomenon,
however, is not only of practical, but mostly of general importance. It demon-
strates the ability of vibration to use the asymmetry of the system, in order to steer
the input energy into some preferable direction. Besides that, it gives an excellent
opportunity to demonstrate the peculiarities of discontinuous systems and intro-
duce the appropriate averaging procedure. Let us start with an elementary exam-
ple.
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2.3.1 A Simple Example of the Vibration Induced Displacement

A simple example of a slipping system is discussed in this section, to show typical
problems which can occur in the analysis of discontinuous systems. Consider a
model of vibration induced displacement shown in Fig. 2.17. This system consists
of a mass on a friction plate. Friction coefficients are taken to be different if the
mass moves forwards or backwards. The mass is excited by a harmonically oscil-
lating horizontal force.

acos t

Fig. 2.17. The basic example of the vibration induced displacement

The equation of motion for the mass can be written as follows:

mx =acost— Fﬁicti()n

‘ ' 2.72)
Ffriction = ﬂfng(X)—ﬂbng(_X)

Here x is the coordinate of the mass on the plane, a is the excitation” ampli-
tude, g is the gravity acceleration. Constants £, and £, are the friction coeffi-
cients forwards and backwards, which are assumed to be different. The one step
function £ (x) is determined as follows:

1if x>0
E(x)=43if x=0 (2.73)
0if x<O

The one step function and the asymmetric friction law (2.72) are illustrated in
Fig. 2.18.

The assumption about the asymmetry of the friction force is not as unusual as it
may seem. The majority of the surfaces has some structure due to production
process (like metal cutting) and is clearly anisotropic.

Equation (2.72) does not contain X . So we are not interested in the position of
the mass but only in its velocity. Introducing the average friction force and the
asymmetry of friction we can rewrite (2.72) as follows:
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Il
<

X
V=acost— ueasgnv— fiea

(2.74)

c”z %; ﬁﬁ%(ﬂf + 1) iw:z%(ﬂf — t,)

sgnv=FE(v)-E(-v)

The introduced formal small parameter & indicates the assumption that the
friction force is small.

E(%) Fr (%)
1
1 Hemg
2
0 P (1) mg P
—Hymg

Fig. 2.18. The one step function and the asymmetric friction law

The basic idea for transformation of a perturbed system to a form suitable for
averaging is to consider the unperturbed system. In out case it is:

Vv, = dacost (2.75)

Its solution v, = asint + const can be considered as a transformation for the
equation (2.74):

v=asint+ua (2.76)

The new unknown function # is governed by the following equation:
1 =—pesgn (u+sint)— fie (2.77)

It seems to be an equation in the standard form for averaging. Unfortunately
this is not the case, even though the right hand side of this equation is proportional
to the small parameter, limited and periodic. The problem is that the Sgn -

function is discontinuous and it does not fulfill the Lipschitz-condition as a conse-
quence. However this system has an important peculiarity, which enables general-
ized averaging for these specific types of discontinuities. The argument of the dis-
continuous_function is a sum of a slowly changing function (in our case it
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isu, u = 0(8 ) and a fast periodic function (in our case it
. . I
issinz, (sinz) =cost =O0(1)).

2.3.2 Mathematical Basics for the First Order Averaging of the
Constant Order Discontinuous Regimes

The following theorem can be formulated and proved for the systems of this
type.

Theorem 2.1
Consider an initial value problem

x=eZ(x1)E(g(1)+ f(x)), x(0)=x, 2.78)
Alongside (2.78) consider the corresponding averaged system:
£=2¢(£), £(0)=x,
£(&)=(2(60E(s(1)+ 7 (2))

Here E is the one step function.
Suppose:

(2.79)

1. Z:R™ — R"is a bounded, Lipschitz-continuous inx, T -periodic in t
function forxe D R",te [0,00), g€ (0, 80]; (these requirements are
usual for averaging).

2. fiR" W, c R'is a bounded differentiable function in x onD.

(There is also nothing unusual in this requirement, except the fact that we have in-

troduced the set Wf, which is the set, from which the function f takes its val-
ues.)

3.¢:R' > w,c R' is a continuously differentiable function of time. (The
set Wg is introduced here.)

The next two conditions are important:
4. Wf C Wg (The set Wf is a subset of Wg)

5. Consider an equation

g(t)=consteW, (2.80)

ol LElUMN Zyl_i.lbl
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We suppose that this equation for any constant value on the right hand side has
a finite number of isolated solutions inside of any period of the func-

tiong : tE[O,T) :
t=t,,i=12,...,m 2.81)

The requirement that these solutions have to be isolated, means that the first
derivative of the function g in these points is not equal to zero:

g'(ty)| 2G>0 (2.82)

This condition is of the principal significance for this theorem. It is graphically
illustrated in Fig. 2.19. Qualitatively it means that the time during which our sys-
tem remains in the vicinity of the discontinuity is short. It is the case if the func-
tion g changes much faster that the function f . This requirement could be bro-
ken if the zero of the function f (x) + g(l‘ ) corresponding to the discontinuity

would meet a maximum or a minimum of the function g . This possibility is elimi-
nated by the fifth requirement (2.80) - (2.82).
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Fig. 2.19. Requirements to the function g (l )

6. All the constants do not depend on the small parameter. The solution to the
averaged system (2.79) belongs to the interior subset of D on the time scale l/ g.

Under these conditions the solutions to (2.78) and (2.79) are asymptotically
close to each other, i.e.

Hx(t)—(f(t)H <qee™, ¢, =0(1), ¢, =0(1) (2.83)
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In other words, under these conditions the system (2.78) can be averaged (with
the first order accuracy) as if it were continuous.

The proof of this theorem can be found in the Appendix I'V.

This theorem validates averaging for the case that the system does not remain
in the vicinity of the discontinuity. For systems with dry friction, it means pure
slip motion is occurring. It is natural to call motions of this type the “constant or-
der discontinuous regimes”. This name underlines their difference from the “vari-
able order discontinuous regimes” like stick-slip oscillations in the systems with
dry friction.

Let us return back to our example of the vibration induced displacement and
look how the described procedure works there.

2.3.3 The Elementary Example of the Vibration Induced Displacement.
The First Order Approximation

The equation (2.77) satisfies all the conditions of the theorem 2.1 if we consider
the case —1 <u < 1. Then we can directly average its right hand side and obtain
the equation of the first order approximation. Firstly we have to calculate the aver-
age:
: 1% : 2 .
<sgn (u+sin t)> =5 Jsgn (u+sint)dt =—arcsinu (2.84)

T3 V3

The equation of the first order approximation is:

, 2 _ . -
U, =—— pearcsinu, — Ue (2.85)
4

Here index 1 denotes the averaged functions of the first order approximation.
The stationary solution to (2.85) can be found by setting its right hand side to zero:

u, ,=-—sin (E—’L_lJ (2.86)
— 2ﬂ

The accuracy of this solution can be easily checked by numerical simulation.
The comparison is shown in Fig. 2.20.
The comparison was performed for the following values of the parameters:

e =0.1; e =—0.05; a =1. The accuracy of the approximate solution seems
to be quite acceptable.
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u,u,

Fig. 2.20. Comparison between numerical simulation and analytic prediction; the thick
saw-like line corresponds to the results of numerical simulations, the smooth thin line cor-
responds to the solution of the averaged initial value problem (2.85)

2.3.4 Discussion of the Results

The result achieved is physically obvious. The oscillating mass on the surface
with anisotropic friction moves on the average in the direction of the smaller fric-
tion.

The same practical effect can be achieved if we subject the mass on the surface
with isotropic friction to elliptic excitation (which is the overlapping of synchro-
nous vertical and horizontal excitations). This example is discussed in the chapter
6. Here we will give only the main results.

Consider a system shown in Fig. 2.21.

i - |

Fig. 2.21. A mass on the elliptically excited plane

q

The equations governing the motion of the mass can be written as follows:
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mx = =N u(x)+ma, & sin ot
L (2.87)
N =mg —ma,w’ sin(wt +y)

These equations express the fact that the friction force is proportional to the
normal reaction force. In our case, the normal force is influenced by the vertical
acceleration of the plane. Thus the asymmetry of the excitation is the reason of the
translation. It presses the mass towards the plane as it moves backwards and re-
duces the pressure in the phases, when the mass moves forwards. These influences
result in a slow steady state translation overlapped by small fast vibrations (cf.
Fig. 2.20). There are many machines based on the principle we have discussed
above. First of all vibrating conveyors and sieves are used in the processing of
bulk materials.

Figure 2.22 shows how the average velocity of the translation depends on the
phase difference between the vertical and the horizontal excitations. The numeri-
cal simulations are compared with analytic prediction obtained in chapter 6.

—r T

Transportation velocity

Phase difference y

Fig. 2.22. Transportation of the mass on the elliptically vibrating surface; the smooth line
corresponds to the results of numerical simulation, the dots correspond to the analytic pre-
diction

2.3.5 Conclusions

Averaging can be used directly, in order to analyze the constant order regimes in
discontinuous systems with the accuracy of the first order approximation. This ap-
proach is very effective in slipping systems with dry friction and enables us to de-
scribe the useful mechanisms of the vibration induced displacement. In the next
section we are going to discuss an advanced case, which requires analyzing the
second order approximation. It will lead us to a more detailed insight into the pe-
culiarities of discontinuous systems.
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2.4 Vibration Induced Displacement of a Resonant
Friction Slider

2.4.1 Problem Description

Following [40], the problem of predicting steady drifting motions for a rigid slid-
ing body, sandwiched between two friction layers, as induced by an internal reso-
nator driven at high frequency is considered in this section. Fig.2.23 shows the
system under consideration: A rigid slider with an imbedded oscillator. The oscil-
lator is driven near a high-frequency resonance. Two parallel surfaces of the slider
are pre-loaded against friction layers having different frictional properties. This
creates friction forces that depend asymmetrically on loads normal to the friction
layers. With the internal resonator aligned neither normal nor parallel to the fric-
tion layers, the inertia forces of the resonator can cause the slider to move in one
direction with a small overlay of high-frequency vibrations. Thus, a part of the en-
ergy supplied to small but fast oscillations of the resonator will be converted into
large and comparably slow trenslation of the slider.

Fig. 2.23. The resonant friction slider

The system shown in Fig. 2.23 consists of a slider, a pair of stators, and a reso-
natory Therslidersisiconsideredrarrigidibody of length L and mass M . At time ¢
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its centre of mass G is located a distance X (t ) from a fixed point in space.
Rotational motion is prevented, so rotary inertia is ignored. A force P acts
against the slider, representing some external loading of the system.

The stators provide a no-clearance guide way for the slider, fixed in space and
tilted an angle i/ from horizontal in the gravity field g .

The resonator is considered a linear 1-dof oscillator, with a mass 72 at instanta-
neous position W (t ) , stiffness & , coefficient of viscous damping ¢ , and mounted
with a tilt € inside the slider. The resonator base is driven kinematically at small
amplitude and high frequency, close to its natural frequency, i.e. close to reso-
nance. Thus W (t ) = Asin @t is the externally controlled displacement of the
resonator base, where A << L is the drive amplitude, and @ is the near-resonant
drive frequency:
o=~k / m>>./g / L . Physically the resonator might be realized by a conven-

tional ultrasonic transducer clamped at one end inside the slider, and driven near
resonance by piezo-electric ceramics (at amplitude about 1 um and frequency
about 30 kHz).

The contact between the slider and the stators is governed by dry friction with
different friction coefficients £ and ¢, for the lower and upper contact surface,

respectively. The friction force at surface i is then F; = 1N, sgn X , where
N, >0 is the compressive force normal to the surface. The slider is preloaded by
a force N, between the stators, so that N, = N, = N, when the system is at
rest and gravity does not contribute to the normal force (i = 72'/ 2). This pre-load

is assumed to be sufficiently large to maintain steady contact at both slider-stator
interfaces during operation.

2.4.2 Equations of Motion
We can derive the equations of motion in the Lagrange’s form if we calculate the

kinetic and potential energies, the Rayleigh’s dissipative function and the general-
ized forces as follows:
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T (Mo4m) X X (W, 4 ) cos 0+ (W, + 7 )

V=(M+m)gXsiny +mg(W, +W)sin(w+6?)+%kW2 (2.88)
0,=—(P+F,+F); 0,=0; l~)=%cW2

Here [}, F, are the friction forces described above. The Lagrange’s equations

have the following form:

d(JL) oL D 5 d(JL) JL D s

di\ox ) ox ox = di\ow ) ow ow =7 (289
L=T-V

Substituting (2.88) into (2.89) one obtains the equations governing the motion
of the slider with the internal resonator:

(M +m) X +(F, +F,)+m(W,+W)cos6
=—P—(M+m)gsiny (2.90)
mW +cW + kW +mX cos @ = —mW, —mg sin (y +6)

We need to compute the normal forces NV, and N, at the friction layers, in or-
der to determine the friction forces F| + F),. These will change in time because
they are determined by the inertia forces transmitted from the vibrating internal
resonator. If the two friction layers have identical normal stiffness, any increase
AN in the compressive normal load exerted by the slider on one surface will be

balanced by an equal decrease in the load on the other surface, until a clearance
occurs as soon as one of the normal forces gets equal to zero.

In this study we consider the case |AN | < N, only, which means: The pre-load

is sufficiently large to prevent clearance while the device is operating. For this
case one obtains

N,=N,+AN; N, = N,—AN
F+F, =(uN,+ i,N,)sgn X = (2.91)
:(,ul +/Jz)N0 San+(lLll _/Jz)ANSan

AN can be obtained if we balance the forces normal to the stators:
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AN=%m(WO +W)sin6’+%(M+m)gcosw (2.92)

The condition ensuring compressive slider loading at all times is
N, > max {|AN (1))} (2.93)

Let us assume that the external excitation is a harmonic one:
W, = Asin(wt) (2.94)

Firstly we are going to bring the problem to the non-dimensional form. We in-
troduce the following frequencies, non-dimensional variables and parameters:

k g A

Wy =,|—; A== €, =—

C \m N7
X w

w=—te, sin (y +6)

(2.95)

x=—;

L
m P

C
S = o= 2
2Jkm~1-a cos® 6 m+M (m+M)g
2
N e R LR

2° 2
@, mLaw, mLaw,

D! ( )':d( )
J1—acos* 6 dr

Now we can rewrite the equations (2.91), (2.92) as follows:

T =

x”+0¢(w"—aQ2 sinQr)cosé’ =

~{e, (p+siny)+ap(x')n, +ap, (') Anf(1-acos’ 0)  297)

W' —aQ’ sinQz + (28w + w)(l—a0052 6’)+x"cos€ =0

The following signs are used here:
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" 2 3
A= liafcosslznélf sin¢9+%cos W, ny= maX(|An|)
N = , = 1
H(x"y=msgn(x'); ,u:E(ul+,u2) (2.98)
N = N = 1
py ()= asgn(x'); ==~ i)

Note that ) denotes the non-dimensional drive frequency and @ is the ampli-
tude of the internal resonator, which has natural frequency equal to unity and
damping ratio . a € [0,1] denotes the relative mass of the resonator, W the
position of the resonator’ mass relative to its static equilibrium, (4 the average
friction coefficient for the two friction layers, and /j expresses the difference
(asymmetry) in friction coefficients, 7, is the pre-load of the slider, and p the

external load.

In the next section we illustrate, which types of the system’s behavior can be
obtained by numerical simulation, and then consider obtaining approximate ana-
lytic solutions.

2.4.3 lllustration to System’s Behavior

Numerical solutions to (2.97) were obtained using the commercial software
package ITI-SIM. (It is the case for almost all numeric simulations in this book).
Fig. 2.24 shows three responses for the slider motion x(Z' ), when the excitation
amplitude is, respectively, @ =0.05 (bottom curve), a =0.02 (middle), and
a =0.005 (top curve), and other parameters as given in the figure legend. The
excitation is resonant for all curves, i.e. @ = @,; Q=1. Also, the level of sup-
plied input energy is the same, i.e. the product a@ is constant (this corresponds to
choosing &, = a’ ), while the pre-load 7, in each case has been chosen suffi-
ciently large to prevent slider-stator clearance. The results are displayed on a time
scale ar , which is proportional to physical time 7.

As appears the slider climbs against gravity (i =10"), moving at constant av-

erage velocity with a small overlay of rapid oscillations. The average velocity is of
similar order of magnitude for all three cases, whereas the amplitude of the over-
laid oscillations decreases with the decreasing excitation’s amplitude (and corre-

spondingly increasing excitation frequency). For a = (0.005 the high frequency
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overlay is hardly noticeable, and the slider appears to move smoothly in one direc-
tion.

x(1)

17 .

0.5 1

Fig. 2.24. Slider position obtained for the following parameter values: p = 0, =
10°, 6= 45°, 111c=0.25, 1= 0.05, = 0.05, @ =0.1

The physical phenomenon causing average translation of the slider is simple:
When 6 # 7[/ 2 (cf- Fig. 2.23.) and friction is not too large, inertia forces from the
vibrating resonator cause the slider to oscillate back and forth between the stators.
When in addition & # 0, the inertia forces also create oscillating normal forces on
the slider surfaces, and thus oscillating frictional forces parallel to the surfaces. If
the surfaces differ in frictional properties £, # 0, then the frictional forces will

also differ, and the slider moves farther in one direction than in the other one.
Let us look how this phenomenon can be described analytically.

2.4.4 Transformation to the Principal Form. Amplitude of the
Resonator

In this section we are going to split the system (2.97) into two parts. The first
one will describe the oscillations of the resonator and the second one will govern
the transportation of the slider. The first step is to solve (2.97) with respect to the
highest derivatives. The result is:
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w'+ (2ﬂw )
| Ot sin @ cos &
(1—a0052 9)

(gf (p+siny )+ fan, + &, cosy/)cosﬁ
_ oy, sinfcosd
(l—occos2 9)
, a(2pw +w)(cos@+ u, sinb)
x' = :
_ oy, sinfcosé
(l—occos2 0)

=aQ?sin Qs +

1

(2.99)

1

&, (p+siny )+ fan, + u &, cosy
- A sin & cos &
(1—0[0082 0)

Next, we do assumptions about the magnitude orders of the parameters. Intro-
ducing a formal small parameter & <<1 we assume that

a = e0y; 1= elly; I = Efly;aQY =&7ay; f=¢"Pyie, =€, (2.100)
Here all the parameters &, ,L:lo,/rlo,ao, ﬂo,g 10 have the magnitude order of

one. By this, we quantify the mass of the resonator, the friction, the amplitude of
excitation, the damping, and the inverse natural frequency of the resonator in their
magnitude orders.

Keeping terms to O (83) we can rewrite (2.99) as follows:
" 2 ’ 2~ ' —
w28 fow' + w+ el fisgn (x') qw =
&’a,sinQr + (5351.0 (p+siny)+&’ayasgn(x')n, )cos@
" __ 2 =~ 1] .
x" = gayweos 0+ &’ a fisgn (x') wsin 6 2.101)
—(83€fv0(p+sinl//)+gzaoﬁsgn(x’)no)

sin & cos &

1 l—acos’ @

Consider the unperturbed system to (2.101). More precise formulated we ne-
glect all the terms smaller than O (8) :
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w,+w, =0
" (2.102)
X, = €0, W, cos &

Its general solution can be taken as a variable’s transformation for the complete
system (2.101):

w=using, w =ucose
L, (2.103)
X' =& av—¢saucosgpcost

The idea of this transformation is simple: The first equation in (2.101) is quasi-
linear; so the standard Van der Pol transformation introduces the amplitude # of

the resonator’s vibrations, having rate of change 0(6‘2) (i.e. it becomes a slowly
varying variable), and the phase ¢, which becomes a fast variable. Similarly, the
transformation from X' to Vv serves to eliminate the dominating first term on the
right-hand side of the second equation in (2.101). Thus V expresses a small time
varying correction to the first order solution to the unperturbed problem, i.e. the

approximate solution obtained when neglecting terms of O (82 ) and higher.

It is also important to notice that in this approximation the motion of the reso-
nator is independent from the motion of the slider. Thus the system is split into
two weakly interacting subsystems.

In the new variables the functions expressing friction become:

H(x")= et -sgn(ev—ucosgpcosf)
o (2.104)
1y (x") = &ft, -sgn(ev—ucospcos )

We are going to investigate the resonant case, so we can assume 0 =1—C2 to
be small, i.e. O = 8250 , where 50 =0 (l) . Further we introduce a new variable
0 =@ —Qt that expresses the phase difference between the excitation and the

oscillations of the resonator. (This transformation is typical for almost linear reso-
nance problems [23].) Then the system (2.101) takes the following form (we keep

the terms up to 0(82 )):
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u' =26 fucos’ p+&’a,sin(p—o)cosg

-&'a, (fzqu sin @ — zin, cos ﬁ)sgn (ev—ucosgcosB)cosg

&a

b (N
» sin(¢—o)sing

o' =&, +2& B, sinpcos -

2
&a,

+ (,L:tqu sin ¢ — fin, cos 0)sgn(5v—ucosgpcos 0)sinp

, (2.105)

£ % sin(¢—o)sing
u

@' =1+2&° B, singpcosp—

2
+E% (ﬁqu sin @ — uin, cos 9) sgn (ev—ucos@cosf)sinp
u

= (ﬁu sin @sin Q—ﬁno)sgn(gv—ucosgocos 0)
—&€,,(p+siny )+’ R(u,0,0,v)

Here the function &£°R contains small terms having zero time average (these
terms are unimportant for the following considerations).

The system (2.105) is ready for asymptotic analysis. There are two slow vari-
ables: # and O, expressing the amplitude of resonator oscillations and the phase
difference between these oscillations and the excitation; they are slowly changing
because #' and o' are 0(82 ) There is also a fast rotating phase
p:9' =0(1).

Variable v is the most interesting one for the present study, because it de-
scribes the velocity of the slider. This variable differs in character from the other
ones. Firstly, it is not a slow variable, since the first term in the equation for V' is
not necessarily small. Secondly, this dominating term is discontinuous due to the
“sign”-functions. Nevertheless, v does not influence the motion of the resonator
significantly, because it occurs only in the equations in the form of a small combi-
nation £V . So we can find the resonator’s amplitude simply by averaging the first
two equations of (2.105) with respect to the fast rotating phase @ .

In the averaging process we need the following mean values:
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sgn(co s1ngocos¢>> <sgn cosgo)sm(p> 0

sin @ cos’ > 0; <sgn(cos @)cos 2(o> =0

)

?)

)sin” §0> <Sgn(cos ¢)cos’ (p> -0 (2.106)
)

(sen(cosg
<sgn(co

<sgn(cos¢)
<sgn(cosgp COS(p>

Hence, we obtain the averaged equations for the resonator, with subscript 1 de-
noting averaged variables:

28 a1,
—&” B, — g a,sino, — —Oﬂon0 cosd
T
(2.107)
a
ol =&’5,— & —coso,
U,
If we are interested only in the stationary solutions of (2.107), we must put its

right-hand sides to zero. Solving these equations, we obtain the stationary ampli-
tude of the resonator’s oscillations:

20,14, yn, cos @
1_8t —

- 7(B+6,7)

- 5 (2.108)
a; 20,1, By1, €08 O

4(pr+6,) z(Bs+6,)

These equations describe the oscillations of the resonator to the first order, but
they still do not give us any information about motions of the slider.
Next we attempt to find an appropriate approximation for the slider’s velocity.

2.4.5 Motion of the Slider: Preparing for Averaging

The slider’s velocity Vv is governed by the last equation in (2.105):

' = . . = v
V= (,uou sin 49s1ngo—,u0n0)sgn( —Cos gpj
ucos@ (2.109)

—e¢,(p+siny )+ &R
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We consider (2.109) as the perturbed equation for an unperturbed equation ob-
tained by omitting terms of O (8) and smaller:

v, :(ﬁon0 — fi,usin @sin go)sgn(cosgo) (2.110)
This equation can be solved quite easily. Let us introduce two functions (cf-
Fig. 2.25):

@

(p)= Isgn(cosz//)dl// = arcsin (sin¢)
’ Q.111)

4
1-|cos | = Isin w sgn(cosy )dy
0

2 ()
1—|cos ¢|
,/’/\\\ e ANY
/,/’ ‘\\\\ /// ‘\\\\
0 = — - S
V4 2
-2 4

Fig. 2.25. Functions [ ((0) and 1— |COS (0|

Using these functions we can find the solution to (2.110) in the following form:
= = . 2

vy =y I1 (@) + fiyu sin | |cos g - = (2.112)
T

This solution can be used as the basis for the transformation of the perturbed
equation. We try to find the slider’s velocity as a sum of v, and a small correc-
tion:

V=v 4y, (2.113)

Inserting (2.113) into (2.109), one finds that the new variable v ) is governed by

the following equation:
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Vi = (ﬁono — fi,usin @sin go)
X {sgn [cos p—ed (u, »,v, )] —sgn(cos (P)}

—ggfo(p+sint//)+0(52) (2.114)

2,1, 11 ((0) + ftou sin 9(|cos (0| - 72[) +v,

q)(u O,V ):
e ucos@

This equation is very interesting and worth discussing in detail. Its right hand
side is not small. The first term is proportional to the difference between two sign-
functions. It is important that the arguments of these functions differ only slightly.
Such a situation is illustrated in Fig. 2.26.

sgn(cos @)

sgn(cosp—0(¢)) h——-

b4 3r @
2 2
T -
O(¢)
_2 AN /

sgn(cos ) —sgn (cosp— 0(5))

Fig. 2.26. Difference between two sign-functions

The difference between these functions is almost always equal to zero. Only in
two short time intervals it is equal to -2 (it can be also equal to 2, depending on the
sign of the small arguments’ deviation). But in an integral sense, the effect of such
a term is as small as the effect of any continuous small term of the same order of
magnitude as the difference between the arguments of the sign-functions. Notice
that the zero of COS @ is a simple one (cf. the discussion of the Theorem 1). So it

seems plausible that the equation (2.114) can be averaged with the similar accu-
racy as an equation in which the right hand side is multiplied by the small parame-
ter. This idea can be formulated as a theorem.
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Theorem 2.2
Consider the initial value problem:

i=eX (x,0)+Z(x0) E(g(r)+ef (x.0))-E(g(t))]

2.115)
x(O) =X,

Here the functions X,Z :R"" — R"; f: R™ > Rl;g :R' > R'are de-

fined for x,&,x, e Dc R",t e [0,00),8 € (0, 80] ) E(t) is a one-step func-
tion.
Consider the averaged problem alongside (2.115):

E= (&) +eg (&)

5(0) =X

E(é‘):<X(§,t)> (2.116)
ec(8)=(z(e.0)[E(g(0)+ef (£.0)-E(g(1))])

Suppose
1. X,Z and f are measurable functions of t for constant X and & .

2. f in addition is a piecewise differentiable function with respect to t, and
its derivative is bounded

3. All the functions are T -periodic with respect to t. < >means the time av-
erage.

4. X,Z and f are bounded Lipschitz-continuous functions in X on D .
5.8 (t ) eCicitisa differentiable function.

6. An equation g (l‘) =0 has m simple solutions t,,, i =1,...,m for
te [O,T )

7. The first derivative of the function g in these points is not equal to zero:

g'(ty)| 2G>0 2.117)

8. All constants do not depend on &, and & belongs to the interior subset of
D on the time scale 1/ .
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Then the solutions of (2.115) and (2.116) are asymptotically close to each
other, i.e. the error one makes on using the averaged system instead of the origi-
nal one is small for the asymptotically long time interval.:

x(0) = £(0)|| < ey (2.118)

The proof of this theorem can be found in Appendix III.
Let us apply this theorem to the equation (2.114) describing the motion of the
slider. The only thing we have to do is simply average (2.114). As a result we ob-

tain the following approximate equation for the slider, with Vv, denoting averaged

values:

’ 2 4 = & .
v =_&vl+(1+—2jgﬂonotané)—g%(pﬂmz//) (2.119)
7u, cos @ T H,

The stationary value of the slider’s average velocity can be found by letting the
right-hand side of (2.119) to zero, giving the stationary value for v, — and then in-

serting (2.103) in order to obtain the corresponding value for the slider’s velocity
x" . The result is as follows:

mag, 4 cosd 4\ = £, ‘
v = [1+—2j,u0n0 tand——L-(p+siny)|  (2.120)
2n, V2 Hy

Here u, g, is the stationary value for the resonator’s amplitude given in (2.108).

We have now obtained a simple expression for the average (non-sticking) mo-
tions of the slider. In the next section we compare this prediction to numerical re-
sults and discuss the influence of a system’s parameters.

2.4.6 Performance in Dependence of Parameters; Comparison
between Analytic Prediction and Numerical Simulations

Fig. 2.27. (a) — (f) shows the variation of the average slider velocity v, with
some essential system parameters. The curves are based on the approximate ex-
pression (2.120) with default values of the non-dimensional parameters as given in
the figure legend; for each curve these values were taken, while one of the pa-
rameters was varied. Circle markers show results obtained by numerical integra-
tion of the full equations of motion (2.97). The results between the approximate
and numerical methods agree very well. This justifies the rather complicated but
correct way to obtain the averaged solution in comparison with a simpler but not
so accurate approach represented in [122].
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Fig. 2.27(a) shows a maximum for the averaged slider’s velocity, when the exci-
tation frequency €2 is close to the natural frequency of the internal resonator.
This curve reflects the resonant character of the investigated phenomenon.
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Fig. 2.27. Variation of the average slider’s velocity Vg, with parameters; straight line corre-

sponds to analytic prediction, circles show the results of the numerical simulations; default

parameters values: £=0.1, @, =1, &, =1, f, =025, &,=1, £ =05, a=2;
p=0, =0, n,=05, 6=0.5

Fig.2.27(b) displays the effect of the average friction coefficient. It was varied
across a wide range in order to show the main tendency: The average velocity of
the slider decreases almost linearly with increased average friction.

Fig.2.27(c) shows an even stronger influence of the asymmetry in friction, i.e.
s of the two friction layers surrounding
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the slider. This asymmetry is the essential source of the whole effect causing the
slider to move, so if Z =0 the slider’s velocity vanishes.

Fig.2.27(d) shows the ability of the slider to climb against gravity. For the ac-

tual parameters, it appears, this is possible for stator inclinations up to about 11°
(= 0.2 rad), at which the vibration induced forces just balance gravity and the
slider reverses its (average) direction of motion from upwards to downwards.

Fig.2.27(e) displays the influence of the resonator mass ratio ¢ , which is not
trivial. The curve has a characteristic maximum, which can be explained qualita-
tively: Slider motions are caused by forces induced by the resonator. Therefore, it
seems obvious that increasing the mass of the resonator will increase the velocity
of the slider. However, an increase in resonator mass may also decrease the reso-
nators oscillation amplitude. At some level of & this effect overcomes the first
one, and the slider’s velocity starts to decrease.

Finally, Fig.2.27(f) depicts how Vg, is affected by the resonator inclination 0.
If @ =0 the asymmetry in friction has no effect on the excitation, so the slider
has zero average velocity. With increasing € the asymmetry in friction comes
into play, and Vg, increases almost linearly up to about 75° (= 1.3 rad) in the fig-
ure. Beyond this value, the friction forces become large enough to cause periodical
sticking of the slider, which lowers the average velocity as appears from the nu-
merical results (circles). The approximate approach used here does not take into
account the possibility of sticking. Therefore, the approximate expression (2.120)

consequently predicts erroneously large slider velocities as @ — 90° (= 1.57
rad). Consideration of sticking motions might be included by applying the variable
order averaging (cf- Chapter 4).

2.4.7 Conclusions

The example investigated is interesting both from practical and theoretical
point of view.

Firstly, it has allowed us to demonstrate how the higher order approximations
can be obtained for the constant order regimes in discontinuous systems. It was
demonstrated that averaging can be used not only in systems with small right hand
sides, but it is also applicable for systems in which right hand sides are large but
only during short time intervals. (Really important is, how small the correspond-
ing integral is.)

Secondly, the investigated slider can be used as a moving transport device in
many difficult situations like pipes or in medical applications. Its advantage is the
simple excitation mechanism, the ability to climb against gravity and the ultra-
sonic frequency of oscillations with extremely small amplitude. Due to the last
fact, the oscillations (which can be neither seen nor heard) do not disturb even in
very delicate situations.
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Systems with collisions differ significantly from the considered systems with
friction. First of all, systems with collisions cannot be described by ordinary dif-
ferential equations at all times. Ordinary differential equations are valid between
the collisions, but some additional kinematic conditions must be used in order to
calculate state variables after each collision, as functions of the state variables be-
fore the collision. It is typical that the coordinates of the colliding objects remain
continuous in oscillating systems with collisions. The velocities on the contrary
become discontinuous. The velocities change during a collision is usually not
small — it has the same magnitude order as the velocities themselves. That is the
main reason why general perturbation methods, like multiple scales or classical
averaging developed for ordinary differential equations, cannot be applied directly
to analyze systems with collisions.

It should be distinguished between periodic, transient and chaotic motions in
systems with collisions. The recent interest to chaotic motions in discontinuous
and impact oscillators [3, 13, 32, 41, 46 — 48, 50, 57, 88 — 92, 100 — 104, 106, 107,
115, 116, 134] is mainly motivated by the unwanted vibrations, like gear rattling
[28, 57, 92, 93] or liquid sloshing [94]. For machines using vibrations like vibra-
tion crushers, screens or grinding machines the simplest periodic regimes are of
the main interest.

Different mathematical methods are used for analyzing these simplest regimes.
The classical approach was developed for the piecewise linear systems. According
to this approach the equations of motions have to be integrated between the colli-
sions, and the kinematic conditions describing collisions are used to stitch one in-
terval of the solution to another one. In simple cases without additional nonlineari-
ties this approach provides deep understanding for the variety of dynamic
behavior in systems with collisions [1, 58]. It is also very effective in numerical
simulations. However “stitching” becomes very elaborate for obtaining analytical
predictions in presence of additional nonlinearities.

Another method useful for numeric realization is mapping [44]. This method
was also successfully used in order to investigate the existence and stability of pe-
riodic solutions. For example the completely nonlinear problem of self-
synchronization in systems with impacts was considered using this method [136].

Further development of analytic methods was connected with the ideas of a
small parameter and perturbations. Poincare's method, historically the first
method of small parameter, is very effective in order to analyze periodic solutions.
It was generalized for the discontinuous systems of constant order by Kolovsky
[59, 60] and for discontinuous systems of variable order by Nagaev [77]. These
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methods helped to analyze existence and stability of periodic solutions in slightly
nonlinear systems with impacts, but the necessity to stabilize the technologically
best impact regimes made the transient analysis inevitable.

Very tempting was the idea to apply harmonic linearization for the transient
analysis of impact oscillators [9, 10]. This approach is very easy but not validated.
Thus its results are somehow unreliable. Numerous comparisons of the corre-
sponding approximate results for the simplest piecewise linear systems with exact
and numeric solutions [10] shows that harmonic linearization is accurate enough
for systems with strong filtering properties of elastic structures. The discrepancy
increases with increasing energy dissipation and outside of the very small vicinity
of resonance. Another point, especially noticeable in [9], is that the harmonic lin-
earization does not distinguish between different dynamical regimes, i.e. the vari-
ety of impact oscillations vanishes completely.

One of the effective approaches, to apply averaging to systems with collisions
is discussed in this chapter. The basic idea is to transform the corresponding equa-
tions of motion, including kinematic relationships describing collisions, to a form
for which the modified averaging procedure can be established and validated. The
main idea is to extrude the discontinuity from the equations applying a transforma-
tion containing the essential discontinuity. This idea was suggested in [137 — 139]
and developed for different applications in [33, 52]. The original objective was to
eliminate the discontinuity completely. Then it would be possible to apply stan-
dard averaging. This idea being quite successful for perfectly elastic collisions
leads to artificial transformations with unclear physical sense even in case of a
small energy dissipation during collisions. On the other hand it is not really neces-
sary to eliminate the discontinuities completely. It is enough to reduce them to a
sufficiently small level relative to other damping sources and to generalize the av-
eraging technique for this case. This combination leads to an efficient approach
for asymptotic analysis of colliding oscillators.

Two different types of oscillating systems with almost elastic collisions are
considered in this chapter:

— systems limited at one side (a mass near a wall)
— systems limited at both sides (a mass in a clearance)

The basic idea for the unfolding transformations in these two cases is discussed
in paragraph 3.1. The classical “mass on moving belt” with one side limit is con-
sidered in paragraphs 3.2 and 3.3 as an example for the first and the second order
averaging for a system with small discontinuity. The same system in a clearance is
analyzed in paragraph 3.4. The classical resonantly excited impact oscillator lim-
ited at one side is considered in paragraph 3.5. The same system in a clearance is
investigated in paragraph 3.6. Mathematical basics for the described averaging
procedure are given in Appendix 5 which can be omitted by readers interested
primarily in mechanical and technical applications but is strongly recommended to
those interested in further development of the discussed methods.
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3.1 The Basic Ideas of Discontinuous Averaging.
Unfolding Transformations

It is not possible to apply standard averaging or other perturbation methods in
order to obtain approximate solutions to systems with collisions, because these
methods require the right hand sides of the equations of motion to be sufficiently
smooth. The basic idea of the discontinuous system’s analysis is to find another
kind of “standard form” to which discontinuous systems can be transformed and
for which some kind of averaging can be validated. The most straightforward way
to do this is to apply the discontinuous transformation technique.

3.1.1 The Basic Idea of the Unfolding Transformation for the Mass
Limited at One Side

The main idea becomes quite clear if one looks at a typical solution for an elas-
tic impact oscillator without external forces (see Fig. 3.1).

w

]

Fig. 3.1. An oscillator with an elastic limit at one side

Its motion is governed by equations:

X+x=0,x<0
(3.1)

x=0 = X, =X_X =-—X_

The sense of these equations is quite simple. It describes a system containing of
a mass and a spring. The motion of the mass is limited by an absolutely elastic
wall placed in the equilibrium point. The mass colliding against the wall reflects
without any loss of kinetic energy (the velocity magnitude remains constant and
its direction changes).

The general solution to this system is represented in Fig. 3.2.

X = —A‘sin(t + (o)‘ (3.2)

This solution is nothing different than a folded sin-function (see Fig. 3.3). So
the system (3.1) can be obviously regularized by a non-smooth transformation:
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x:—|z| = F4z=0 (3.3)

This transformation automatically fulfils the elastic impact’s conditions and
transforms (unfolds) the nonlinear system (3.1) to an elementary linear oscillator.
The same idea for eliminating impacts by means of a non-smooth transformation
already containing the essential discontinuity, was generalized in [52] for the case
of almost elastic collisions (1 — R << 1). But actually it is not necessary to elimi-
nate the impact discontinuity completely. If we are going to apply a generalized
averaging method, it is absolutely sufficient to reduce the variable jumps to the
same magnitude order as other small terms.

t

Fig. 3.2. A typical solution to (3.1) is a folded sinus-function

X, 2

t

Fig. 3.3. A solution to (3.1) in the folded and unfolded forms

3.1.2 The Unfolding Transformation and Averaging in Case of Slightly
Inelastic Collisions

This idea can be illustrated by an elementary generalization to (3.1), taking
both linear damping between the collisions and the imperfect velocity restitution
in the collisions, into account. The system differs from (3.1) because the limiter is
no longer located in the equilibrium point. Instead it is shifted slightly away from
this position. The distance between the equilibrium position of the mass (without
limiter) and the wall is A. Consider the following system:
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X+ px+x=0, x<A
x=A = x,=x; X, =—Rx; 0<R<I S

The same unfolding transformation (3.3) can be applied here with an insignifi-
cant modification.

x:A—P

,2.-2,<0 (3.5)

This transformation expresses the physical condition of the mass not penetrat-
ing the limiter.

The inequality guarantees the unfolding character and the uniqueness of the
transformation. This obvious inequality is assumed in all following transforma-
tions although it is not written down explicitly.

It is easy to obtain the following equations for the unfolded variable:

Z+fz+z=Asgnz, z#0
3.6
z=0 = z,=z; z =Rz (36)

The main difference between equations (3.4) and (3.6) is that the change of the
unknown function during each collision in (3.6) is small for almost elastic colli-

sions: (1 - R) << 1. This statement becomes obvious if we rewrite the kinematic
relationships describing collision in (3.6) as follows:

z=0 = z,-z.=0; z, -z =—(1-R)Z (3.7)

+

Now the assumptions about the magnitude order of the parameters have to be
taken. It is quite natural for perturbation methods to assume that the dissipative pa-
rameters and the shift between the equilibrium point of the spring and the limiter
are small parameters of the same magnitude order.

B<<l; (1-R)<<1; A<<1 (3.8)

The unperturbed system corresponding to (3.6) is a linear harmonic oscillator
under these assumptions. The standard Van-der-Pol transformation can be used in
order to introduce slowly varying amplitude and a fast “rotating” phase. (Notice
that the amplitude is assumed to be always positive.)

z=Asing; z= Acos@
A=-PAcos’ p+Acospsgn(sing), ¢ n
A, -4 =—(1-R)A, p=7zn (3.9

. A
(p=1+ﬂs1n¢cos¢—z|s1n(p|
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Taking A as the new unknown function and ¢ as the new independent vari-
able the following system can be obtained:

dA _—pAcos’ p+Acospsgn(sing)
dp

A , Q#TN
1+,Hsingoc05(p—z|sin(o| (3.10)

A —A :—(I—R)A_, Q=nrn

The unknown function A here is slow (its derivative has the magnitude order
of the small parameter) between collisions and its change while colliding is also
small.

An averaging procedure can be validated for systems in this form. The basic
theorem for the first order averaging in this case was formulated in [139].

Theorem 3.1.
Consider a system

dx :
= =eX(p,x) if p=m
do (3.11)
Ac=x, —x =¢(x ) if p=m
Herexe D C R", x_ andx . are the values of the phase variables before and

after the passage of the independent variable ¢ through the value 7tn .
Suppose

1. X is a measurable function of ¢ for constant X and & .

2. Function X is 27 -periodic with respect to @ . < >¢ means the average
with respect to the fast rotating phase @ :

<g(¢7)>¢ =izqu(¢)d¢ (3.12)

3. X is a bounded Lipschitz-continuous function in X on D, i.e.

||X(x9 ¢> g)” S MX:

(.13)
||X(x19¢>5) _X(x29¢a5)|| < /1X||x1 _x2||
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4 f (x) is bounded and Lipschitz-continuous on D .

5. All constants do not depend on & .

6. The solution & of the averaged system belongs to the interior subset of D
onthe ¢ scale l/s.

== L 1(6) 20)={xp.2), (.14

Under these conditions solutions of the initial value problems (3.11) and (3.14)
are asymptotically close to each other, i.e.

[x(p)-&(p) < 001), fore=0(1/ ) (3.15)

The proof of this theorem can be found in Appendix V. Here we are going to
use it in order to obtain an approximate solution to our problem. If one is inter-
ested in the first order approximation only, the smaller terms can be neglected and
the equations (3.10) rewritten as follows:

C”_A:_ﬂAcos2 ¢+Acosgpsgn(sin(0), p#rn
do (3.16)

A —A :—(I—R)Af, Q=7rn

Averaging this system according to (3.14) the following first order approxima-
tion can be easily obtained:

di (B 1-R
—L = +— 4. 3.17
o (2 . ] | (3.17)

Index one indicates the first order approximation. This is a quite simple linear
equation. Its general solution is
1-R

A=Ce" B = §+7 (3.18)

The arbitrary constant C is determined by the initial conditions. The same aver-
aging procedure can be applied to the system (3.9) directly. Then it is possible to
obtain the first order approximations both for the amplitude and the phase.

. ) 2A
A ==B,4; ¢ ZI_H' (3.19)

1
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It is easy to write the approximate solution as follows if we return back to the
original variables:

sl 2A
x=A-Ce Pt lsin t——eﬂ"f”+C2 (3.20)
7C B,

The constants C, and C, are determined through initial conditions.

3.1.3 Comparison between Analytic and Numeric Predictions for the
Oscillator Limited from One Side

A comparison between the approximate solution and numeric simulation results
for A=—-0.2, f=0, R=0.9 is shown in Fig. 3.4. There is no visible differ-
ence between two predictions at least until the oscillations amplitude becomes
small. The reason is that the averaging procedure used in this paragraph is valid
until the amplitude is much larger than A. Otherwise the terms with A cannot be
considered as small and the system (3.9) or (3.10) is not in the standard form any
more.

If the amplitude becomes the same magnitude order as A, two totally different
effects can be expected depending on the sign of A. If A is positive, there is no
contact between the mass and the limiter in the equilibrium point. That’s why their
collisions cannot take place as soon as the amplitude becomes smaller than A.
Then the system’s behavior is no different to the linear damped oscillations (or not
damped if no damping is assumed in the model, i.e. f = 0).

The situation is totally different if A is negative. Then the process of repeated

attenuated collisions starts, which damps the oscillations in a finite time through
an infinite number of collisions.

— numeric simulation — first order approximation

Fig. 3.4. Comparison between the approximate prediction and numeric solution
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It is not the objective of this paragraph to discuss the problem of repeated at-
tenuated collisions. It is only sensible to refer here to the book [77], which is de-
voted to this special problem.

3.1.4 Unfolding Transformation and Averaging for the Free Mass in a
Clearance

The second example for an unfolding transformation can be obtained if we ana-
lyze a free mass in a clearance (see Fig. 3.5).

7

Z

Fig. 3.5. A mass in a clearance

This system can be analyzed under the same assumption the energy dissipation
during collisions is small, i.e. the velocity restitution coefficient is close to one.
Consider R =1 as the unperturbed system. The motion of the mass in the clear-
ance does not differ from a ray between two mirrors with ideal reflection (if we
replace time through a space coordinate). In other words it is a straight line, which
slope is determined through the initial velocity, folded into the clearance. The ba-
sic idea for the further analysis is to unfold this motion back to the straight line.

In order to demonstrate how this idea works, let us consider this system with
slightly inelastic collisions. Its motion is governed by equations (3.21). The folded
straight line can be easily described by a standardized trigonometric based func-
tion (3.22).

§=0 if |s|<d
. . (3.21)
s,=s; §,=—Rs_ if |s|=d
I1(z) = arcsin(sinz) (3.22)

It is sensible to use this function as the unfolding transformation for the prob-
lem (3.21):
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2d
2 .
S — (z) (3.23)

The equations of motion in the unfolded variables describe a polygon with
small angles between the straight line segments (see Fig. 3.6).

‘ —Motion of a mass in a clearance = = Unfolded motion of the mass ‘

Fig. 3.6. A mass in a clearance: the folded and unfolded motion

Applying transformation (3.23) to (3.21) one obtains the equations governing the
unfolded variables.

z=0, if z#—+7xm z, =Rz, if z=—+7n (3.24)
2 2
These equations can be transformed to the already known form (3.11) if we
consider the velocity as the new unknown function and the coordinate z as the new
independent variable.

Z=v (3.25)

Q:O, z¢£+7m; v+—v_=—(1—R)v_, z:£+7m (3.26)
dz 2 2

The corresponding averaged equation contains only one term describing the ve-
locity reduction due to collisions. It can be solved quite easily, which allows one
not only to describe the system in the phase space, but referring back to relation-
ship (3.25), to obtain the general solution in the time domain.

2R o (g

dz TS =R (3.27)
oo v G '
dr 1-R Ct+C,

Folding this motion back according to the transformation (3.23) the solution in
the original variables can be obtained.
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2d 7
s :7H(—Rln(qt+CZ)j (3.28)

The free constants C, and C, are as usual determined through initial conditions.
Figure 3.7 displays a comparison between approximate prediction (3.28) and
numerical simulation results.

a)

approximation — numerical solution

= \ - approximation — numerical solution\

Fig. 3.7. Comparison between asymptotic and numeric solutions; a) coordinates; b) veloci-
ties

No difference is visible between two predictions at the coordinate level. In con-
trast to this the difference on the velocity level is quite clear. This difference
shows the main idea for the averaging of systems with slightly inelastic collisions.
The vertical lines in Fig. 3.7 b) correspond to the collisions (the velocity changes
its sign and its magnitude decreases slightly according to the restitution coeffi-
cient). The horizontal lines in the numeric solution occur during the time intervals
of the free flight (in these time intervals the velocity does not change). In the ap-
proximate solution the situation is totally different. There is no change in the ve-
locity magnitude after each collision. It is the result of our transformation (3.23)
based on the ideal reflection. This velocity change is distributed over the whole
time interval between collisions and the averaged energy loss is correct. That’s
why the velocity between the collisions is not constant in the approximate solu-
tion.

Summarizing this paragraph one can say that the described ideas help to split
analysis into two steps. An unfolding transformation allows eliminating the main
part of the discontinuity. It becomes especially effective if the unperturbed un-
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folded motion is close to something simple like linear oscillator in case of a mass
and a spring near a limit or like constant free motion in case of a mass in a clear-
ance. The second step is averaging. It distributes the small remaining discontinui-
ties over the time interval between collisions. The result is a totally smooth system
described by ordinary differential equations without discontinuities at all. In the
next paragraphs the effectiveness of this approach is illustrated for the analysis of
the classical “mass-on-moving-belt”.

3.2. The “Mass-on-Moving-Belt” Limited at One Side: First
Order Approximation

The classical mass on moving belt with negative friction gradient is considered in
this section. General properties of this system including both pure slip and stick-
slip oscillations were discussed in Chapter 2. The effect of almost elastic limit is
going to be discussed now. It is easier to start with a one side limit. The system we
are going to analyze is shown in Fig. 3.8.

A

Fig. 3.8. A mass on a belt limited at one side.

It consists of a mass connected to a linear damped spring and placed on a belt
moving at constant speed V,. At one side the motion of the mass is restricted by a

limiting element. (The motion is limited from the left side and not from the right
side like in the previous section in order to demonstrate the appropriate transfor-
mation for this case.) The whole analysis is restricted to pure slip oscillations. The
objective is to investigate the influence of the limit as isolated as possible from
other effects.

The system is interesting from the technical point of view, because it is the
standard and the simplest model for self excited oscillations. In many technical
applications the oscillations are nothing dangerous. They become annoying if
there is some noise connected with them. There are many different mechanisms by
which a self excited mass can emit noise. But periodic collisions with a limiter are
one of the strongest possible noise excitation mechanisms. As an example for
technical applications hydraulic valves can be mentioned here.

The equation of motion in undimensioned form can be written as follows.
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s"+s=—¢ch(s') if s>A

. (3.29)
st =—Rs" if s=A

S, =8,

+ )

The function on the right hand side of (3.29) contains both terms describing the
linear spring damping and the nonlinear dry friction with negative friction gradient
for small relative velocities.

eh(s')=hs'+hys" +hys"
h=2B-k +3ky,’; hy=-3kyv,; h=k, (3.30)
ILl(vr ) = lus sgn (vr ) o klvr + k3vr3

Parameters /1, , h, and /1, are taken to be small. It is expressed in (3.29) through

the formal small parameter &. We suppose the collisions to be almost elastic,
which means the restitution coefficient is close to one. We suppose also the limit-
ing wall is placed close to the position of the mass attached to the unstrained
spring.

1-R=0(¢); A=0(¢) (3.31)

System (3.29) differs from the considered elementary example (3.4) through
friction forces supplying energy to the oscillating mass between the collisions.

The first step is to apply the unfolding transformation expressing the condition,
mass cannot penetrate through the limit:

s=A+z] (3.32)
For the unfolded variable the following equations can be easily obtained:

Z"+z=-Asgnz—hz'-hz"sgnz—hz", if z=0

. (3.33)
z, -z = —(I—R)Zi, if z=0
The second step is to introduce amplitude and phase:
z=Asing, z'=Acosp (3.34)

Equations (3.35) govern these new variables. The system can be transformed to
the form (3.11) if we consider the phase ¢ as the new independent variable. Re-

stricting analysis to the first order approximation, i.e. neglecting all the terms of
higher magnitude orders equation (3.36) can be obtained.

This equation can be easily averaged. The result is an equation containing ex-
actly the same terms, which are already known for the system without limits.
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A = —(A +h, A’ cos’ (p) cos@sgnsin ¢
—(h1 +h, 4’ cos’ go)Acos2 0, p#ENT

A, -4 =—(1-R)A., ¢=nx (-39
2 2
¢ =1+ At hZAA cos @ [sin |+ (h1 +h,A” cos’ (p)cosq)sinq)
Z—z = —(A+ h,A® cos’ (D)COS(psgn sin g+

hAcos® p+hA’cos’ o, p#nx (3.36)

A,-A =—(1-R)4., p=nx
The only difference is the effective damping coefficient transformed similarly

to (3.18). The corresponding discussion can be found in Chapter 2. The main re-
sults of the first order approximation are summarized below.

' 1 3 2
4 = _EhIEﬂAl _§h3A13; hlejf =h +;(1_R) (3.37)

There are two equilibrium points in (3.37). The first one corresponds to the triv-
ial solution 4, =0, i.e. to the static equilibrium z (t ) = 0. The second one is the

4
A" = —ﬁ (3.38)
' 3h,

nontrivial solution:

It corresponds to periodic solutions z = A4, Sin (t + 9) with an arbitrary phase
6 (the considered system is autonomous). The trivial solution becomes unstable
as soon as the expression under the square root in (3.38) becomes positive. It
means, for the belt velocities lower than the limit (3.39) the equilibrium point be-
comes unstable and a stable limit cycle arises, the amplitude of which is given
through (3.38).

45 v
v, <V, I—M:v,}1 (3.39)
3(u—m,)




3.3. Second Order Approximation in Systems with Almost Elastic Collisions 103

This expression for A, assumes pure slip, so the increase in amplitude for
decreasing v, will cease when the mass starts sticking to the belt, i.e. when
max (S') =v,. With max (s') = 4, it is found that sticking first occurs when
A, =v,. Inserting this into (3.38) and solving for v, we find that stick occurs
first when v, <v,, where

Vo =[5V (3.40)

An interesting and unexpected result here is the fact, that the stationary ampli-
tude of the oscillator limited at one side does not depend on the parameter A at
least according to the first order approximation. The influence of A on the oscil-
lation frequency can be easily found if we average the equation for ¢ in (3.35).
The result is

2 1
"= =1+——| A+—h A’ 3.41
2 \ ”A1( 3 1) (3.41)

It means that the oscillation frequency depends linearly on the distance between
the equilibrium point and the limiter. It is necessary to notice at this point that this
is the frequency for the unfolded system. The main frequency for the original vari-

ables is certainly twice as much as @, . It is also important to notice, that the fre-

quency depends on A in the small terms only, so one could expect a similar de-
pendency for the amplitude. In order to investigate this question the second order
approximation to (3.36) is necessary.

3.3. Second Order Approximation in Systems with Almost
Elastic Collisions

3.3.1 General Mathematical Approach

The second order approximation for a system in form (3.11) can be easily ob-
tained if we apply the general idea of almost identical transformations (cf. para-
graph 1.2.2 for details). Consider a system where the second order terms are taken
into account explicitly:
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x'=¢eX (x,t)+&°X,(x,t), t#nx

X, =X :—gfl(x_)—ezfz(x_), t=nrx

The basic idea is to perform an almost identical variable transformation as fol-
lows:

(3.42)

x=<§+8u1(<§,t)+ £2u2(5,1)+... (3.43)

The aim is to obtain an autonomous equation for the new variable &, which

does not contain time:

&'=e8,()+ 5, (¢)+.. (3.44)

We apply (3.43) to (3.42), take (3.44) into account and balance the terms with
the same powers of the small parameter:

_ Oou _ ou, _ ou
EE +e—L+ B, +8 —LE +&7 2 +...=
ot

PY: ot

eX, (&1)+€°X, (f,t)+gz%u1 +..,tE 0T
o (3.45)

gu,, + &MUy, +...—gu, —&uU, —...=
—ef,(&)-& Lu_—e f,(&)..., t=nx

For the unknown functions #, and #, we obtain the following equations:

Ou,
D _ X (E4)-E,, t#
ot (&)=, t7nm (3.46)

U, —u_=- 1(§): l=nrx
%—Xz(ﬁ,t)+%ul—32—%51
ot o0& PP
o (3.47)
U, —u, =—=u,_, t=nx

Functions #, and #, have to remain limited with respect to time otherwise we

could not balance the terms with different powers of the small parameter. In order
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to fulfill this condition we must assure that the average change of the right hand
sides of our systems vanish. This determines the functions =, and =, :

_ 1 1
DFEJXl(fJ)dt—;fl(f) (3.48)
1 2”[ X ou
2 =— || X, (<, Zly 1= —
2 2ﬂ.J 2( ) 85 1 @f 1

(3.49)

In order to calculate =, we have to determine the function #, . It can be done
in different ways, because according to (3.46) this function depends on an arbi-

trary slow function C (f ) .

- I(Xl(gal)_al (f))dt-l-C(g), t£nrw
u, =u_—&f(§), t=nz

The most useful way is to require that the average of the function #, between

(3.50)

the discontinuities must be equal to zero.
2n( t
Cz—I[I(XI(f,r)—EI)dr]dt (3.51)
0\ o

If C is chosen according to this relationship, then the last term under the inte-
gral (3.49) vanishes and we obtain finally:

2z 2 2z
L %EldtzziEl L — 5= 0 (Iudt} 0
T 5 0¢ 2r  0¢&

ﬂ-O aé 0

1% ox, 1 of, o
= X, + 2y - 0 L
: 27:0[ ot gt g o - (O (7)) =

The accuracy of the system (3.44) can be proved as usual (¢f. Appendix V).
Taking further terms into account (which may be quite elaborated) one can get an
approximation of any required order.
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3.3.2 The Second Order Approximation for the Amplitude of the Mass
on Moving Belt Limited from One Side

The described approach can be used to obtain the second approximation for the
“mass on moving belt” and investigate how the oscillations amplitude depends on

A . The first step is to rewrite (3.36) holding not only the first order but also the
second order terms:

A =¢X (4,0)+&X,(4,9), p=nz

A, -A =-¢cf(A), p=nx (3.53)
The following symbols are used here:
eX, (A,go):—(A+th2 cos’ gp)cosgasgnsingo— st
h Acos® p—hA’ cos* ¢
&'X,(4.9)=- 2 (A +h,A” cos’ go)|sin |-
(3.55)

g—Xl(hlA cos @+ h, A’ cos’ go)sin @

ef (4)=(1-R) 4

The average of (3.54) is already known (cf- (3.37)). IN order to obtain the sec-
ond order approximation, the function &, must be calculated according to (3.52):

Function X, can be averaged quite easily:

4 4 4

(£X,(A,0)) =— My +— (Db + by ) 4 +— b A (3.56)
kY2 Sx T

However it is not sufficient in order to obtain the second order approximation.

In addition to (3.56) it is necessary to take the small oscillating terms into account,

which describe the difference between the solutions of the original equation and

the first order approximation up to the magnitude order O(&‘) . For that purpose it
is necessary to calculate the correcting function # :
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ou,

1

g%: (Xl (A,¢)—<Xl (A,(o)>¢ —;f(A)j
=—Acos @sgnsin ¢—%h2A2 (cos3¢+3cosp)sgnsin g

1 1 1 1-R

——hA*| 2cos2p+—cosdp |——h Acos2p+——A
2 [ 0+ (ﬂ] 2/71 p+— (3.57)
. 1 . 1 (1. .
=C—Asmqo—Zh1Asm2(p—Zh2A §s1n3qo+3smqo
—ih3A3[sin2(o+%sin4¢)+ﬂA¢)for0<go<7r
r

The free constant C is determined through the requirement that the average of
the correcting function must be equal to zero:

2zt
2 14 1-R
C=- X, (&,7)-8))dr |[dt==A+—hA———4 (358
OIU( (£7)-8) j . A4 65y
Now the second term in (3.52) can be calculated:
a‘le_ 2 3 . 2 4
85—411 cos” ¢ —2h,Acos” gsgnsinp—3h,A" cos” ¢
oX 1 R 28 iﬁ 21
&=Ly A — A |+—hh A (359
< oA '/ 7 9 Z\3 20 }“ (3-59)
——h
1407 oI A’

Finally, all the terms together give us the equation of the second approximation:

g = P A7 (12R) +A(;ﬁ A’ ZAZ_j
T

2 8 r 0

h1h2A22 7h2h3A24 I-R , (1— R 14 j
+ + - +—nh -2
i 207 V4 4 2 O (Az )

(3.60)

The stationary solution can be obtained asymptotically if we set the right hand
side of this equation to zero. ( A5 is the stationary amplitude according to the sec-

ol LElUMN Zyl_i.lbl
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e 1o B4
R R o)
d |,

Here according to (3.60) the following symbols are used:

d=, 1 3 o2 (1-R)
———h-2h(4) ——
dA |, 2" 4h3( ') ™
2 _ 2 4
Ez=é }H—h3A —2A1 R +hlh2A +7hzh3A (3.62)
V4 4 V4 4 207
—ﬂAz(ﬂ+£h2(A—2)]
4 2 o

3.3.3 Discussion of the Results and Comparisons with Numeric
Experiments

It is obvious that the stationary amplitude depends linearly from the distance
between the (unstable) equilibrium and the limiter. This conclusion can be easily
compared with numeric simulation results. Fig. 3.9 shows both predictions for the

following parameter values: 4, =—0.05;h, =—0.03;2, =0.01; R =0.95.

2,5
2

/,/01',5“

1

L

4 numeric simulation
— second approximation

Stationary amplitude
*

0,5

P

-0,2 -0,1 0 0,1 0,2
o

Fig. 3.9. Stationary amplitude as a function of the distance from the (unstable) equilibrium
of the mass on moving belt to the limit: A comparison between numeric simulation and
analytic prediction
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The prediction gives quite accurate results for —0.2 < A < 0.2, which is a
rather wide range for a small parameter.

Summarizing the results concerning the “mass on moving belt” limited at one
side one could give the following qualitative explanation for the obtained results.
The system’s motion in the considered case can be unfolded to an almost har-
monic oscillation (sinus-function). The effect of collisions, for the first order accu-
racy, can be reduced to an additional effective damping. The energy supplied to
the mass from the belt due to the negative friction gradient results in the increasing
oscillation amplitude until the nonlinear terms in the increasing friction at high ve-
locities compensate this effect. The system’s behaviour is similar to an oscillator
without limiter. The nonlinear effect of collisions becomes visible first in the sec-
ond order approximation. It means the collisions alone are not able to limit the os-
cillations amplitude. They can only increase the minimal negative friction gradient
necessary for the self-excitation. A system with much stronger nonlinear effect of
the collisions is analyzed in the next paragraph.

3.4. The “Mass on Moving Belt” in a clearance

The same classical mass on the moving belt with negative friction gradient as in
section 3.2 is considered in this paragraph. It is supposed that the mass is limited
from both sides. We are going to show that such a constraint changes all the dy-
namical properties of the system totally. The system we are going to analyze is
shown in Fig. 3.10.

2d

PR

Fig. 3.10. A mass on a belt in a clearance

It consists of a mass connected to a linear damped spring and placed on a belt
moving at a constant velocity V,. The motion of the mass is restricted from both

sides by limiting elements. The whole analysis is restricted to pure slip oscilla-
tions. The objective is to investigate the influence of the clearance as isolated as
possible from other effects.

The system is interesting from the technical point of view, because clearances
are very usual in applications. Generally small clearances are necessary for as-
sembling, otherwise it would be impossible to put parts together and assure that
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they can move relative to each other while operating. Typical examples of such
systems are: clearances between gears; motions, perpendicular to the flow, of hy-
draulic valves in pipes. In both cases self excitation mechanisms can occur. In
gears the self excitation comes usually from the non-conservative friction forces
(not necessarily due to negative friction gradient). In hydraulic valves the excita-
tion mechanism is a sort of flutter. In any case Fig. 3.10 shows the simplest model
containing both a self excitation mechanism and a clearance. Another interesting
application area is dynamic clearance for example in systems limited by preloaded
springs with dry friction. These technical applications should be discussed sepa-
rately. The analysis in this section is restricted to the simplest system containing
both a self excitation mechanism and a clearance.

3.4.1 The Governing Equations and the Unfolding Transformation

The equation of motion for our system in undimensioned form can be written as
follows:

s"+s= —gh(s') ,

s|<A
s, =s; s =-Rs', |s|:A (369

Function h(s')here contains the terms, which describe the nonlinear friction
characteristic with negative slope:
eh(s')= (2ﬁ —k, + 3k, )s' —3kv,s" +kys”
=hs'+hys"” +hs" (3.64)
h <0

We assume here that the equilibrium point of the mass on the moving belt is in
the middle of the clearance, but we do not assume that the clearance is small. Sys-
tem (3.63) can be regularized by means of the unfolding transformation (3.23).

2A

=20

$=— (z)=

s' =%M(z)z';s" =%M(z)z" for z # =+ 71 (3.65)
T T 2

M(z) =Ssgncosz

Applying this transformation to (3.63) one can easily obtain equations for the
unfolded variable z :
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z"+ M(Z)H(Z) = —1712' - f_zzz'zM(z)— 1;32'3, z# %+ m

z —z =—(1-R)Z, z:%+7m (3.66)

— — 2N — 4N

hl :hl; h2 :7]12; h3 :71’13

We assume that the slope of the friction characteristics (determining energy in-
put) and energy dissipation (both due to friction and collisions) are small values of
the same magnitude order, i.e.

h=0(g);h,=0(g);h,=0(g);(1-R)=0(e);A=0(1)  (3.67)

3.4.2 Analyzing the Unperturbed System and Introducing Energy as
the Slow Variable

The unperturbed system related to (3.66) must be investigated in order to find a
transformation converting (3.66) to the “standard form” for averaging in systems
with slightly inelastic collisions (3.11). Our objective is (according to standard
procedure) to find its first integrals and to take them as new unknown functions
which will be then automatically slow. In this case, the unperturbed system is a
conservative one (we have supposed both energy input and dissipation are small):

Z"+M(z)I1(z)=0 (3.68)

It has an integral corresponding to the energy conservation law:
1, :
E=22"+0(2); 0(2)= [M(s)11(s)ds (3.69)
0

Here E is the integration constant which is equal to the full energy of the un-
perturbed system, Q(Z)is the corresponding potential energy. The introduced

functions are shown in Fig. 3.11.

The sense of the transformation (3.23) was to unfold the motion of the mass to
a “straight line”. It means the variable z have to increase monotonously. As a
consequence we can limit the following analysis to the rotation of the equivalent
pendulum omitting the oscillation case completely. It means the full energy must
be larger than the maximum of the potential energy:
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T
E>"— (3.70)
8

Fig. 3.11. Functions M(Z), H(Z), Q(Z)

This assumption means from the physical point of view that the mass does not
change the direction of motion between collisions. Another limit is given by the
condition, that we consider pure slip motions. This kind of motion is possible only
for

2 2
T Vb
8A?

Qualifying our analysis in this way we can solve (3.69) with respect to the pen-
dulum velocity:

(3.71)

s'<v, @ E<

2= \2(E-0Q(2)) (3.72)

The next step is to apply transformation (3.69) to the full perturbed system
(3.66) considering the full energy as the new unknown function:

E'=z"2"+M(z)I(z)z' = ~hz? —hz” —hz,z# %+7m
(3.73)

E.-E =—(1—R2)(E —%2], z=%+7m

Considering z according to (3.72) as the new independent variable the follow-
ing equation in the “standardized form” can be obtained:
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j’l_f:_;; 2(E-0(z)) -2k (E-0(2)) M (z)-

173(2(E—Q(z)))2 , Z¢§+7m

E.-E =—(1—R2)(E_ —”—2} z=Z1mn

(3.74)

8 2

The following integrals must be calculated in order to average system (3.74):
/2

1 / zt 2 (o
J, —;_7;';2 2E -z dZ_E 2E—T+;Earcsm[2\/ﬁ)
J, =$ I,/E—Q(z) sgn cos zdz = 0

1 =2 7 7’ V2 3E 7’
J.o=— j(ZE—ZZ) dz=|2E-2| +2Z hE-Z (3.75)
orl, 4 4 4

+2Ezarcsin[ il j
T 2\N2E
/2
1 dz T
J,=— | ————=2arcsin| ——
) ﬂl V2E- 2 (NzEJ

The first order approximation to (3.74) is:

3
1-R? r) - 72 )2
— E—|— 2F —— 3.76
2
+§E1/2E—”—+2E2arcsin( il j
4 4 r 2\2E
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3.4.3 Discussion of the Results

Stationary solution of this equation determines periodic oscillations of the mass
on moving belt with two collisions per oscillation period. The physical meaning of

this solution becomes clear if we consider the particular case h3 =0, i.e. friction

always decreases with the velocity. Then the mass gets additional energy during
slipping and dissipates while colliding. If the energy obtained during slipping is
larger than the energy lost by impact, the total energy will increase. But the oscil-
lation amplitude is restricted by the fixed clearance length. So the only way to in-
crease the energy is to increase the velocity and the corresponding oscillation fre-
quency. In other words not the amplitude but the frequency characterizes the
stationary regime sensibly. The corresponding transient simulation results are
shown in Fig. 3.12.

- Displacement

Fig. 3.12. Transient motions of the mass on the belt in a clearance

Is the stationary energy level E, found from equation (3.76), the correspond-

ing stationary frequency can be found from (3.72). The energy deviation from its
stationary level has the magnitude order of the small parameter.

%: -0lz = 1= +ZL
G EOR) = = [

These relationships are valid only between collisions and allow calculating the
oscillation period and the corresponding frequency:

(3.77)

(SRR

T7=2 =4 arcsin

T
2\2E.

N —)

dg
V2(E.-0(¢))

(3.78)

=
2 arcsin L
2./2F

*
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2 2 2
h, 1 2F, —”—+2E arcsin _L=R ﬂ——E*
2\ 4 \/ E, T 8
3
_ 23 J)
—h, 2&—2— +3E,pE +3E arcsin| ——
4 4 4 2,/2E,

This relationship together with the equation for the stationary energy level
(3.79) can be considered as a system of two parametric equations determining how
the oscillation frequency depends on any physical parameter, whereas the energy
E, is a formal parameter. Figure 3.13 shows for example how the frequency de-
pends on the parameter hl for h3 = 0. It also shows the comparison with the
numeric solution, which seems to be quite acceptable in this case.

(3.79)

'hl

‘ — approximate prediction e exact solution

Fig. 3.13. Comparison between numeric solution and analytic approximation for

R=0.95

The maximal belt velocity limiting the area of self-excitation and the corre-
sponding frequency are given by (3.80).

max __ k1_2ﬂ Az, max \ __
v, = T o(v,")=1 (3.80)

The minimal velocity for pure slip oscillations is given by (3.71). The corre-
sponding frequency is

min T
a’("b )=

A (3.81)
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Motions of the considered type are possible if inequalities (3.70) and (3.71) are
compatible: v, > A . Figure 3.14 shows how the frequency depends on the belt
velocity for the following parameter values:

20—k, =-1k; =0,5 R=095 A=0,5.

Vp
Fig. 3.15. Oscillation frequency as a function of the belt velocity

The fulfilled analysis underlines the qualitative difference between the system
limited at one side and the same system in a clearance. The last one is principally
nonlinear. A stable limit cycle is possible without any additional assumptions con-
cerning the nonlinearity of friction. Collisions are able to stabilize the limit cycle
themselves. The system can be interpreted as a frequency transformer. It is possi-
ble to control the oscillation frequency varying the belt velocity and as a result
changing the negative slope of the friction characteristics. The same effect can be
achieved if it is possible to change the clearance length. These properties of the
mass on the belt in a clearance open an opportunity to use it or similar systems as
a dynamic damper which frequency can be easily adjusted in a wide range. It can
be also used in order to excite vibrations in machines if the oscillation frequency
must be changed while operating.

3.5. Resonance of the Impact Oscillator Limited at One
Side under External Excitation

Self excited systems with almost elastic collisions were considered in the pre-
vious sections. Now we are going to investigate how discontinuous systems be-
have if they are excited by some external source. We start with the simplest exam-
ple — a linear oscillator limited at one side.

3.5.1 Equations of Motion and the Unfolding Transformation
Fig. 3.15 shows the system under consideration: a mass described by its co-

ordinate S(t ) is attached to a damped linear spring and excited by a harmonic
force. The mass can collide with a quasi-elastic stop at a distance A from its static
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equilibrium point. As usual in this chapter, the analysis is restricted to oscillations
with collisions only.

F(7)

_

Fig. 3.15. The classical oscillator limited at one side and excited by an external force

The equation of motion and corresponding kinematic conditions describing
collisions can be written in an undimensioned form as follows:

§+ps+s=¢csinawt, if s<A
(3.82)

s,=s; s, =—Rs, if s=A

This system differs from the already considered system (3.4) through the exter-
nal excitation term & Sin @f . Damping coefficient is supposed to be positive and
the motion is limited from the right side. The already known unfolding transfor-
mation (3.4) can be applied here too:

s=A—z| (3.83)

Applying this transformation to the equations (3.82) one can easily obtain equa-
tions governing the unfolded variable:
i+ pz+z=(A-¢esinot)sgnz, z#0
. . (3.84)
Z,—z = —(I—R)Zf, z=0

We suppose here, as usual in the resonant problems, that damping, dissipation
due to collisions and amplitude of the excitation force are small. In addition we
assume the distance between the mass equilibrium point and the limit to be also
small (cf. (3.8)). The unperturbed system corresponding to (3.84) is a linear con-
servative oscillator. So the Van-der-Pol transformation can be applied to transform
(3.84) to an appropriate form:

z=Asing; z= Acos@ (3.85)
It is also useful to introduce a new uniformly rotating phase instead of time
Y = ot (3.86)

and to convert to an autonomous system:
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A=—pAcos’ p+(A—esiny )cospsgnsing, ¢ #nr
A, -4 =—(1-R)A, p=nx

A—gsint//|si (3.87)

@=1+ [sinpcosp— n(/)|

Y=o

All the previous problems discussed in this chapter were described by autono-
mous systems of the second order, i.e. their phase space was 2-dimensional. Now
we consider the first problem with 3-dimensional phase space. System (3.87) is
still not converted to the “standard” form for averaging (3.11), because it contains
two fast rotating phases ¢ and .

3.5.2 Resonances in the Almost Linear System

Different types of solutions can be investigated in this system. Usually the
resonant solutions are of the most interest in applications, because in these cases
the oscillation amplitude is large (has the magnitude order of one) even though the
excitation force is small. From the physical point of view the small energy input
due to harmonic excitation force is balanced in the resonant case by the small en-
ergy dissipation due to internal damping and almost elastic collisions. But system
(3.84) is nonlinear not only due to collisions but also because the excitation term
on the right hand side is multiplied by Sgn z. What are the resonances in such a
nonlinear system?

The general definition of a resonance in the averaging method is well known
(see for example [114, 139]). Especially simple is this definition for almost linear
systems like (3.87), where all nonlinearities are concentrated in the small terms.

We will understand a parameter combination for which the time averages of the
right hand sides of the full equations_become discontinuous as a resonance sur-
face.

The resonant solutions are solutions of our system for parameter combinations
being in the vicinity of the resonant surface (in sense of the small parameter).

This definition seems to be very unclear for an inexperienced reader. We are
going to illustrate it considering system (3.87). The corresponding unperturbed
system is quite easy:

A=0; p=1;, y=w (3.88)
Its solution is

A=A p=t+@,; ¥ =wt+y, (3.89)
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Now we have to average the right hand sides of (3.87) along the solutions
(3.89) and find for which values of the parameter @ this average becomes discon-
tinuous. The only terms which can become discontinuous are

27
<Sil’1l//COS(pSgnSin g0> =2L Isin(wt+7)costsgn sin tdt
4 0

1 (3.90)

2z
<sin w [sin ¢)|> =3 jsin (@t +y)|sint|dt
0

V=Vo= P
It is easy to notice considering Fig. 3.2 that the function |Sint | is 77 -periodic,

in other words its frequency is 2. Even more, if we take a Fourier-expansion for
this function it will contain all the components with frequencies

2k, k=1,2,3,... and only these components. But the terms we are interested in

are nothing different but the Fourier-coefficients for this function! In other words
the integrals (3.90) are equal to zero for all values of the excitation frequency
@ except the countable number of values:

w, =2k; k=1,2,3,... (3.91)

These are our resonant parameter values. Let us investigate equations (3.87) in
the small vicinity of each resonance.

3.5.3 Averaging in the Vicinities of the Almost Linear Resonances

We introduce a small frequency delay and a new variable as follows:

o %
S=—r1; 0=p-— 3.92
2% Ly (3:92)

Now our equations can be rewritten in the following form:
A=—-pAcos’ p+ Acos@sgnsin
—gsin2k((p—6’)cosq)sgnsin(p, @ #*nrw
A,-A4 =—(1-R)A, p=nx (3.93)
0=-5+fsinpcosp— A" (A—gsin2k(¢—0))|sin(/)|
¢=1+Fsinpcosp— A" (A—gsin2k((p—9))|sin¢|
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Supposing O to be small we can consider (3.93) as a system in the required
form. It contains two slow variables, one of which is discontinuous, and one fast
rotating phase. The discontinuous averaging procedure can be applied to this sys-
tem. In order to do it the following integrals must be calculated:

27 V3
J, = L jsin 2kg0|sin (o|d(p 1 Isin 2kepsinpdp =0
27§ T

1 2r . 2
Gl e Frey

o " (3.94)
=3 Jsm2kocosgsgnsingdy =2t

2z
J4:L JcosZk(ocosgosgnsingodgo:O
2 ;

Averaging (3.93) and taking (3.94) into account the following equations of the
first order approximation can be obtained:

A:—(lﬁ—i-l_RjA— 4kf cos2k6
2 7 3r(4k* 1)

2A 2& sin 2k60
Oo———+
zd 3x(4k*-1) A

(3.95)
0=—

The already known effective damping can be also introduced in (3.95), but the
effect of the collisions cannot be reduced to the increased damping. The main
nonlinear effect here is the infinite number of resonances. A stationary solution to
(3.95) can be obtained by setting its right hand sides to zero:

&A* = —2—8005 2k6,
2k 3;;(41«2 - 1)

” 5 (3.96)
SA+22 - 2% _Ginoke,

r 37z(4k2 —1)

Eliminating the phase difference &, one obtains an equation for the stationary
oscillation amplitude:
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2 2
4
ﬂk242+(54+%] S
T T
Lgyrn . 3.97)
ﬂk =2 = ) 8k = 2
2k 3(4k 1)
This equation has two solutions:
~SAt e (B2 +52)-A B>
Au:g \/ k (2" : ) k (3.98)
c o B +0

The expression under the square root must be positive in order for the station-

ary condition to exist:
52
Aggk I—F (3.99)
V k

3.5.4 Stability of the Stationary Solutions

Stability of the stationary solutions must be analyzed in order to distinguish be-
tween the two solutions (3.98). This can be done quite easily if we rewrite (3.95)
as follows:

2ke,

A=-2kpB A~ cos 2k6

. (3.100)
é:_é‘_£+g_ks1n2k9
7A w A

Equation in variations can be obtained if we linearize (3.100) in the vicinity of
the stationary solution (3.96):

A=A +4; 6=0,+6

2ke,

A =2k B, A+ =5 (sin 2k6, ) 2k

(3.101)

TA? A,

G (2A — &, sin2k0,

jj+ il (c0s2kl9*)2k9~

ion is given as follows:
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t A+, (4k25k/7r)sin 0, o
O/ A, A+ LBy

The relationships (3.96) for the stationary solutions are taken into account.
(3.102) is a simple quadratic equation for the natural values. It is necessary and
sufficient for the asymptotic stability of the stationary solutions, that the coeffi-
cients of the characteristic polynomial are positive (which means that the effective
stiffness and effective damping must be positive). These conditions can be written
as follows:

de (3.102)

,Beﬁ >0

A >

3

_20A (3.103)
(B +52)

Comparing (3.103) with the stationary solutions for the amplitude (3.98) one
can see that only the solution with plus in front of the square root is stable.

3.5.5 Discussion of the Results, Comparison between Analytic and
Numeric Predictions

The following figure shows the already mentioned countable set of resonances
in our system.

LY
L)
° .. )
. ° ) o
L]
* numeric simulation O analytic prediction

Fig. 3.16. Numeric simulations for the resonance sets and analytic prediction for the maxi-
mal amplitude in each resonance set

It is important to notice that the set of resonances is not a consequence of a
poly-harmonic excitation but a response of a nonlinear system to a pure harmonic
excitation: Figures 3117 and 318 'show the zoomed comparison for the main reso-
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nance k =1 and illustrate the accuracy of the approximate solution. The analysis
was performed for the following parameter values:
£ =0.01, £=0.01, R=0.95, A =0 for the results shown in Fig. 3.17

£ =0.01, £=0.01, R=0.6, A=0 for the results shown in Fig. 3.18.

The accuracy of the approximate analytic prediction remains quite good even in
the second case although the collisions are not really “almost elastic” any more.
The corresponding “small” parameter 1 — R = 0.4 is not small, so one could ex-
pect not only quantitative (about 40%) but also qualitative discrepancies. But it is
obviously not the case and the prediction (3.98) remains acceptable.

— Theory @ Numeric

Fig. 3.17. Comparison between analytic and numeric predictions: R=0.95.

— Theory 4 Numeric

Fig. 3.18. Comparison between analytic and numeric predictions: R=0.6.

Figure 3.19 illustrates how the gap A influences the resonance’s shape. It is in-
teresting that the maximal amplitude does not depend on A, but this constant
value corresponds to continuously varying excitations frequency. This result is
similar to that in the previous section. Figure 3.20 confirms this statement compar-
ing analytic prediction for maximal oscillation amplitude over all excitation fre-
quencies for a given gap A with numerical simulation results. The small discrep-
ancy (the maximal numerical amplitude is not exactly constant but increases
slightly with the increasing gap) has the magnitude order of the small parameter
and can be obtained if necessary by analyzing the second order approximation like
ittwasrdonerinrtherpreviousisectionWeromit here this analysis in order to avoid
unnecessary repetitions.
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- A=—0,003 -+ A=—0,015 =% A=0 -+ A=0,0015 - A=0,003

Fig. 3.19. Resonant curves (amplitude vs. frequency) for different gap values. Approximate
analytic prediction.

— Theory * Numeric

Fig. 3.20. Comparison between analytic and numeric predictions for the maximal resonant
amplitude as a function of the gap length

3.6. Nonlinear Resonance of the Externally Excited
Oscillator in a Clearance

The last example we are going to discuss in this chapter concerns dynamical
properties of the resonantly excited oscillator in a clearance.
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3.6.1 Equations of Motion and the Unfolding Transformation

Fig. 3.21 displays the system under consideration: a mass described by its co-
ordinate S(t ) attached to a damped linear spring and excited by a harmonic
force. The mass is placed in a clearance which length is 2d and can collide with

each side of it. The static equilibrium point of the mass is in the middle of the
clearance.

2d

F()

Fig. 3.21. The classical oscillator limited at one side and excited by an external force

The equations of motion and corresponding kinematic conditions describing
collisions can be written in an undimensioned form as follows (we consider the
case of a harmonic excitation):

§+ps+s=asinwt, if ‘S‘ <d
. (3.104)
s,=s; §,=—Rs, if |s|=d

This system according to its formulation seems to differ only insignificantly
from the one discussed in the previous section. However, as we already know due
to the analysis of the self excited systems, a mass, which motion is restricted at
one side, is (in the unfolded form) similar to a linear oscillator. A mass in a clear-
ance in the unfolded form does not even oscillate. Its motion is similar to the rota-
tion of a pendulum in an appropriate periodic field and its behavior is significantly
nonlinear.

The unfolding transformation used in the section 3.4 can be applied here too.
The corresponding functions are shown in Fig. 3.11

SZ%H
T

z); z :Z d¢ = in(sinz);
(z); TI(z) JM(() ¢ =arcsin(sin z) 105)

M(z) = sgn(cosz)

Applying thisstransformationstorthersystem (3.104) one can easily obtain equa-
tions governing the unfolded variable:
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Z+pz+11(z) M (z)=eM(z)sin o, z¢§+7m

z,—z =—(1-R)z, z:%+ﬂ'n (3.106)
wa

&E=—
2d

3.6.2 Analyzing the Unperturbed System and Introducing Slow and
Fast Variables

We suppose here as usual in the resonant problems that damping, dissipation
due to collisions and amplitude of the excitation force are small. The unperturbed
system corresponding to (3.106) is a conservative one. It means, we assume

L =0; £€=0; R=1.In this case the full energy of the pendulum is constant.

E:%Z-02+Q(ZO); 0()= [M(¢)($)de G.107)

Resolving this equation with respect to the pendulum rotation speed (only the
rotation case is considered here) we obtain a first order differential equation which
can be casily integrated.

4 =y2(E-0(z)) = z=t0+z°£ 2(E614VQ(§)) (3.108)

Function t(ZO)calculated according to (3.108) is displayed in Fig. 3.22. It is

important to notice that the full time between two collisions corresponding to the
period of motion with respect to the variable z, i.e. —% <z, <% can be found

quite easily (compare section 3.4):

de =Zarcsin[ i j (3.109)
2(E-0(¢)) N2E

The solution (3.107), (3.108) can be considered as the basis for the analysis of
the full system (3.105).

(SIS

AT =

D[N —y
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20

Fig. 3.22. Solution of the unperturbed system

We introduce the energy as the new unknown function instead of the pendulum’s
speed Z , replace the time by a new uniformly rotating phase and convert to z as
the new independent variable:

Y=ot (3.110)

E'=-p 2(E—Q(z))+gM(z)sint//, z¢%+7m
2
E+—E_=—(1—R2)(E—”—J, z=Zn
8 2 (.111)
, @

" (E-0()

z'=1

System (3.111) is very interesting. It contains one slow variable E and two fast
rotation phases (i.e. monotonously increasing variables) i and z . Similar to the
previous section we are interested in the resonant motions. But the difference be-
tween this system and that in the paragraph 3.5 is the fact that " is not constant
here. It depends both on fast and slow variables. What is the resonance in this
case?
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3.6.3 Resonances in the Significantly Nonlinear System

The only difference in the resonance definition between the almost linear case
considered above and significantly nonlinear case here is as follows. In the almost
linear case the resonant surface was determined in the parameter space. In the
nonlinear case it can be determined as a subset of the phase space corresponding
to the set of the slow variables’ values (which are actually constants in the unper-
turbed equations) for which the time averages of the right hand sides of the full
equations become discontinuous. The resonant solutions are solutions of our sys-
tem for slow variables being in the vicinity of the resonant surface (in sense of the
small parameter). We are going to illustrate this definition considering the system
(3.111). The corresponding unperturbed equations are quite easy:

E'=0
z//’=L :>://=://0+a)] de (3.112)
2(E-0(2)) 22(E-0(¢))

z'=1

Now we have to average the right hand sides of (3.111) along the solution
(3.112) and find out for which values of the energy this average becomes discon-
tinuous. The only term which can become discontinuous is

M sm W I (3.113)

T

It is easy to notice considering Fig. 3.22 and the relationship (3.109) that the
function M (z) is 27T -periodic, in other words its frequency is 1. The average
(3.113) is not equal to zero if the argument of the sin-function has the same period
as the function M (Z) It means the main resonant surface corresponds to the en-

ergy level fulfilling the condition

d¢
2(£-0(¢))

This is not the only resonant surface in our problem. A countable number of
resonant surfaces exist in this system, similar to the previous section. They fulfill
the relationship

AT =71 <

._.N\N

T
== (3.114)
w
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AT =(2k+1)7; k=1,2,3,... (3.115)

However we restrict our analysis to the main case (3.114) in order to avoid un-
necessary complications. It means we investigate oscillations of the same fre-
quency as the external excitation. The equation (3.114) can be resolved with re-
spect to the resonant energy level:

2

Va Vs
. z o T (3.116)

2arcsin| ——— 8sin ( j

2 2E, 20

The energy must be sufficient large according to the sense of our unfolding
transformation:

E>7n'[8 (.117)

This inequality is equivalent to the corresponding relationship for the excita-
tion frequency:

o>1 (3.118)

3.6.4 Averaging in the Vicinity of the Main Nonlinear Resonance

Now we would like to analyze solutions to the equations (3.87) in the vicinity
of the main resonant surface (3.116). The system (3.111) must be transformed to
the “standard form”. It can be done if we investigate its solutions in the \/7 -
vicinity of the resonance and consider v/ & as the new small parameter. The de-

tails are discussed in the Chapter 5 which is mainly devoted to systems interacting
with an energy source of limited power (induction motor). It is easy to notice that
an intention to analyze the system in the & -vicinity of the resonance would not
lead to a system with slow variables.

We introduce a new variable describing the difference between the actual en-
ergy and the resonant energy level:

E=E, +su (3.119)

Then the equations of motion can be rewritten as follows if we neglect all the

terms which are smaller than &, i.e. the terms 0 (\/; ) :
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1

u' =—,Bg_;1/2(ER —Q(z)) +85M(z)sinl//, z#Z+7n

u+—u_=—(l—R2)8_;(ER—”T2), z=Z+7n (3.120)

v J2(E,-0(2)) ez o))

Variable u is slow with respect to the parameter \/E because

B=0(¢),1-R=0(¢)
= ﬁg% = 0[8;], (l—R)g_% = O(g;J G120

But the variable i/ contains a fast term. In order to eliminate it the following
transformation can be performed:

w=wR(z)+6; R(z

I\/z E, -0z (3.122)

Finally the equations in the “standard form” for systems with almost elastic col-
lisions can be obtained:

—\E-0()
+\/EM(z)sin(a)R(z)+ 9), z#Z+7n

”2

u,—u =——=—(E __) Z=Z41n (3.123)
+ - \/E ( R 8 | 2

[2(E-0(=))

System (3.123) is suitable for averaging. We need to calculate the following
averages:
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< 2(ER—Q(Z))>—1 2ER—E—2+£ERarcsin

o 2]

(3.124)
1 1
3T 2
[2(E,-0(2) ]| 2E,,|2E, —%
The averages containing R (Z ) can be also calculated easily.
<M(z) sin (a)R (z))> =0
E (3.125)
M R e
< (z)cos(a) (z))> >
The first order approximation to (3.123) can be written as follows:
6 =— Jeu 2
T
2E,, ,ZE -
R R7y
, 2 3.126
u =—% ER—%+;arcsm[ﬁ] (3.126)
2 2 /
_1=R [ER —”—J+\/E 2E, sin @
nNE 8 20

3.6.5 Equations Governing the Slow Motions; Discussion of the
Results

The system (3.126) is actually very simple. It can be easily seen if we eliminate
the variable # and write one second order equation for the phase difference be-

tween the excitation and the rotation of the unfolded pendulum & :
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0" +¢ek’sinf =M,

k2 — 2EVR

2
20\2E, 2ER—§L

VA
— —arcsm —
VE“* V zm@
0
T 2 2F,
V2 2JEJE o

This equation describes motions of a pendulum with an additional constant ex-
ternal torque. This result is very typical for the resonant problems and we will
meet similar equations many times. The main properties of this system are obvi-
ous. An equilibrium point (corresponding to stationary resonant oscillations) exists
if the external torque is smaller than the “stiffness” of the pendulum. Two solu-
tions of the equation (3.127) exist if this condition is fulfilled. One of them corre-
sponding to positive cOS# is stable and another one is unstable. The existence
condition for the stationary regime can be considered as a requirement to the

minimal excitation amplitude (the relationship (3.116) must be taken into ac-
count).

M, < ek’ <

48 1-R’ COSZ(;J (3.128)
£>—— sm( j+fﬂcocos( j+ 0]
7 20 20 2 .(zj
sin| —
2w

The phase portrait of the equivalent resonant pendulum is displayed in Fig.
3.23.

(3.127)

7
N

A

Fig. 3.23. The phase portrait of the equivalent resonant pendulum; the homoclinic loop
(thick line) limits the attraction area of the stationary solution (according to the first order
approximation)
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The minimal excitation level according to (3.128) is shown in Fig. 3.24.

0,2

minimal excitation
amplitude
o

o

0 1 2 3
excitation frequency

Fig. 3.24. The minimal excitation which is necessary for the resonance to exist

3.6.6 Comparison between Analytic and Numeric predictions

Figure 3.25 shows a comparison between the analytically predicted oscillation
frequency in the resonant area and numerical simulation results.

3

frequency of the
resonant oscillations

(] 1 2 3
excitation frequency

— analytic prediction ® nimeric experiment

Fig. 3.25. Comparison between analytic and numeric predictions

The results are very accurate even though the formal inaccuracy of the analytic

prediction has the magnitude order\/z .

The higher order resonances also exist in this system as it was already men-
tioned. The corresponding analytic and numeric results are shown in Fig. 3.26.
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frequency of the
resonant oscillations

0 1 2 3 4 5 6 7
excitation frequency

-+ first order resonance - third order resonance
-e- fifth order resonance

Fig. 3.26. First and higher order resonances of the mass in the clearance

Comparing this figure with the results in the previous section one can notice
that significantly nonlinear resonance considered here exists in the wider fre-
quency range and that several different resonant regimes can exist for the same
excitation parameters depending on the initial conditions. It means the question
about the attraction area for each regime becomes sensible. This question for simi-
lar problems is discussed in Chapter 5.

3.7 Conclusions

Oscillations of systems with collisions are significantly nonlinear. An efficient ap-
proach for analyzing these oscillations is based on the unfolding transformations.
It leads to systems with small discontinuities of the velocities if the collisions in
the original system were absolutely or almost elastic.

Systems limited at one side are in the unfolded form similar to a linear oscilla-
tor. Systems limited from both sides are significantly nonlinear. This statement is
illustrated by two groups of examples.

The classical system with the “mass-on-moving-belt” is considered as the first
example. It is necessary to take the friction’s nonlinearity into account in order to
obtain a stable limit cycle in the system limited from one side. This behavior is
qualitatively similar to that of a not limited oscillator. The behavior of the same
system in a clearance is different. A stable limit cycle is possible without any ad-
ditional assumptions concerning the nonlinearity of friction. Collisions are able to
stabilize the limit cycle themselves. The system can be interpreted as a frequency
transformer. It is possible to control the oscillation frequency varying the belt ve-
locity and as a result changing the negative slope of the friction characteristics.
The same effect can be achieved if it is possible to change the clearance length.
These properties of the mass on moving belt in a clearance open an opportunity to
use it or similar systems as a dynamic damper which frequency can be easily ad-
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justed in a wide range. It can be also used in order to excite vibrations in machines
if the oscillations’ frequency must be changed while operating.

The classical externally excited oscillator limited from one or from both sides is
considered as the second example. A countable number of sharp resonances are
possible in the system limited from one side. Each of them is quite similar to those
usual in linear systems.

The problem of the resonant oscillations of the mass in a clearance is much
more complex. It can be reduced to the analysis of the rotation of the harmonically
excited pendulum in a periodical non smooth potential field. The high energy
resonances are investigated. Accurate analytic predictions for the energies of sta-
tionary resonant regimes are obtained. It is shown that an infinite number of high
energy resonances exist in this system. Investigations concerning the attraction
area for particular regimes may be of considerable interest for applications.




4. Systems with Strong Dissipation Due to High
Damping or Inelastic Collisions

Systems with small damping, i.e. systems which are close to conservative ones
in the unperturbed case, were discussed in the previous section. Now we are going
to analyze another type of discontinuous systems.

In many practical cases typically connected with bulk material processing, the
collisions cannot be considered as absolutely or almost elastic. If two rigid bodies
collide through a layer of a bulk material, the energy dissipation is high. Such a
situation is usual in jaw crashers, grinding mills and other machines for mechanic
destruction of ore and stones. The same situation is typical for vibrating screens
and conveyors, if we are not interested in the motion of each particle, but describ-
ing the layer as a whole. The hypothesis of the absolutely inelastic collisions is
much more useful in these cases (c¢f. [18, 20, 65]).

These machines can often be described as a combination of an almost conserva-
tive part and of a subsystem with strong dissipation. There are some peculiarities
in the analysis of strongly damped systems in general and in the description of the
systems with inelastic collisions in particular.

First of all, systems with inelastic collisions cannot be described by systems of
differential equations which are valid for all times. The continuous differential
equations are valid between the collisions and state variables after each collision
can be calculated as functions of state variables before the collision. There are two
different types of inelastic collisions. The first one corresponds to collisions with a
finite time interval of contact between the colliding bodies. In these cases systems
before and during the collision have different orders. The main interest in this
chapter is paid to this type of motion. The second type corresponds to inelastic
collisions with infinitesimally short contacts. This type of motion is less important
from the practical point of view and is not analyzed here. The corresponding ex-
amples can be found in [15, 18, 58].

The dissipative subsystem moves in many important cases as a slave of the al-
most conservative subsystem (at least in the first order approximation). This im-
portant property can be used in order to develop efficient analytical methods. This
approach allows reducing the order of the system under consideration signifi-
cantly.

The last statement is quite general and is not restricted to the systems with ine-
lastic collisions. In the paragraph 4.1 the corresponding asymptotic procedure is
developed for systems with strong linear damping. The approach is illustrated by
anrelementaryrlinearexamplerinsthessection 4.2. Another much more complex ex-
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ample describing the unusual effect of the high-frequency excitation on the
strongly damped control system can be found in Chapter 6.

The same basic idea enables us to develop the variable order discontinuous av-
eraging procedure, which is useful for analyzing inelastic collision oscillators
(section 4.3). Compared to the oscillator with almost elastic collision the analysis
must be restricted to the given collisions sequence, for example to the given num-
ber of collisions for each oscillation period. This restriction is constraining from
the theoretical point of view, but it is not so critical in practice, because mainly
dynamic regimes with the most intensive collisions are desired for bulk material
processing. The corresponding regime of collisions is usually evident, and the
analysis can be concentrated upon it.

The classical double restricted impact oscillator with inelastic collisions is con-
sidered in section 4.4. The aim is to demonstrate the main ideas and methods using
a simple and physically clear object. A similar approach is illustrated in section
4.5 by a mass restricted on one side and oscillating in the gravity field. This model
is typical for vibrating screens and conveyors. The described methods are applied
for a more complex and realistic model of resonant crasher excited by an inertial
source of limited power in the Chapter 5, dealing with the significantly nonlinear
resonance.

4.1. Averaging in Systems with Strong Linear Damping

4.1.1. The Basic Idea

Let us start with the following scalar equation illustrating the basic properties
of systems with the strong linear damping:

x'=—kx+eX(x,1)

4.1
x(0) = x,:k > 0; k = O(1) “

Here X (x,t+272') =X (x,l‘) is a bounded continuous periodic function:
| ¥ (x.1)| <M, =0(1).

It is not possible to transform this equation to the standard form for averaging,
because the unperturbed equation is

x =—kx 4.2)
Its general solution is

x =Ae™" 4.3)



4.1. Averaging in Systems with Strong Linear Damping 139

Considering 4 as the new unknown function in (4.1) one obtains the following
equation:

A'=gc"X(de™ 1) (4.4)

It seems to be an equation in standard form, but it is actually not, because its
right hand side is not bounded as a function of 7. So the standard averaging can-
not be applied to (4.4). On the other hand it is obvious that general solutions to
(4.1) and to (4.2) are in some sense close to each other.

Let us consider the following initial value problem alongside the equations
4.1):

& =—k&s &(0)=x, (4.5)

In order to compare solutions to (4.1) and to (4.5) let us rewrite (4.1) as an inte-
gral equation:

t
x=x.e " +ge™ Ie'"X(x, r)dr (4.6)
0

Supposing X to be a solution to (4.6) and substituting it into (4.1) it is easy to
see that it is also a solution to (4.1) satisfying the right initial condition. Thus ac-
cording to the uniqueness of solution to the initial value problem (4.1), we can
conclude that (4.6) is equivalent to (4.1). On the other hand the solution to (4.5)
corresponding to the same initial condition is:

& =xe" 4.7
Comparing (4.6) with (4.7) we can estimate the difference:
t
lx=& | =|lee™ Ie"’X (x,7)dr
0
t t
<ge" J-e’” X(x,T)HdT <ge" J-ekTMXdr (4.8)
0 0

S G R (B B

This result is almost trivial. Influence of the initial condition decreases accord-
ing to the linear part of the equation and the perturbation is small. So the station-
ary solution also must be of the same order as the perturbation itself.

This idea can be developed further if we consider the second approximation.
How fast the solution to (4.1) will reach the O (8) -vicinity of zero?
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If x, = 0(1) then

E=0(e) o e =0(e) o kt=In0(1/¢)

(4.9)
=>t= O(ln(l/g))
Let us investigate solutions for sufficient large time values, i.e.
t,>0(In(1/¢)) (4.10)
In particular we can get the following estimate
ey P ——
k kln(k”xOHJ (.11
eM,

It means that for the sufficient large time (corresponding to (4.11)) we can es-
timate the solution as follows:

ol <2 22 @.12)

Now it is easy to find the second order approximation to (4.1) if we suppose
X to be Lipschitz-continuous function in the vicinity of x =0:

|1 (x,22) = X (x,.2)|[ < Ly |, =, | (4.13)
Equation (4.1) can be rewritten as follows:

X' =—kx+eX (x,t)=—kx+ X (0,1)+&°G(x,1)

+(0)=x, (4.14)
Function G is bounded for the time interval (4.11):
1 x| 2L M
o=t (- x(ofs B2

We can rewrite (4.14) in the integral form similarly to (4.6):

t t
x=xe " +ge Ie'"X(O, r)dr+e’e’™ Iek’G(x,r)dr (4.16)
0 0

Let us compare its solution to the corresponding approximate equation
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& =—ke, +eX (0,0); &(0)=x, =

! 4.17
E=xe " +ee™ Ie’”X(O,r)dr @17

0
The analysis does not differ in any relation from (4.8) and the result is:

t
gle ™ je'”G(x, r)dr

0

<g’ —2L2?4X

le=&l=

(4.18)

Summarizing one can say that solutions to (4.1) and to (4.17) are close to each
other with an error estimated through (4.18) for sufficiently large time (4.11).

This result has nothing to do with averaging. It is obtained only due to the ex-
ponential properties of the solutions to (4.1).

4.1.2. Averaging in Systems with Strong Damping with Respect to
one or Several Variables

These ideas can be directly combined with the averaging if we consider a sys-
tem with some additional oscillating degrees of freedom:

x'= 8X(x, y,t)
y'=—ky+eY (x, 1) (4.19)
x(O) = xo;y(O) =Y,

Functions X and Y are assumed to be periodic with respect to ¢ and bounded
and Lipschitz-continuous with respect to X and ) together with their first deriva-

tives.

We are going to build the corresponding approximate system combining the
averaging ideas with the results of the just performed analysis. The “averaged”
approximation to (4.19) has the following form:

&'=¢e2,(&)+€°5,(¢)
n'=—kn+¢Y(£,0,1) (4.20)
£(0)=x4;1(0) =,

Functions =, and =, will be determined later. Solutions to (4.19) and (4.20)

must be asymptotically close to each other with an error 0(82) for the time in-
terval
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O(In(1/¢))<t<0(1/¢) (4.21)

The first approximation is obvious. According to (4.11), (4.12) y = 0(6‘) for

the time interval (4.21). So the equation for X can be rewritten as follows:
xX'=eX(x,0,1)+ 0(52)
(4.22)
y=0(¢)
To this system we can apply the standard averaging and obtain

&=62,(§):5 (&)= (X (&.0.0)) (4.23)
= —kn,

It is clear from (4.23) that the equations for & and 77 in the first approximation

are totally separated. The difference between X and fl is a small oscillating
function as it is usual in the averaging:

x=¢+eu(&,1) (4.24)

Taking (4.14) into account we can rewrite the last equation in (4.23) as follows:
V' =—ky+eY (x,y,t)=—ky+£Y (x,0,¢)+€°G(x, y,1) (4.25)
Function G is introduced here similarly to (4.14). We know already that the so-

lution of this equation is close to the solution of the corresponding shortened equa-
tion in the relevant time interval

1, =—kn, + €Y (x,0,1)+ 0(32)

c (4.26)
., =EY(x,0,t)+O(82)

This expression can now be inserted into equation for x :

2
X = 8X(x,%Y+ 0(52),zj = gX(x,O,t)+%aa—fY+ 0(53) 4.27)

Now the standard averaging can be performed as an almost identical transfor-
mation:

x=C4eu (E,0)+&u, (E,1)+... (4.28)

ol LElUMN Zyl_i.lbl
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Here & is governed by the first equation (4.23). Substituting (4.28) into (4.27),

balancing terms of the same & -order and eliminating singular terms one obtains
(4.23) with the following expressions for the functions on the right hand sides:

&= a3,(6)+2'5,(£)+0(<)

n’:—k77+8Y(§,0,t)+0(82)

£(0)=2x,:7(0) =y,

g, (&)=(X(&.0.1 )> (429)
- j[X £,0,7)-E,(&)]dr

ox
ox

1 oX

.:42((5): y:OZ/ll-l—;g

Y (&,0,1)

y=0

The proof validating the shortened form (4.19) is a direct combination of the
standard averaging proof with the estimation (4.18).

These results can be easily generalized for the case when ) is a vector and
(—k ) is a matrix which natural values have only negative real parts.

The performed analysis is quite similar to that published by Volosov V. M. and
Morgunov B. I. [133]. The “slave” variables ) are related to non critical fast vari-
ables introduced there.

Looking at (4.26) one can easily notice why we call these variables “slaves”.
They don’t have their own dynamics and can be expressed as functions of the
“master” variables X . In other words, if we know the master variables as functions
of time, we can calculate the slave variables without solving any additional differ-
ential equation.

The next paragraph illustrates this approach.

4.2. Linear Resonance in a Strongly Damped System with
Two Degrees of Freedom

4.2.1. Equations of Motion

An elementary mechanical system with two degrees of freedom is analyzed in this
sectioninyordertorillustratestheraveraging procedure for strongly damped systems.
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Consider a system shown in Fig. 4.1. It consists of a large mass M to which a
small mass m is attached. The relative motion between these two masses is

strongly damped (damping coefficient is »). Cand ¢ are the spring stiffnesses.
The large mass is excited kinematically.

asin Qt M

—> C

C

Fig. 4.1. The linear system with two degrees of freedom and strong damping

This is a linear system and its general solution can be found in any textbook on
linear oscillations. Nevertheless we analyze it because it demonstrates some im-
portant properties of strongly damped systems which are also important for sys-
tems with inelastic collisions.

The motions of this system are governed by the following equations:

M5, +Cx, +b(%, —%,)+c(x, —x,) = Casin Qs
4.30
m)'c'2+b()'c2—)'cl)+c(x2—xl)20 430

It is sensible to introduce new variables describing the position of the system’s
mass center and the relative motion between the masses:

S=———,r=Xx,—X (4.31)

Equations governing these variables can be written down in the undimensioned
form as follows:

s"+(1-p)(s—pr)=a(l-u)sin ot
2

r”+2ﬂpr’+ V4 I”—(
1—u 1—u

The following variables and parameters are used in these equations:

p=—" ;kz,/c;ﬂz\/?;ﬂ=b ;wzg;p=£
M+m M m 2Am k k (4.33)

7 =kt;( ) =d(.)/dz

_ (4.32)
s—ur)=—asin ot
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We are going to analyze this system supposing the second mass to be small in
comparison to the whole mass of the system. We suppose further the excitation’s
amplitude to be small compared to oscillation’s amplitude, i.e.

u<<lya<<l (4.34)

However we do not assume the damping to be small, i.e. f = O (1) .

Now we can linearize the equations (4.32) with respect to the introduced small
parameters:

s"+s = s+ pr+asin ot
" ’ 2 ’ 2 : (4'35)
r"+2Bpr'+ pr—s=-2ufpr —/l(p +1)r—asma)t

This is the system we are going to analyze.

4.2.2. Perturbation Analysis. Transformation to the Form suitable for
Averaging

Consider the unperturbed system related to (4.35):

Sg+5,=0

, , 5 (4.36)
r+2Bpr;+pr,—s,=0

One can easily notice that the subsystem governing the variable § is in this ap-

proximation separated from the subsystem governing the variable 7 . The variable
S, is governed by a conservative equation (there is no damping in the correspond-

ing unperturbed subsystem). The variable 7 is to the contrary strongly damped
and the solution S, is an external excitation for it. In other words, we can write
down the general solution for S,

S, = Asing; s, = Acos@; A= const;p =1+ const (4.37)

Then we can rewrite the equation for 7, :
1+2Bpr + p’r, = Asing (4.38)
Our objective is to transform the equations (4.35) to the form (4.19) which con-
tains the damping terms explicitly. In order to achieve this aim we do not need the

general solution to (4.38). We need only the particular solution corresponding to
the enforced oscillations. It can be found in the following form:
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vy =g, +A4Asinp+ A, Acos@; q, = const
A= p’-1 o 2pp (4.39)

(p2_1)2+4p2ﬂ2’ 2 (p2—1)2+4p2,32

The equation governing the variable ¢ is:

q0+2Bpq;+ p’q, =0 (4.40)

It can be easily transformed to a set of simple first order differential equations
if we apply the following transformation:

Gy =y SN, gy == pu,siny, + pyl- fu, cosy, (4.41)

This transformation corresponds to the general solution to (4.40):

q, = const-e """ sin (p 1- Bt + const) (4.42)
Variables # and I/ in this approximation are governed by the following equa-
tions:
uy =—PBpu, 3
vy = py1-5° e

Let us consider A, and ¢ as the new variables and apply (4.37) and (4.39) as
the variable transformation to the equations (4.35):

s=Asing; s'= Acosp
4.44
r=q+AAsinp+A,Acosg (444)

The result is the system governing the new variables:

A'=,UA(%Jr(lJr/L)sin(/)+/12cosgojcosg0+asina)tcos¢

(/,':1_;{%+(1+11)sin¢)+/12 cosszin(p—%sinwtsinw (4.45)

q"+2Ppq' + p’q =-2uBp(q' + L Acos p— 4, Asinp)
—,u(p2 +1)(q+11Asing0+/12ACOS(p)—asina)t

Now the transformation (4.41) can be applied directly to the last equation:
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g=usiny; q¢' =—Bpusiny + p\J1- fucosy (4.46)

We obtain finally a system of the first order differential equations governing
the new variables:

A’=,u(usinl//+A(1+/31)sin(p+A/12 COS(p)COS(p

+asin ot cos ¢
go’:l—y(%sinx//+(l+ﬂ1)singp+ﬂz cosszin(p
a . :

——sin wtsin @

u’:—ﬂpu—2y,8pcosw[pu(—ﬁsinw+Wcosy/) 4.47)
+4Acos p— 4, Asinp|—asin wt cosy
—,u(p2+1)cosy/(usinl//+Aﬂ1sing0+A/12<:OS(p)

w'=p\1-f5° +2,uﬂpsinw[pu(—ﬂsinw+Wcosw)
+/11Acos¢)—12Asin(p]+asinwtsint//
+,u(pzJrl)sint//(usinl//JrAﬂ1 sin(p+A/12005(p)

The obtained equations have the specific form similar to (4.19). The variable
A is slow. The variables ¢ and I/ are the fast rotating phases with almost con-
stant velocities. The variable # is the strongly damped one.

Let us consider the principal resonance in this system, which means the excita-
tion frequency is close to the partial frequency of the large mass and the small
mass is tuned to this frequency too:

w=1+0; 6<<1
4.48
p1=-p =1+¢; e<<1 (49

In this case we can introduce the new variables meaning the corresponding
phase differences:

y=ota=y—¢,0=y-y (4.49)

For these variables we can obtain the following equations:
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A'=pdcos(y+a)((1+4)sin( g +a)+4,cos(y +a))

+ pusin( y+6)cos(y+a)+asin ycos(y+a)
a':—5—,usin(;(+0:)((1+ﬂi)sin(;(+a)+/12 cos(;(+a))

—,u%sin(;(+G)Sin(;(+a)—%sin;(sin(;(+a)
9':—g+2,a,BpAsin(;(+6)[ﬂ,1 cos(;(Jroc)—/L2 sin(;(+a)

p%(—ﬂsin(;(+¢9)+Wcos(g+9))}

+,L1A(p2 Jrl)sin(;pLH)(/i1 sin(;(+a)+/t2 cos(;(+a)) (4.50)

+,u(p2 +1)usin(;(+0)5in(;g+9)+asin;(sin(;(+0)
u'=—pLpu

—2,u,BpAcos()(+6’)[21 cos(y+a)—Asin(y+a)

A( ,Bsm ;(+0 +\/1 S’ cos ;(+¢9 )}

—,uA(p2 +1)cos + )(/1 sin ;(+0{ +/1 cos(;(+a))
—,u(p2 +1)ucos(;(+ )s (;(+t9)—asin;(cos(;(+«9)
¥ =w
These are the equations in the required form (4.19). We have here the slowly

oscillating variables 4, &, @, the fast rotating phase ) and the strongly damped

(uncritical) fast variable # . The averaging procedure described in the section 4.1
can be applied to this system.

4.2.3. Equations of the First Order Approximation. Discussion of the
Approach

Averaging the equations (4.50) one obtains a system in form (4.20). However we
restrict the analysis to the first order approximation and omit the small terms. The
equations can be split into two groups. The first one describes the motions of the

centre of mass (variables A, ). The second one describes the “degenerated”
slave motions (variablesu, & ).
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1 1 1
A =—puAl +— uusin(@—a)——asina
S HAL+ (0-a) 5

1 1 u 1a
' _5—= (1 _,x _q)--2
a'=-o6 2y( +2) 2uAcos(e ) 5 05
u'=—Lpu

9'=—8+%,uA(p2 +1)(%+ﬂ1 cos(0—a)+4, sin(@—a)j (@.51)

+,uﬂpA[2,1 sin(6—a)- 4, cos(@—a)—p%ﬂ}

1
+—acosf
2

Index 1 for the first order approximation is omitted here.

It follows directly from the third equation that the stationary solution for the
strongly damped slave variable # is equal to zero. It means that the variable ¢ is
also equal to zero in the first order approximation. So it does not make sense to
calculate the variable @ describing the phase of these oscillations (the phase does
not matter, if the amplitude is equal to zero). We can consider only the first two
equations in determining the oscillations of the large mass:

| . (4.52)
a

a'=-0——u(l+ A )———cosa

SH(HA) ==

The final equations (4.52) are very simple, but the method we used to obtain
them seem to be rather complex as well, as the intermediate equations (4.50). We
have used this way in order to demonstrate the formal approach. However we
could easily avoid these complications if we have noticed that 7 is the strongly
damped slave variable. It can be replaced through the particular enforced solution
(4.44) and all the terms containing ¢ could be omitted from the very beginning.

The formal approach is necessary if we cannot limit the analysis to the first or-
der approximation and need the higher ones. Such an example can be found in
Chapter 6.

The stationary solution to the system (4.52) can be obtained if we set the right-
hand sides of these equations to zero and eliminate the phase difference <. The
stationary amplitude depends on the difference between the natural and the excita-
tion’s frequencies and on the system’s parameters as follows:
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A= a
\/(25+,u(1+/11))2 + 1P A7
5 (4.53)
11: p -1 ;22:_ zpﬂ
(pz—l) +4p2’32 (p2—l) +4p2ﬂ2

The considered principal resonance (4.48) means the following relationship be-
tween the parameters (with the accuracy of the first order):

_ l+e

pP= W (4.54)

4.2.4. Comparison with the Numeric Experiment. Discussion of the
Results

Figure 4.2 shows the comparison between the approximate analytic prediction
(4.53) and the direct numeric simulations of the original system (4.32). The calcu-
lations were performed for the following parameter values:

M=1,C=1,m=0.01;c=0.01; 5=0.005; a=0.01; k=1
A=1 u=0.01 =025 p=1 4 =0; 4, =-2; £ =-0.032

0.6 1

0.2 1

oscillation’s amplitude A

0.98 099 1 101
frequency delay &

Fig. 4.2. Resonant amplitude as a function of the frequency delay; the solid line corre-
sponds to the analytic prediction; the dots correspond to the results of the numeric simula-
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The difference between the predictions is quite acceptable and corresponds to
the asymptotic accuracy of the first order approximation.

It is also interesting to investigate how the resonant amplitude depends on the
damping between the large and the small masses. The simplest result can be ob-

tained if we suppose p =1. It means the partial frequencies of the large and the
1
small masses are equal. Then it is easy to see that 2‘1 =0; /Fia =———and the

equation for the stationary amplitude can be simplified as follows:

a

A=

2 (4.55)

2
(26+u) + - >
4p
It becomes evident from this equation that the resonant amplitude increases if

we increase damping. Figure 4.3 illustrates this result for & = 0. All other pa-
rameters are the same as in the previous case.

*
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2
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0 0.2 0.4 0.6 0.8 1

damping coefficient 8

Fig. 4.3. Resonant amplitude as a function of the damping between the large and the small
masses; the solid line corresponds to the analytic prediction; the dots correspond to the re-
sults of the numeric simulation

The correlation between the numeric and the asymptotic predictions remains
acceptable. The discrepancy increases for small damping coefficients. This could
be expected because the whole analysis is based on the assumption that the damp-
ing coefficient is not small. Only that’s why we could set the variable # to zero.
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The result itself, however, seems to be unexpected. It is common that increas-
ing damping reduces the resonant amplitude. Here we see the opposite effect. Its
physical explanation is simple.

We have considered the amplitude for the exact resonance of the large mass
(not for the whole frequency range as it is usual for dynamic dampers). The large
damping connects the large and the small masses. We strengthen this connection
increasing the damping. The infinite damping means nothing different but the
rigid connection of the masses. In this case we would obtain a linear oscillator
without any damping. In other words the strong damping prevents intensive rela-
tive movements between the masses. This is the reason for the apparent paradox.

This is also the physical reason for the “slavery” of the small mass. It is very
important to notice that the strongly damped “slave” does not have its own dy-
namics. Due to the strong damping it can only follow the motions of the “master”.
We will see the same behavior in the next paragraph, where the source of the in-
tensive energy dissipation is not the linear damping but absolutely inelastic colli-
sions between the masses.

4.3. Averaging in Systems with Inelastic Collisions: Basic
Ideas and General Approach

4.3.1. Basic Types of Motion in Systems with Inelastic Collisions:
Elementary Examples

An inelastic collision of one-dimensional rigid bodies means that their velocities
after the collision are equal. It does not mean however that the two bodies neces-
sarily move together after the collision. In order to see it consider the following
example shown in Fig. 4.4.

a sin Q¢

a
Fig. 4.4. A rigid oscillating frame with a free mass inside
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This system consists of a rigid harmonically oscillating frame and a free mass
inside of it. This system is the simplest model for a stone crasher. The frame
represents the oscillating housing of the machine and the free mass corresponds to
the crashing body. Fig. 4.5 and 4.6 show the two qualitative different types of mo-
tions of the free mass after a collision. It is characteristic for the first type of mo-
tion that the colliding bodies (the mass and the frame) move together for a certain
finite time interval.

A A A
RV

4+ /

o
»n
L

coordinates

velocities
=]

8- time

Fig. 4.5. Motion of the mass in the oscillating frame with long time intervals of contact;
thin lines correspond to motion of the frame; thick lines correspond to motion of the free
mass

The second type of motion is characterized by the fact that the time interval of
the contact between the colliding bodies (the mass and the frame) is infinitesi-
mally short. The physical difference between these two types of collisions is very
simple. In the first case the contact force after the collision remains positive. In the
second case the contact force after the collision would be negative if we suppose
the contact to continue. It means the immediate contact lost after the equalizing of
the velocities.

It is not difficult to calculate the contact force in this case. For the contact with
the bottom of the frame one obtains:

E2Mm — iy =asinQit=>E""" = —maQ)* sin Qt (4.56)

contact contact
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The equation for the contact with the top of the frame is similar:

F'”  =—m¥;x=asinQt = F'” =maC’sin Qt (4.57)

contact

contact

0.5 1

coordinates

2 - time
[72]
[
.9
= 0 T T ]
3 1 2 3
()
>
2 time

Fig. 4.6. Motion of the mass in the oscillating frame with infinitesimally short time interval
of contact; thin lines correspond to motion of the frame; thick lines correspond to motion of
the free mass

It means the contact with the bottom of the frame after a collision is possible as
long as the acceleration of the frame is positive. The contact with the top of the
frame is possible as long as the acceleration of the frame is negative. If these con-
ditions are not fulfilled to the time of collision the mass looses the contact imme-
diately.

Figures 4.5 and 4.6 show simple periodic motions with long contact and infini-
tesimally short contact respectively. The mass collides with each side of the frame
once per each oscillations period. These are the simplest oscillation regimes in this
system but different much more complex regimes are also possible. Figure 4.7
shows a periodic regime where the mass collides with each side of the frame once
per three oscillation periods.
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coordinates

Fig. 4.7. Periodic regime with one collision at each side of the frame per three oscillation
periods

Figure 4.8 shows a periodic regime with different types of motions after the
collisions with the top and with the bottom of the frame. Figure 4.9 shows a com-
plex periodic regime.

These examples demonstrate that even though the considered system seems to
be very simple, its dynamic behavior can be quite different depending on the pa-
rameter values. But all these regimes are based on the described two types of col-
lisions:

e Aninelastic collision with a long contact;
e Aninelastic collision with the infinitesimally short contact.

TAAARELEA
-LURNINTNY

14 time
Fig. 4.8. Oscillations of the mass in the frame; the long contact follows to each collision
with the bottom of the frame; the contact after each collision with the top of the frame is in-
finitesimally short

coordinates
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0.5

Tl i il
TN

14 time

coordinates

Fig. 4.9. Complex oscillations of the mass in the frame with 10 collisions in 7 frame’s os-
cillation periods (one collision at each side is with a long contact and four collisions are
with short contacts)

These two basic regimes can be also found in the second example shown in Fig.
4.10. It is a mass in the gravity field over an oscillating base. This system is the
simplest model for a vibrating transporter or a vibrating screen. The mass corre-
sponds usually to the layer of a bulk material.

.SSSSSSSSSSSSS\\\\\\\\\\\\\\
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7777777 asin Q¢

Fig. 4.10. A free mass over the harmonically oscillating base

The contact force can be calculated as follows:

oy =MX+mMgix=asinQt =>F,=m (g —aQ)’ sin Qt) (4.58)

Fig. 4.11 shows an oscillations’ regime with long contacts after each collision.
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time
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Fig. 4.11. Motion of the mass over the oscillating base with long time intervals of contact;
the thin line corresponds to the motion of the base; the thick line corresponds to the motion
of the free mass

A contact is long if the contact force is positive directly after the collision. It
means that the time point of collision must fulfill the following condition:

(2n — 1) 7T — arcsin g < Q1" < arcsin g +27n

2 = collision

a) aQ)’ (4.59)
n=...—2,—-1,0,1,2...

If these conditions are not fulfilled, the only the infinitesimally short contact is
possible (see Fig. 4.12):

arcsin —= S+ 27 < Qe <(2n+1) 7 —arcsin & -
aQ aQ (4.60)
n=...—2,-10,1,2...
3_
1.5 1
2
g
S o
: \/1 VZ v

time

ng base with infinitesimally short time inter-
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The physical meaning of these conditions is quite simple. The mass attains the
velocity of the base direct after the collision. This velocity remains constant if
there is no external force. In presence of the external force the mass would decel-
erate (fall down) if the contact would not exist. The base moves according to its
oscillation’s law. This means that its velocity doesn’t remain constant. If the de-
celeration of the mass is larger than the deceleration of the base the mass will be
pressed towards the base and the long contact will be established. If the base de-
celerates faster the mass will loose the contact immediately. This means the
“short” contact.

Complex regimes with changing types of contact are also possible in the last
system. Fig. 4.13 shows such an example.

3 4

coordinates

TV VYUY

1.5 4 time

Fig. 4.13. Complex oscillations of the mass over the base with changing types of collisions

4.3.2. On the Practical Importance of Regimes with Long Contact

The variety of dynamic regimes in the considered examples shows that motions in
systems with inelastic collisions can be very complex. It is seldom possible to in-
vestigate an initial value problem in these systems analytically. In many practical
cases however it is not necessary to investigate the general solutions. The desired
regime is often clear from the technological point of view. The real task in such a
situation is to choose the system’s parameters guaranteeing existence and stability
of the required dynamic regime and (if it is necessary) to create the appropriate
control system.

The technological processes (screening or crashing) take place usually during
the collision. It is sensible from that point of view to organize the collisions with
the highest possible frequency and intensity. Another important criterion is the ro-
bustness of the dynamic regime with respect to inaccuracies and perturbation of all
possible kinds (like inaccuracy of the system’s parameters, undetermined initial
conditions and unexpected external influences).

Let us consider the mass in the frame. The highest frequency of the intensive
collisions.can.be-achieved.if the.mass.collides once per oscillation’s period with
each side of the frame. It is sensible to require the highest possible velocity of the
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mass in order to intensify the collisions. It becomes clear looking at the Fig. 4.5
that the highest velocity of the free mass can be reached only at the end of the long
contact phase. That’s why the simplest dynamic regime with two long contacts per
oscillation’s period is of the most interest for applications. On the other hand the
velocity of the frame should also be as large as possible (and have the opposite di-
rection with respect to the velocity of the free mass). It means the collision should
take place as close as possible to the end of the extreme point of the frame’s veloc-
ity, but this point separates the regimes with long and short contacts. Exactly this
boundary would be of the most technological interest.

The regime with long contacts is also the best one because it is very robust and
stable. The mass looses the contact with the frame when the contact force becomes
equal to zero. Then it moves away from the frame with initial position and veloc-
ity determined by the motion of the frame only. These initial conditions don’t de-
pend on the whole prehistory of the system. In other words the system forgets its
history as soon as the long contact occurs.

Even large slow changes in the excitation’s amplitude often do not change the
structure of this regime (the number and type of collisions in each oscillation’s pe-
riod). This statement is illustrated in Fig. 4.14.

2 A

coordinates

i W

24 time

Fig. 4.14. Slow variations of the amplitude of the frame don’t change the structure of the
basic regime with long contacts

The situation with vibrating screens is similar. Regimes with long contacts are
very robust. The intensity of collisions however increases with the increasing ve-
locity. From this point of view also the regimes with one long collision per several
oscillations of the base can be technologically interesting.

These arguments explain the exceptional role of the simple regimes with long
contacts for applications. That’s why the analysis in this and the next sections is
concentrated on the simple regimes with long contact.
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4.3.3. Regimes with Long Contacts as an Example of the Variable
Order Discontinuous Systems

Let us consider the mass in the frame and introduce the coordinate system con-
nected with the frame. It means that we describe the motion of the mass relative to
the oscillating frame. Then the motion of the mass is governed by the following

equations (7 is the coordinate of the mass; 2/ is the length of the frame).
During the contact phases the coordinate of the mass doesn’t change. It means

#=0aslongas r =%/and F = maQ)’ sgn(r)sing0>0 (4.61)

contact

Compare these relationships with the contact conditions (4.56) and (4.57).
Here and further we use the following notation

Qt=¢ (4.62)
During the free flight the absolute velocity remains constant:
¥=0=7#=aQ’ sin ¢ as long as |r| <l (4.63)

The two equation sets must be linked together through the appropriate initial
conditions for the time (or the phase) corresponding to the beginning of the free

flight #, <> @, and for the time of collision # <> ¢, . These values can be de-

termined as follows.

sing, =0 = g00=(2n+l+s%)7z

(4.64)
r(1,) =27 (1,) =0
o =¢p,+a: r=xl;7=0 (4.65)
Parameter ¢ is the first positive solution of the transcendent equation
a—sina :2_1 (4.66)

a

The motion of the mass in these variables is shown in Fig. 4.15 (it corresponds
to the regime in Fig. 4.5)
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Fig. 4.15. Motion of the free mass in the oscillating frame; the relative coordinate 7 and the

relative velocity 7

The considered regime is a symmetric one with respect to motions up and
down. So it is sensible to introduce the new coordinate and velocity as follows
u =rsgnsin @
. . (4.67)
v =rsgnsine

The motion in these phase coordinates is shown in Fig. 4.16.
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time time

Fig. 4.16. The same solutions for the coordinate 2/ and the velocity vV

1 10

velocity v

coordinate

The solution for these variables can be formalized quite easily. Let us introduce
the following step function indicating if the mass is in contact with the frame or
flying up or down (see Fig. 4.17)

I, O<gp<a

M (p,a)= ; M (o+2r,a)=M, (p,a 4.68

(pa)={o D0 w(pama) (o) o

Now we can apply the transformation combining (4.67) with the indicator-
function:

M,(p,a)=M,(2¢p,a)sgnsing
r=-Isgnsinp+UM, (p,a) (4.69)




162 4. Systems with Strong Dissipation Due to High Damping or Inelastic Collisions

M,(p,0)
1

Fig. 4.17. Indicator-function

This transformation fulfils the equations (4.61) during the long contact phases

automatically. Applying this transformation we can rewrite the equations (4.61)—
(4.66) as follows:

M, (Qt,a)U =M, (Qt,a)W

Qt #nr: i 5 .

M, (Qt,a)W = M, (Qt,a)ad’ sin Q¢
Qt=nz: U=0;U=0 (4.70)
a—sina =—

a

Relationships (4.70) do not determine a system of ordinary differential equa-
tion. It is something different. It is an infinite sequence of systems of ordinary dif-
ferential equations. Each of them 1is valid during the time interval

n<Qt <zn+a because during these time intervals the function
M, (Ql‘ R a) is equal to 1 or —I. During the next time interval
n+a<Qi< 7Z'(n+1) there are no equations at all because the function
M, (Qt, a) is equal to zero (the equations are degenerated to an identity). At the

beginning of the next time interval of the non-degenerate motion the new initial
conditions must be determined.

The solution to the system (4.70) is:

W = aQ(1-cos Qs -sgn sin Q)

mn<Qt<rzn+a: Qr _
U=aQ|t—n| — —a|stt| (4.71)
V4

Th+ao <Qt<72'(n+l): U ,W are not defined
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The sign [Z] means here and further the largest integer number smaller than z .

Returning back to the original variables we can write:

r=IsgnsinQt{1- M, (20Qt,a)} - M, (2Qt,a) asin Qt

+{—1+ aQ(t—ﬁ{%}j} M, (Qu,a) (4.72)

7 =aQ(sgnsin Qf —cos Q1) M, (2Q¢, )

The first term in the equation for 7 corresponds to the position of the mass dur-
ing contact, i.e. when M, (2(0, a) =0.

Equations (4.70) are the simplest example of the variable order discontinuous
system. Within the time intervals where the function M, differs from zero it is a
system of the second order. Within the time intervals where the function M, is
equal to zero we don’t have any differential equation (order zero). The length of
each time interval is finite and at the beginning of the next time interval the sys-
tem obtains new initial conditions.

4.3.4 Variable Order Discontinuous Systems in the Standard Form

An averaging procedure can be developed for the variable order discontinuous
systems. Let us firstly define the corresponding standard form.

Consider a system described over certain times by differential equations, and at
other time intervals by differential and finite relations of the following form:

X = 8X(x,yM(t),t,g); x(0)=x,
M (1)=¢Y (x,yM(1),t,6) M (1); (4.73)
y(27m) = G(x(Zﬂn),g), n=0,1,2,...

Here M (t ) =M, (l‘ , 7[) is a 27 -periodic piecewise-constant function. Vec-

tor X contains the normal slow variables and describes the subsystem of the con-
stant order. The vector-function ¥ is a solution of an infinite sequence of systems
of differential equations and describes the discontinuous subsystem of the variable
order. The equations for ) are valid within the time intervals where the function
M is not equal to zero. Where the function M is equal to zero there are only
equations for slow continuous variables x. New initial conditions for ) are
given at the beginning of each interval where ) is defined. These initial condi-
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tions may depend on the values reached by the variables x to the end of the pre-
vious interval.

The main idea for the averaging of the system (4.73) is that the variables ) are
the “slaves” of the master variables X (at least in the first order approximation).
Let us assume that we know Xx (27[}7) for some certain 7 (for example the initial
condition for 7 =0). Then we also know the corresponding initial condition for
y( 272'}’1) = G(x( 27Tn)) =G, . The equations for ) must be integrated only as
long as the function M is not equal to zero. But this interval is asymptotically
short and the variable ) is slow. So it cannot change significantly during this

time interval and we can replace it through its initial value or with the same accu-
racy we can write:

y=G,+0(¢)=G(x)+0(¢) (4.74)

Substituting (4.74) into the equation for X we get a system of ordinary differ-
ential equations in the standard form:

)’c:8X(x,G(x,g)M(t),t,g)+0(32); x(0)=x, (4.75)

This system can be averaged directly. Finally the variable y can be calculated

according to (4.74).
In other words, consider the system (4.73) alongside the averaged one

E=e(X(£.G(&e)M(1).1e))
n=G(&e): (0)=x,

The solutions to these two systems remain asymptotically close to each other
for the asymptotically long time:

[x=¢l<0(e)
lyM (£)-nM (1) <O(£) M (r)

The correct mathematical formulation of the corresponding theorem and its
proof can be found in Appendix VI.

The switching points of the function M were constant in the considered case.
This requirement is not important. The principal estimation (4.77) doesn’t change
if we replace the function M (t ) through M, (t ,a ) and even if we suppose that
« is not a constant but it depends on the slow variables (see Appendix VI for the
corresponding theorem and the proof).

(4.76)

fort<O(1/¢) (4.77)
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4.4. Basic Regime with Long Contacts for the Mass in a
Resonantly Excited Frame

4.4.1. Equations of Motion

The elementary scheme of the resonant impact crasher is shown in Fig.4.18.

%

asin Q¢

—p

/////////{//////////////////////

///////////////2

/

Fig. 4.18. Impact crasher with resonant excitation

It consists of a frame with a large mass M excited kinematically. Inside of the
frame there is a free moving striker. Its mass is 72 . The free length of the frame’s

interior is 2/. The striker can collide with both sides of the frame. The collisions

are absolutely inelastic.
Let us start with the equations for the time intervals of separate motion of the

masses. X, is the coordinate of the frame, X, is the coordinate of the striker.

M, +C(x, —asinQr) =0

) = | <1 (4.78)
mx, =0

During the contact phase the frame and the striker move together:

(M +m)% +C(x,—asinQt)=0

b

x,—x|=1 (4.79)
X, =X,

The contact is possible as long as the contact force remains positive.
F o =— m C(x, —asinQr)sgn(x, —x,) (4.80)
M+m

It is sensible to introduce the coordinates corresponding to the position of the
center of mass of the system and to the distance between the frame and the striker:
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Mx, + mx,
=—r=X,-X (4.81)
M+m

The new variables are governed by the following equations (compare (4.30)-
(4.32))

S

s"=—=(1=w)s+ u(l—)r+a(l— py)sinwr
. §— ur —asin ot, r| <l (4.82)
0, r|=1

These equations must be supplemented by the corresponding conditions for the
separation of the contact:

|r|:l:s:,ur+asina)r;i:O (4.83)

The following notation used in these equations:

C m Q ' d()
=kt; k=,|—; u= To=—; =—7 4.84
L rva i voun A O 59

Assuming that ¢ and a/ [ are small parameters of the same order we can lin-

earize equations (4.82) with respect to these parameters:

s"+s=us+ pr+asinwr

., |s—wur—asinaor, r|<i (4.85)
"o, =1

This is the system we are going to analyze.
4.4.2. Perturbation Analysis. Transformation to the Form Suitable for
Averaging

Consider the unperturbed system:

" —_—
S, +5,=0

, {so, n| <1 (4.86)
}"0=
0, |n|=1

The general solution to the first equation is obvious:
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s, = A, sing,; A, = const; ¢, =t + const (4.87)

Substituting this solution into the second equation we obtain the system which
was analyzed in section 4.3.3.

. A, sing,, r0|<l
* o, | =1

(4.88)

The corresponding solution is known, so we can use it as the variable transfor-
mation in order to obtain a system suitable for averaging:

s=Asiny; s'= Acosy; y = ot
r'= {B sgnsin g — Acos y/} M, (2(0,0{)
r:lsgnsin(p{l—M,(2go,a)}—M1(2¢,a)Asinl// (4.89)

ool

The transformation (4.89) is based on the solution (4.72). The newly introduced

variable B has the sense of the velocity of the striker when it looses the contact
with the frame. Parameter & determines the time of the next collision:

p=x
t .. 4.90
collision {BO{ _ ASin l// — 2[ ( )

This transformation must be applied both to the equations (4.85) and the condi-
tions for the separation of the contact (4.83). The new set of variables is governed
by the following equations:

A'= uAsiny cosy + prcosy +asin y cosy
'=1— usin’y — ulsiny — Lsin ysiny
% 7 0y Sz

X =o
B'M, (2¢9,a) = uAsiny M, (2¢, ) sgnsin @

o'M,(20,a)=M,(2¢p,a)

_ﬂ(w_{gD%sim//sgnsin oM, (2(/),a)
V4

(4.91)



168 4. Systems with Strong Dissipation Due to High Damping or Inelastic Collisions

q)zn;r:>B:A+O(,uz);l//:n7z+O(,u) (4.92)

Let us investigate the main resonance. This means that we, as usual, assume
that the excitation’s frequency is close to the natural frequency of the frame and
introduce the corresponding phase difference:

w-1=A<<;0=y-y (4.93)
Finally we obtain:

A'=,uAsinl//cosy/Jr,urcosy/+asin(1//+<9)cosy/
(9':A+,usin2l//+,u%sinl//+%sin(l//+6’)sim//

B'M, (2(0,0{) = uAsiny M, (2(/),0{)sgn sin g
o'M,(20,a)=M,(2¢p,a) (4.94)

_ﬂ(gﬂ_{QD%sinngn sin M, (2(0,05)
V4

g//'=l—ysinzy/—ﬂisinl//—%sin(l/ﬂrﬁ)sint//

The system (4.94), (4.92) contains two slow master variables A and &, one
fast rotating phase i and two slave variables B and ¢ . The fact that the slave
variable @ is fast is not really important, because its velocity is close to one. It
means the variable ( Q- l//) M, (2(0,0{) is slow in its definition area. The aver-
aging procedure described in the section 4.3.4 can be applied here.

4.4.3. Equations of the First Order Approximation. Discussion of the
Results

Averaging the system (4.94), (4.92) over the fast phase we obtain the equations
of the first order approximation.
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1 4 151114(21)
A =—asing -~ :
2 T o, —sing,

0] = A+ﬁ+£(a, —sina, )cos 6,
2 4 (4.95)

+&£ sin, —lsin2051 4
V4 2 2

) 21
o, —sinq, ZZ; B =4; ¢ =y,
1

Index 1 indicates here as usual the first order approximation.

The first three equations govern the motion of the mass point of the system (the
frame). Setting the right hand sides in the first two equations to zero and consider-
ing the result together with the third equation we obtain a system of transcendental
equations describing the stationary resonant regime. Figure 4.19 shows the reso-

nant curve. The simulations were performed for 1 = 0.1; a/ [1=0.2;1=0.5

4 -

oscillation’s amplitude 4

0 T T
-0.15 -0.05 0.05 0.15
frequency delay A

Fig. 4.19. Resonant amplitude as a function of the frequency delay; the solid line corre-
sponds to the analytic prediction; the dots show the results of numeric simulations

The obtained solution corresponds to the simplest regime with one collision at
each side of the frame per one oscillation period. Mathematically it means that the
following condition must be fulfilled:

O<ag <7 (4.96)

The case o, = 7r corresponds to the transition from the regime with long con-

tacts.to.the regime with_short contacts.. This condition limits the acceptable fre-
quency delay:
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nwa wa

— <A< (4.97)
4/ 4]

The case &, = 0 corresponds to exact resonance: A =— u / 2. It is interesting

to point out that the dissipative influence of the inelastic impacts decreases in the
vicinity of the resonance and the stationary amplitude at the exact resonance is in-
finite. This strange result becomes clear if we notice that at the exact resonance
the striker flies from one side of the frame to another one in a very short time. It
reaches the other side with a velocity the same as its own. So their relative veloc-
ity at the moment of the collision is very small and so is the lost energy. Conse-
quently inelastic collisions can’t limit the amplitude at the resonance. It is interest-
ing to calculate the impact intensity which is the most important characteristic
from the technological point of view. The relative velocity at the moment of colli-
sion is the sensible measure for the intensity. According to the obtained solution it
can be calculated in the non-dimensional form as follows (see also Fig. 4.20):

A l—cosa
I="(l-cosqa, ) =——- 4.98
1 . (4.98)
21 a, —sina,
4 -
2
g 3
=}
8
g
ag 2
Q
=
g
1 -
O T T 1
-0.15 -0.05 0.05 0.15

frequency delay A

Fig. 4.20. Impact intensity over frequency delay

Another important point which has to be discussed is the sense of the first order
approximation (4.95) compared to the unperturbed problem considered in the sec-
tion 4.3.3. The last two equations obtained for the “slave variables” in (4.95) show
that the motion of the striker doesn’t differ from the particular solution for the un-
perturbed system. This means that actually we could replace the slave degrees of
freedom through the corresponding enforced solution from the very beginning.
Then the whole analysis would deal with the resonant motions of the “continuous”
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subsystem taking the relative motions of the strike into account in the small per-
turbation terms on the right hand sides of the equations.

From that point of view we have here the same situation as in the strongly
damped linear system considered at the beginning of this chapter. The degrees of
freedom connected with the slave variables can be neglected and replaced through
the corresponding particular solutions (depending on the motion of the master
subsystem). Then the master subsystem can be averaged and the result can be sub-
stituted in the equations for the “slave” variables.

Using this approach one neglects the initial transient motions (until the first
long contact) in the “slave” subsystem. The slow transient motions in the master
system however can be investigated using the averaged master equations.

This approach is illustrated in the next section.

4.5. The Basic Regime with Long Contacts for the Mass
over the Resonantly Excited Base

4.5.1. Equations of Motion

The elementary scheme of the resonant impact crasher is shown in Fig.4.21.

LIS
ASAAST
SIS AASS

M

SAIAAST
IS
S SIS

=l

0 7 asin Q¢

Fig. 4.21. Vibrating screen with resonant excitation

It consists of a base with a large mass M excited kinematically. A free mass
m moves above the base in the gravity field g . The free mass can collide with

the oscillating base. The collisions are absolutely inelastic.

Let us start with the equations for the time intervals of separate motion of the
masses. X, is the coordinate of the base, x, is the coordinate of the free mass.
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M.i.c'1 +b(x, —aQcosQt)+C(x, —asinQr) = —Mg Nox (@99)
mx, =—mg
During the contact phase the base and the layer move together:
(M +m)% +b(x, —aQcos Q1)+ C(x, —asinQr) =

—(M+m)g , X, =X, (4.100)
X, =X,

The contact is possible as long as the contact force remains positive.
bm

Fopiaer =~ o (%, —aCicos Q1) - ]\4Cm
+m +m

(x,—asinQr)  (4.101)

It is sensible to introduce the coordinates corresponding to the position of the
center of mass of the system and to the distance between the free mass and the
base:

MGAG 4.102
- ) - M 1 ( )
M+m

The new variables are governed by the following equations:

N

s"=—(1—p)(s— pr—asinwr)
20— p)(s'— pr' —awcoswr)—p
r,,_{(s—yr—asina)r)+Zﬂ(s’—yr’—aa)cosa)f), r>0
0, r=0

(4.103)

These equations must be supplemented by the corresponding conditions for the
separation of the contact:

r=0:s=asinwr-2p(s'—awcoswr); r'=0 (4.104)
The following notation is used in these equations:

fC m Q g b
t=kt;k=,|—; u= ; ; ; f=——m—
M d 2\JCM

(4.105)
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We assume /4, f and a/ P to be small parameters of the same order, neglect

the second order small terms with respect to these parameters in the equations and
the first order small terms in the separation conditions. Besides that we eliminate
the static displacement introducing the new variable

S=z-p (4.106)

Finally we obtain the equations which have to be analyzed:

Z"+z=p(z—p+r)-2pz +asinwr

"__

z—p—pur—asinwr+26z',r>0 (4.107)
0, r=0

The separation conditions must be considered alongside the equations (4.107):

r=0: z=p;r'=0 (4.108)

4.5.2. The Master and the Slave Variables; the Unperturbed Solution

Consider the unperturbed system:

zp+2z,=0
)i P >0 (4.109)
® 1o, =0 '

rh=0:z,=p, 1, =0

The first equation here describes the master variable. The second one together
with the separation condition (the last line in the equations (4.109)) describes the
slave variable. Our objective now is to build the unperturbed solution with long
contacts for the slave variable. The analysis is limited to the basic regime with one
collision per one oscillation’s period of the base.

The master motion is obvious:

z, = Asiny;z; = Acosy ; A= const; y =7+ const (4.110)

In order to obtain the slave solution we have to investigate the free motion
7y > 0 only. It has to satisfy the initial conditions given in the last line of the sys-
tem (4.109). The result is:
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o\\

—

~
<

~
Il

A(cosy, —cosy )+ A(y, —y)siny,
A(siny, —siny )+ A(y -y, ) cosy,

>

N

S
Il

_%A(V,_%)z sing,  (@11D)

P
¥, = arcsin (Zj

This solution exists only if A > p . Otherwise the mass wouldn’t loose the
contact with the base. Solution (4.111) is valid as long as 7 is positive. This in-

terval can be determined as follows:
Vo<W <a<2m+y,;

rO|W:a =0=>

1

5(&'—1//0)2 siny, =(a—y, )cosy, +sina —siny,

« 1is the first solution of the equation (4.112) in the considered interval.

The function 7, is equal to zero in the interval & <y <y, + 27 . Then it re-
peats periodically. One period of this function is shown in Fig. 4.22.

(4.112)

To

Fig. 4.22. The slave variable 7

This solution can be used now in order to investigate the resonance of the mas-
ter subsystem. We can simply replace the slave variable 7 in the first equation
(4.107) through the function 7, and perform the perturbation analysis as usual.
We consider (4.110) as a transformation. The new variables are governed by the
following equations:
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A' = p(Asiny — p+r,)cosy —2BAcos’ y +asin y cosy

1,//':l—ﬁ(Asim//—p+ro)sinl,//+,Bsin21//—%sin;(sint// (4.113)

X =o
The frequency delay and the phase difference have to be introduced in order to
investigate the main resonance:

o=w-10=y-y (4.114)
Finally we arrive at the equations which can be averaged:

A'= pu(Asiny — p+r,)cosy —2BAcos’ y

+asin (y +0)cosy
0'=6+(u/A)(Asiny — p+r,)siny — Bsin 2y

+(u/A)sin(y +0)siny @11
w'=1-(pu/A)(Asiny — p+r,)siny + fsin 2y

—(a/A)sin ysiny

4.5.3. Equations of the First Order Approximation. Discussion of the
Results

Equations of the first order approximation can be obtained by direct averaging of
the equations (4.115). The result is:

Al’:%asinel—ﬂAl+,u<r0 cosy)

yoa B (4.116)
0 =0+5=+——cosO +—(r, sin
1 24 1 A1<0 l//>

It is not very difficult to calculate the averages representing the influence of the
slave subsystem on the master one.
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[24

1
(rycosy) = o J‘ro (A4, w)cosydy
Yo

= ;_1{(a—;//0)sin(a —y/o)—%(a—wo )2 sinasiny, (4.117)
pa

_%(sinoz—sinl//0 )’ +cos(a —l//o)—l}

o

. 1 .
(rysiny) = o J.ro (4,y)sinydy

Yo
4 |1 2 . .
= E(a_%) cosasiny, —2siny, (cosa —cosy,)  (4.118)
1

L, . .
—E(a—l//o)—(a—l//o)cos(a—t//o)+5(s1n2a—sm21//0)}

Setting the right hand sides of the equations (4.116) to zero we obtain a system
of transcendental equations governing the stationary resonant regime. This system
can be reduced to the following equation for the amplitude:

2 2

(ﬂA1 —y(ro cosy/>)2 +[(§+§j 4 +,u<r0 sint//>] = % (4.119)

Let us investigate which conditions are necessary for the existence of the con-
sidered regime. The first one was already mentioned. It guarantees that the ampli-
tude of the base is sufficiently large to allow the separation of the free mass:

A>p (4.120)
The second one makes the long contact possible (see Fig. 4.23):
a>nr-y, (4.121)

The last condition ensures that there is one long contact in each oscillation’s pe-
riod:

a<2r+y, (4.122)

The boundary of the inequality (4.120) means the solution with permanent con-
tact, i.e.
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a
2
123
2\//52 +(5+‘2‘j (129

This condition determines the lowest possible amplitude of the excitation:

2 2
KN (ﬁj +(é+lJ (4.124)
2pu u uo2

rn=0=>A4A=p=

a=r-y, .

a=27+y,

Fig. 4.23. The necessary conditions for the existence of the basic regime

The inequality (4.122) can also be easily solved. It corresponds to the oscilla-
tion’s amplitude, which can be calculated from (4.112):

A =pNr*+1 (4.125)

It is the maximal possible amplitude for the regime with collisions in each os-
cillation’s period. The corresponding condition determines the maximal possible

amplitude of the excitation:

2

P 2
6. 1 =-1 (4.126)
2 7 +1
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The following transcendental equation must be solved in order to determine the
boundary corresponding to the inequality (4.121):

v, = %—cos VY, (4.127)

It can be easily done numerically. This boundary also limits the excitation’s
amplitude from the bottom. An example of the existence area is shown in Fig.
4.24.

a
2pu

a > 2xty,

existence area for the basic regime

amplitude of excitation

Al <p

A1<p \\\ //

5
frequency delay —
Y7

Fig. 4.24. The existence area for the investigated regime with one collision per oscillation’s
period

4.6. Conclusions

Each of the systems considered in this chapter can be split in two qualitatively dif-
ferent weakly coupled subsystems. The first one is weakly damped, i.e. it is almost
conservative. This subsystem can be described as the “master subsystem”. The
second one is damped strongly and is called the “slave subsystem”. The slave sub-
system doesn’t have its own dynamics. It is determined to some degree through
the motions of the master subsystem.

The suggested approach uses this peculiarity. The analysis can be split into three
steps. Firstly the general solution to the unperturbed master subsystem has to be
found. The corresponding particular solution to the slave subsystem must be found
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secondly. Finally this solution can be used in the perturbation analysis for the mas-
ter system in order to determine the “arbitrary constants” of the general solution.

Two types of strongly damped subsystems were investigated. The approximate
results are valid in the case of the strong linear damping after a finite time interval
corresponding to transient motions in the strongly damped subsystem.

The situation is more complex for systems with inelastic collisions. Different
types of particular solutions are possible here, depending on the parameters of
master motions. The described approach is effective if the analysis can be sensibly
limited to a particular regime in the dissipative subsystem (for example to fix the
number and type of collisions in each oscillation’s period of the master subsys-
tem). This is possible in many practical cases dealing with stationary working vi-
brating machines.

The performed analysis can be used not only in order to investigate the periodic
regimes. It is also useful in analyzing of slow transient processes in the master
subsystem as long as the chosen regime of the slave subsystem remains unaltered.

The same ideas can be very effective in the analysis of stick-slip oscillations in
systems with dry friction. Sticking belongs to the same type of discontinuity as the
inelastic impacts do. The degrees of freedom corresponding to the relative motion
between the sticking objects can be considered as the slave ones. The correspond-
ing examples don’t require any additional ideas and don’t contribute significantly
to better understanding of the effects or methods.



5. Short Notes on the Significantly Nonlinear
Resonance

Significantly nonlinear resonance is an extremely wide, important and complex
research field both from practical and theoretical point of view. We have already
seen an example of the nonlinear resonance in Chapter 3 as we have analyzed the
harmonically excited oscillator in a clearance. But it is not the most important ex-
ample. We would like to distinguish between the almost linear resonances, which
were often investigated above, and the significantly nonlinear resonance (or sim-
ply “nonlinear resonance’), which is the object of our interest in this chapter.

The nonlinear resonance occurs always, when the frequency of excitation can-
not be considered as a constant, but it depends on the motion of the excited sys-
tem. This is the case in all applications, where the power of the exciter is compa-
rable with the energy demand of the machine, i.e. all real machines otherwise their
drive would be too powerful and expensive. So the practical importance of the
nonlinear resonance can be hardly overestimated.

Nonlinear resonance is an extremely complex field from the theoretical point of
view. It attracts attention of many different specialists both in mathematics and
mechanics for at least 50 years [7, 8, 31, 44, 61, 82 — 84, 86, 87, 113, 114, 138,
139]. Unfortunately mathematical problems in this area are so complex, that a
complete theory of the nonlinear resonance still doesn’t exist. The main point in
the analysis is the applicability of asymptotic expansions for a long time interval

0(1/ 8) , despite the natural time scale and the corresponding small parameter is

Je.

Two types of problems are interesting both from practical and theoretical points
of view. The first one is the so called passage through the resonance. This problem
is general for all machines operating in the overcritical area, i.e. with rotation fre-
quencies higher that the first natural frequency of the oscillating mechanical sub-
system. The name “passage through the resonance” itself implies that there should
be another possibility. The alternative is called “locking into the resonance” and
can be easily explained if we consider the so called “Sommerfeld’s effect”, which
was described firstly by A. Sommerfeld in 1902 and explained by I.Blekhman [17,
20] 50 years later. Actually it was Blekhman, who has introduced the name “Som-
merfeld’s effect” in 1953.

Consider the system in Fig. 5.1. It consists of an unbalanced rotor mounted on a
simple linear oscillating system. In the simplest case the system (the base) has
only one degree of freedom. The rotor is driven by a motor with limited power, for
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example by an induction motor. Let us increase the applied torque monotonously.
The objective is to increase the rotation speed of the rotor. If the base is rigid and
fixed, it would be the case. But in the situation under consideration the base has
one degree of freedom and the corresponding natural frequency. In this situation
the rotation speed of the rotor will increase until it reaches the vicinity of the natu-
ral frequency of the base. If we continue to increase the applied torque the follow-
ing phenomenon can be observed. The rotation speed jumps to the natural fre-
quency of the oscillating system (actually it jumps above this frequency and then
after some oscillations stabilizes at the resonance level). The further increase of
the rotation speed is going on very slowly (or completely stops), even though the
supplied power grows. Instead of that the oscillations of the base increase dra-
matically. The system remains for a long time in the resonance area. At a certain
level of the supplied power the oscillations’ amplitude falls down abruptly and the
rotation speed jumps to a certain post resonant value.

— A\ \N\N—
a1
LI |

A G CCNRRRRRRRXXRSN

Fig.5.1. An example of the “Sommerfeld’s effect”

The described scenario (cf. Fig. 5.2) means that the system finally passes
through the resonance. If the supplied power is not sufficient, the system can even
remain in the resonance area, i.e. it can be locked by the resonance. This situation
can be dangerous for any machine if it is not designed for operating in the reso-
nance. Thus the locking into resonance or too slow passing through the resonance
should be avoided.

If we decrease the applied torque and the desired rotation speed from some
overcritical level, the effect is even stronger. So to stop a machine may be more
dangerous than to start it. The start up and slow down of the induction motor
mounted on the system with one degree of freedom is shown in Fig. 5.3 (the simu-
lations were performed here with the higher damping in comparison to the simula-
tions shown in the Fig. 5.2).

The second kind of problems connected with the nonlinear resonance is just the
opposite of the first one. For many machines using vibrations for technological
purposes operating in the resonance can be desired. Than the problem occurs how
to bring a machine to the stable resonance or how to choose the control strategy in
order to create a stable and robust resonant regime.
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In this chapter we are not going to discuss the whole variety of mathematical
and technical problems connected with the nonlinear resonance. It would blow up
the limits of this book. We will only briefly discuss one approach useful for the
analysis of the desired resonance and illustrate it by two examples from ore proc-
essing industry (resonant crushers). Our objective is not to give a complete solu-
tion for any particular problem, but to introduce an approach, which is unfortu-
nately less known in mechanical engineering (even though it is well known among
the mathematicians).

® 37
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Fig. 5.2. Induction motor passing through the resonance; the figure on the top shows the ro-
tor’s speed, the thin line corresponds to the expected velocity of the rotor, the thick line
displays its real velocity; the figure at the bottom shows oscillations of the base; all the
units are non-dimensional and correspond to the equations (5.1); one can easily notice a
significant deviation between the required and achieved rotation speedy coinciding with the
strong oscillations of the base
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Fig. 5.3. Start up and slow down of an induction motor; the thin line displays the required
rotation speed, the thick line shows the really achieved rotation speed; one can notice that
the nonlinear behavior is much stronger during the deceleration of the rotor

5.1 The Basic Example of the Nonlinear Resonance

5.1.1 Elementary Analysis and Natural Scale for the Resonance
Domain

The unbalanced machine shown in Fig. 5.1 can be considered as the elementary
basic system for studying the nonlinear resonance. Its equations of motion in the
undimensioned form are as follows (cf. [20]):

X'+ fx +x = 5(1//”sint//+l//’2 cos y/)
v =u—vwy'+ckx"siny

(5.1)

Here Xx is the coordinate of the base, | is the angle of rotation of the rotor, &
is the small parameter proportional to the eccentricity of the rotor and k is a coef-
ficient depending on the inertial properties of the system. The term Sx’ describes
the small linear damping in the spring. The term # —viy' is the simplest possible
description of the induction motor. It takes into account that the motor torque de-
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creases with increasing rotation speed; @, = u/ Vv is the synchronous angular ve-

locity of the rotor, # is the static torque, V is the slope of the motor characteris-
tics.

We assume that &, ,u and Vv are the small parameters of the same order,
k= 0(1) . IN comparison to [20] we neglect the gravity forces acting on the un-

balanced rotor.
The equations (5.1) can be easily solved with respect to the highest derivatives

(we neglect the terms 0 (6‘) ):

x"+x=—pBx"+¢ey'? cosy

) , . (5.2)
v"'=u-vy' —ckxsiny
The corresponding unperturbed system is
14
X, +x,=0
e (5.3)
W, =0
Its general solution can be used as the transformation:
x=Asing, x'= Acos @
' (5.4)
v =0
Applying (5.4) to (5.2) we obtain:
A'=—fAcos’ ¢+ sw” cospcosy
@' =u—vaw—ekdsin psiny
v'=w (5.5)

2

gp':1+,Bsingocosgo—8w7singocos1//

This system has the characteristic form for the nonlinear resonant problems. It
has two slow variables 4 and @, and two fast rotating phases | and @ (all the

right hand sides of our equations depend periodically on these variables). If @
would be constant the situation would be simple. The only possible resonance
would correspond to

o =1 (5.6)

We could introduce the frequency delay @ —1 as the new small parameter, the
phase.difference. /.= @-as.the.new. variable and investigate the solutions in the
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& -vicinity of the resonance after averaging of all the equations with respect to the
only fast rotating phase ¢ .

Unfortunately, the rotation speed of the rotor is not constant in our case. It is
one of the unknown functions. The same statement is valid for the frequency delay
w—1.

The natural approach transforming (5.5) to the standard form in the vicinity of
the resonance (5.6) is based on the idea, that the resonance domain is mach larger
in the nonlinear case than in the almost linear case. Let us introduce the frequency
delay and the phase difference as follows:

0-y-p,0=2" (5.7
9 \/g .

The last assumption means that we are going to investigate solutions to our sys-

tem in the \/E -vicinity of the resonance (which is actually much larger that the
& -vicinity normally analyzed in the quasi-linear case).
The new variables are governed by the following equations (here we as usual

neglect all the terms 0 (8) ):

A'=—pAcos’ p+ecospcos(p+0)
, uU—v

NG

0 = \/Za—ﬂsinwcosgo+%sin(pcos(go+0)

—\/EkAsin(psin(er 0)—vo

(5.8)

o :1+ﬂsingocosgo—%sin pcos(p+0)

Notice that the coefficient (u — v) / \/; has the magnitude orderO(\/g ) , SO

we can denote(u —v)/\/; = MO\/E.

This system now has one slow variable 4 : 4" = O(é‘) , two semi-slow vari-
ables o :0" = OJe ,0:0' = O\ and one fast rotating phase @ . It is a system

in the standard form for averaging but with the small parameter \/; instead of
& . It can be averaged with respect to ¢ and the result is sufficient for the analy-
sis of the stationary solutions (singular points).
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The price we have paid for this result is not small. The averaged equations to
1
(5.8) are valid on the time scale 0(—}, which is much shorter than in the

Je

quasi-linear case. We will see that this time scale is too short for the investigation
of transient processes in the vicinity of the nonlinear resonance!
The result of the averaging of the equations (5.8) is as follows (we use the sec-

ond order approximation with respect to the new small parameter\/z , which has
the accuracy O ( 8) ):

]
A = _E'BAZ +55cos6’2
, 1
o, =uNe —E\/;kAz cos 6, —vo, (5.9)
0, = \/;0'2 — % sin 0,
24,

The subscript 2 denotes here the averaged variables in the second order ap-
proximation. In order to analyze this system let us consider the first order ap-

proximation (we neglect the terms 0 (\/Z ) ):
A=0
ol = uO\/——%\/;kAI cos b, (5.10)
0, =eo,

The amplitude A, remains constant according to the first equation. The second

and the third equations together describe the so called “equivalent pendulum”.

n l
6, +58kA1 cosd, = su, (5.11)

5.1.2 The Basic Regimes of the Equivalent Pendulum

The equation (5.11) describes a mathematical pendulum with an applied con-
stant torque. We have already seen this equation in section 3.6. The small formal

difference can be eliminated if we change the zero of the phase difference & :
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6,=9+3
. (5.12)
3" - 5 ekd, sin 9 = eu,

The phase portrait of the equivalent pendulum for the case |kAl| > |2u0| is
shown in Fig. 5.4.

The first and very important property of the system (5.12) is its conservative-
ness. It is the general property of the first order approximation to all systems with
two rotating phases in the vicinity of a simple nonlinear resonance.

The term § £kA, sin 3 is usually called “the vibrational torque”. lts relation to
the “external torque” &u,, determines the basic properties of the equivalent pen-

dulum. Two types of motion are possible for the pendulum depending on the pa-
rameter values and its initial energy: rotation and oscillations. Only rotation is
possible if the external torque is sufficient large:

u, > kA /2 (5.13)

The stationary resonance is impossible in that case. So the resonance is not at-
tracting and the system leaves its vicinity on its natural time scale £ = O (\/E )

The situation changes, if the external torque is small, i.e.

u, <k4,/2 (5.14)

N

X

Fig. 5.4. The phase portrait of the equivalent resonant pendulum; the homoclinic loop
(thick line) limits the attraction area of the stationary solution (according to the first order
approximation).
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Then the closed loop going through the saddle point exists. It separates the area
of oscillations (inside of the loop) from the area of rotations (outside of the loop).
The type of motion depends on the initial conditions, especially on the energy of
the equivalent pendulum. The total energy of the pendulum can be obtained as the
first integral to the equation (5.12):

2
E=19"+1¢ckd cos 3 —eu,9 (5.15)

The first term here is the kinetic energy £, the second and the third terms

correspond to the potential energy £, of the equivalent pendulum (see Fig. 5.5).

E(9)
\

Fig. 5.5. Potential energy of the equivalent pendulum

If the initial energy of the pendulum is between the maximum and the mini-
mum of one potential well, then the pendulum oscillates in it. If the initial energy
is larger than the maximum the pendulum rotates with increasing speed.

Unfortunately the system of the first order approximation is conservative. It
means we cannot conclude anything about the stability of the resonant solutions
on its basis. The second order approximation however gives us sufficient informa-
tion in order to investigate the stationary resonant regime.

5.1.3 Stability of the Stationary Resonance

The stability investigation based on the system (5.9) can be performed for the sta-

tionary resonant solutions. Let us convert to variable ¢ = 6 — 5 in the equations

(5.9):
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, 1 I .
A, =_E'BA2_585m32
1 .
o :uox/z+5x/;kA2 sin %, —vo, (5.16)
3 =\/EO'2——8 cos Y,
24,

The stationary resonance satisfies the following equations:

1 .
Azo = _Fsm l920

0

. 2u 2v
siny, = ——+—= \/20-20 (5.17)
20 20
Je
Oy = cos &y,

0

Here we have introduced the following notation: = f,&, v =V,& in order
to compare the magnitude orders explicitly.

It follows from the last equation in (5.17) that o,, = O(\/E ) ~ (. Hence
2u,

sin$,, =— + 0(8). Substituting this relationship into the first equation

0
we obtain the stationary amplitude of the resonator (here we neglect the small

terms):
_ |2u,
Ay _‘/kﬂo (5.18)

Two different stationary regimes of the equivalent pendulum can correspond to
this amplitude:

2u,

kA,
5 5 (5.19)
9 = —arcsin( —uliﬂo J; 9 =z + afCSin( —ul(;ﬂo ]

sin%,, =— =
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Referring back to the relationship for the potential energy of the equivalent
pendulum one can easily notice that its minimum corresponds to the stationary so-

lution with cos 1920 <0 and its maximum corresponds to the solution with

cos§,, > 0. Thus the first solution is obviously unstable and only the second
one can be stable.

In order to investigate the stability of the second solution let us write the equa-
tions in variations:

A =A,+4;,8,=9,+9;0,=0,,+6&
zi':—(%ﬁjil—(%gcos&o)g
&E:[%JZkﬁn&ij+(%JZk@oam&mJg—v& (5.20)
gr:\/;&+(isin.920j§+(icosl9ﬂ)};1

20 0

The corresponding characteristic equation for the eigenvalues A is:

%,B+l %gcosgzo 0
—chos.%o —Lsin.920+ﬂ —Je|=0 (5.21)

24y 24y
—%\/Ek sin 9, —%\/;kAZO cosd, v+4

This equation is a polynomial of the third order with respect to A :
B+ 2 (vy+ By)
1 1 g’ B’
—A| —€kA,, cos §,, + ——&> cos” G, + [y, + ——2
(2 k‘AZO 20 4A22 20 ﬂO 0 4 (522)
0
1 . & B,
+Z<92k cos &, sin 9, + Eh

Here the relationships (5.17) were taken into account. The terms O (6‘2) in the
third term and O( &’

can be neglected. This simplifies our equation:
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A+ e(vo+B))- 1%1420 cos 9, —%gzkﬂoflﬂ) cos$, =0 (5.23)

The Hurwitz’ criterion for the asymptotic stability (the sufficient condition that
all the eigenvalues have negative real parts) is:

cos$, <0

&k 1 (5:24)
_T(VO + f3,) Ay c08 Gy > —Zgzk,BOAm cos 9y,

The first inequality is already known. It means that only the equilibrium posi-
tion corresponding to the minimum of the potential energy can be stable. The sec-
ond one is fulfilled automatically because it can be transformed as follows:

v, +%ﬂ0 >0 (5.25)

Both terms in (5.25) are positive due to their physical sense: £ is the damping

in the mechanical part of the system and “—Vv” is the negative slope of the mo-
tor’s torque.

R . 2 .
Thus the equilibrium point 4,, 32(0) ,0,, =0 is stable.
Notice that this result is based on the second order approximation with respect

to the natural small parameter\/; . The first order approximation was not suffi-

cient to solve the stability problem.
The basic necessary condition for the existence of the resonance is based on the
inequality (5.19):

Ay >2uylk = 2u,pB, <k (5.26)

5.1.4 Resonant Motions: Averaging with Respect to the Oscillations
of the Equivalent Pendulum

(This section contains advanced approaches and can be omitted by readers,
who are not interested in the special problems of the nonlinear resonance.)

We have seen in the previous section that the damping of the equivalent pendu-
lum is very small. It is sensible to investigate its behavior carefully in such a situa-
tion. Unfortunately the averaged equations (5.16) are valid for the time interval

O(l/ \/Z ) , which is too short for analyzing of the transient processes in the sys-

tem. The amplitude of the resonant oscillations increases with the rate 0(8).
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Thus on the natural resonant time scale it cannot change sufficiently in order to
achieve considerable values: 0(8) -0 (l/ \/Z ) =0 (\/E ) . What we really need

in order to investigate the transient solution (and from the practical point of view
in order to control them) is an approximation which would be valid on the time

scale O(1/¢).

Careful analysis shows that the source of the increasing inaccuracy of our ap-
proximation is not the amplitude of the mass or the amplitude of the equivalent
pendulum, but it is its phase. This result together with the fact that the equivalent
pendulum oscillates in the resonance domain, explains the idea to average the
equations (5.16) with respect to the phase of the equivalent pendulum’s oscilla-
tions. This operation is possible because the “unperturbed system” (5.12) is con-
servative, it can be integrated and its integrals can be considered as the new vari-
ables for the full system (5.16). However the technical problems are considerable,
because the corresponding transformation cannot be performed using elementary
or even widely known special functions. We are going to perform the analysis ap-
plying a transformation, which was suggested by A. Pechenv [87], who also
proved that the final twice averaged system is valid on the required sufficient long
time interval [86]. This proof can be found in the Appendix VII.

It is convenient to choose the zero of the potential energy in the stable equilib-

rium of the equivalent pendulum for particular amplitude 4, :

E, =%gkA2 (cos 9, —cos 3, )—cuy (I —3.)

1
Ey = 55022 (5.27)

4. = +arcsin % , Sin &, =—%, cosé <0
kA, kA,

Now we can introduce new variables g and J, replacing the variables ¢ and
O

1 1
Egz cos’ y = EkA2 (cos 3, —cos 9*)—”0 (%-4.) (5.28)

gsiny =o,; sgn(cosy)=sgn(9.—9,)
Notice that 9, is not a constant. It depends on the variable 4, . The variable

g2 describes the full energy of the pendulum according to the first order ap-
proximation (cf. Fig. 5.6).
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This transformation enables to express the old variables uniquely in terms of
the new ones, but it does not permit analytic solutions of the transcendental equa-

tion for &, as the reciprocal to (5.28) in elementary functions. It is assumed be-
low that &, is expressed in terms of the variables 4,, g, 7

2
— g cosy

Fig. 5.6. Potential energy of the equivalent pendulum in the new variables

The new variables are governed by the following equations (we neglect the

terms O(é‘) in the equation for y):
1 |
= —EﬂogAz —Eesm 9

g'=—¢ev,gsin’ y + g%cos 9 (sing, —sin 9,)
k (5.29)
—54—(sin 9, +2,4,)(cos 9, —cos J.)
g

,:l\/z sin &, —sin 4,
gcosy

Here we suppose that the variable 32 is expressed in terms of the new vari-
ables according to the transformation (5.28). Unfortunately it cannot be done in
elementary functions in a closed form. Let us show that 7" is a bounded function.
The only zero of the function g COS ) corresponds to the point &, =3, (cf. Fig.
5. 6) In the V1c1n1ty of this pomt we can solve the equations (5.28) taking the quad-

oLl ‘”LlLI

expansion into account:
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gcosy ~—J—-1cos 9 (4 -4) (5.30)

Applying this relationship we obtain the following estimations:

. sin4, —sin g cos 9,
lim =-— >0
geosy>0 g oSy \/ —5cos§,

(5.31)

. cos& —cos sin 9,
lim =

gcosy—0 gcosy ,_ % cos 19*

Thus the right hand side of the equation for ¥’ remains always positive and
bounded (cf. Fig. 5.7).

g’ cos’y

gcosy
sing, —sin 4,

gcosy

Fig. 5.7. The right hand side of the equation for ¥ " is bounded and positive in the area of

oscillations of the equivalent pendulum; it becomes zero if we approach to the maximum of
the potential energy

The variable ) can be interpreted as a rotating phase, which velocity has the

magnitude order O(\/; ) . We can convert to it as the independent variable:
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%__\/;& gcosy _Jz 1 sin$,gcosy
dy k sin§, —sin 9, kA, sin @, —sin 4,
2 2
d_g:_ e 2v0g'81n }/(fosy +\/;Lcos.92 cosy (5.32)
dy kA, (sin 9, —sin 9,) 24,

k cos %, —cos G
“Je—(sin@ +28 4, )cos y —— 22 T2
24, (sin 8 +2/,4,)cosy sin, —sin 4,

This system is in the standard form for averaging. The small parameter is \/E .
After averaging with respect to the “semi-slow motions” in the resonance domain

the system can be represented in the plane of two variables 4, and g2 . Unfortu-

nately no results are available in the closed form. A typical attraction area of the
stationary resonance is shown in Fig. 5.8 (cf. [87]).

2

g
rotation of the equivalent pendulum
energy level limiting
the oscillations area
oscillations of the
g equivalent pendulum
S e S SO VU S F P A —
2uy Ay 4,
k

Fig. 5.8. The plane of the averaged variables A2 and & % for sufficiently large negative

slope of the engine’s characteristics

One can find there the stable equilibrium point g =0, A, = A,, and the lim-
iting curve corresponding to the closed homoclinic loop in Fig. 5.4. All the solu-
tions under the limiting curve converge to the stable stationary solution. If the
slope of the motor’s characteristics is small, then a part of the area right from the
i i the attraction area.
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These particular results illustrate the possibility to investigate the attraction area
of the nonlinear resonance. Much more interesting is the general fact concerning
the validity of the twice averaged equations.

It can be shown that the equations (5.32) averaged with respect to the

semi-slow phase are valid with the accuracy of 0(\/2 ) for the long time

interval f = 0(871)

The phase ) after averaging can be estimated very inaccurately with a large

mistake O (1) . These results based on the so called hierarchical averaging of sys-

tems containing slow, semi-slow and fast variables give mathematical foundation
for analyzing of the nonlinear resonance.

5.2 Nonlinear Resonant Crusher with Almost Elastic
Collisions

5.2.1 Problem Description. Equations of Motion

Consider the system shown in Fig. 5.9. It consists of a frame of mass M, in
whose interior a striker of mass #2 is attached elastically. The striker can collide
almost elastically with the frame at a relative distance A ; from the static equilib-
rium point. An inertial vibrator characterized by the mass m, and radius O is

placed on the frame and set in rotation by an induction motor. The analysis below
is confined to linear approximation of the torque at the motor’s shaft:

P(y)=U-Vy,U>0,V >0 (5.33)

Fig. 5.9. Resonant crusher with almost elastic collisions
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The kinetic and potential energies of the system together with the dissipative
function can be written as follows:
T=hM s mig A s bm g mpigsing
2, _ -2 :
M=3cq™; W=1bg

Here X, is the co-ordinate of the frame, X, = X, + ¢ is the mass of the striker,
c and b are the stiffness and the damping of the spring correspondingly,
M = M, +m+m, is the total mass of the system.

Now the equations of motion between the collisions and the kinematical condi-

tions describing collisions must be formulated. For the time intervals between the
collisions one obtains:

M, +mc']'—mrp(l/7sinl//+l/'/2 cosy/)zo
mx, + mg+bq+cq=0 , 1f g<A, (5.35)
m,p"y —m, p%, siny =U ~Vyr

Now the kinematical conditions for the collisions have to be formulated. The
main peculiarity of the system is that the rotor is placed on the colliding frame. It
means that not only the velocities of the colliding bodies, but also the rotor’s an-
gular velocity is discontinuous at the time point of the collision. The collisions

take place when ¢ = A ..

The collisions are described conventionally by the generalized impulse
conservation law accomplished by the Newton’s impact law (cf. Chapter 1):

, 2or et _er) T
A oy, T oyl (536)
q.+ = —Rq.7
These conditions can be formulated explicitly as follows:
.. m(d,-q)
Xy =X =m0 5
M —m, sin"
) ) msiny (g, —q_ ) 5.37
v.-y == ( ) if g=A, 37

p(M—mr sin” l//)’
q.—q.=—(1+R)q_
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Equations (5.35) and (5.37) describe motion of the system under consideration
completely. It is sensible now to eliminate the variable X, , to convert to undimen-

sionedl variables and to introduce small parameters.

/c M bM m m

k: B ’ﬁz ’ﬂ: ’g: r
mM-—m km (M—m) M-m M
A

pda U T
Yo, mp°k mp°k yo, dr

(5.38)

Now the equations (5.35) and the impact conditions (5.37) can be rewritten as
follows:

Y+ By +y=—e(1+ u)(y"siny +y" cosy )
w" = u—vt//'+g(ty”sin1//+y/'2 cos y/)

. ’ , <0 (5.39)
+s1n1//{,6’,u(1+,u)y +u(l+u)y

+ e,u(y/” siny +y" cosy/)}

yi=y ==(1+R)y
, , ,usinl//(1+R) , Ly=0 (5.40)
V,-y_= ) Y-
(1+,u)(1—gsm y/)

We suppose now f3,&, 1,0, (1 - R) ,U,Vv to be small parameters of the same

order and omit the terms 0 (é‘) :

_ , <0
w'=u—w'+ey'’siny cosy + uysiny

Vi=y ==(1+R)y
w. -y =pcosy(1+R)y

{y”+ﬂy’+y =—ey" cosy

(5.41)

2

System (5.41) shows that both variables )y and /' are discontinuous. But the
arts of the discontinuity of these variables are significantly different. The jump of
the variable ) is large. The discontinuity of the variable I/ is on the contrary
small-Dueto.this.circumstance.different-methods can be applied for the averaging
of these discontinuities. Variable y/ can be averaged “directly”. Variable ) must
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be regularized by means of the discontinuous unfolding transformation, which was
discussed in Chapter 3.

5.2.2 The Unfolding Transformation. The Main Resonance

In order to regularize the variable y the following unfolding variable transforma-
tion can be applied:

y=56-| (5.42)
The new variable z contains only small discontinuities:
2"+ Bz +z=35sgnz+ew’ cosy sgnz
z,—z =—(1—R)ZL, if z=0
v'=w (5.43)
o' =u—-vo+sw’ sinwcosz//+,u(§—|z|)sinw
o, -0 =(1+R),u|zi|sinw, if z=0

In order to obtain a system in standard form the van-der-Pol’s transformation
based on the solution to the unperturbed system can be applied:

z=Asing;, z'=Acose (5.44)

Substituting (5.44) into (5.43) and neglecting the small terms of the second or-
der one obtains:

A'=—BAcos’ p+5cospsgn(sin )
+ew” cosy cos gsgn (sing)
A -4 = —(I—R)Af, if p=7n
@' =u—vo+ e’ siny cosy — pAlsin g|siny (5.45)
w,—o_=(1+R)udsiny, if p=r7n
v'=w
Q' :1+%ﬂsin2¢—%|sin(p| —%a)2 cosy/[sin ¢
The main principal resonance in the system (5.45) corresponds to the sur-

face @ = 2 . Two semi slow variables can be introduced in its \/& -vicinity:
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-2
0=y —2¢; G:W (5.46)

Substituting (5.46) into (5.45) one obtains equations in standard form for aver-
aging:
A'=—pAcos’ p+Scospsgn(sing)
+ew’ cos (2 +0)cos psgn (sin @)
A -4 =—(1—R)A_, if p=7nn

J—J—J—

@’ sin(2¢+6)cos(29+0)

—\/;A|sin ¢|sin(2¢+6) (5:47)
o, —c =(1+R)Judsing, if ¢=zn

- \/;a—ﬂsin2¢+2%|sin(p|+2%a)2 cos(2¢+06)[sing|
, | 0. £ .
1) :1+5ﬁsm2¢)—z|s1nqo|—za)2 cos(2(0+49)|sm(0|

These equations can be averaged with respect to the fast rotating phase ¢ .

5.2.3 Averaging with Respect to the Fast Rotating Phase. Stationary
Regimes

The result of the averaging (the second order approximation) is as follows:

A;:—(lﬂ - R)Az—iea) sin 6,
2 V4

=\/;O-2+__

4, 3rA,

, U—VD 2 1+R .
o, = \/; —v0'2+[§+7)\/;14251n02

The effective damping ﬂ'e can be introduced here similar to Chapter 3.

g’ cos 0, (5.48)
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1 1-R
Bo==p+—— (5.49)
2 V2
This effective damping includes both the energy dissipation in the spring be-
tween the collisions and energy losses during collisions. But the most interesting
effect of impacts in the system (5.48) is not the increased effective damping. The
most interesting effect is expressed through the last term in the last equation,
which is significantly increased due to the discontinuous condition for o (the
fourth equation in (5.47)). In other words the contribution of the discontinuous
jumps in the rotor’s rotation speed increases significantly the stiffness of the
equivalent pendulum or the vibrational torque [20] in the last equation:

O — AW sin 0, =
_U—wv 2 1+R (5.50)

Uy = s W=——+
Y7, 3z &

The following analysis is absolutely similar to that in section 5.1. If
|u0| > WA,,, the only possibility is rotational motion of the pendulum, which cor-
responds to the break off of the resonance. But if |u0| <WA,,, ecither rotation

(also resulting in the resonance’ break off) or oscillations are possible depending
on the initial conditions. In other words the necessary condition for the existence
of the stationary resonance is

luy| < WAy, (5.51)

If this condition is fulfilled, the system (5.48) has two different stationary solu-
tions with the same amplitude:

dew’u,
029
3w

[ u | u
0,," = —arcsin| —2 or 6,*) = x+arcsin| —2
w. w.

20 20

2

(5.52)

The necessary condition for the existence of the resonance (3.3.34) can be re-
written now as follows:

O<u, < (5.53)




5.3 Nonlinear Resonant Crusher with Inelastic Collisions 203

It is obvious from the classical equation (5.50), that only the second solution
can be stable (it corresponds to the stable equilibrium point of the equivalent pen-
dulum).

Averaging with respect to semi-slow oscillations of the equivalent pendulum
doesn’t differ from the analysis in the section 5.1.4. Corresponding details can be
found in [39].

5.3 Nonlinear Resonant Crusher with Inelastic Collisions

5.3.1 Problem Description. Equations of Motion

Consider the system shown in Fig. 5.10. It consists of a frame of mass M| in

whose interior, which has a length 2/, a striker of a mass m moves freely. An
inertial exciter characterized by the inertia J and a static imbalance moment S is
placed on the base of mass M, and set up in rotation by an induction motor. The

analysis below is confined to linear approximation of the torque at the motor’s
shaft:

Ply)=U-Vy,U>0V >0 (5.54)

\

I://///////////J

AN\

Fig. 5.10. Resonant crusher with inelastic colhs1ons

7

%V///

7

This approximation is valid in the vicinity of the system’s natural frequency

1 1
A= l¢c| ——+— (5.55)
\/ [M1+m sz

Here c is the stiffness of the spring connecting the base and the frame, the cor-

responding damping is b .

The system under consideration is a simple dynamical model of a resonant
crushers The baseswithrtheninductionnmotor is separated from the frame in order to
protect the bearings from the impact loads (cf. the previous section). The collisions
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between the frame and the striker crush the stones of different sizes between them.

The energy consumption for crushing is large. Thus we can consider the collisions
as absolutely inelastic.

Let us introduce the following variables:

e X, is the coordinate of the centre of mass of the impact element composed of
the frame and the striker;

ey is the relative coordinate of the striker in the clearance;

e X, is the coordinate of the base carrying the unbalanced exciter;

e I/ is the rotation angle of the exciter.

Then the equations of motion and the kinematical conditions for the inelastic
collisions can be formulated as follows:

! M, +m 2 M1+my
PO .
M, +m 2 M1+my
L
oM, T Mm
— 2 — — —E(cosy/)"
M\ T Moem ) T (5.56)
y/:U_VV/+—5c'2sinl//
J
M\ M1+my
y= m
— | X, X, +— |, for <l
M\ M em b
0, for |y|=l

Equations (5.56) must be supplemented by separation conditions, which de-
scribe transitions from the joint to separate motion stages of the colliding partners:
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Il
=)

ol x—x, =y l+b| ok -k, —
b M1+my b M1+my (5.57)
for |y|=l, y=0

Equations (5.56) and (5.57) describe motions of the system completely. It is
sensible now to eliminate the degree of freedom corresponding to the motion of
the center of mass of the whole system and to convert to undimensioned variables
and parameters:

m b( 1 1 j U 1%
U= & + U= V=—o

Mo+m’" 22\ M+m M) 2T A
2
o= S; =IM2;k1= Cz;k2= c2 (5.58)
IM, J M2 M,
0<k <1, 0<k, <1
X=X -,

Now the equations (5.56) and the separation conditions (5.57) can be rewritten
as follows:

X¥=-A%(x—uy)—2Ae(x— uy)+5l(cosy)
W= Au—Avg

ow . : o
+T{/12k2 (x—,uy)+2/18k2 (x—yy)+5l(cosy/) } (5.59)

. {/Izkl (x—,uy)+2/18k1(5c—,uy), for |y|<l
y:
0, for |y|:l

A(x—py)+2e(x—uy)=0, for |y|=1, y=0 (5.60)

Let us notice that the variable X, does not appear in the system (5.59), (5.60).

It can de found from the second equation of the system (5.56) after the equations
(5.59) and (5.60) are solved.

We suppose now &, i,0,u,V to be small parameters of the same magnitude
order and omit the terms 0 (8) :
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X¥=-A%(x—uy)—2Aex—Sly cosy

W= u—Avg + §TW{2,2k2x — 5l cosy |

[k (x = pay) + 248k, for [y <1 (5-61)

r 0, for |y|:Z
A(x—puy)+2ex=0, for |y|=1, y=0

System (5.61) shows that both variables X and |/ are continuous. The vari-
able y is discontinuous and must be regularized in an appropriate way.

5.3.2 The Regularizing Transformation. The Main Resonance

The variety of motion regimes, which are possible in the considered system, is
wide. It is determined by the sequence of the impacts. Below we shall restrict the
analysis to an elementary regime characterized by the presence of contact zones
(finite time intervals of joint motion of the striker and frame) with two collisions
per frame’s oscillation period. The following discontinuous transformation can be
applied in order to regularize the variable ) (cf. the discontinuous transformation

for systems with inelastic collisions discussed in section 4.4):
x=Asiny; x=AAcos y; v =A1Q
y=IL(p,a)- Ak sin y M, (p,x)
+ {—H B[(P— ”[Q:D}Ml (2¢,)sgnsing (5.62)
Vd
y= /I{Bsgn sin g — Ak, cos ;(} M, (2(/),0{)
L(y,a)= (1 - M, (Z(p,a))sgn sin @

Here, as usual, [Z] means the integer part of z, function M | is defined as

follows:

(0.0)-]

Variable ¢ is determined by the transcendental condition corresponding to
the time point of a collision:

I, O<gp<a
O,a<(p<27;’ 1(§”+ ”’0‘) 1(60,06) (5.63)
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Bo — Ak, sin y =2/, when p=« (5.64)
New variables are governed by the following equations:

A= Auycos y—2AeS cos® y—S4 1O cos y cosy
;'(=/1+lgsin2;(—%(uy—5 Zchosy/)sinZ
v = A0

Q=lu —/IVQ+§—Wlk2Asin;(sinl//
‘ [ (5.65)
BM, (¢,a) = =8k 1Q* cosy M,* (¢, )

oM, (p,a) =AM, (p,a)

/?,k;' IQZ(go ﬁ[w/ﬁ])cost (p,a)

M, (p,a) =M, (2¢9,a)sgnsinp

It is assumed that ¥ and Y are expressed here in terms of the new phase vari-
ables. We note that the above transformation of variables guarantees identical sat-

isfaction of the equations during the contact motion stages, |y| =/ . In the equa-
tions (5.65) this circumstance is manifested in the fact that the right- and the left-
hand sides of the last two equations vanish identically during these stages. The
variables B and ¢ as functions of time are therefore solutions of a sequence of
differential equations for which the new initial conditions (5.60) are adopted at
times determined by the separation conditions.

The main principal resonance in the system (5.65) corresponds to the sur-
face Q =1. Two semi-slow variables and one slow variable can be introduced in
the \/; -vicinity of the resonance:

9=¢—z;a=?ﬁ7;n=w—z;rzb (5.66)

Substituting (5.66) into (5.65) one obtains equations in the special form which
was discussed in Chapter 4. It contains one slow variable A , two semi slow vari-
ables o and 77, two slave variables € and B, and one fast rotating phase J .
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A :,ucos;({y—281Acos;(—25llcos(;(+77)}

o' = \/;{ul —v, +26WI 'k, A sin;(sin(;(ﬂy)}—,uvla
n' =\/;a+,uA"1 sin;({y—281Acos;(—25llcos(;(+77)}
OM,(x+0,a)=uM, (;(+9,a){yA’1 sin y —&,sin2y

-25,147" sin;(cos(;(+77) (5.67)

+2k,6,IB (;{+¢9—7{ZT+0DCOS(;(+77)M2 (;(+6’,a)}

B'M, (x+6,a)==2ublk cos(y+n)M,” (y+0,a)
7 =1-ud" sin;({y—251Acos;(—2§llcos(;(+77)}
The separation conditions take the form
2(t,)=nz, n=0,1,2,..., 6(t,)=0, B(t,)=kA(z,) (5.68)
The slow variable & is determined by the equation
Ba — Ak, sin(a—0) =21 (5.69)

In order to use only one small parameter, we have introduced here the follow-
ing notation

g =¢lu; 6,=56/2u; u =ufpu; v,=v/u (5.70)

These equations can be averaged with respect to the fast rotating phase } .

5.3.3 Averaging with Respect to the Fast Rotating Phase. Stationary
Regimes

The result of the averaging (the second order approximation) is as follows:
Ay =—p (5,4, ~ 51 cosn, +1F (4, /1))
= \/;O'z + :u(é‘llAz_l sin77, + G(A2/Z))

o) = \/;(“1 —v, + 8,01 Wk, cos 772)— Uv,o,
B, =k4,;6,=0

(5.71)
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Here we have introduced the following notation (subscript 2 is attached to the
corresponding averaged variables):

Ak
F(4,/1)= 2;; (l—coszaz)

k )
G(Az/l):;(az—(2—cosa2)smaz) (5.72)
a, —sina —2—1

2 2 _Azkl

In order to simplify the analysis of (5.71) the following notation can be intro-
duced:

A V4
a2=72; 52:772_5; W, =kWé; uy=u,—v (5.73)
Neglecting the small terms O( ,u) in the equations (5.71) we obtain the well

known equation describing a pendulum with the applied external torque:

aéo =0
&= \/Zo-zo < & — uW,aysin &y =y (5.74)
Oy = \/;(”0 —W,a,, sin éfzo)

The following analysis is absolutely similar to that in sections 5.1 and 5.2. If
|u0| >W,a,,, the rotation of the pendulum is the only possibility, which corre-
sponds to the break off of the resonance. But if |u0| <W,a,, , either rotation (also

resulting in the resonance’ break off) or oscillations are possible depending on the
initial conditions. In other words the necessary condition for the existence of the

stationary resonance is
|”0| < I/Vzazo (5.75)

If this condition is fulfilled, the system (5.71) has two different stationary solu-
ions with the amplitude determined by the equation:

o,

2

£,a; + azF(az) = (5.76)

These solutions differ through their phases:
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Uy Uy

2 .
or &, = m+arcsin
20 20

W _ -
&, = —arcsin

(5.77)

It is obvious from the classical equation (5.74), that only the second solution
can be stable (it corresponds to the stable equilibrium point of the equivalent pen-
dulum).

Averaging with respect to semi slow oscillations of the equivalent pendulum
doesn’t differ significantly from the analysis in the section 5.1.4. The correspond-
ing details can be found in [87].

It should be added that all the above analysis must be supplemented by an exis-
tence condition for the considered impact regime:

2
O<a,<mora, (t)>—7[ (5.78)

1

If this condition is not fulfilled another regime with less frequent collisions or
possibly “continuous juggling” will appear. In many practical cases, regimes with
less frequent collisions are just as undesirable, as the resonance breakdown with
sharply decreasing vibration amplitude is. In order to avoid this situation the fol-

2
lowing relationships should be taken into account. If a,, <—— the stationary

motion of the considered type is impossible. The attraction region of the stationary
resonance is maximal, i.e. it corresponds to the internal homoclinical loop in Fig.
5.4, if the following condition holds:

2

- 5.79
T (5.79)

Otherwise our analysis is not valid in a part of this loop and we cannot guaran-
tee that the integral curves from this part will reach the stationary point.

5.4. Conclusions

Significantly nonlinear resonance is an extremely wide, important and complex
research field both from practical and from theoretical point of view. It occurs in
all systems where at least one frequency (either the “natural frequency” or the fre-
quency of excitation) is not constant, but depends significantly on the unknown
solution. The main peculiarity of the nonlinear resonance is its wide attraction

area. It spreads in a large (O(\/g )) area around the resonant surface. Dynamics

of systems in the vicinity of the nonlinear resonance is also complex. It is neces-
sary to distinguish between fast motions corresponding to excitation and “visible”
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oscillations of the system, semi slow oscillations of the phase differences in the
resonance domain and slow evolution of the general characteristics of the system,
like its energy or the amplitude of the fast oscillations.

Standard averaging with \/E considered as the small parameter is sufficient for
investigating the stationary resonant regimes and their stability, but it does not al-
low finding the attraction area of the stable resonances in the phase space, because
it is valid within an insufficient time interval. However, the system averaged with
respect to both fast and semi slow oscillations in the resonance domain is valid
within a sufficiently long time interval and is therefore suitable for analyzing the
transient motions.

The described complex dynamics is especially important if the technical objec-
tive is not to avoid the resonance, but to create and to stabilize intensive vibra-
tions. Then the semi slow phase dynamics is the key point for the development of
any efficient control.

The described approach can be easily combined with the averaging procedures
established for discontinuous systems. This combination is especially important
because resonant machines are often user for crushing, grinding, screening and
transporting of bulk materials in ore processing and chemical industries.



6. High Frequency Excitation: Basic ldeas and
Elementary Effects

Systems with high frequency (HF) motions appear everywhere in physics, en-
gineering and common life. The conventional approach to systems with HF mo-
tions is to ignore them completely. Examples for this approach can be found eve-
rywhere. If we are talking about motions of a rigid body we ignore the HF elastic
waves which are an unavoidable companion for any acceleration or deceleration.
Investigating elastic waves we ignore the HF thermal oscillations of the molecules
this body is built of. Analyzing the molecules’ motions we usually ignore the HF
electron waves replacing them by some kind of imagined linear or nonlinear
springs connecting particular atoms. Talking with a friend we usually ignore the
nonlinear electro-magnetic waves in his brain even though without these waves no
discussion would take place.

These examples show on the one hand that the ignorance towards HF motions
is one of the fundamentals of our science and culture. Usually we do not even no-
tice what we ignore in a particular situation.

On the other hand they permit an idea what is usually meant if one is talking
about HF motions. Under HF motions we understand oscillations if their fre-
quency significantly exceeds the frequencies of the processes we are interested in.
It is important that the general term “motions” is replaced here through the term
“oscillations” being a particular kind of a motion. The reason becomes obvious if
we look back at the systems with collisions discussed in the previous chapters.
Any collision itself is definitely much faster than the oscillations we were inter-
ested in, but on the other hand it could never be neglected in investigated prob-
lems.

There are many reasons why we ignore the HF motions. The first one is that
our cognition is originated in human senses. In the common life we are used to ig-
nore things which we cannot see, hear, smell or touch. The second and much more
important reason is that without ignorance, without simplifying modeling the cog-
nition and science would hardly be possible at all. In many cases it would be to-
tally senseless to try to get some useful information about system’s behavior by
following each thrill of each component when we are really interested in some
generalized or averaged characteristics.

The mathematical basis for our ignorance is given through the strong filtering
properties distinctive for many systems and sensors. However it is well known
that this kind of ignorance is not always useful and correct. If a nonlinear system
is'excited in the"HF ‘domain and the'excitation is sufficiently strong, the system’s
properties with respect to slow motions can be changed significantly. The obvious
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examples are phase transitions due to increased or decreased temperature like
melting ice or demagnetized iron. Numerous examples of interaction between HF
excitation and system’s response at a low frequency can be found in pure me-
chanical systems too. The stabilizing of the upside-down position of a simple pen-
dulum due to invisible vibrations with small amplitude and a frequency much
higher than the natural frequency of the corresponding linearized system is one of
the well known examples. Another one is the smoothing of the dry friction in
presence of sufficiently strong tangential vibrations. The result of this smoothing
is the ability of HF vibrations to quench the self excited oscillations in systems
with negative friction gradient. These two elementary examples are considered in
sections 6.2 and 6.3. Before that the classification of dynamic systems with HF
excitation is given in section 6.1. The problem of shifted resonances of a pendu-
lum is discussed in paragraph 6.4. The exceptional role of the terms depending on
the velocities is discussed in paragraph 6.5. The effect of HF vibrations (dither) in
strongly damped control systems is investigated finally in section 6.6 where some
advanced ideas like averaging observer are also discussed.

Examples illustrating general properties of mechanical systems under HF exci-
tation can be found in almost any book discussing nonlinear oscillations [23, 24,
79, 80]. The main reference in this area is surely the monograph by Blekhman
[20]. An excellent classification of the contemporary used effects was done by
Thomsen [119]. Some additional examples can be found in [81, 120, 121 — 125].

Mathematical basics for the averaging of systems with HF excitation are dis-
cussed in Chapter 7. Several advanced examples concentrated on the effect of the
oscillating terms containing the generalized velocities are also investigated there.
This chapter is strongly recommended not only to mathematicians but also to
those who are interested in why the analysis of the HF vibrations can influence our
world-outlook. We live at the threshold of the new scientific revolution. The deep
understanding of interactions between different scales in time and space domains
will be one of the main scientific challenges in the coming decades.

6.1 Classification of Systems with HF Excitation. Weakly
Excited Systems

6.1.1 Classification of Systems with HF Excitation

In this chapter we are going to consider systems of “mechanical type”, i.e. systems
described by second order differential equations as follows:

X=0"®(x,x,1,01) (6.1)

Here, X is.an. /. -dimensional vector. of the generalized coordinates, X is the
corresponding vector of the generalized velocities, @ >>1 is a large parameter.
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We assume @ to be an n-dimensional vector of forces which depends 27-
periodically on the fast time 7 = @f . The presence of the terms depending on the
fast time expresses the presence of the HF excitation.
Depending on the magnitude of the integer parameter & one can distinguish

between systems with weak, strong and very strong excitation:

e The HF excitation is weak for & =0

e Itisstrong for ¢ =1

e Itis very strong for & =2

6.1.2 Systems with Weak HF Excitation

In this section we consider the trivial case of the weak excitation. It illustrates
clearly, why the HF excitation and the corresponding motions are usually ne-
glected.

The equations (6.1) can be easily transformed to the standard form for averag-
ing. Converting to the fast time 7 as a new independent variable and rewriting

(6.1) as a system of 2 first order differential equations we obtain:

xX'=¢y

"=ed(x,y,t,T

) =o®(xntir) 62
t=¢

c=w'<<l1

These equations can be averaged directly if the function @ is sufficiently
smooth. The equations of the first order approximation can be written as follows:

x1' =&Y
v =&(®(x,y,.1.7)) (6.3)
t'=¢

If we return back to # as the independent variable, we obtain the final averaged
equation:

i =(®(x,%,.1,7)) (6.4)

Here and further <CD> means the average of @ with respect to the fast time 7 .

The solution to (6.4) is asymptotically close to the solution of the original system
(6.1) in the time interval 7 = O(a)) ort= O(l) .
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The obtained result is very simple. The solution to the system with the weak HF
excitation is a superposition of small fast oscillations and slow evolution of the
system. In many cases these components are almost independent.

6.1.3 The Weakly Excited Pendulum

In order to illustrate this statement let us investigate a pendulum with the verti-
cally oscillating suspension point (see Fig. 6.1). Its motion is governed by the fol-
lowing equation:

d’o de : 2
— +2b—+ mgl sin @ = mlu2” sin Qr sin (6.5)
di’ ai e

This equation can be transformed to the dimensionless form if we introduce the
following parameters and variables:

ml?

g Q ~ b u . dé
o=, o=—; t=w,t; = s a=—; 0=— 6.6
N1 o ot p ml* o, I dt ©0
usinQr

NN j\i AN

m, [

Fig. 6.1. Pendulum with a vertically vibrating suspension point
This transformation leads to the following equation:
0+ 236 +sin @ = aw’ sin wt sin O 6.7)

This_equation contains three dimensionless parameters: a, fand @. In this
and the next chapter we shall always presume @ to be a large parameter. In this
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section we presume additionally that damping is sufficiently small £ = 0(1)
and the prescribed support oscillations’ amplitude is so small that the product

aw’ =q = 0(1), ie. a= O(a)*z). All the assumptions of our analysis are

valid as long as these requirements are fulfilled. The equation (6.7) can be aver-
aged directly. The result is as trivial as it was expected. It describes the motions of
the same pendulum without any external excitation:

6, +26,+sinf =0 (6.8)

In other words, the weak HF excitation and the corresponding motions can be
ignored at least with the accuracy corresponding to the first order approximation.

The mistake has the order O( @' , 1.e. it decreases with the increasing excita-
tion’s frequency if the excitation’s intensity ¢ remains constant.

This result is illustrated in Fig. 6.2 and Fig. 6.3, where the simulation results are
displayed for both an excited and unexcited pendulum for the following parame-
ters values: =0.1; ®=10; a=0.01 (g =1). The simulations were per-

formed for the same initial conditions: 0(0) =3; 6"(0) =0 . The results are

shown for both the swing angle of the pendulum and its velocity.

It is interesting to notice that there is no visible difference between the solutions
to these systems at the coordinate level. A small difference remains visible if we
compare the velocities. This small difference being seemingly insignificant here
becomes more and more important if we increase the excitation’s intensity. The
principal difference between coordinates and velocities in the mechanical systems
under HF excitation will be explicitly discussed in section 6.4. Now let us move
on and discuss the same pendulum under the strong HF excitation.

>
>
>

— system without HF excitation
— system with HF excitation

Fig. 6.2. Comparison between the swing angle of a pendulum without HF excitation and the
same pendulum in the presence of a weak HF excitation
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A/\/\/\
oV

t

0'(r)

— system without HF excitation
— system with HF excitation

Fig. 6.3. Comparison between the velocities

6.2 A Strongly Excited Pendulum with the Oscillating
Suspension Point. Stiffening, Softening and Biasing

6.2.1 A Pendulum with the Vertically Vibrating Suspension Point:
Equations Governing the Slow Motions

The same pendulum as in the previous section is investigated here but we change
our assumptions about the intensity of the external excitation. In other words, the
system is still governed by the equations (6.7) but now we suppose:

a:O(a)’l); aw=A=0(w) (6.9)

It means in terms of the previous section the pendulum is excited strongly. Let
us convert to the fast time as a new independent variable:

0" +2B£0' + & sin@ = asin rsin 6

6.10
T=mt, e=0w' << 6":ﬁ (10
dr

Now we can convert from the second order differential equation to a system of
two first order equations as follows:

0'=¢p
6.11
p =-2Lcp—csin@+ Asinzsinf G
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The unperturbed system corresponding to (6.11) is:
g, =0

. . (6.12)
Py, = Asinzsin G,
Its general solution is easy to obtain:
0, = const
(6.13)

p, =—Acostsinf, +o

Using this solution to the unperturbed system we can apply the following trans-
formation in order to get a system in the standard form for averaging:

p=—Acostsinfd+o =
0'=co—cAcostsin@ (6.14)

o"=—gsin9+5(Acosrcosﬁ—Z,B)(J—Acosrsinﬁ)

These equations can be averaged directly:
. 1 )
O'+2Pe0 +&” sin @, +—&* A* sin 6, cos G, = 0 (6.15)
2

Returning back to the slow time as the independent variable we obtain the
equation governing the slow motions of the HF excited pendulum (first order ap-
proximation):

6, +236, +sin6’1+%A2sin291 =0 (6.16)

6.2.2 Discussion of the Results for the Vertically Excited Pendulum

The equation (6.16) is very interesting from many points of view. First of all it
is an autonomous system. It does not contain the explicit time. On the other hand
it differs from the equation for the unexcited or weakly excited pendulum (6.8)

through the last term %Az sin 26, . This term represents the effect of the HF exci-
tation on the slow motions of our system and is called “the vibrational force”
(compare [20] and Chapter 5). If we neglect the damping, (6.16) would be a con-
servative system. Its main properties can be described by the corresponding poten-
tial function:



220 6. High Frequency Excitation: Basic Ideas and Elementary Effects

.. . oIl

6+2p6+—=0

+28h+55
(6.17)

I1=1-cosé, +%A2(1—cos26’1)

The free constant in the potential function is chosen here in order to assure
H(O) = 0. This function for different values of the excitation’s intensity 4 is
shown in Fig. 6.4.

0
~A=0 wA=] ~A=2 ~<A=3 |

Fig. 6.4. Potential function for the slow motions of the vertically HF excited pendulum

The pendulum without HF excitation (i.e. for 4 =0) has two equilibrium
points: the down-pointing equilibrium € =0 and the up-pointing one & =7 .
The first one corresponds to the minimum of the potential energy and is stable; the
second one corresponds to the maximum and is consequently unstable. The effec-
tive stiffness of the pendulum in the vicinity of its stable equilibrium position is
equal to one (according to our undimensioned notation). This effective stiffness
increases in presence of the HF excitation:

Cy =1+1 4’ =1+1d’0’ (6.18)

The same statement is valid for the effective frequency of small slow oscilla-
tions in the vicinity of this point:

oy =\1+1d'w’ (6.19)

This effect is natural to call “stiffening” [119].

ol LElUMN Zyl_i.lbl




6.2 A Strongly Excited Pendulum with the Oscillating Suspension Point. Stiffening,
Softening and Biasing 221

A similar interpretation can be given for the originally unstable up-pointing
equilibrium position. The corresponding effective stiffness and the effective fre-
quency also increase in presence of the HF excitation:

Cl =+d’0’ -1; o, = \|td’w’ -1 (6.20)

The up-pointing equilibrium becomes stable as soon as this stiffness becomes

positive, i.e. for aw > \/5 . This threshold value guarantees also that the effective
frequency becomes real. This change is connected with the appearance of two ad-
ditional equilibriums corresponding to the maxima of the potential energy. These
equilibriums are obviously unstable.

6.2.3 The Pendulum With the Horizontally Vibrating Suspension
Point: Equations of Slow Motions and System’s Behavior

The situation changes slightly if we consider the same pendulum which the sus-
pension point oscillates in the horizontal direction (see Fig. 6.5). Its equations of
motion are similar to the case of the vertical excitation. In the undimensioned form
these equations can be written as follows:

0" +2 P60 + & sin@ = bsinz cos
Q. , v (6.21)

The whole analysis is also similar to the previous case. The equation of the first
order approximation which governes the slow motions of the pendulum is

6, +236, +sin 6 —iBz sin26, =0; B=bao, (6.22)

vsinQf

m, [

Fig. 6.5. Pendulum with the horizontally vibrating suspension point
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The only difference between this case and the system with the vertical HF exci-
tation is the sign of the vibrational force. Now it is always negative. It reveals it-
self in the corresponding potential energy of the averaged system, which is shown
in Fig. 6.6.

Fig. 6.6. Potential function for the slow motions of the horizontally HF excited pendulum

The effect of the HF vibrations is in this case different. The effective stiffness
corresponding to the down-pointing equilibrium decreases with increasing inten-
sity of the excitation:

Cy =1-1B*=1-1b"w’ (6.23)

This equilibrium becomes unstable, if this intensity is sufficiently strong
(ba, > \/5 ). It is quite natural to call this effect “softening” correlating this

name with the stiffening in the previous case. The up-pointing equilibrium re-
mains unstable for any excitation’s intensity. But the lost stability of the down-
pointing equilibrium results in two new symmetrically situated stable equilibriums
appearing at the same threshold:

6, = arccos (6.24)

2 a)lz

Figure 6.7 shows the result of the numeric simulations for the pendulum. It is
not excited initially. After some transient process the pendulum stabilizes itself in
the down-pointing equilibrium. At the time point of 25 seconds the HF excitation
is switched on. A new transient process starts. At its end the pendulum stabilizes
itself in the new equilibrium and remains. tilted. This effect is usually called “bias-
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ing” (cf- [119]). The thick line for the pendulum’s position is a result of its HF vi-
brations.

2

t

Fig. 6.7. Biasing of the pendulum due to horizontal HF excitation

This effect can be also considered as a control mechanism. Applying an appro-
priate HF excitation one can bias the pendulum from its original down-pointing
position. The disadvantage of the control mechanism discussed above is the in-
definiteness of the final stable position. According to (6.24) there are two stable
equilibriums. Which one will be the final system’s position depends on the initial
conditions. This disadvantage can be easily avoided if we apply the two excitation
types (vertical and horizontal) simultaneously.

6.2.4 The Pendulum Excited both Vertically and Horizontally

Consider a pendulum which suspension point is excited both in vertical and
horizontal directions. The excitation’s amplitudes are different (g for the vertical
excitation and @, for the horizontal one) but the excitation’s frequency is the
same. We introduce in addition the phase difference between the excitations .
Then the equation of motion for the excited pendulum in the undimensioned form
can be written as follows:

O+280+sinf = a @’ sintsin@+a, @ sin(wt+y)cosd  (6.25)

The chosen excitation form means that the suspension point moves along an
ellipse. The orientation of the ellipse and the direction of motion can be chosen
arbitrarily (see Fig. 6.8).
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a<a;0<y<% a<a;y=0 q<a;-5<y<0
a">al;0<;/<g aq>a;y=% a>a;5<y<rm

Fig. 6.8. Some possibilities to choose the motion of the suspension point

The same approach can be used in order to analyze the slow motions of the el-
liptically excited pendulum. Introducing the fast time as the new independent vari-
able and converting to a system of two first order differential equations we obtain:

0'=¢p
, . . . (6.26)
p'=2pep—¢esin@+awsintsin@+a, wsin(r+y)cos

The large terms in (6.26) can be eliminated if we apply the transformation
based on the solution to the unperturbed problem:

p=0-a

(@cosTsing—a, wcos(z+y)cosd (6.27)

The equations for & and & are in the standard form and can be averaged di-
rectly. Returning back to the slow time one obtains the following equation govern-
ing the slow motions of the elliptically HF excited pendulum:

0+20+sin0 =
] 1 (6.28)
_%(alf ~a’ ) @’ sin 20—5a”aLa)2 cos y c0s 20
The corresponding potential function is:
I :1—c0s49+%(a”2 —af)a)2 (1—-cos20)
(6.29)

1 .
+Za”ala)2 cos y sin 26
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2

Figure 6.9 shows the potential function for the particular case @y =a, =—
for different values of the phase difference ¥ .

0

- ;/:0 - }/:71/2 - y=r

Fig. 6.9. Potential function for the slow motions of the elliptically HF excited pendulum

It is clear that it is possible not only to make the down pointing equilibrium un-
stable applying the directed HF excitation, but to bias the equilibrium to some dif-
ferent position. The down-pointing position in Fig. 6.9 for ¥ =0 and y =7 is
not equilibrium at all. The pendulum can be tilted in one or another direction de-
pending on the phase difference J . It becomes also possible to create new stable
equilibriums in the upper semi-circle, which differ from the up-pointing position.
In the previously discussed cases it was impossible.

If we are interested in the bias of the pendulum from its down-pointing equilib-
rium, we can linearize the equation (6.28) in the vicinity of € =0 and obtain the
approximate expression for the new equilibrium in the presence of the HF excita-
tion:

2
aa, " cosy

T PR P

st

(6.30)

The same result can be also obtained directly from the linearized equation
(6.25). The result has a very characteristic structure. The stationary tilt is propor-
tional to the product of the excitation’s amplitudes. We will find a similar struc-
ture in a much more complex problem of a controlled pendulum which is dis-
cussed at the end of this chapter.

The effective stiffness in the new equilibrium is

ggp=itt(a’=a,’)o’ (6.31)
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6.3 Shifted Resonances of the Pendulum. The Overlapped
Slow Excitation and the Slowly Modulated HF Excitation

6.3.1 Two Types of Bi-harmonic Excitation

The described phenomenon of the stiffening and softening of a nonlinear sys-
tem is deeply connected with the so called “shifted resonances”. The basic idea of
the shifted resonances is quite simple. Consider a system excited both at a slow
and a high frequency. The influence of these two excitations cannot be analyzed
separately. The strong HF excitation dominates. Stiffening or softening is a result.
If the system with the effectively changed stiffness is excited slowly then one can
expect it would behave resonantly at frequencies corresponding not to its original
natural modes but at the frequencies corresponding to the new ones. It is really the
case. This statement becomes clear if we investigate the pendulum excited both
vertically and horizontally (see Fig. 6.10). We suppose the external excitations to
contain both slow and fast components. There are two different types of slow
components which are interesting for our analysis. The first one is an excitation
which is added to the fast excitation, i.e. the fast excitation is overlapped by the
slow component. This type of excitation is displayed in Fig. 6.11(a). The second
one is the slowly modulated fast excitation. The corresponding example is shown
in Fig. 6.11(b). An example of the general excitation containing both overlapping
and modulating slow components is shown in Fig. 6.11(c).

u(t,or) I v(t,0t)

+—>

%\\\\\\\\\\\\\\

Vi

\ \\\\\\\\\\\\

m, [

Fig. 6.10. The pendulum excited in two directions.
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() ! (b) :

(© t

Fig. 6.11. Slowly overlapped and slowly modulated HF excitations

6.3.2 Obtaining Equations Governing the Slow Motions of the
Pendulum

The equation governing motions of such a pendulum can be written in the un-
dimensioned form as follows:

0 +280+sinf = —iicos O —vsin (6.32)
The following form can be presumed for the excitations:
u(t,ot)=a, (t)+a, (t)sinwr
_ B . (6.33)
v(t,ot)=a,(1)+4,(t)sin ot
We will assume these given functions to have the following magnitude orders:
a,=0(1);a, =0(1); aw=0(1); a,0=0(1);

L (6.34)
o>le=0 <<l

The assumption a =a, (t) means all = 0(1);(:_1.” = 0(1). Similar estima-

tions are valid for the functions @, a,, a, .
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The following analysis is very similar to the previous section. The equation
(6.32) can be transformed to a system of two first order differential equations (we
convert to the fast time as the new independent variable and take (6.33) into ac-
count):

0'=¢p
p'=amsintcosd— (é_iug + 5H5 sin7z + 2§H Ccos r)cos 0-2psp (6.35)
+&La)sinrsintﬁ’—(c'_iﬂs‘+5i<ssinr+2c;zl cosr)sin@—gsiné?

We can apply the following transformation based on the general solution to the
unperturbed problem:

p=0—awcostcosd—a wcoszsine (6.36)

The result is a system in the standard form which can be averaged. The equa-
tions of the first order approximation are as follows:

é+2ﬁ9+(1+5”+%(&”2 —c?f)co2 cos@)sin@
(6.37)

=-a, —%Ztléla)z c0s 26

We have returned here back to the original slow time. The equation (6.37) dif-
fers from the equation (6.28) discussed in the previous section through the fact
that its right-hand side and the expression in brackets on the left-hand side depend
explicitly on the slow time, i.e. they contain the slow result of the slowly over-
lapped and modulated HF excitation.

6.3.3 The Effect of the Overlapped slow Excitation

Consider the case without HF excitation first. In other words, assume

a,=a, =0 and restrict the analysis to oscillations in the vicinity of the down-

I
pointing equilibrium. Then the equation (6.37) can be linearized as follows:

6+286+(1+a,)0=-a, (6.38)

This equation contains two excitation terms. The external excitation is deter-
mined by the horizontal oscillations of the suspension. The vertical oscillations of
the base lead to the parametric excitation of the pendulum. In other words in the
presence of the horizontal slow excitation the pendulum behaves as a nonlinear
resonant oscillator. In the presence of the vertical slow excitation one can expect
instabilities and parametric resonance.
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This qualitative statement remains valid in the presence of the non modulated
HF excitation. The only difference is that the resonance frequencies for the exter-
nal excitation and the instability areas with respect to parametric excitation be-
come related to the effective stiffness instead of the real one. The corresponding
equation is

é+2ﬂ0’+(1+é‘i”+%5z“2a)2}9=—é7'l (6.39)

If we consider for example the case of the vertical non modulated HF excitation
(a~” = const, a . =0) and presume that the overlapped horizontal excitation is a

harmonic one (a, = 4, COS®

onl ) and the overlapped vertical excitation is

equal to zero (c_l|| = (), then the external resonance can be expected for the excita-

1
Dy, = Oy = \/IJ“ Eduzwz #1 (6.40)

If the overlapped horizontal excitation is equal to zero but the overlapped ver-

tion’s frequency

tical excitation is a harmonic one, i.e. C_l” = A” cos @, I, then slow parametric

resonances can be expected at the frequencies determined according to the Strutt’s
diagram [119]. The relationships between the frequencies corresponding to the pa-
rametric resonances can be found as follows. The equation (6.39) has to be trans-
formed to the Mathieu’s form

d’o
dt’?

*

+(8,, +2¢,,c082t,)0=0 (6.41)

It can be done if we neglect damping, introduce the new time and use the fol-
lowing notation:

1 w’ -
=—aw,t; 6, =4—L; &,=-24, (6.42)
2 1)

slow

t

*

The roots of the parametric resonances correspond to

slow

2w
S,=n"oo, =—L n=12,... (6.43)
n

In_other words. the instability areas for parametric resonances are also shifted
due to the HF excitation. This shift can be arbitrarily large if the HF excitation is
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sufficiently strong. The resonances can be observed at unexpected excitation’s fre-
quencies as the consequence. Fig. 6.12 illustrates the described behavior.

(a) (b)

0 100 200 O 100 200

Fig. 6.12. Reaction of a pendulum to the suddenly switched on HF excitation: (a) — the slow
external excitation according to the case (6.40); (b) — the slow parametric excitation accord-
ing to the case (6.43)

In both cases the complete nonlinear pendulum was simulated. The pendulum
is not HF excited at the beginning (Fig. 6.12 (a)). The pendulum oscillates with
comparatively small amplitude because the excitation’s frequency is far away
from its natural frequency. The HF excitation is switched on at the time t=100.
The effective frequency changes as a result and coincides with the excitation’s
frequency. The oscillations frequency remains constant but the amplitude in-
creases significantly although the amplitude of the excitation did not changed.
This effect can be interpreted as a shifted resonance. The numeric simulations
were performed for the following parameter values:

®0=50;a,=0.04; 4, =0.1;, o, =1,732; #=0.05.

slow
In case (b) the slow excitation has the parametric nature. That’s why the pendu-
lum does not move at the beginning. As soon as the HF excitation is switched on
(t=50) the effective frequency changes and the equilibrium becomes unstable with
respect to slow parametric excitation. The amplitude increases exponentially until
the nonlinearity limits it. The numeric simulations were preformed for the same

parameter values as in the previous case but A_” =0.1; w,,, =3.464; 4, =0.

slow

The whole situation may seem to be a mysterious one for an observer who does
not notice the fast motions. He sees only the overlapped low excitation and knows
that nothing has changed. Suddenly the amplitude start to increase or even the
equilibrium becomes unstable. The only way to understand the situation is to
broaden the frequency limits of the observer and notice the HF excitation. It be-
comes very visible if one measures the velocities (or accelerations) instead of the
displacements. On the other hand the measuring system must be able to “see” the
HF motions, i.e. its own resonance must be much higher than the HF excitation
and the data processing system should not contain a low pass filter. These re-
quirements can be easily fulfilled in mechanical engineering. In the electronics it
might be much more difficult.

The same effect can be used in order to avoid the resonances. The stiffening or
softening due to the controlled HF excitation can shift the effective frequency
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away from the excitation’s frequency and quench the dangerous or disturbing
resonances. The particular advantage of this approach is that the HF excitation fre-
quency can be so high that it would not disturb a normal customer. An example of
quenching an external slow resonance by shifting of the effective natural fre-
quency is displayed in Fig. 6.13.

0 100 200

Fig. 6.13. The slow resonance quenched by the HF excitation switched on at t=50.

6.3.4 The Effect of the Slowly Modulated HF Excitation

The effect of a slowly modulated HF excitation is quite similar. Let us discuss
the parametric case and consider the vertical excitation. The corresponding equa-
tion for the first order approximation is:

6'5+2,B€+(1+é7'”+%&”2a)2j020 (6.44)

The role of the modulated excitation is similar to that of the slow overlapped
excitation. Assuming that there is no overlapped excitation and the modulation is a

harmonic one, i.e. C_l” =0; 51” = A” cos@, I, one obtains the Mathieu’s equa-

tion with the following parameters

1+14}0’ Ala’
o= 5 &=
1)

mod

= 6.45
8a)rfwd ( )

The corresponding simulation results are shown in Fig. 6.14.
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0 100 200

Fig. 6.14. The slow parametric resonance due to the slowly modulated HF excitation; the
simulations were performed for the following parameters:

®="50; 4,=0.04; o,,, =1.414; B=0.05.

The zoomed display of the modulated excitation and the pendulum’s response
are shown in Fig. 6.15.

190 195 200 190 195 200
(a) (b)

Fig. 6.15. (a) — The slowly modulated excitation; (b) — the slow parametric resonance

6.3.5 Using the Slowly Modulated HF Excitation in Order to Quench
the Slow Excitation

The qualitative equivalence between the overlapped slow vibration and the
slowly modulated HF excitation in the equation (6.44) is obvious. This fact indi-
cates that these two influences can compensate each other. This compensation
cannot be perfect, because the term c_l” usually does not contain a constant com-

ponent. The term %Elnza)z representing the effect of the slow modulation, how-
ever always contains the constant. Nevertheless the harmonically oscillating com-
ponents can be always chosen in order to eliminate the excitation.

In our case of the slow harmonic parametric excitation the choice is very sim-
ple. The following condition must be fulfilled:
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1~2 2
=—Ea” @~ +const

q
a” = A” COos a)s]gwt; a” = A” COS a)modt :

= (6.46)
a)sl()w - 2 a)mod

12 2
y I Ll
I 2
16a)mod

The example of a numeric simulation illustrating this approach is displayed in
Fig. 6.16. It is the direct prolongation of the simulation shown in Fig. 8.14. Begin-
ning at the time point t=200 the slow overlapped excitation corresponding to
(6.46) is switched on.

0 100 200 300

Fig. 6.16. The overlapped and modulated excitations compensate each other

The amplitude of the oscillations decreases as a result due to the normal damp-
ing. This approach can be used in both directions — to quench the slow parametric
excitation by the applied modulated HF excitation and vice versa.

The same idea can be used to quench the external excitation too. The terms a,
and %5”51 la)2 must compensate each other in this case. It means that modulated
HF excitations in both directions (vertical and horizontal) are necessary in order to
compensate the slow horizontal excitation. Another peculiarity in this case is the
fact that the constant uncompensated component of the HF excitation will cause a
constant bias of the pendulum from the down-pointing equilibrium.

This idea can also be used in order to quench or compensate the external and
the parametric slow excitations by the appropriately modulated HF excitations si-
multaneously. The corresponding control strategies can be accomplished by the
piezo-electric actuators.
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6.4 The First Generalization and the Exceptional Role of
the Terms Depending on the Velocity in Systems with HF
Excitation

The approach we have used in all the examples can be easily generalized for a
large class of discrete systems with strong HF excitation dependent only on the
positional coordinates and time and independent from the velocities.

6.4.1 The Basic Equation of the Vibrational Mechanics
Consider a system described by # second order ordinary differential equations:
¥=F(x,%1)+0®(x,1,01) (6.47)

Here x is the vector of the positional coordinates, and the function @ depends
27 -periodically on the argument @?. It is important that the strong exciting

term @® does not depend on the velocities X . The fact that the function F' does
not depend on the fast time is not important but it is useful for the qualitative in-
terpretation. The first step in the analysis if we are going to apply averaging is to
convert to the fast time 7 = @i as the new independent variable. The result is the
following system:

x"= 82F(x, 8*1x’,t) +e®(x,1,7)
'=¢ (6.48)
e=w'<<1
This system is in general unsuitable for the asymptotic analysis. The reason is
the fact that the system’s velocity written in terms of the fast time may be large.
The variable £ 'x" can have the magnitude order &' and the functional depend-
ency of F from this argument is unknown. In other words this argument in F

can generate terms of an arbitrary asymptotic order in our equations. The seem-

ingly natural assumption that /' must be a bounded function of all its arguments
does not hold even for the elementary linear damping. The usual turbulent damp-
ing is proportional to X” . It would generate the large term O(l) in the equations

(6.48). The only case where the function F is usually bounded describes the dry
friction. This case will be discussed in the next paragraph.

The problem was avoided in the previous examples because converting to a
system of the first order differential equations we have introduced the velocity as
follows:
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x'=¢v
V' =eF (x,v,1)+®(x,1,7) (6.49)
t'=¢

What does this assumption really mean? Returning back to the original slow
time as the independent variable we could write X =V . This relationship means
that the coordinate and the velocity are the variables of the same magnitude order.
This assumption obviously cannot be fulfilled for arbitrary motions or arbitrary
initial conditions. Writing (6.49) we restrict our analysis to the motions with lim-
ited velocities v = O(l) S x'= 0(8) .

The same idea can be also formulated not for the solutions but for the right

hand sides of the equations. We can require that F' has to be bounded in the vi-
cinity of the solution to the averaged system we investigate. The fulfillment of this
requirement can be easily checked a posteriori. Fig. 6.17 shows the displacement
and the velocity of the resonantly excited pendulum. It is clear that the require-
ments to the velocity are fulfilled in this case.

N M"*F\ W‘“\. /
MUW W"‘“”/ g

2 - ‘ — Displacement — Velocity ‘

2

Fig. 6.17. Displacement and velocity of the resonantly oscillating HF excited pendulum.

This picture illustrates the most important property of all solutions discussed in
this chapter. The motion of a strongly HF excited system is a superposition of a
slow evolution (or slow oscillations) and small fast vibrations which are hardly
visible if we consider (or measure) displacements. The velocity however is a su-
perposition of the slow evolution and fast oscillations which have the same magni-
tude order. The fast oscillations of the velocity cannot be overseen in comparison
to the averaged velocity.

This fact is also expressed in the procedure which we have used in order to
transform the system (6.49) into the standard form suitable for the averaging.
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This transformation obtained as the general solution to the unperturbed system
is
V= U(x,t,r)+u
oU (6.50)
— =®(x,1,7)
or
This transformation means that the velocity is a sum of slow and fast oscilla-
tions of the same magnitude order. The function U (x,t, T ) describes the large

fast velocity’s oscillations. It is natural to require from this function, it has to be
27 -periodic with respect to the fast time and its average has to vanish.

2
U(x,t,t+27)=U(x,1,7); <U>=2LJU(x,t,1)dT=0 (6.51)
”0

Applying this transformation to the system (6.49) one easily obtains:
x = e(U(x,t,T)+u)
ou oU

r_ B (6.52)
u'=¢eF (x,u+U,1) 86t g@x (u+U)

'=¢

This is a system in the standard form. It can be averaged according to the usual
procedure. Take the following identities into account:

oU 0 oU 0
DN _Lwy=0; (V=) =0
<at> ot v)=0 <8x> 8x< ) (6:33)

Then we immediately obtain the equations of the first order approximation (the
averaged quantities have index 1):

X = ¢&u,

ul'=€<F(x1,u1+U(x1,t,2'),t)>—g<gTUU> (6.54)
1

t'=¢

Sometimes another periodic function with vanishing average is used instead of
U (cf. [20, 34, 35, 119]. We can introduce
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2

oY
‘P(xl,t,r):E=U(xnf>T)<:> Py = ®(x,1,7) (6.55)
(¥)=0

Notice that the following identity is fulfilled because all the functions are peri-

odic:
oU oY 0¥ o'y oD
ox, ox,0t Ot ox,0°t ox,
Now we can rewrite (6.54) as the system of the second order differential equa-
tion with the slow time as the independent variable:

X, =<F(xl,5c1+U(x1,t,r),t)—a—UU> (6.57)

X

The equivalent form is:

X, = F(xl,)'c1 +a—\P,tj+a£‘If (6.58)
or ox,

This equation describes the slow motions in a strongly HF excited system and
can be considered as the basic equation of the vibrational mechanics [20].

The form (6.57) is very similar to the original system (6.47) and shows clearly
the principal effect of the HF excitation. It can be formulated in terms of the vibra-
tional forces. The equations (6.57) or (6.58) can be rewritten as follows

X, =F(x1,5c1,t)+V(xl,5cl,t)
V(xl,)'cl,t): v, (xl,)'cl,t)Jer.(xl,)'cl,t)

Vd (XI,XI’I):_<Z_UU>E<Z£\P> (659)
X, X,

V,-(prl,f):<F(xnxl +U(xl,t,r),t)—F(xl,)'cl,l)>

Here we have explicitly separated the original slow forces F' and the so called
effective vibrational forces V contributing to the equations governing the slow
motions of the system. An observer overlooking the fast motions (which are really
small) could think the system moves as if there were some additional slow forces
of the unknown physical origin. This misinterpretation would be based on the ig-
norance towards the small fast oscillations.
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The vibrational forces can be split into two compounds. The first one is V. It

can be characterized as the direct vibrational force. It was the origin for all the ef-
fects discussed above: stiffening, softening, biasing and shifted resonances. The
second compound is ¥, which can be called the induced vibrational force. It ap-
pears only if the real slow forces depend nonlinearly on the velocities. In the pre-
vious examples the only slow force depending on the velocities was the linear
damping. The induced vibrational force did not appear in those cases, because the
corresponding average vanishes:

<5c1 +U(x1,t,r)>:)'c1 +<U(x1,t,r)>=)'c1:

) ) (6.60)

<F(x1,t)+k(xl +U(xl,t,r))>—(F(xl,t)+kxl)z 0

In the next section we will discuss how the HF excitation influences systems

with dry friction which is an important example of nonlinear forces depending on

the velocities. An additional advantage of the dry friction is the fact that it remains

bounded even for large velocities. The induced vibrational forces are of the prin-
cipal importance in these systems.

6.4.2 A Remark on the Exceptional Role of the Terms Depending on
the Velocities

Before we continue with these examples, let us explain why we have excluded
the velocities as an argument in the function ® corresponding to the strong HF
excitation. The equations (6.49) can be rewritten as follows in this general case:

x'=¢gv
v'=8F(x,v,t)+CD(x,v,t,r) (6.61)
t'=¢

The corresponding unperturbed system is
xy =0 = x, = const
to =0=>t, = const (6.62)
Vo =@ (X, V519, 7)

The last equation describes the fast motions of the system. Unfortunately its
general solution cannot be written in the form (6.50)

Vo =U (%0,1,,7,C) £ U (%,1,,7)+C (6.63)

The corresponding transformation cannot be applied to our system. It means a
different modified asymptotic approach is necessary in order to analyze a system
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with a strong fast excitation depending on the velocities. A special case of these
systems is discussed in section 6.6. It corresponds to the case of strongly dissipa-
tive systems. Systems with the HF excitation depending on the velocities will be
discussed in the next chapter.

6.5 Smoothening of Dry Friction in Presence of HF
Excitation. Quenching of the Friction Induced Oscillations

Several examples of systems with dry friction were discussed in Chapter 2. In this
section we are going to consider these phenomena in presence of the HF excita-
tion. The main result connected with the HF excitation in systems with dry friction
is the “smoothening”. This term describes the change in the system’s behavior if
one switch on the tangential HF excitation. The main point is: no sticking is possi-
ble in systems with dry friction if the HF excitation is strong enough. It is a usual
reason for example for self-unscrewing bolts and nuts in vibrating machines. The
same effect is often used in controlled mechanisms in order to reduce the unde-
sired hysteresis disturbing the control system. In the specific language of the con-
trol specialists the HF excitation is called dither.

6.5.1 Smoothening of Dry Friction: A Simple Example

Let us consider an elementary example of a mass on a vibrating plane in order
to demonstrate, how discontinuous dry friction can be smoothed through the ex-
ternal HF excitation (Fig. 6.18).

a | sin ot

Fig. 6.18. A mass on the tangentially vibrating plane

Let us assume that the mass is pressed towards the plane by gravity. The fric-
tion between the mass and the plane is supposed to be a symmetric one. We con-
sider the mass as a “point mass”, i.e. all the effects connected with its “rocking”
are neglected.

The equation of motion for this system can be written as follows (compare with
the corresponding equations in Chapter 2):
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mi = —mg 1, (X)+ma, &’ sin wt

2
a o .
Sin wt

sgnx, ifx#0or |y <
Ho8 |'u| (6.64)

py (%)=

2 2
a,w a,w

g

y7, sinwt, ifx =0 and |y| > sin ot

Here X is the coordinate of the mass relative to the plane and X is the corre-
sponding velocity determining the friction force. The friction coefficient is, as it
was already mentioned, not a usual function but some kind of mapping being spe-
cific for dry friction. The last line in (6.64) expresses the possibility of sticking: if
there is no relative motion between the mass and the plane and the external force
is smaller that the maximum friction force. Then the friction force compensates
the external force exactly and the mass remains motionless.

Introducing the fast time we can rewrite (6.64) as follows:

X'=-u,(x')ge +a,sint, e=w (6.65)

We suppose the excitation amplitude to be of the same magnitude order as our
small parameter, i.e. a, = 0(8) Sa o= 0(1). The equation (6.65) can be

rewritten as a system of two first order differential equations:
x'=¢u

. 6.66

u'=—p, (u)ge+a wsint (6.66)

Using the obvious solution to the unperturbed system we can transform (6.66)
to the standard form as follows:

U=V—a,mCcosT
/
x'=¢(v—a,wcos) (6.67)
V'i=—ggu, (v—a,mcost)

The system (6.67) seems to be in the standard form for averaging. However we
must check if sticking is possible here or not. The relative velocity must be equal
to zero for sticking. It means: if the mass has originally slipped it could stick if the
following condition is fulfilled:

V=a,wcCosT, (6.68)
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But this condition is not sufficient for sticking. The additional condition is: the
external force at this time point must be smaller than the maximal friction force,
ie.

|ala)sinr* <uge (6.69)
We have terms of different magnitude order in this inequality. Its left hand side
is large; its right hand side is small. This inequality can be fulfilled only

ifsinz, = 0(8) . It is a very short time interval. With the accuracy 0(8) this

time interval can be considered as an infinitesimally short one. It means that for
the first order approximation no sticking is possible in a strongly HF excited sys-
tem. The analysis must be extended if higher order approximations are of signifi-
cant interest. Comparing (6.69) with (6.68) one can easily see that sticking could
be possible only if the following condition if fulfilled for the velocity of the mass:

v==ta (6.70)

For arbitrary initial conditions it is obviously possible. The usual way however
is to assume that |v| < a, @ and check that for stationary solutions this condition

is always fulfilled.
Summarizing, one can say that in systems with a strong HF excitation the com-
plex friction law used in (6.64) can be replaced by a simple one:

(%)= psgnx (6.71)
Inserting (6.71) into (6.67) one obtains:
x'=¢(v—a,wcost)
, (6.72)
V'=—cgusgn(v—a,wcos)

The graph of the sign-function displayed in Fig. 6.19 explains the averaging.

Fig. 6.19. The graph of the function Sgn (a —bcos Z')
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Lv>aw
1% 2 v
sgn| ———cost | )=4l——arccos| — |,—a,0<v<a w (6.73)
a,w T aw
-Lv<-a o

The corresponding first order approximation to (6.72) can be written as fol-
lows:

X' =¢gv

V = —ggup| —— :—gg,u<sgn(v—ala)cosr)> ©79

a,w

Function (6.73) describes the averaged or smoothened friction. Its graph is
shown in Fig. 6.20.

a o

v

a,

Fig. 6.20. The effective friction force in the presence of the strong HF excitation

This function is very interesting compared to the original dry friction. It re-
mains limited if the relative velocity is sufficiently large, but the discontinuity at
zero has disappeared. It is replaced by some kind of a continuous function and
even more — the effective friction can be linearized for the sufficiently small rela-
tive velocities. The effective damping depends strongly on the intensity of the HF
excitation. It decreases with the increasing excitation’s intensity.

2 v
p<<a,0= u, ~ . (6.75)
1

The only stationary solution to (6.74) is v =0, because we have considered a
system without any external force and with symmetric friction. If we add some
force (for example for an inclined plane) we would obtain some non trivial veloc-
ity. The external force and the effective friction would balance each other in this
case.
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The same result can be easily obtained if we apply the equations of slow mo-
tions (6.59) to our system (6.65) rewritten as follows:

X=—pu,(x)g+a,o sinot (6.76)
Using the signs from the previous section we get the final equation directly:
F=-u, ()'c)g; ®=a wsint; U =—-a wcost
V,=0,V =,uﬁ()'c)g—<,uﬁ(5c—aLa)cosr)g> = 6.77)

X, = —<,uﬁ (%, —a,wcos r)g>

6.5.2 Slow Translation of a Particle on the Elliptically Vibrating Plane

HF excitation can also set the particle in motion even if the friction law is com-
pletely symmetric. Let us consider the same mass on the plane but excite the plane
elliptically (like in the section 6.2) in order to illustrate this statement (Fig. 6.21).

| _I_G%Sinwt
a,sin(wt+y)

Fig. 6.21. A mass on the elliptically excited plane

The equations governing the motion of the mass can be written as follows:

mx =—Nu(x)+ma, & sin ot
L. (6.78)
N =mg —mayw’ sin(wt +y)

These equations express the fact that the friction force is proportional to the
normal reaction force. In our case the normal force is influenced by the vertical
acceleration of the plane. It is sensible to introduce the fast undimensioned time
and two undimensioned parameters as follows:

k=glaw =0(1); A=pua /a’=0(1) (6.79)

We can rewrite (6:78) using these parameters and taking into account that stick-
ing is not possible in presence of the strong HF excitation:
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i=-2a 0’ (k—sin(wi+y))sgni+a o sinot (6.80)

We assume that the horizontal amplitude @, is the small parameter and trans-

form this equation using the same approach as in the previous example:
F=-}a’e’ (k—sin(r+y))sgni; ® =a,wsint

. ) : _ (6.81)

¥ =-la’w® <(k —sin(z+7))sgn(x—a,ocos 2')>

This system can be averaged. One can easily calculate the following integrals:

<sin rsgn(v—cos r)> =0

fosssen(y-cose)) = () - |

The averaged equations can be written as follows:

0,

—Zsin (arccosv),|v

v| >1 (6.82)
|<1

X =a
vi=-da, {k¢(v) —sin yy (v)}

It is obvious that a stationary solution is impossible if |v1| >1.1f |v1| <1, then

(6.83)

the stationary transportation velocity of the mass is governed by the following
equation:

k (1 _2 arccosv,, J + 2 sin ¥ sin (arccos v, ) =0 (6.84)
T T

In general, this equation must be solved numerically. However in many cases
the following approximation may be useful. We can introduce a new variable in-
stead of the stationary velocity:

v, =COS @
_smy sino = L (6.85)
@ 2 @ 5

The equation for @ can be solved if we assume that its solution is close to

7[/ 2 . Then we can write:

ol LElUMN Zyl_i.lbl
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rl7/0050520

7 si
¢=E+a:>a—

s (6.86)

. G
a<<l=cosa zl—%:az Sln]”_l(smyj

ko 2\ k

Finally we obtain an approximate relationship for the velocity of stationary
transportation of the mass on the elliptically HF excited plane:

(%), =

a,®
————siny 1—% —— | sin" y (6.87)
g

It is interesting that the stationary transportation velocity does not depend on
the friction coefficient. In Chapter 2 we have investigated a similar system. The
transportation of the mass was caused by the asymmetry of the friction and the
corresponding velocity was proportional to the asymmetry. In our case the reason
for the transportation is the asymmetry of the excitation. It presses the mass to-
wards the plane when it moves backwards and reduces the pressure in the phases,
when the mass moves forwards. These influences result on the average in a steady
state transportation. There are many machines based on this principle. First of all
vibrating conveyors and sieves are used in the processing of bulk materials.

A comparison between the approximate solution (6.87) and the results of nu-
meric simulations are shown in Fig. 6.22 for the following parameter values:

g=10; ®=50; @; =0.002; a, =0.01; £=0.1. The accuracy of the ap-

proximate result is acceptable.

Transportation velocity
{
N
3

e

‘ ® numeric experiment  — analytic prediction ‘

Fig. 6.22. Transportation of a particle on the elliptically vibrating plane: the averaged ve-
locity
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6.5.3 Quenching of the Self Excited Oscillations Caused by the
Negative Friction Gradient

The ability of the HF excitation to smoothen the discontinuity in dry friction
and to replace it by a continuous and monotonously increasing nonlinear damping
can be used in order to quench the self excited oscillations caused for example by
the negative friction gradient. We are going to illustrate this statement by an ex-
ample which was discussed in [121]. Consider the classical “mass-on-moving-
belt” as it was discussed in Chapter 2. How would the behavior change if we ap-
ply a strong tangential HF excitation? The corresponding system is shown in Fig.
6.23.

asin ot

Fig. 6.23. The mass-on-moving-belt with a strong HF excitation

The equations of motion in the presence of the HF excitation can be written as
follows (we use the model of friction which we have applied in the Chapter 2):

li+2pu+u = p(ii—v,)+aw’ sin ot
ﬂ(i’_"b):ﬂs Sgn(u_vb)_kl(u_vb)+k3 (u_vb)3 (6.88)
o >>1, aa):O(l)

The system (6.88) can be transformed to the basic form (6.47) if we use the
following notation:

F=-u+h(u); ®=awsint (6.89)

The equation governing the slow motions of the HF excited mass-on-moving-
belt can be obtained immediately:

U=-awcost; V,=0;
i+ = g1, (1) = (u(ti—v, —awcost)) (690
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The only difficulty is to calculate the average describing the effective friction
characteristic. Taking (6.88) and (6.73) into account one can obtain the following
result:

. . 3 .
o (u):,u(u—vb)+5k3a2a)2 (i-v,)

A, (¢(u_v”j—sgn(u—vb)j, for ii-v, <aw OV
+

am
0, for u—v, 2aw

The effective friction characteristic is displayed in Fig. 6.24.

Herl am=0

0.9
03 06

M

—H

Fig. 6.24. Effective smoothed friction for different excitation’s intensities

The result of the HF excitation is the smoothed friction characteristics. The ef-
fective friction is an increasing function of the relative velocity in the vicinity of
zero, i.e. no self excitation is possible if the relative velocity is sufficiently small.
On the other hand the minimum of the effective friction moves towards smaller
relative velocities. The self-excitation remains possible only in the reduced veloc-

ity range

aw<i-v, <v?’ =

m

(6.92)

Here v/

. 1is the relative velocity corresponding to the minimum of the effective

friction coefficient. The self-excitation is impossible if

2
aw>v" o an> |—- (6.93)

" ok,
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The amplitude of the corresponding limit cycle can be significantly reduced,
even if this inequality is not fulfilled and the self-excitation takes place. Figure
6.25 shows a representative simulation with continuously increasing amplitude of

the HF excitation (@ =100).

0,8 4
u
04 1
O B
0,4 4
-0,8 T T d
0 100 200 300
t
4 -
am
2 -
0 T T d
0 100 200 300

t

Fig. 6.25. Quenching of the friction induced oscillations due to the strong HF excitation

The excitation intensity is negligible at the beginning. The stable limit cycle es-
tablishes itself after a short transient process. The increasing excitation intensity at
the time point about t=200 quenches the self-excited oscillations completely. The
thick line at the end of the plot shows the small oscillations corresponding to the
HF excitation. Figure 6.26 shows how the stationary oscillation’s amplitude de-
pends on the belt’s velocity for different intensities of the HF excitation. The

simulations were performed for ¢z, = 0.2; k; =0.1; k; = 0.04.

The increasing excitation’s intensity reduces both the instability area and the
amplitude of the stable limit cycle. The whole velocities range remains stable for
aw=0.9.

The described effect seems to be an efficient way if it is necessary to avoid the
self-excited oscillations induced by the negative friction gradient. However it is
coupled with a principle disadvantage which significantly reduces the applica-
tion’s area. The described quenching mechanism is based on the smoothening ef-
fect of the HF excitation, i.e. on the transformation of the dry friction in an effec-
tive nonlinear damping. The main feature of the dry friction is sticking. This
feature is.not possible.in the strongly excited system.



6.6. On the Misbehavior of the “Optimally” Controlled Pendulum under the Influence of
the HF Excitation =~ 249

This quenching mechanism is not useful as the consequence in all the sys-
tems in which the sticking is necessary.

(]
<
£
S 0.8 A
g
<
o _
'E 0.6 - an=0
é ude
% 04 - an=10.3
g
=] -
& 024 aw=0.6
g
“ aw=0.9
0 T o o S o
0 0.2 0.4 0.6 0.8 1
velocity of thebelt

Fig. 6.26. Stationary amplitude of the limit cycle for different excitation intensities

Brakes and dry friction clutches are the typical examples for the systems in
which this mechanism can be hardly used because their functionality is based on
the sticking and the disturbing oscillations or noise occur at very small relative ve-
locities just before sticking.

The HF excitation can be an interesting technical alternative to lubrication in
the applications for which the sticking does not play such an important role (like
sliding elements in control units, production machines) and the dry friction is only
an unavoidable companion.

6.6. On the Misbehavior of the “Optimally” Controlled
Pendulum under the Influence of the HF Excitation

The last example in this chapter deals with the behavior of a control system under
the influence of the HF excitation. This problem was investigated by the author
together with J. J. Thomsen.

6.6.1 Description of the Problem, Equations Governing the
Mechanical Subsystem

Figure 6.27 shows the standard system normally used to test control algorithms.
It contains a cart used to balance a pendulum in the up-pointing position against
the gravitation force.
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The system state can be described through two degrees of freedom — the posi-
tion of the cart S and pendulum angle € as observed from the rigid platform.
The cart has the mass M and the linear damping coefficient d . The pendulum
has the mass m and the torsion inertia J about its center of gravity at distance
L from the loss free hinge. The s stem’s reaction to perturbations is governed by
a feedback control force U =U (S, S, 6, (9) . The rigid platform can be excited

kinematically relative to the fixed inertial frame.

/.

Bsin(Q7 +7) ‘

pIIIS

Asin Qf

Fig. 6.27. Inverted pendulum balanced by a moving cart

The system’s motion is governed by the following equations:

§+2ﬂj+a(§cos9—92 siné’) =u+aw’ sin t
. (6.94)
0 —(l—ba)2 sin(cot+y))sin6’+§cos€ =aw’ sin wt cos 6

The following undimensioned variables and parameters are introduced in these
equations (cf. Fig. 6.27):

a)0=\/§; t=myf; l=L(1+ sz; u=7U =
[ mL (M +m)w,”l

B m L
/ M+ml

Q
<l; w=— (6.95)
a)O
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6.6.2 The Optimal State-Feedback Control

The control # in (6.94) is intended to keep the system at zero state
z= {S; $; @; @; =0, and return it back in case of any perturbations due to ini-

tial conditions or external forces. It is designed as an optimal linear regulator, bas-
ing its actions on a linearized model of the unforced system to be controlled, and
on measurements — assumed here to be error- and noise-free — of instantaneous
values of the state z , i.e., U =u (Z ) . The linearized model of the unforced sys-

tem can be obtained from (6.94) if we ignore the excitation terms, i.e.
a=0; b=0, and linearize the equations for small values of & and @ in order

to obtain a system of linear first order differential equations in the state space
form:

z=Az+Bu
[0 1 0 0] 0 ]
0 -2 -« 0 1 o
A= l-a l-«a . B= -« (6.96)
0 0 0 1 0
0 2 1 0 1
L l-a 1-« i -]

The control law u (Z for the optimal linear state-feedback controller is:

u=-k"z (6.97)

Here the optimal gain vector k is chosen in order to minimize a weighted sum
of integrated control error and control effort:

J= O](ZTQZ + Ru* (z))dt — min (6.98)
0

Here Q and R are positive definite weighting factors. These factors are chosen
to reflect a proper tradeoff between the conflicting requirements of quickly reduc-
ing the set point error to a small value (large Q/ R), without expending exces-
sively large control power (small Q/R).

The optimal solution for k£ can be found in many texts on control theory (see
for example [67]):

k=R'B’S (6.99)
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Matrix S here is the solution to the algebraic Riccati’s equation:
A'"S+SA-R'SBB'S+Q =0 (6.100)

For given values of A,B,Q, R, the Riccati matrix S can be easily computed,

e.g., using the built-function LQR in MATLAB [14] .
Thus, for given damping and mass ratio of the physical system, A and B is

computed using (6.96), and with chosen Q and R , the Riccati matrix is given by

the solution to (6.100). Then k is calculated using (6.99), and the control force
u can be calculated using (6.97) for any state z .
The optimal control law can be represented explicitly as follows:

u=—ks—k,s—k,0-k,0 (6.101)

Thus the controller simply has the effect of adding positive linear stiffness and
damping to the uncontrolled system. The control coefficients are large compared
to the parameters of the mechanical part of the system (6.94) and guarantee the

stability of the set point z = 0 with respect to small perturbations.

6.6.3 System’s Behavior in Presence of the Strong HF Excitation:
Numeric Results

The question then is how the controlled system behaves in the presence of
small but rapid oscillations of the supporting platform, i.e. if @ # 0 and b # 0 in
(6.94). It was already discussed above that the elliptic HF-excitation can lean the
pendulum from its stable equilibrium position. The control system however is not
limited in its power. Consequently, one might expect that the performance of the
controller would be only slightly affected by the HF-excitation. The set point
z =0 would still remain stable, though with a small overlay of high-frequency
(HF) oscillations corresponding to the excitation, or another stable equilibrium
point would appear deviating slightly from z = 0. This deviation should decrease
with the increasing control effort.

Numerical simulations however do not confirm these expectations (see Fig.
6.28). The control system works perfectly if only vertical or only horizontal exci-
tation is present. It stabilizes the pendulum in the up-pointing position and moves
the cart to the zero point. The motion of the pendulum and the cart is overlaid by
small HF-oscillations but on the average the control system fulfills its objective.
The situation changes completely if vertical and horizontal oscillations are applied
simultaneously. The control system still stabilizes the cart and the pendulum, but
the final averaged cart position becomes wrong and the pendulum is stabilized
with some permanent tilt (see Fig. 6.29). An attempt to reduce the permanent error
through increased control effort does not help at all. The amplified control system
amplifies the misbehavior. This is the effect we are going to discuss in this sec-
tion.
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Fig. 6.28. Numeric simulations of the cart and the pendulum; (a) — the controlled system
without HF-excitation; (b) — the system with the horizontal HF-excitation; (c) — the system
with vertical HF-excitation; the dotted line shows the cart’s position; the solid line shows

the pendulum’s tilt
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Fig. 6.29. Numeric simulations of the cart and the pendulum in the presence of the overlaid
vertical and horizontal HF-excitations; (a) — the LQR optimal controlled system; (b) — the
same system with amplified control effort. The dotted line shows the cart’s position; the
solid line shows the pendulum’s tilt

6.6.4 Transformation of the System to the Form Suitable for
Averaging

The objective of the following discussion is to explain the strange effect and to
obtain the approx1mate analytlc predlctlons for the stationary cart’s position and
; ] 0 nis.governed by the following equations:
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§ = ks —k,§ —k,0—k,0+aw’ sin ot
) . . , . (6.102)
0= (kls +k,s+k,0+ k49)c059+ (l—ba) sin (@r + y))sm@

The described effect remains if one simulates the linearized system instead of
(6.102). That’s why we are going to discuss the linearized variant too:

§=—k,s —k,§—k,0—k,0+aw’ sin ot

. . 6.103
0 = ks +kyi+k0+k0+(1-be’ sin(wt+7))0 (109

Let us notice one important difference between the controlled system
(6.103) and usual mechanical systems. This difference is the high damping
level which is typical for any optimal control law. The reason for the strong
damping is the objective to avoid the unnecessary oscillations and to lead
the controlled system to its final position as fast as possible. This fact is the
main difference (in the frame of this chapter) between the controlled sys-
tems and pure mechanical systems which are usually weakly damped.

Let us see to which form this system can be transformed and what kind of aver-
aging would be appropriate for this form. We introduce firstly the fast time and
the corresponding small parameter:

T =at; ( )’:d( ); g:l<<l;
dt ®
a=aw=0(1); b =bw=0(1)
s'=ep (6.104)
0'=¢q

p'=—k,p—k,g+asint—e(ks+k0)
q :kzp+k4q—595in(r+;/)+g(kls+(k3 +1)6?)

It is easy to notice, that the first two variables are slow, but the third and the
forth variables are fast. The peculiarity of this system is that it is possible to intro-
duce the third slow variable. The reason is the very special structure of the control
applied only to the cart. If we add the third equation to the forth one, we obtain in

the unperturbed case & = 0 a simple relationship:

py+qy=asint—b@,sin(r+y)
6,=0 (6.105)
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So it is sensible to replace for example p through a new slow variable X :
x=p+q+c_lcosr—l;9cos(r+7/) (6.106)

The corresponding transformed form for (6.104) is:

s'= g(x—q—ﬁcosr+l76’cos(z‘+}/))

0'=¢&q

x'=8(9—5q€08(2’+7/)) (6.107)

q' =—(k,—k,)q+k, (x—Ecosr+56’cos(r+;/))

~bOsin(wt +y)+(ks+(k+1)0)

The first three equations now have the standard form, but the last one contains
both large oscillating terms, and the large linear term, expressing strong damping
due to optimal control. The oscillating terms can be eliminated as follows. Let us
consider the unperturbed system to (6.107) and try to find its particular periodic
solution:

9, :21?50 +2,2 Sil’l’t’+ﬂ3 cos
+0, (’14 sin(z+7)+ 4 cos(r+y)) (6.108)

Inserting (6.108) into (6.107) and balancing terms with the same trigonometric
functions one obtains the following expressions for the coefficients:

__ K
%_@—@
k,a ky (k, —k,)a
A=——-—"2 - A=(k -k =22 2
T ok A=k, k)4, T+ (K, k) (6.109)
4= b 2> ’15:(kz_k4)/14+1;:kZ(kz_k4)—i_21[;
1+ (k, —k, ) 1+ (k, —k, )
Now we can apply to (6.107) the following transformation:
q=A4x+y+q
(6.110)

g=2A,sint+ A, cost+A,0sin(r+y)+A0cos(z+y)

In the new variables system (6.107) takes it final form:
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g(x Ax—y—g— acosr+bﬁcos(r+y))
8(/11x+y+q)

5(9 b ﬂ1x+y+q)cos(r+7)) (6.111)
"=—(ky—k,)y+e(ks+(ky+1)0)

—&(Ax+y+G)(Asin(z+y)+ A cos(r+7))

This is the form, which is typical for systems with strong damping. The corre-
sponding averaging procedure was considered in Chapter 4. It can be applied di-

rectly to this system if the coefficient (k2 —k4) is positive. It is normally the

case, because it is also the necessary condition for the stability of the control algo-
rithm.

6.6.5 The First Order Approximation; the Stationary Pendulum’s Tilt

Two important properties of this system can be noticed here already. The vari-
able y is a slave due to the strong damping coefficients k, and k, . It means that
at least in the first order approximation the last equation in (6.111) will not give
any additional information except the obvious result: ) is small. The second im-
portant fact is that the only nontrivial term comes from the averaging of the prod-
uct ¢ COS(T +y ) This term describes the reaction of the control system on the
HF-excitation. Relationships (6.109) show that this reaction is determined by the
strong damping terms in the control system.

Let us start with the first order approximation. The variables in the first ap-
proximation are indicated with index 1.

si=e(1-4)x

6 = elx
x{=€(6’1—5<@c0s(r+7/)>) (6.112)
- _(kz _k4)y1

The only average we have to calculate is

<q~cos(2'+7/)>=—%/12siny+%ﬂ§cos;/+%/156?1 (6.113)
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Substituting (6.113) into (6.112) finally we get equations of the first order ap-
proximation:

si=e(1-24)x,
01':5/11x1

x| 28(6’1 +%(/?2 siny — A, cosy—/lsﬁl)J

y1’ :_(kz _k4)J’1

Stationary solution to this system can be found if we put its right hand sides to
zero. We get the stationary value for the pendulum’s tilt

=_5/77 siny — A, cos y
) 2-b A
_ kza];(Sin}/—(k2 —k4)cos ;/) (6.115)
e R

Unfortunately we do not get any information about the stationary cart position
in the first approximation. That’s why we need the second one. The corresponding
procedure was formulated in Chapter 4. Let us shortly repeat these results.

(6.114)

0

6.6.6 The Second Order Approximation; the Stationary Position of the
Cart

Consider a system containing both slow master variables and strongly damped
slaves:

x'= SX(x,y,t)
V' =—ky+eY (x,,1) (6.116)
x(0)=x,;(0) =y,

The second order approximation to this system is given by the following rela-
tionships:
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£'=65,(£)+6°5,(£)+0(&)
n = —k77+8Y(§,0,t)+0(82)
£(0)=1x5;7(0) =y,

(&)=(x (00 = [[X(20.0)-, (2) ]
10X

oX
2(§)_<ay0u1+za Y(§,0,t)>

Now we are going to apply this approach to the system (6.111). The first step is
to calculate the functions # :

(6.117)

[1]

[1]

y=0

u =2, cos7—(A +a)sinzt+A,0cos8(z+y)
—(45=b)0sin(z +y)
Uy =—A,c0ST+ A, sinz —A,0cos(7+y )+ A0sin(r+7)

| | (6.118)
u, = —bxllxsin(r+}/)+zb/12 cos(2r+7)—zbﬂ,3 sin (27 +7)
+%5249003(22%2}/)—%1;250sin(2r+2]/)
Besides that we need the following derivatives:
aa‘er :0, aaXH :0’ aaXx :0
s s s
(6.119)
oX oX oX —
S=1-A; —L=; —*=-Abcos(r+
ox Voox Y oox 1 ( }/)
ox, . _
0 =—ﬂ,4s1n(z'+7/)—(/15—b)cos(z‘+}/)
66)(; =A,sin(z+y)+A;cos(r+7) (6.120)
ox,

:1—%515 —%514 sin(2r+27/)—%5&5 cos(27+2y)

00
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6XS =-1; an =1 6Xx :—Ecos(r+7) (6.121)
oy oy oy

The function Y is given as follows:
Y=ks+(k,+1)0—(A4x+G)(Asin(z+7)+ A cos(zr+7)) (6.122)

Now we can calculate the functions =, and Z,,:

(1]

1
u, + u, + u,+ uf Y
Os 00 ox k,—k, ay >

<aX X,  ox,
2s

(6.123)
5, = 8X€uS+aX"u9+aX‘9ux GXBY
os 00 Ox k, k oy
The result is
S, (/12/1 +A3( ))sm}/——(ﬂgl ﬂ,z( ))c057
1, - 1 1o, s 2
_5,14b92—ﬁ{k1s+(k3+1—5(,14 + A ))02}
2 4
k lk { (A4, — A4 )siny +— (/12/1 + A, )cosy}
(6.124)

g, =——(/lzl + A4 )siny +— (/13/1 —A,A5)cosy

+k2 s {kls+(k3 +1—E(/14 + ))92}

T lk{ (A4d, — A5 )siny +— (/12/1 + A, A, )cosy}

Finally we obtain the equations of the second order approximation (only equa-
tions for s and @ are interesting now):

sy=e(1-4)x, +&’E,,

i (6.125)
0, =elx,+£°E,,
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If we are interested in the stationary solution we obtain the following relation-
ship

£ _
X,, =——2 (6.126)

21 =20

This result can be inserted together with 9100 into the following equation

(1= 24)Z50 (52.- 01 ) = A, (5., 6,..) (6127)
It’s a linear equation with respect to s, and its solution is quite simple
Sy =7 (6.128)

Equations (6.115) and (6.128) give us the required stationary values for the
pendulum’s tilt and the cart’s displacement.
6.6.7 Discussion of the Results

Let us discuss the obtained results and compare them with the numeric simula-
tions (see Fig. 6.30).

'y cart's
o
stationary pendulum'’s bias
o

“ phase difference between vertical und horizontal phase difference between vertical und horizontal
excitations excitations

&
g

y cart's
stationary cart's displacement
@

] 001 0,02 003 0,04 0,05 [} 0,005 0,01 0015 0,02 0,025 0,03
of the hori itat amplitude of the vertical excitation

Fig. 6.30. System’s performance as a function of the excitation’s parameters; solid lines -
analytic predictions; dots — numeric simulation of the linearized system

ol LElUMN Zyl_i.lbl

uracy of the analytic prediction.
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As appears from (6.115), a nonzero value for 6 and s, can occur only with

bi-directional HF excitation, i.e. when @b # 0. This result is already known from
the analysis of a simple pendulum with the HF-excited suspension point (compare
the stationary pendulum bias with the relationship (6.30)).

Equation (6.128) reveals that when k, /k, > Othen s,, /6, <0, that is: with
the controller adding positive stiffness to both the cart and the pendulum part of
the system, the cart and the pendulum will be biased in opposite directions. This is
a consequence of the functional (6.98) which has to be minimized by the optimal
controller, including the choice of weighting constants Q and R . It has nothing
to do with the HF excitation, but merely reflects that at equilibrium s =6 =0,
the functional (6.98) will be minimal for u*(z)=0=(ks+k0) =0,
which gives the relationship (6.128).

The origin of the bias in the pendulum’s motions &, is the asymmetric term
q COS( T+y ), which on certain conditions is nonzero even when the pendulum
s vertical. This term generally does not vanish in the presence of bi-directional

HF-excitation, @b # 0, and therefore 6,, =0 is not an equilibrium.

It is further evident from (6.115) that the primary source of the bias lies in the
part of the controller that is intended to damp out oscillations about the equilib-
rium for the cart at s =0. If k, =0, then the right-hand side of (6.115) van-
ishes, and 6, =0 becomes a stationary quasi-equilibrium.

Another important point is the dependency of the stationary bias from the phase
difference between the vertical and the horizontal excitation’s components. This
fact allows changing the system’s equilibrium without any additional energy only
by changing the phase difference. At a certain phase difference the up-pointing
pendulum’s position becomes the stable equilibrium as if the system would not be
excited at all.

¥, = arctan (/’c2 — k4) (6.129)

The control error in the presence of HF excitation can be explained by the
asymmetric forces induced by the elliptic HF-excitation. The vertical components
of these forces are transmitted to the system directly by the platform, while the
horizontal components are transferred primarily by the damping force sz‘ deter-
mined by the controller. The only other way how the horizontal components con-
tributing to the asymmetry can be transferred to the system is by the stiffness term
k1S; however, at high frequencies the damping term is much stronger than the
stiffness term, i.e. the influence of the terms depending on the velocities is domi-
nant.
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6.6.8 A Robust Control with Averaging Observer

This cognition enables analysis to find out how the proper behaviour of the sys-
tem can be restored in presence of the HF-excitation. The simplest way is to pre-
vent HF-excitation from coming into control system by means of a “slow” ob-
server. Under the slow observer we would understand some kind of a transformer
between the real values of some state variables and the input values for the control
system. The simplest example for the slow observer (but surely not the only one)
is the “averaging” observer or the low pass filter if we use the signal processing
language. In our case we have to filter the velocity signals only. It can be done by
an elementary second order filter used at the entrance of the control algorithm. In-
stead of the real cart’s and pendulum’s velocities we use the filtered ones. Instead
of the original control (6.101) a new one can be applied:

u=—ks—ky —k0-kyv,
v, +v, =k

Is s Is s

T,v,+v, =k,s (6.130)

2s5"s
TgVe +V, = kigV,
TypVy +Vy = kyy0
This filter is surely not optimal one, neither is the corresponding control. But it
is good enough in order to demonstrate the efficiency of the averaging observer

(see Fig. 6.31)

1 2

7 20 40

@ |/ (b)

El PRI

Fig. 6.31. Simulation results for the control based on the filtered estimates for the veloci-
ties; (a) — the efficiency of filtering; thin line — the cart’s velocity; thick line — the filtered
cart’s velocity; (b) — the performance of the control system — both the cart and the pendu-
lum are rapidly stabilized in the right positions

It would not be difficult to design the corresponding optimal filter and optimal
control applying the same methods we have used for the initial control design, but
it is not the objective of our analysis. The only disadvantage of the averaging ob-
server is obvious. The control system looses a lot of information about the sys-
tem’s state, which cannot be used if there are some additional functions. The only
sensiblerapproachrisstordistinguishrbetween observations used to ensure the stable
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and robust behaviour of the controlled object and perhaps the same observations
used for other purposes.




7. Systems with High-Frequency Excitation:
Advanced Analysis and Generalizations

The basic effects of the strong HF excitation were discussed in the previous
chapter. The exceptional role of the large oscillating terms was also mentioned in
paragraph 6.4 but this case was excluded from our analysis. The technical reason
for this restriction is quite simple. Particular systems with strong excitation com-
monly occur in various applications. Usually these systems are used if we are in-
terested in analyzing motions of a machine where the inertia of its housing is sig-
nificantly larger than the inertia of its moving parts.

If however the mass or inertia of the mechanism’s moving parts is not small (as
in the case for many modern machines like cranks mechanisms or vane pumps),
equations of motion containing fast oscillating inertia coefficients will be ob-
tained. These equations contain large, fast oscillating terms depending not only on
the generalized coordinates but also on the system’s generalized velocities.

Another example of systems with strong excitation dependent upon the first de-
rivative of the unknown function appears if we investigate vibrations or wave
propagation in inhomogeneous media. For example, the longitudinal waves in a
rod with a periodic or quasi-periodic structure. In this case the typical equations
with strong excitation of general form appear naturally with respect to the spatial
coordinates. Equations with the slowly modulated HF excitation are typical for
this group of applications.

The general asymptotic procedure will be established in this chapter. It is suit-
able for analyzing strongly excited systems and those in which the periodic HF
excitation depends on velocity. This analysis is illustrated by two mathematical
examples highlighting the principal differences between the effect of the posi-
tional HF excitation and the effect of the terms depending on velocity. The re-
sponse of an elementary nonlinear system subjected to strong external and para-
metric (depending on the velocity) excitation, is used to demonstrate the effects in
a mechanical application. The same example is used to demonstrate how the per-
formed analysis can be generalized for systems with very strong external excita-
tion. Dynamics of a double pendulum with a fast rotating second link is consid-
ered as an example demonstrating some technical applications of the discussed
methods.
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7.1 Systems with Strong Excitation. General Analysis

The general mathematical approach for asymptotic analysis of mechanical systems
with strong general HF excitation can be formulated using the following theorem
(the strict mathematical formulation and the corresponding proof is given in Ap-
pendix VIII):

Consider a system

X=F(x,x,t,7) +0®(x,x,t,7)
(7.1)

x|t:0 = xo;xL:O =V,,T =0t

Suppose:

1. x is a n-dimensional vector of the system’s generalized coordinates.

2. Function F' is continuous together with its first partial derivatives with re-
spect to all arguments.

3. Function © is continuous together with its second partial derivatives with re-
spect to all arguments.

4. All the functions are 27T-periodic with respect to T, < > means averaging

with respect to T, @ >>1 is the large parameter.

5. The general 27T - periodic with respect to T bounded solution to the system of
n first order differential equations is known:

ou

Ez@(X,u,t,f),(u(X,t,T»:X:u:U(X,X,t,r) (7.2)

1t satisfies the Lipschitz conditions together with its first partial derivatives with

respect to X and X.
Consider a system of ordinary differential equation, which does not contain the
fast time T alongside (7.1):

M (X, X.0)X =V (X, X,0);
. (7.3)
X| :)cO,XL:0 =v, —0V¥/or|

t=0,7=0

Here
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M(X,X,t):<WT aU>,
ox

V(X X.1)= <WfF(X,U,z,r)

+(w! 0P \P_G_UX_G‘_U
oX oX ot

‘P:;[(U—X)dr
)

(7.4)

W, is the fundamental matrix of solutions for the linear homogeneous system
oW, oD\
S=—| | W det(W])#0 (15)
ot ox

Then solutions to (7.1) and (7.3) are asymptotically close to each other for the
time interval = 0(1)<:>Z' = O(a)) .

We are going to demonstrate the origins of this result by applying formally the
multiple scales technique. The analysis based on the generalized averaging leads
to the mathematical proof of this theorem which can be found in Appendix VIIIL.

Let us start with the multiple scales and convert from the system of ordinary
differential equations (7.1) to a system with partial derivatives and two independ-
ent variables 7 and 7 :

2 2
¢, , 00, .00 _ ( o 8¢mj

L Fl 0.4 0
o Caar Lo T\P

ot

5 5 (7.6)
+od go,—¢)+a)—¢,t,r
ot or
The relationship between (7.1) and (7.6) is given by the following condition: If
@(t,7) is a solution to the equation (7.6), then this solution taken along the
straight line 7 =@t , ie. X =@(f,@t) is a solution to the equation (7.1). In

other words, system (7.6) is more general than the equation (7.1). It gives us some
freedom to choose the boundary conditions for this system. The only restriction is
that the straight line 7 = @? should be in the inner part of the considered area.

We require (¢, 7) being a 27 - periodic function of 7 and try to find @(Z,7)
as a formal asymptotic expansion in terms of the small parameter & = 1/ :

p(t, 1) =y, (t,7)+ ey, (t,0)+ W, (t,T) +... (1.7)

Substituting this expansion into (7.6) and balancing the terms with equal orders
of & we obtain:
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3y,
or’

et =0, (7.8)

2 2
PECA Y '//OZCD( v o,

or ot

a 2 815 a)aal//() atafja (79)
T T T

0 82!//2 +2 aZWI

2
g +8W0=F+a£ @(%+%j (7.10)

+
o “owor o o e o or

The last step must be justified, because the second argument of all the functions
on the right hand side of the equations is:

v, % OV,
or 0t or

(7.11)

This expression can take values of the magnitude order of the large parameter
@ . So it can create terms of any order in our equations depending on how @ de-
pends on X . If we require @, as usual, being a bounded function in the vicinity of
the solution to the averaged system, we reduce the problem to the a posteriori
check of our assumptions concerning the magnitude order of X in the vicinity of
the found solution.

In the considered case of strong excitation the problem is insignificant. The
general solution to the equation (7.8) has the following form:

W, (t,T)=X()+ A(t)r (7.12)

According to the periodicity of ¥/, , we get A(l‘) =0.Hence, v, = X(?) .1t

depends only on the slow time 7 and the large terms in the equations (7.9) and
(7.10) disappear automatically. However, it is just this problem that prevents a
general analysis of systems with very strong excitation.

The objective of the following analysis is to obtain differential equations gov-
erning the still unknown function X (t) These equations should not contain the
fast time 7 .

The equation (7.9) after substituting in it the solution of the equation (7.8) takes
the form:

2
aa e ﬂD(X,)G%,t,rj (7.13)
T T
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It is natural to call this equation “The Equation of Fast Motion”. It is a differen-
tial equation with only partial derivatives with respect to 7. So we can take
X, X and ¢ to be constant parameters while solving (7.13). Referring to the fifth

condition of the Theorem (cf. (7.2)) we can rewrite the solution of the equation
(7.13) as follows:

v, =Y, 0)+ X,0);, ¥ = ](U—X) dr (7.14)
0

The new unknown function X, (¢) is a small slow correction to the main slow
part of the solution X (t) The system (7.2) is significantly simpler than the
original system (7.1), because its order is halved and we can take all the functions
of slow time 7 to be constant. In other words we are not interested in the slow
evolution of the system here but only in its high frequency oscillations.

Let us move on now to the equation (7.10) which can be now rewritten as fol-
lows:

2
@:ai_)wFﬁai)y/l—@ Vi (7.15)
or Ox ox otot

The new unknown function was introduced here:

V= % + % (7.16)
or ot

This is a system of 7 first order linear inhomogeneous equations with periodic
coefficients. As it is known from the general theory of linear systems with peri-
odic coefficients, the projections of the inhomogeneous parts of the equations on
the solutions of the system conjugated to the homogeneous part of the original one
must vanish in order the periodic solutions to (7.15) exist. (A reference to the clas-
sical work of Poincar¢ [98] seems to be in order here and to underscore the close
relationship of Poincaré’s method to that of multiple scales, which is in this case a
procedure to find a periodic solution with respect to 7 (7.6) with a non-isolated
unperturbed solution (7.12).

This necessary condition takes the following form:

2
MT{F+@WI—6W1—X} =0 (7.17)

ox otot

The matrix W, is defined as the fundamental matrix of the homogeneous sys-

*

tem (7.5). The equation (7.17) contains seemingly two unknown functions X and
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X, . This statement becomes clear if we replace ¥/, by its explicit form (7.14).
Then (7.17) can be rewritten as follows:

2
<W;T {F 62‘11 ai)Xl— ¥ —X}>=0 (7.18)

Ox Ox oot

Let us show that the term which depends on the X is equal to zero. In other
words we are going to prove the following identity:

oo
<W*T —> =0 (7.19)
ox
Let us use the equation (7.2) written as an identity:
ou .
E=<I>(X,u(X,X,t,r),t,r) (7.20)

Deriving it with respect to X one obtains:

O’u oD o, o oD du
oXor oX oX oX

Hence we can rewrite (7.19) as follows:

2
wr 0P oD _{wr ou _pr @ r 0@ du 722
oX oXor oxX ox
Due to the periodicity of W, and u we can write:

2 2z 2
W ou :L W’ ou dr
o0Xort 27 oXor

0

(7.21)

2r 2 T
:L(W*Ta_“J _ L pow_ou (7.23)
2 oX )|, or oX
2
:L mTai’a_”dT: W*Taga_u
27 oX oX 0X oX

Substituting (7.23) into (7.22) we obtain the required identity (7.19).
Due to this result we can simplify the equation (7.17) as follows:
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2
()i =(wr {F e w27 020
ox otor

Lastly, function W depends on ¢ both directly and indirectly through func-
tions X (t ) and X (7). Under 0/0t we understand here the “full” partial deriva-

tive with respect to 7. Taking this into account and using the “partial” partial de-
rivatives we obtain the final explicit form of the equation (7.24):

a—KP=U+)'( oY _ou aUX a—UX+X:>
or otor ot oX oX

oU oD oU oU (7.25)
whH=—)X = WJ{F —‘P————X}

oxX Ox or 0X

This is exactly the equation (7.4) required in the theorem. Equation (7.4) does
not contain the fast time, and determines the slow evolution of the solutions to the
original system (7.1). That’s why they could be called “The Equations of Slow

Motion”. The Function ¥ (X, X,#) can be naturally called the vibrational force

and the matrix M (X, X ,1) can be interpreted as a matrix of the system’s “effec-
tive mass with respect to slow motions”. This matrix depends on the solution of
the equations of fast motion, i.e. on the amplitude of the fast excitation.

If the function @ does not depend on X, system (7.3),(7.4) goes over into
equations, well known, for example, from the works of Blekhman [20]:

X = <F +6£‘P> (7.26)
ox

This is nothing different but the equation (6.58) which was already obtained in
the section 6.4 with the help of the standard averaging.

An interesting question is, can the general result (7.4) be obtained by the stan-
dard averaging or by some modified averaging? It was already shown in the pre-
vious chapter that the standard approach based on the variation of the integrals of
the unperturbed system, does not help to obtain the general relationships similar to
(7.26). We know however, that the solution we are interested in can be represented
at the coordinates’ level, as a superposition of the small fast oscillations and large
slow evolutional motions. At the velocities’ level the fast oscillations and the slow
evolution are of the same order of magnitude.

The generalized averaging procedure based on this fact can be found in Appen-
dix VIIL. It leads directly to the mathematical proof of the formal equations (7.3),
(7.4).

Let us give two mathematical examples illustrating the effect of the fast oscil-
lating terms depending on the velocities.



272 7. Systems with High-Frequency Excitation: Advanced Analysis and
Generalizations

7.2 Two Mathematical Examples of Systems with Strong
Excitation

Now we are going to consider two mathematical examples of systems with strong
excitation, illustrating the main qualitative difference between the systems with
strong terms depending on the velocities (7.1) and systems in which these terms
depend only on the co-ordinates.

7.2.1 A System with One Degree of Freedom and Strong HF
Excitation Depending on the Velocity

Firstly, following [34] we consider a system with one degree of freedom. Sec-
ondly an example of a system with two degrees of freedom is analyzed. It is nec-
essary to emphasize that these examples are purely mathematical. Further me-
chanical examples are discussed in paragraph 7.3.

As in the first example we are going to analyze the following equation:

X+ fx+x=awxcos(wt) (7.27)

Let us assume that g and /3 are both of the magnitude order 1 and @ >>1, is
the large parameter. Then according to our designations

F=-px—x, ®=axcost (7.28)
The equation of fast motion takes the form:
ou (7.29)
— =aucost
or
Its periodic solution satisfying the average condition (7.2) is:
X ‘ (7.30)
I, (a)
Here /, (a) is the modified Bessel’s function of 0 -order:
1 % s (7.31)
I,(a)=— Ie”sm ds
27
The linear homogeneous system (4.2.6) can be written down as follows:
oW, (7.32)

=—qgW,.cost
or
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Its periodic solution is:
W* — e—asinr, Wk > O (733)

Substituting these expressions into (7.4) and averaging the corresponding
terms, one obtains the following equation of slow motion:

X+pX+17(a)X=0 (7.34)

Equation (7.34) is a very simple linear differential equation with constant coef-
ficients. Its solution, together with the fast component (7.30) gives us the ap-
proximate solution to (7.27).

Let us demonstrate how the same result can be obtained by the standard averag-
ing based on the variation of the integrals of the unperturbed equations. Convert-
ing to the fast time as the independent variable one can rewrite (7.27) as follows:

x'=¢gv (7.35)
Vi=—gfBv—ex+avcost
The corresponding unperturbed system is
x(') =0 (7.36)
Vy =av,CcosT
Its general solution is periodic:
x, = const; v, = z,e"""; z, = const (7.37)
We can consider (7.37) as the variable transformation:
V= ze®in? (7.38)
The following equations govern the new variables:
x' = gze™™" (7.39)
7' = —gfz —gxe "
This is a system in the standard form. It can be averaged directly. The result is:
x =¢z1,(a) (7.40)
z) =—¢&fz,—ex,(a)

Converting to a second order differential equation and returning back to the
slow time as an independent variable one obtains the equation (7.34).

A comparison of the analytic solution with the numeric one can be found in
Fig. 7.1 and Fig. 7.2 for two different values of the large parameter (@ = 50 in
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Fig.7.1; @ =10 in Fig.7.2). In both cases the calculations were performed for the
following parameters’ values: f =0, a=1= 1 (1) =1,266

24 3

o% OW

-2 T t T 1
0 5 10

-3
0 5 10

Fig. 7.1. Comparison between analytic (thin line) and numeric (thick line)
solutions

3
2
. M 0
-2 T 1 -3+ T ]
0 5 10 0 5 10

Fig. 7.2. Comparison between analytic (thin line) and numeric (thick line) solutions for the
smaller values of the large parameter

In the first case there is no visible difference between two predictions. For
smaller values of o the trajectories diverge slightly.
Consider some features of this solution.

e [t is typical for systems with strong excitation that the solution is a superposi-
tion of slow component and fast oscillations. These are small respectively to the
generalized coordinates X, but their derivatives are not small respectively to
the generalized velocities X .

e All the particular results which can be achieved according to the general ap-
proach (7.3), (7.4) can be also obtained by multiple scales or standard averag-
ing. These general purpose methods lead however only to particular results.
The general relationships clarify the main difference between systems with the
HF-excitation depending on the velocities and those with the HF-excitation de-
pending only on the positional coordinates. This difference can be formulated

very simply:

The HF-excitation depending on the velocities changes the effective mass
of the system with respect to slow motions.

e The large fast oscillations of the damping coefficient change the frequency of
the slow free oscillations of the system. This frequency can be controlled by the
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excitation’s amplitude. This result is similar to that reported by Nayfeh and
Nayfeh [81] for another particular system. This effect is typical for systems
with strong excitation, but in this particular case it is caused by the changed ef-
fective mass of the system. This thesis is even clearer illustrated by the next
example.

7.2.2 A System with Two Degrees of Freedom and a Skew Symmetric
HF Excitation Depending on the Velocities

We are going to consider a system with two degrees of freedom as the second
mathematical example.

X, = awx, cos wt + F, (x,,x, )
. . (7.41)
X, =—awx, coswt + F, (x,,x,)

The characteristic for this system is the skew-symmetric matrix of the HF exci-
tation. Let us assume that @ has the magnitude order 1; @ >>1 is the large pa-
rameter. F; and F, are arbitrary bounded functions describing slow forces. The
following relationships are valid according to our notation:

® = Qui Fol b Q 01 " 42
= COS N = N = N = .
axcoszt F | 10 ;X ¥, (7.42)

The equation of fast motion takes the form:

% =Qaucost (7.43)

Its periodic solution satisfying the average condition (7.2) is:

U= W

*

(@) ()X (7.44)

Here J 0 (a) is the Bessel’s function of O -order:

17 :
Jy(a)=— Icos(asm r)dr (7.45)
0
W, is the fundamental matrix to the linear homogeneous system (7.5) taking

in this particular case, the form



276 7. Systems with High-Frequency Excitation: Advanced Analysis and
Generalizations

W,
or

=-QW.acos7 (7.46)

This equation can be easily solved. Let us write it down in components:

11 12
aaﬂ =-—Wacost; 621/*
T T

21 22
- _ W!'acost; .
or or

=-—W>acost

(7.47)
=W" acost

This system can be transformed as follows:

GL” - _W21 GL*ZI ="
d(asin) 8(a sinz)

aW*lz 22, aW*ZZ 12

d(asinr) B d(asinr) B

(7.48)

>

The fundamental solution to each pair of the equations is obvious:

{cos(asim) sin(asinr)}

—sin(asinz) cos(asinz) (7.49)

Substituting these expressions into (7.4) we average the corresponding terms in
order to obtain the equations governing the slow motion:

(% )™ =@l o

o\ o <cos as1nr)> <s1n asin7)> F,
V_<W* >F_ —<sm(as1nr> <cos(asinz')> [Fj (750

ol 1

The equation of the slow motion is:
X =J;(a)F(X) (7.51)

This system is extremely interesting. It is common for systems with fast excita-

eralized velocities that some additional
: . % I
3
ol LA zy
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slow vibration forces expressing the averaged result of the HF excitation appear in
the equations of the slow motion. These terms are usually added to the existing
slow forces. Here we have got a totally different result. The existing slow forces
are multiplied by a factor, which depends on the amplitude of fast excitation. Fur-

ther, due to the oscillating character of the Bessel’s function J,,, it has an infinite

number of zeros. This means that there is a countable number of excitation ampli-
tudes corresponding to these zeros, for which the equation of the slow motion

takes the form X =0 for arbitrary functions F', i.e. the system does not react to
an arbitrary slow action. This unusual property is in some sense similar to the
quantization effect in micro-physics. It is interesting to notice that this effect still
remains for the higher order approximations.

The orbit calculated numerically for the first zero of the Bessel’s function is
shown in Fig. 7.3.

X,

X

Fig. 7.3. Stationary orbit for a =2.40482 and @ =300.

It must be emphasized that the system (7.41) does not exist in mechanics and
the considered example has only a pure mathematical character. Nevertheless it
demonstrates clearly the principal difference between systems containing fast ex-
citation terms depending on the velocities and those, which do not contain these
terms. The obtained result is quite unexpected and it would be interesting to ana-
lyze if there are physical systems described by these or similar equations.

Let us now move on to some physically sensible examples illustrating the in-
fluence of the strong HF excitation depending on the velocities.

7.3 The Lowest Natural Frequencies of an Elastic Rod
with Periodic Structure

Consider longitudinal waves in a rod with periodic structure and fixed ends. It
can be described by a differential equation with partial derivatives and corre-
sponding boundary conditions:
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o’u 0 ou
———| E(Ax)A(Ax)— |=0
ux:O _ux=l =

The density of the rod, its elastic modulus and the cross section area presumed
to be some fast oscillating periodic functions of the spatial coordinate X :

p(A(x+27)) = p(Ax)
E(A(x+27))=E(Ax)
A(A(x+27))= A4(Ax) (7.53)

/1>>l
/

The same equations are valid for any linear problem of wave propagation in a
one dimensional periodic continuum. We are now going to find the approximate
expressions for the lowest natural frequencies of the rod. Applying the standard
procedure we try to find a solution to (7.52) in the following form:

u(x,1)=v(x)sin ot (7.54)

Inserting (7.54) into (7.52) and balancing the corresponding terms the follow-
ing ordinary differential equation can be obtained:

dzv+a)2 p(2x) v:_ldln(E(ﬂx)A(/ix))ﬂ
dx* E(ﬂ,x)A(/lx) a’(/lx) dx (7.55)

v(O):v(l):O

This is an equation with strong excitation (A is the large parameter) considered
in the section 7.1 with respect to the spatial coordinate x . Referring back to the
general form (7.1) we can use the following notation:

o pE) g dm(E)A() v,

— ; = E=Ax (7.56)
E(£)A(¢) dé dx
The corresponding equation of the fast motion has the form:
din(E (&) A
a_p:_ Il( (é:) (5))p (7.57)

PE dé
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Its solution fulfilling the average condition < p> =V'"is

4 L\
P= E(f)A(é)<E(f)A(é)> 7

The system conjugated to the homogeneous part of the equation of the second
approximation is

ow, _din(E(£)4(¢))
& dé '

Its fundamental solution is easy to find:

W,=E(&)A(E) (7.60)

Averaging the corresponding terms one obtains:

R A 1
(e ) e

Finally, we receive the equation of “slow” motion, which means in this case the
long wave approximation:

(7.59)

", o2 1
rre <p(§)><E(§)A(§)>V:0 (7.62)
v (0)=V()=0

The natural frequencies of the rod and the corresponding wave propagation ve-
locity follow immediately from this equation:

~\erleem)
(P(E))\E(S)4(¢) (7.63)

zne
o=——:; n=12,...

[

This result can be obtained by means of different perturbation methods. We are
going to consider several more complicated examples in the next sections.
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7.4 Response of a One Degree of Freedom Nonlinear
System to a Strong HF External and Parametric Excitation
Due to Oscillating Inertia

Now we are going to consider an example, which appears naturally in systems
with oscillating inertia coefficients.

7.4.1 The Governing Equations and Their Transformation to the Basic
Mathematical Form

Consider the following system:

d X

3 .
— | ————— |+x+ax =wf(t)sin(wt+6 (7.64)
dt\ 1+c(t)cos wt ()sin )

This equation describes a one degree of freedom system with oscillating inertia.
An example of a mechanical system which in an appropriate approximation can be
described by an equation similar to (7.64) is shown in Fig. 7.4. It is a pendulum
with a mass moving along it.

acosat \

Fig. 7.4. A pendulum with the fast oscillating length is the elementary example of a system
with the HF parametric excitation depending on the velocity

Its equation of motion can be written down as follows:
d 2, .
;((1+acosa)t) (p)+g(l+acosa)t)smgo=0 (7.65)
t

Here / is the unperturbed length of the pendulum. We can transform this equa-
tion to a form very similar to (7.64) if we presume that the amplitude of the
length’s oscillations is small in comparison with the unperturbed length and re-
place the sine function by its cubic approximation:
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3

?<<l;a)>>l; %sz(l); sin(pz(p—% =

p » (7.66)
a | g

Sl 1425 coswt |¢ |[+2] o2 |=0

dt(( lcoswj(pJ 1((/) 6)

The asymptotic accuracy of this equation would not change if we notice the fol-
lowing relationship:

2
1+2£cosa)t=;+0 (ﬁj =
a
1—27cosa)t
(7.67)
. 3
dt / 6

l—2%cosa)t

This is exactly the form of the parametric excitation depending on the velocity
that we are going to investigate in the equation (7.64). We will not assume the ex-
citation’s amplitude to be small. The form (7.64) allows highlighting the most im-
portant general properties of such a system avoiding the unnecessary mathematical
complications. We also suppose, according to the previous chapter, the excita-
tion’s amplitude to be slowly modulated.

7.4.2 Obtaining the Equations Governing Slow Motion

The equation (7.64) can be rewritten as follows:

.. XCCOST
¥=—(x+ ax3)(1+cc0s1)+1—
+ccosT
. (7.68)
: wxcsint
+ofsin(r+6)1+ccost)————.
I+ccost

Referring back to the general form (7.1) we can use the notation:

F=-(x+a x3)(1+ccosr)+1xcﬂ
.+c‘cosr (7.69)
® = fsin(z+0)(1+ccosr)———nt

I+ccost



282 7. Systems with High-Frequency Excitation: Advanced Analysis and
Generalizations

The corresponding equation of fast motion is:

Qu ___HESINT | in(r+0)(1+ccost) (7.70)
or 1+ccost

Its solution which fulfils the average condition <u> =X is

u:(X+§fccost9—fcos(r+6’))(1+ccosr) (7.71)

The system conjugated to the homogeneous part of the equation of second ap-
proximation determines the weighting function:

ow,

*

_ cW sint W 1
or (1+ccosr) : (1+cosr)' (7.72)

Averaging the corresponding terms one obtains:
M=1; V==X -aX’—4(fe+ f¢)cosd (1.73)

Finally, we receive the equation governing the slow motions of the system:

X+ X+aX® =—%%cos«9 (7.74)

7.4.3 Discussion of the Results

This equation has several interesting peculiarities. Firstly, in this case neither
the effective mass, nor the natural frequency gets transformed. Instead, we have
another interesting phenomenon — the transformation of the slow excitation’s char-
acter. There are both external and parametric high frequency excitations in the
original system. If the high frequency excitations are slowly modulated by the
functions f (l ) and C(t ) , it means that we do not only deal with the high fre-

quency but also with the low frequency parametric and external excitations of the
original system. The parametric excitation has completely disappeared in the
equation of slow motion. The external excitation is transformed unexpectedly. It
has become proportional to the first derivative of the product of the slow variable
amplitudes of both external and parametric high frequency excitations.

The properties of the averaged system are illustrated in the following figures,
obtained by numeric simulation of the full equation (7.64). Figure 7.5 shows the

solution for the parameter’s set: &« =0; @ =100; & =0.
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a) b)

Fig. 7.5. System with strong excitation; velocity; a) modulation which does not excite the
slow resonance: f =1+0.5sin#; ¢=+(1+0.5sin )" ; b) modulation exciting the slow

resonance: f =1; ¢=1(1+0.5sin N

This figure illustrates the typical character of the solutions to the systems with
strong excitation, which is a superposition of slow motion and fast oscillations.
The amplitude of the fast velocity oscillations is comparable with the amplitude of
its slow evolution.

In case a) we have fc = const = fc+ f¢ =0 . As it can be seen, in this case
we have stationary oscillations of the averaged system. Figure 7.5 b) shows the re-

sults of the simulation for the case fc # const = fc+ f¢ # 0. In this case, ac-

cording to the prediction, we have a typical picture of the external non parametric
resonance with the linearly increasing amplitude of slow oscillations.

In these cases there are no visible differences between analytic and numeric
predictions. Figure 7.6 shows the comparison of analytic and numeric solutions
for @ =15. We can see that, although in this case the small parameter is not small
enough, the asymptotic solution still gives the qualitative character of the system’s
movement. However, the quantitative differences are significant.

Fig. 7.6. Comparison of analytic and numeric predictions; travels

The performed analysis can be generalized for the case of the very strong ex-
ternal excitation. The general analysis of the systems with the very strong excita-
tion_still remains unaccomplished yet. But already this particular case demon-
strates some significant peculiarities of the very strong excitation.
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7.5 Systems with Very strong Excitation in the Special
Case of Fast Oscillating Inertial Coefficients

Now we are going to consider systems with very strong excitation. Unfortunately
it is not possible to perform this analysis for an arbitrary function @ . That’s why
we restrict it to the special form:

¥=@'®,(t,7)+ oD, (t,7)%+ F (t,7)x + F,(x,1,7)

x(0)=x,; x(0)=v,; T=0t 77)

Such a system appears naturally in mechanics, if the corresponding kinetic en-

ergy contains inertial coefficients depending on the fast time: 7 = %)'CTJ (t, T) X
and the external excitation is very strong.

The analysis of this system is from the technical point of view very similar to
the case of the strong excitation. It would be natural to expect “the strong re-
sponse”, i.e. solutions with x >> 0(1) , Tor systems with very strong excitation.

But under some special conditions the limited solutions x = O (l) are also possi-
ble. We will call these solutions “the weak response”.

The equations governing the slow motions can be formally obtained for the sys-
tem (7.75) using both the multiple scales and the modified averaging method. Let
us apply the first one.

We convert as usual to an equation with partial derivatives which we try to
solve asymptotically (compare with the equations (7.6), (7.7)). Balancing the
terms of the same magnitude order one obtains the following equations:

0’ 0
o : GZIZO =CDI%+<DO (7.76)
o'y, 0w oy, Oy oy
] Lt vl R 777

2 2 2
o2 1/122+2a v 8 l/go
ot otor ot

—, (%+%j+ﬂ(%+%j+@(%,t,1)

(7.78)

or ot or ot

Let us try to find a solution to these equations as a superposition of the slow
evolution and fast oscillations being of the same order of magnitude already at the
coordinates’ level. Let us rewrite the equation (7.76) as follows:
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— =D, u, +Dy; u, = (7.79)

We require that this equation has a periodic solution with vanishing average;
otherwise the function 1/, would increase with the fast time. It is possible only if
the following condition is fulfilled

<mTq>0> =0 (7.80)

Here W, is the fundamental matrix of the homogeneous system conjugated to
(7.79):

ow,

or

If such a solution is found one can represent the corresponding solution to
(7.76) as follows:

=—®[W,; det(W])#0 (7.81)

o =X, (1)+¥(t,7): ¥ (t.7) = [(u, - X, )d7 (7.82)

(ST

The equation (7.77) can be analyzed similarly. We can transform it:

ou ou, 0 0
—L=0u +Fu,——>;u, = Vi Y (7.83)
ot or Ot
We require that this equation has a periodic solution satisfying the condition
(u,(1.7)) = X, (7.84)
It is only possible if the following condition is fulfilled:
(W (Fuy —0u, f0t)) =0 (7.85)

Finally we can consider the equation (7.78). It can be transformed to the form:

%:q)luz +E(u1 +X0)—%+F2(XO +‘I’,t,T)—X0

ot (7.86)

w =V 0w
P oor ot
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The requirement that this equation must have a periodic solution with respect to
the fast time, leads us directly to the equation governing the slow motion which
can be written down as follows:

M (X, Xout) Xy =V (X, X0 )
M(XoaXoat) :<W*T>;
V(Xyr Xy, 1) = (W] F(t,0)) X, + (W] F (X, + ¥, 1,7))

+<VV*T (Eul _%j>’
ot

Xo| ., =x Y|

=0

(7.87)

:vo—ul—a)u0|

t=0,7=0 > " 0],_¢ =0,7=0

The last term in the function V" also contains the slow acceleration X 0-

Under certain mathematical conditions concerning the continuity of the in-
volved functions, the solutions to the systems (7.87) and (7.75) are close to each
other.

It is important to notice that the slow component of the solution in this case is
overlapped by fast oscillations of the same order of magnitude. The slow compo-
nent of the velocity is overlapped by the fast oscillations which are much larger
than the slow component. The next examples illustrate this general result.

7.6 Response of a One Degree of Freedom Nonlinear
System to Very Strong HF External and Strong Parametric
Excitation due to Oscillating Inertia

We are going now to consider the same system as in the section 7.4 but with very
strong external excitation:

d X

E W +x+ax’ =a)2f(t)sin(a)t+¢9) (7.88)

This equation can be rewritten as follows:

5c':a)zfsin(r+9)(1+ccosr)—a)—xcsmr
l1+ccost
.. (7.89)
+m—(x+ax3)(l+ccosr)

l+ccost
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7.6.1 Obtaining the Equations Governing the Slow Motion

Referring back to the general form (7.75) we can use the following notation:

@, = fsin(r+0)(1+ecose); @, =T
(7.90)

CCOST
F=——"""F, :—(x+ax3)(1+ccosr)
l+ccost

The corresponding equation of fast motion (7.79) has the following form:

ou, : csint
—2 = fsin(z+8)(l+ccost)—————u 7.91
or / ( )( ) l+ccost * 790

This equation does not differ from that already solved equation (7.70). The only
difference is that now its average has to vanish, i.e. <u> = 0. The corresponding

solution is:

U, :(%fccos@—fcos(r+9)j(l+ccosr)

(7.92)
Y =—fsin(r + 6) —%fc sin(27 +6) + %fc2 sin7 cos 6.
Equation (7.83) can be rewritten as follows:
%Z—ﬂ—(lﬁ‘CCOST)Q L (7.93)
ot I+ccost ot\1+ccost

This equation does not contain X, . Consequently this equation cannot be used

in order to determine the slow part of the solution. However, it gives us a restric-
tion, which must be fulfilled by functions f (l) and c(t) . This restriction is

necessary for the solutions of this type to exist. This condition from the mathe-
matical point of view means that we require the periodicity of the solutions to
(7.93). It has the form (7.85):

(fe+ f¢)cos6=0 (7.94)

Assuming, that this condition is fulfilled, we can find the function u, satisfying
the averaging condition <u1> =X,:
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u, :(XO —%fcsint9+fsin(r+6?))(1+ccosr) (7.95)

Finally, averaging the corresponding terms according to (7.87), we obtain the
equation of slow motion:

X, +{1+%af2 (l—i-%cz +c’ cos 29(%6‘2 _1))}X0 +aX,’
v (7.96)
:%(fc+fé)sin9+%0!f3051n9(1_%04 cos’ 9)

7.6.2 Discussion of the Results

The main properties of this system are very similar to those of the system with
strong excitation. The frequency of the free oscillations of the averaged system
depends on the amplitude of the high frequency excitation. If both external and pa-
rametric excitations are slowly modulated, we can find both parametric and exter-
nal slow excitations in the averaged system. However, they are significantly
changed. In order for slow parametric excitation to exist, the system has to be

nonlinear (& # 0) and it is also necessary to have a modulated external excitation

(f=0).

If we consider the simplest linear situation, we obtain an equation, which is
very similar to the situation of the strong excitation:

Xy + X, =4(fe+ fe)sino (7.97)

The only difference is that the external slow excitation depends on the second
derivative of the slow modulation. Another point is that in this case the excitation
is proportional to the sine of the phase difference between the external and the pa-
rametric high frequency excitations and not to the cosine as in the previous case.

However we should not forget the relationship (7.94). It couples the modulating

functions if cos@ # 0.

fc+fé=0:>c(l‘)= fCE)l‘) (7.98)

Then the equation (7.97) can be rewritten as follows:

X0+XO:%%(j7—f2)sin6’ (7.99)
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It should be noticed, that a particular example of this system, without paramet-
ric excitation, was considered by Nayfeh and Nayfeh [81]. Equation (7.96) con-
forms completely to their results.

Figure 7.7 represents the direct numeric simulation results with regard to the
full equations (5.3.1). The calculation was carried out using the following parame-

ters: =0, 6=0; o=100; f=1+0.5sint; c=—"—
3(1+0.5sin7)

It can be noticed, that the solution now is a superposition of fast oscillations
and comparatively large slow motions — even at the level of the generalized coor-
dinates.

X

2

sl

AR
VI
A

29 5 10 15 20

t

Fig. 7.7. Weak response in a system with very strong excitation

7.6.3 Large Solutions

At the beginning of this analysis we have assumed, that the necessary condition
for the existence of such solutions (7.94) is fulfilled. But the equation can be also
analyzed presumed this condition is unfulfilled. A solution with the amplitude or-
der 1 does not exist in this case. However, there are solutions with larger ampli-
tudes. In order to demonstrate this, the simplest linear situation will be considered
and the scale of the variable X changed:

X=wz (7.100)

The new variable z is governed by the following equation:

. ZCCOST
z=—z(1+ccosr)+1—
+
CCOST o (7.101)
) zesinTt
+ofsin(r+0)(1+ccost)————
l+ccost

This'is the'linear variant of the'previously analyzed equation with strong excita-
tion (7.68). Its solutions are known.
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Hence, in systems with very strong excitation we should distinguish between
two types of solutions. These will be referred to as “the weak response” and “the
strong response”. The strong response exists under more general conditions than
the weak response. The slow amplitude of the strong response is significantly lar-
ger than 1. If certain additional restrictions on the character of the excitation’s
modulation are fulfilled, the weak response appears alongside with the strong re-
sponse. Its amplitude has the order of magnitude 1.

Figure 7.8 represents the direct numeric simulation results with regard to the
full equation (7.88). The calculation was carried out using the following parame-

ter’svalues: @ =0; 0=0; w=100; f=1; CZ;.
3(1+0.5sin7)

) A~ /]
7 NS [V
v,

-100 t
0 5 10 15 20

Fig. 7.8. Strong response in a system with very strong excitation

In this situation the weak response does not exist. The reaction of the system is
typical for the external resonance, as predicted by the equation of the slow motion
(7.74). The amplitude of the oscillations has from the very beginning the magni-
tude order @ .

7.7 Dynamics of a Two Link Pendulum with a Fast
Rotating Second Link

A two link pendulum is considered as the last example in this section in order to
demonstrate how the equations with very strong external excitation and strong pa-
rametric excitation depending on the velocity appear in mechanical systems.
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7.7.1 Equations of Motion and Their Transformation to the Basic
Form for Systems with Very Strong Excitation

The system consists of the first link characterized by its mass M and inertia J,
and the second link of the mass 7 and inertia J, suspended at the inertia axis of
the first link (cf. Fig. 7.9).

P2

Fig. 7.9. The two link pendulum

The distance between the suspension points of the links is ll , the distance be-

tween the suspension point and the mass point of the first link is /, and between
the corresponding suspension point and the mass point of the second link is /,.

The generalized coordinates of the links ¢, and @, are shown in Fig. 7.9.
The equations of motion for this two link mechanism can be written as follows

(cf- [117]):
(J, +ml} +J,+2mll, cos g, ) @, +(J, +mll, cos@,) @,
—2ml [, sin ,¢,p, —ml L, sin p,,> = M, (7.102)
J,¢, +(J, + mll, cos @, )@ —mll, sinp,pp, = M,

M, and M, are the external torques. We assume that the first external torque
is caused by the gravity:
M, =—-Mglsin ¢, — mgl, sin(go, + (02) (7.103)

Theresis-anselectric-drivesinsthejunction between the first and the second link
which holds the rotation speed of the second link constant:
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®, = @ = const (7.104)

This is a simple model representing a fast rotating unbalanced mechanism at-
tached to some nonlinear flexible structure. Our aim now is to show how the fast
motion of the second link can influence the slow properties of the flexible base.
Inserting (7.104) into the first equation (7.102) one obtains the following equation:

2 . . . 2 . .
o sinwt +2@w@sin ot —k sin @ + sin ( @t +
@ = 14 (” ¢ ( q))) (7.105)
p+2coswt

The following notation is used here:

2
,u:—MZ; L=1 —J1+2Jz; p:—L >2; k= g
ml, ml, INA A (7.106)

@ =

This is a system with the very strong external excitation if the following as-
sumptions concerning the magnitude orders of the parameters are fulfilled:

o>>1; k1, p=0().

7.7.2 Obtaining Equations Governing the Slow Motion

Referring back to the general form (7.75) one can use the following notation:

O, - sint L@, = 2sint
p+2cost p+2cost
. . (7.107)
k*(using+sin (7 +
F=0; F,=- (,u 4 ( (p)); T=wt
p+2cost

The very strong external excitation appears as a natural result of the fast rotat-
ing unbalanced second link. The strong excitation depending on the velocity is the
result of the variable effective inertia of the pendulum as a whole.

We are interested in the limited solutions to the equation (7.105), i.e. in the os-
cillations of the pendulum corresponding to the weak response due to the termi-
nology of the previous section. The strong response corresponds then to the rota-
tional motion.

Equation of the fast motion (7.79) can be written as follows:

Ou, 2sint ( lj
= Uy +— (7.108)
0t p+cost 2
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Its solution satisfying the periodicity condition for the fast oscillating motion is:

1 NP -4

u, = -1 7.109
) p+2cost ( )

The equation conjugated to the homogeneous one is

ow, — 2sint

f W.=p+2cost 7.110
or p+2cost P ) )

Now the equation (7.83) has to be considered. The necessary condition for the
existence  of its  periodic  solution is  fulfilled  automatically

(F,=0; 0u,/0t =0). The equation itself takes the form:

ou 2sint .
8_11:p+2cosru1; ()= X, (7.111)
Its solution is:
2
—4 )
w=xX| XL T _yl-2xy (7.112)
! 0 p+2cost o

In order to obtain the equation of slow motion we have now to average the cor-

responding terms. The function ¥ describing the large oscillating part of the so-
lution must be calculated first.

\P:l]. —“'02_4_1 ar

25 pt2cost

) (7.113)
T ni + arctan( P tan Zj

=——+ p+2 2

nr<z<(n+l)7; n=0,12,...

This function has several interesting properties:

1. ‘P(T)+‘I’(27r—r):o
2. (sin¥(z))=0
3, <sin(‘P(r)+r)>=0
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4, <cos‘{’ (z-)> = % 7].005 ¥(r)dr

5. <cos(‘P( >=—jcos +2')d2'
Taking (7.112) into account that one can notice that
ov ..
—=2Xu (7.114)
ot

The equation of slow motion can be rewritten down as follows:

VP’ —4X, =—k2(,u<cos(‘{’(r))>+<cos(‘}’(r)+r)>)sinX0 (7.115)

It is not a trivial problem to calculate the required averages. They cannot be ex-
pressed in elementary function. However it can be done using the full elliptic inte-
grals of the first and the second art:

: :
1
—x*sin’z dr; K(x)= |— dr (7116
5[ (%) J\/I—xzsinzr

Then the following relationships are valid:

(cos( (2))) =2 [eos arctan( p‘ztani}i dr =

V2 p+2 2

0

1+\(p=2)/(p+2)
<cos(‘P(r)+ r)> :%:;[cos arctan(\/%tan%j+% dr =

E(é}(/)i/gﬂzﬁj “S)

Theralternativeswaynisstortabulatesthese functions numerically. The numerical
results are shown in Figure 7.10.

_2
7

(7.117)

_2
7
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1,0

08 /

0,6

0,4

0,2 K
0.0 2,0 2,5 3,0 3,5 4,0 4,5 50

— 80 — &1 P

Fig. 7.10. Functions SO and Sl

The equation of slow motion for the pendulum takes its final form if we use
these functions:

NP*—4X, +k (uS,(p)+S,(p))sin X, =0 (7.118)

7.7.3 Discussion of the Results

A typical numerical solution of the full equation (7.105) for the case of the lim-
ited slow oscillations of the pendulum is shown in Fig. 7.11. The simulations were
performed for the following parameter’s values:

p=25 k=1, u=1 o=10.
e
.
|

0

-0.5

-1 T T T 1
0 5 10 15 2 t

Fig. 7.11. Small slow oscillations of the pendulum

It is easy to notice here that the solution is a superposition of slow and fast os-
cillations of the same magnitude order at the level of the coordinates, which is

characteristic for systems with very strong excitation.
Fig. 7.12 shows the same simulation but for different initial conditions corre-

sponding to the motion in the vicinity of the heteroclinic curves.
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Fig. 7.12. Large slow oscillations of the pendulum
Figure 7.13 displays the slow rotations of the pendulum for the corresponding

initial conditions.
4
307

|
mw

-10

=)

\

|

I T 1 T |

0 10 20 30 a0 1

Fig. 7.13. Slow rotation of the pendulum

Equation (7.118) shows that the “slow” oscillation’s frequency of the pendulum
increases as P —> 2. The corresponding comparison between the theoretic and

numeric results is shown in Figure 7.14.

(4]
0,25 q

L]
02
0,15 -
0,1

0,05

3 4 5 0

Fig. 7.14. Frequency of the “small” slow oscillations as a function of the parameter p;
comparison between approximate and numeric solutions
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7.7.4 A Short Remark on the Practical Importance of the Considered
Solutions

An interesting problem is connected with the existence area of the considered
type of motion in the initial conditions space. The initial conditions for the slow
variable are determined according to (7.87):

Xy (O):%

. 7.119
X,(0)=¢, p+2+lw p+2_1 (7.119)
p—2 2 p—2

These values (first of all for X , ) must be of the order of magnitude 1. This re-

quirement leads to the desired condition:

Py :_lw 1- p=2
2 p+2

+0(1) (7.120)

The relationship (7.120) seems to be a very special condition. The initial veloc-
ity must be inside of a relative small O(l) strip around the large value O(a))

The fast rotation of the pendulum is the solution for all other initial conditions.
This rotation corresponds to the strong response in the terminology of the previous
section. In other words the attraction area of the weak response is mach smaller
that the attraction area of the strong response.

So the importance of the considered limited solution seems to be relative small.
However exactly this type of motion is excited by the straight forward acceleration
of the second link from the rest to some large value. This interesting fact is illus-
trated by the numeric simulation results in Figure 7.15. The second pendulum’s
link was slowly accelerated so that its rotation speed increased according the fol-
lowing relationship:

®=10(1-¢""") (7.121)

1
0 10 20 30 40 50 £

Fig. 7.15. Oscillations of the pendulum during and after the acceleration of the second link
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From this point of view the limited solutions in the considered system are im-
portant for the practice.

Remark: Systems with dominating terms depending on the velocities were
considered in this chapter. One could try to apply this approach to the con-
trol problem investigated in the previous chapter. It is however not possi-
ble, because the corresponding equation of the fast motion does not have
the general periodic solution which is a significant requirement for the ap-
proach discussed in this chapter.

7.8 Conclusions

The general analysis of systems with strong HF excitation was performed in this

chapter. The main attention was attracted to the systems with HF terms depending

on the generalized velocities. The following general properties of the solutions to
these systems can be emphasized.

e It is typical for systems with strong excitation that their solution is a superposi-
tion of a slow component and fast oscillations. These are small respectively to
the generalized coordinates X, but their derivatives are not small respectively
to the generalized velocities X .

e The main difference between systems with the HF excitation depending on the
velocities and those with the HF excitation depending only on the positional
coordinates can be formulated very simply:

The HF excitation depending on the velocities changes the effective mass
of the system with respect to slow motions.

The performed analysis is illustrated by several mathematical and mechanical ex-
amples. It is also generalized for systems with very strong external excitation
which doesn’t depend on the state variables. In this case the fast vibrations are not
small even at the coordinates’ level. However limited solutions are possible also in
these systems. The dynamics of a two link pendulum with the fast rotating second
link is considered as the mechanical example. It illustrates the main dynamic ef-
fects of the very strong HF excitation on the light flexible structures carrying un-
balanced rotors, for which the performed analysis is especially important.
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Appendix I: The first Bogoliubov’s Theorem for Standard
Averaging

Specific Gronwall’s lemma
Consider a linear integral inequality

'
w(t)<a+b [w(r)de (L)
)
Suppose
w(t)=0,a>0,b>0 (1.2)
Then the following inequality is also fulfilled:
w(t) < g™ (L3)
Proof
The inequality (I.1) can be rewritten as follows
w(t)
a+bjw(f)dr @4

Iy

Integrating it with respect to # one obtains:

log a+wa(r)dt —loga <b(t-t,) (L5)

fy

Taking into account the monotony of the exponent we notice
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a+b jw(r) dr < ae’'™ (1.6)

fo

Applying the original inequality (I.1) we conclude:
w() <ae’"™ (17)
This is the inequality we wanted to prove.

Theorem
Consider a system in the standard form

x=¢eX(x,t,¢), x(0)=x, (1.8)

Suppose:
1. The vector function X :xe Dc R",t€ R',e <<1 is a measurable T -

periodic function with respect to ¢ for x € D
X(x,t+4T,6)=X(x,t,6) Vi,xe D (19)

2. It is bounded and satisfies Lipschitz-condition with respect to the vector-
argument X :

X (x,t.8)||< M

(1.10)
HX(xl,t, £)- X(xz,t,g)u < Alx x|
3. The time average of the function X exists uniformly with respect to X :
T
(X (x.t.6)) =% IX(x,t,g)dt (L11)
0

Consider the averaged system satisfying the same initial conditions alongside
(1.8):

E= &E(&¢e), £(0)=x,
E(&e)= <X(§,t,.9)>t

Under these assumptions the difference between the solutions of the original
system (I.8) and the averaged system (I.12) can be estimated as follows:

(L12)

x— &< Cee™ (1.13)
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The constants C, and C, does not depend on the small parameter & .

Proof
(The following proof is based on [114, 139])
The difference between the solutions to (I.8) and (I.12) can be estimated as fol-

lows:

(X(x,t,g) -E(¢, g))dt

el <e

S~

<e||(X(x.t,6)-X(&t,6))dt (114)

S e <

+&

(X(&.1.6)-E(&,¢))dr

0'—"*

According to Lipschitz-condition (I.10) the following estimation can be ob-
tained from this inequality:
(N+1)T

|-l <t [|x—&ldee| [ (X(&t.6)-E(Ee))dr|,

0 (L15)

N =[t/T],i.e. NT <t <(N+1)T
In order to estimate the second term the values & = éj( jT ) can be intro-

duced. Notice that the following identity is valid because = is the average of X :

(j+HT
| (X((,‘j,t,s)—E(fj,e))dt =0, j=1,2,3,... (L16)

T

Then we can estimate:
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|x—¢&| <2 j |x.— & ar
0

N |[[G+)T
+e) j (X(f,t,g)—X(fj,t,g))dt
J=0| jr
v lGsor (L.17)
vy | | (E(&e)-2(¢e))dt
J=0| jr
' N (T
<éflx—¢lde+2e2) [ ||e-&)|ar
0 =0 ;T
But ¢ is the solution of the system
E=e2(&¢), E(T)=¢, (L.18)
Hence using (I.18) only for one period, one finds
|¢-¢)|<em (1.19)

Using (I.19) the following estimation for the accuracy of the first order averag-
ing can be obtained:

t
e —&]|< &2 j | — &\ de +262AT* M(N +1) (1.20)
0

The last step is to apply the Gronwall’s lemma giving the final estimate:
x =& <2AMT*(N +1)e™ 121
This is the required result (I.13) with
C, =2AMT {¢(N +1)T}

1.22
-2 (122)

It guarantees that the mistake by using the averaged system instead of the origi-
nal one has the magnitude order of the small parameter for the asymptotically long

time interval ¢ = 0(1/ 8).
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Appendix II: On the Attractive Properties of the
Asymptotically Stable Equilibrium of the Averaged
System

Preliminary remarks
Consider a system

§=Aé+y(5.1), 7(0.1)=0
é:(to):éro

Here &,&, € D < R". Suppose

(IL1)

1. A is a constant #X 7 matrix with eigenvalues having negative real parts
only.

2. The function ¥ (f .1 ) is continuous with respect to 7.
3. The function ¥ (é", t ) is continuously differentiable with respect to & .
4. The function ]/(é’,t) = 0(”5”) as & — 0, uniformly in ¢

Then there exist constants #,,a,b > 0 such that if ||§0|| <a and t >t then

& ()] < & e (I1.2)

Even more: if we consider two solutions satisfying different initial conditions
& (t ) and &, (t ) , then under the same conditions

H§1 (t) o 52 (t)H < Hé (to ) o 52 (to )H eib(HO) (IL.3)

This is the particular case of the classical theorem of Poincaré — Lyapunov. Its
proof can be found in [114].

The following theorem describes the attractive properties of the asymptotically
stable equilibrium of the averaged system.

Theorem (Eckhaus [29], Sanchez-Palencia [112])
Consider the initial value problem

x=¢eX(x,t,¢), x(0)=x,
(I1.4)
x,x,e Dc R"

Suppose the function X satisfiesrallitherconditions of the first Bogoliubov’s theo-
rem. Consider in addition the averaged system
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E=eE(&¢e), £(0)=x,
2(5.6)=(X(§.1.e)),

(IL5)

Suppose:
1. This system has an equilibrium & =0 which is asymptotically stable in the
linear approximation.

2. The function = (f R 8) is continuously differentiable with respect to & in D .

3. The asymptotically stable equilibrium &£ =0 has a domain of attraction
D,cD.

Then if x, € D, then

Hx(t) - cf(t)H <Ce, 0<t<w (IL6)

Proof
The following estimation is valid for an arbitrary 7" = O (l) according to the first

Bogoliubov’s theorem:

T
|x(r)-&(1))| < Cee™ 0t <= (IL.7)
&
Let us split the time-axis in an infinite sequence of the long time intervals:

[o,oo):[O,Z}U[Z,E}U...U[ﬂ,w_ﬂu

£ E € £ £ (IL.8)
n=12,...

At each time interval we introduce the corresponding averaged system satisfying
the correct initial conditions:

&, =¢E(&,¢), 6, (%j = x(%) =X, (IL9)

According to (I1.7) the following estimation is valid

0= ] =o= Geetr, Mosr LT

(I1.10)

ality (I1.3):
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& (1)~ H[ i <e A é(gj—xn (L)
Notice that for the considered time interval
k= e—% <1 (I1.12)
Let us consider the first interval. The following estimates are valid:
)£ <0 () =40
(IL.13)

<o

143

Consider the second interval:

J(2) =& Oz ary < e ()& W ary + & ()= (2

L R
(o)

For the third interval we obtain

<o+ e_b[t_9

<5(1+k)

be0) =6 fprar =)=
+&, (t)-g(t)u[ﬂﬂ

()t
(e

Continuing this process we can easily show by induction that

T

<5+ e_b(t_;) 2] aLs)

<5+6(1+k)e ( ¢

<6(1+k+k2)
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_f )T
(m)r} 35+5(1+k+...+k"’1)e b[ ;T)

&

() -£ )}
x(Mj—g(MJ <S(l+k+...+k")

m“xﬂ

(IL.16)

& &

Taking the limit for 7 — 00, which corresponds to # — 00, we obtain the final
estimate

T
(1+k+.. +k")sL, e [t ¢ ] <l=>
1 lk_k (IL.17)
+
H)C(l‘)-é(l‘)” < Té‘
Taking (I1.7) and (II.12) into account we find
Br
C,=Ce™" HLZJT (IL.18)
l-e ¢

This relationship completes the proof.

Note

This theorem actually requires continuity and smoothness of the averaged
system and its asymptotic accuracy. It is not really important if the original
system is continuous or not. Thus this theorem can be directly generalized
for all discontinuous problems considered in this book as soon as the as-
ymptotic accuracy of the corresponding averaged system is proved.
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Appendix Ill: Averaging of Systems with Short Strong
Perturbations

Theorem

(The following theorem and its proof are based on [36]. An alternative approach

based on differential inclusions can be found in for example in [95 — 97].)
Consider the initial value problem

%= g)((x,t)+Z(x,t)[E(g(’)J’‘91((’6’1))_15(g(t))J (1IL1)
x(0)=x0 |

Here E (t ) is the “one step” function:

1if x>0
. . E(x)+E(-x)=1
E(x)=41/2if x=0; . . (111.2)
o E(x)— E(—x) =sgn(x)
0if x<0

Consider the corresponding averaged problem alongside (II1.1):

E=E(E)+es(&), £(0)=x,

2(&)=(x(&.1)), (I1.3)
es(8)=(2(&n)[E(2(1)+ 7 (2.0)~E(2(1)])

X, Z:R"" >R"; f:R™" >R, g:R—>R

x,Ex, €D R, te[0,0),£€(0,5,] (I1L4)

Suppose:
1. X,Z and f are measurable functions of ¢ for constant X and & .

2. In addition f is a piecewise differentiable function with respect to 7, and its
derivative is bounded:

o

sup <F (1IL.5)

3. All the functions are T -periodic with respect to 7. < >t means the time aver-

age:
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<f(’)>t == Jf(f)df (IIL6)

4. X and Z are bounded Lipschitz-continuous functions in x on D :

||X(x,l)|| <M,; ||X(x, 1) — X(xz,t)” <Ay ||x] - x2||

(111.7)
|ZGx,0)| <My |Z(x,0) = Z(x,,0)| < A, | — x|
5. f is a bounded Lipschitz-continuous function in X on D:
(ACR/ B9 Z P VACHORNACN) BN D (1IL.8)

=)}

. g(t) e CV[0,0).

. The equation g(t) =0 has m solutions #,,,i =1,...,m for t € [O,T)and

3

|g'(40)|2G >0 (IIL9)

8. All constants do not depend on &, and & belongs to the interior subset of D

on the time scale 1/8 .

Then the solutions to (III.1) and (II.3) are asymptotically close to each other,
i.e. the error one makes on using the averaged system instead of the original one is
small for the asymptotically long time interval:

|x(t)— @) < Cee™ (I11.10)

Remark
The main point in the proof of the averaging theorem is the Gronwall’s lemma,
applied to an inequality like the following one (c¢f. Appendix I)

||x—§|| < 8}HX(x,r)—X(f,r)“dr+const
b (IL11)
<edy _ﬂ|x—§||dr+c0nst
0

The last estimation is obtained due to the Lipschitz-continuity of X . This con-
dition is not fulfilled for the right hand side of the equations in our case. But
(ITI.11) shows that this condition should not be necessarily fulfilled for each time
point;butit'should be fulfilledin'somerintegral sense. Thus before we prove the
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Theorem, the following Lemma showing that the Lipschitz-condition in our case
is fulfilled in the integral sense will be formulated and proved.

Lemma
Under the conditions of theorem the following inequality is fulfilled

]{ Z(x.0)| E(g@0)+&f (x.1)-E(g(0) ]~

=2 (5 ) E(g0)+ 2 (x,51)) - E(2) ]y o] <
(N+1)T (111.12)
<C,, j||x1—x2||-\E(g(z)+gK)—E(g(t))\dt+

N+1

+Cpye j e~ TTT5(~ (1 + 47))

Jj=0 i=1
Here N=[T/T] is the integer part of 7/T , so thatNTST<(N+1)T.

0 is the standard Dirac’s function.

Proof
First /V, will be split into two parts using the triangle inequality:

N, < ]'HZ(xl,t)—Z(xz,t)\-‘E(g(t)+gf(xl,t))—E(g(t))‘dt

(IIL.13)

+ |2 ot )|E(g@)+ &1 (x8)) = E(2(0) + £ (x,.1))|
0
According to (II1.7) and this estimation can be transformed as follows:
(n+1
N, <2 Z [ -xl|E(e®) +ef (x.1)- E(g(@)
i (nflTT (I1.14)
+M Z J. ‘E g(t)+gf(xl, ))—E(g(t)+8f(x2,t))‘dt
n=0 1

Now the difference between two F -functions has to be estimated. But it is al-
most always equal to zero except in the vicinity of the zeros of g (t ) . Consider

the equation
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g(r)+ef(x,1)=0 (IIL15)

Let us show, that this equation has at least one solution in the vicinity of

to+jT (cf (IIL9)).
Assume g'(tl.o) <0 and define:

M, M

N A +g?f (ITL.16)

The case g' (t iO) > (0 can be investigated similarly.
The further analysis is illustrated in Fig. AIIL.1.

Fig. AIIL1. On the zeros of the function g (t) +ef (x, t )

The basic idea is very simple: The function f(x,?) is limited. Thus the func-
tion g(#)+¢&f(x,) is bounded between g(¢)—&M , and g(1)+&eM, . Asa
result the roots of g(#)+ & f(x,¢) are also bounded between the roots of the

bounding functions. Hence g (t_) can be estimated:

g(t)=g(t)-g(ty)=lg(r.)-g(t,) 2 Glt_~t,]=eM, 17
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Using the triangle inequality in the form |a| — |b| < |a - b| we obtain

g(t7)+€f(x,t7)Z‘g(tf)‘—e‘f(x,tf)‘

(1IL.18)
>e(M,—|f(x1))20
Similarly it can be shown that g (tiO ) - g (t+) 2 8Mf and
g(f+)+5f(xaf+)§—5(Mf —‘f(x,h))SO (IIL.19)

Hence between 7, and 7_ there is at least one switch point of the function

|E(g(r)+2f (x.1)-E(2(1)) (I11.20)

And there are no switch points outside the interval until the next zero point of

g(t).

The maximal length of this interval can be estimated as follows:
M B
i —1,|<2e—L (111.21)
G

Now the difference (II1.20) can be estimated in the vicinity of switch points:

E(2(1)+2f (x.0))-E(g (1))
<|E(g(0)+2eM, )~ E(g (1))

This estimate does not depend on X, so it is correct uniformly with respect to
X . Comparing (I11.22) and (III.14) with (III.12) one obtains

Cv=4,; K=2M, (I1.23)

(111.22)

Now the second term in (III.12) should be estimated. The solution of the equa-
tion (III.15) in the vicinity of #, should be considered as a function of x .

Fig. AIIL.2 illustrates the simple sense of the following analysis — if
g(t)+ & f(x,t) is a Lipschitz-continuous function with respect to X, then the

solution of the equation g(#)+ & f(x,1) =0 is also a Lipschitz-continuous func-
tion:

t,(x,e): 1,(x,0)=1, (111.24)
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Equation (III.15) determines £; as an implicit function of x and & in the vicin-

ity of £ =0 . In our conditions, according to the Implicit-Function-Theorem [98]
(II1.24) is a Lipschitz-continuous function with respect to X and & . The corre-
sponding Lipschitz-constant can be evaluated due to the supremum of the partial
derivative of the function (II1.24). It will be denoted as &%t .

g(t)+ef(x1)

increasing x

f(x,t) ti(x’g)

t X

Fig. AIIL2. On the definition and Lipschitz-continuity of the implicit function
t,(x,€)
Now the second term in (II1.14) can be rewritten as follows:
(n+1)T
| ‘E(g(t) +ef (1))~ E(g()+ gf(xz,t))‘ dt <
nT

(m+))T m (111.25)
< J- dt < g/, j ”x1 —x2|| 5(1_% —nT)
U[ti (x.8)-1;(x, ’5)] nT i=1

Comparing the last estimation with (III.12) it can be seen that
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Cy,=M,2, (I11.26)

The proof of the lemma is accomplished.
Now we can prove the theorem.
Proof of the theorem

The difference between the solutions to (III.1) and (II1.3) has to be estimated.
Because the initial conditions are the same, it is simple to see that

t

J(x (x.0)-E(8)z

[l ey ) )]s

The estimation of these terms is now almost the same as for the proof of the
standard averaging (Appendix I). The only difference is that the Lemma will be
used here instead of the Lipschitz-condition in order to estimate the second term:

[(X (xr7)-2(&)e

0

+ ;'l{Z(x,T)[E(g(T)+8f(X,r))—E(g(z'))]—gg(é:)}dr

[e=¢l<e

(111.27)
+

&

[1]

+&

<¢ :J(X(x,r)—X(é,r))dT

[(z(x.0) [ E(g(c)+ef (7))~ E(2(2))]

0

~2(&0)[E(g(r)+er (60)-E(g(2))]} e

Jlz(en)[E(g(r)+es(¢7))~E(8(r)]-e5(£)}dr

0

Jx(en)-=(e)ps

(111.28)

+

+

Now the Lipschitz-condition can be applied to the first term and the Lemma to
the third term:
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N+1

<el, j x—&ldr a2

t

J =€ j( ff)dr

0

t

J, = j{Z(x,r)[E(g(r)+gf(x,r))—E(g(r))]

0

~2(&0)[E(g(7)+ar (60)-E(g(2))]} e

(y+r (I11.30)
Cyi j ”x 5” ‘E(g +5K) g(r))‘a’r+
(N+1)T N om
+Cye | =& - TIT 16 (e (10 +7) iz
0 j=0 i=1

In order to estimate the second term &, =& ( jT ) can be introduced. Notice
that the following identity is valid because = is the average of X :

(j+1)T

.[ (X(fj”)‘g(égj))d =0 (IIL31)
Then
(N+1)T
L=l [ (X(&0)-E()pr
<g (j+fT(X( ,T)_X(fjar))df
" fil)r (IM.32)
re| | (B()-2(§))a

j+1 T

<gZu j”g §de

But & is the solution of the system
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E=B(&)+e5(£).E(JT)=¢, (I11.33)

Due to the conditions (II1.7) and (IIL.8) it is easy to see, that
IE|<My; o s2mMm,Mm, /G

(111.34)
Hg(xl)—g(xz)us/ig |, - A =m(2CN1Mf/G+CN2)
Thus using (II1.33) only for one period we find
2mM /M,
|¢-¢|<er| My +—=L (IIL35)

Inserting (II1.35) into (II1.32) one obtains the estimation for the second term in
(111.28):

J, 22,8 T (N+1)(M, +2mM, M , | G) (II1.36)

The last term in (II1.28) can be estimated similarly but the Lipschitz-condition
in (I11.32) must be replaced by the Lemma:

(N+1)T

I{ (&.7)AE (575)—8g(§)}d1'

2mM M
<el| M,

N (+T
> j {/1 |AE(&,7,¢) H+g,1]‘[5( (t, +]T))+5/1§}dr

AE(&,7,6)=E(g(7)+e/(5.7))-E(2(7))

The last integral can be easily estimated, because (see (I11.21))

J, =

(I11.37)

> [ JaE(Eeclfir<2(vme -

(IIL.38)
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J,<&T(N+1)(M, +2mM,M, |G)
(111.39)
x(2ma,M |G +mA, +T2,)

The last step is to apply the Gronwall’s lemma to (I11.28). It gives us the final
estimate:

AxT+2miy My G+m4,)

=& < (7, )™ (11L.40)

This inequality gives the required accuracy and fulfils the proof of the Theo-
rem.
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Appendix IV: Averaging of Systems with Small
Discontinuities of the Right Hand Sides
Theorem
Consider the initial value problem
x=&Z(x,t)E(g(t)+ f(x
(v)E(2(0)+ /() .

x(0)=x,

Here E (t) is the “one step” function (cf. Appendix III).
Consider the corresponding averaged problem alongside with (IV.1):

£=65(£).6(0)=x,

(Iv.2)
5(6)=(2(&0)E(2()+1(£)))
Here
Z:R"™ >R
fiR">W,cR
1 1 (IV.3)
g:R >W,cR, W, cW,
x,{,x,e DcR",te [O,oo),g € (0,80]
Suppose

1. Z and f are measurable functions of ¢ for constant x and & .
2. All the functions are T -periodic with respect to 7. < >t means the average

with respect to time.
3. Z is a bounded Lipschitz-continuous functionin x on D, i.e.

|ZGxo)| <My ||Z(x,0) = Z(x,00)|| < A, |3 —x, (IV.4)

4. f is a bounded differentiable function in x on D with Lipschitz-

constant A i

lfeanl<sMy | fGn= el <A, x —x)| (IV.5)
5. g(t) e C"[0,00)
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6. The equation g(#)=const €W, has m solutions f,i=1L,...,m for
te [O,T) and

lg'(40)|2G >0 (IV.6)

This condition is illustrated in Fig. AIV.1.

g(7)

W,
Fig. AIV.3. The derivative of the function is not equal to zero in the whole domain
Wf

7. All the constants does not depend on & ; £ belongs to the interior subset of D

on the time scale 1/ E.

Then the solutions to (IV.1) and (IV.2) are asymptotically close to each other,
i.e. the error one makes on using the averaged system instead of the original one is
small for the asymptotically long time interval:

x(0)— &) < Cee™ IvV.7)

Proof
The proof is very similar to that in Appendix III. The only difference is the ne-
cessity to estimate the term
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(N+)T
Ny=e [ |E(e(0)+/ () ~E(g())+f (%)) di
’ (IV 8)
N (n+1)T
<ed. [ |E(g(0)+/(x)-E(g()+ 1 (x,))] d
n=0 1
According to (IV.1) and (IV.5) the following inequality is valid:
df| |df .| |df
== EZ(x,t)E(g(t)+f(x)) <ed, M, (IV.9)

It follows from the condition (IV.6) and the theorem on the existence and dif-
ferentiability of the implicit function [98] that the following equation has in each

interval f € [nT ,(n +1)T ) the m differentiable solutions satisfying the

Lipschitz-condition and the corresponding constant is:

A
g(t)+f(x)=0—>ti=ti(x),ﬂ.,:é (IV.10)

Applying (IV.9) and (IV.10) to (IV.8) we obtain

n+1

N, <ez j‘ ( +f(x1)) (g(t)+f(x2))‘dt

"0t (IV.11)

The remaining proof is trivial:
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(IV.12)

+&

+&

The first term here can be estimated according to (IV.4). The relationship
(IV.11) can be applied to the second term. The last one can be estimated exactly
like in the standard averaging. Finally the Gronwall’s lemma accomplishes the
proof.
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Appendix V: Averaging of Systems with Small
Discontinuities of the Unknown Function
Lemma (the Gronwall’s lemma for sequences)
Consider the sequence of inequalities
k
wkSZaiwi+b,k=1,2,... (V.1)
i=0
Suppose
w,>0,1>a,>0,b>0,k=1,2,... (V.2)
Then the following inequalities are also fulfilled:
b
WS V3
(l—ai) (v-3)
i=0

Proof
Let us introduce z, = w,a, and rewrite the inequalities (V.1) as follows

k
z,<a, Y. z,+ba, (V.4)
i=0

The next step of the proof can be done by induction. Consider #=1:

ba
zy < ayz,+ba, = z, < ﬁ (V.5)
—
For n =2 we obtain
z<a(zy+2z)+ba, =
az, +ba ba ba
Z] < 10 1 < 1 — 1 (V6)

I—a,  (1-a))(1-a) ﬁ(l_ai)
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ba,

[10-a) “

i=0

z, <

Consider the next element z,_; :

k+1
Zra S ak+1b + ak+lzz - ak+1b + ak+lzz + Qe1Zint
i=0 i=0

k (V.8)

=5 <) akn)( Zko: j (1ak;lk+1) A0 T (1 a,)

j=0
Consider the term in brackets:
k k k k k
H +ZalH(1—aj):H(l—al)—ao —a,)
i=0 i=0 Jj=i+l i=1 i=1
. i . V.9)
+a, —al)+ZaiH(1—a])=l
i=1 i=1 Jj=i+l
Hence
Zk+1 < ak+]:b = k+1 ak+1b
(1—ak+1)H(1—aj) H(l_aj) V10

Jj=0 Jj=0

We have proved the relationship (V.7) for k =1. Thus it is valid for an arbi-
trary k . Returning back to the variables W, we obtain the required inequality.

Remark (Relationship to the classical Gronwall’s lemma)
Consider the case

a =2 n>>1k=12,... (V.11)
n

Then the inequality (V.3) can be transformed as follows for large numbers
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w < b

! (1_61)" (V.12)
n

Now the classical estimate can be applied

(1+ ax)l <e’ (V.13)

We use the transformation

=1+ax:>n:l+a
4 x (V.14)

n
Then the following estimate can be obtained:

1 a
w SL=b(l+ax)§+a Sbe"(1+ax)a =La
(l_aj (V.15)
n

=

Now we can formulate and prove the following Theorem.

Theorem
Consider a system

e _ eX(x,t,6) ift#27n
dt

Ax=x,—x =cf(x) ift=2zn (V.16)

n=12,...

Herex € D © R", x_and X, are the values of the phase variables before and

after the passage of the independent variable ¢ through the value 2777 .
Suppose
1. X isa measurable function of # for constant X and & .

2. Function X is 27 -periodic with respect to . < >t means the average.

3. X isabounded Lipschitz-continuous functionin x on D, i.e.
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1% (x.t.€)|| < M,

(V.17)
HX(xl,t,e) - X (x,,1, 6‘)” < Ay % — x|
4. f (x) is bounded and Lipschitz-continuous in x on D
Hf (x)H <M,
(V.18)
7 Ga)=f (e < 4 v =]
5. All constants do not depend on & .
6. Consider the averaged system alongside the original one.
f=E(Le)r-f(8).  £(0)=x,
T (V.19)

2(&e)=(X (&te)),

Suppose its solution belongs to the interior subset of ) onthe ¢ scale l/ £ .

Under these conditions solutions of the initial value problems (V.16) and (V.19)
are asymptotically close to each other, i.e.

|x—¢| < Cee” (V.20)

Proof

The proof is similar to that in Appendix I. (We omit the dependence of X on
& in order to shorten the notation.)

We estimate the difference between the solutions to (V.16) and (V.19):

gl =[x (1) -=(2))
+e gf(x (m))——;jf(g)dr

(vV.21)

<e ()X (el a3 (x (1) -1 ()

v o (6:0) -2 (v e 3 7 (2 m0) -5 (£t
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Here N = [t/ 272'] is the number of discontinuous jumps in the considered

time interval.

The first two terms in (V.21) can be estimated according to the assumptions
(V.17) and (V.18). The time interval can be increased to an integer number of pe-
riods:

27r N+1

|x—¢&| <&, j||x Eldr+e j HX (&.7)-2(¢)|dr

+g/1fzux_ (27i)— & (27i)| (V.22)

27(N+1)

Zf 27rz j f

+&

Let us denote & (27[1' ) = &, Notice that according to the definition of & the
following relationship is valid:

27(i+1)

27i

1 27(i+1) (V.23)

[(&)-=5= | r(g)dr

=0; i=1,2,3,...
27

27i

The second term in (V.22) can be estimated exactly as in Appendix I:

(N+)z

[ [¥(&r)-5(e)]ds

I ( T)-X (&, r))dr

27(i+1) (V.24)

[ (2(&)-2(5))dr

2mi

N 27(i+1)

24,3, [ e-¢far
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N ‘ | )

;f(f(zm))—g [ r(&)dr

| &2 f N 27(i+1)
ORI

Inserting (V.24) and (V.25) into (V.22) we obtain

||x f” <é&dy I”x §||dz'+8 Zux 272'1 é‘”

+g(2,1 +_Jz [ le-g]ds

=0 27i

Integrating the equations (V.19) for one period we obtain:
E=eE(&e) v f(£). £(2mi)=¢
=|é-&] < g(27rMX +Mf)

Thus the estimation (V.26) can be transformed as follows:

Je-&] <e2, Illx g dr+ea ZHx 27i) =&

(4;z/1X +A,)(22M + M, )(N +1)

In particular we can estimate the difference w, = Hx_ ( 2rk ) =&, H :

t
w, < a/le::wi +&d, I”x - §||dz-
i= 0

& (4rhy + 2, )(22M  + M )(N +1)

Applying the Gronwall’s lemma for sequences we obtain:

(V.25)

(V.26)

(V.27)

(V.28)

(V.29)



Appendix V: Averaging of Systems with Small Discontinuities of the Unknown Func-

tion 327
w, < x—¢&|ldr
5 (V.30)
+—% k(47zﬂX+/1f)(27rMX+Mf)(N+l)
(1 - 8/1f)
We must also estimate the following term:

y 1 u 1 N+1

S = N (V.31)

0 (1 —é&l, )l i=0 (1 —&l; )N (1 —8/1f)
Substituting this inequality into (V.28) we get:

A, (N +1)
|- <&ty [1+‘91(—+] (-l az

7
(V.32)

& (4rhy + 2, )(27M +M/,)(N+1){1+

g/lf(N+1)]

N
(1-4,)
Now the classical Gronwall’s lemma can be applied:

lx—¢| <eCe™™

C =e(47, +4,)(22M, +Mf)(N+1)[1+ &l (N+1)]
(V.33)

(l_gﬂf)N

(1 —&k, )N

This estimation accomplishes the proof of the theorem. In particular for
E=¢, / N, g, = 0(1) we can apply (V.15) and obtain the last estimate:

C =(474, + 4, )(22M, + M, )(1+ 1, )+O(¢)
C, =2, (1+4,)+0(¢)

(V.34)
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Appendix VI: Averaging of Variable Order Discontinuous
Systems

Theorem 1

(The following theorem and its proof are based on [33].)

Consider a system described over certain times by differential equations, and at
other time intervals by differential and finite relations of the following form:

X = 8X(x,yM(t),t,8)
M (t)=eY (x,yM (1),t,6) M(t)

(VL1)
y(27m) = G(x(Zﬁn),g), n=0,1,2, ...
x(O) =X,
Here M (t ) is a 277 -periodic piecewise constant function:
1, 0<t<rx
M(t)= M 2r)=M
(¢) {0’ i<y’ (t+27) (¢) (V1.2)

Consider the averaged system alongside with (VI.1):

E=e2(&n,6)= 5<X(§,77M(t),t,g)>t
n=G(&,¢€) (VL3)
& (0) =X,

Here X: R“"™ 5 RYY: R SR G: R 5D cR and
x,x,£eD, cR"; yneD, cR'; te[0,0); £€(0,5,].

Notice that the vector function y(t) is a solution of an infinite sequence of
systems of differential equation. Each of them is valid together with the continu-
ous equations for X in the time intervals 27m <t < (272 + 1)72' . In the time in-
tervals (2n + 1)7[ <t< (2}’1 + 2)72' there are only equations for X . At the end of

each of these intervals initial conditions for ) are reset.

Suppose:
1. X and Y are measurable functions of # for constant x, ¥ and &.

2. All the functions are 277 -periodic with respect to £ . < >t means the time av-

erage:
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1)), =i 6[ £ (1)t (VL4)

3. X and Y are bounded Lipschitz-continuous functions in x and y on
D, uD ,le.
| X Ge M (2),1,8)| < My HY(x yM(1).1,6)| < M,
HX()cl,y1 (1),t,6)— X (x,,y,M (1)1 8)”
<Ay ||x1 - =y M(t) VL)
Y (o3 M (1), 1,8) =Y (xy, 3, M (1)1, )|
< Ay ||x1_x2||+’1vY”y1_y2||M(’)

4. G is a bounded function, satisfying Lipschitz-condition in x on D together
with its first partial derivatives with respect to x, i.e.

”G(xl’t) —G(x,,1)

| <A ||x1 —x2||
(VL6)

o

‘ ox ox

R Ro)
5. All constants do not depend on &, and & belongs to the interior subset of D_

on the time scale 1/¢ .

Then the solutions to (VI.1) and (VI.3) are asymptotically close to each other,
i.e. the error one makes if using the averaged system instead of the original one is
small for the asymptotically long time interval:

|x—¢]| < Ce’e™
(VL7)
lyM (£)-nM (1)| < Cie?te“ M (1)

Remark
Here and further we use the alternative approach for proving the averaging, which
is much closer to the basic idea of almost identical transformations.
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Proof
The main idea of the proof is to redefine system (VI.1) in the domain where
M (t ) =0:

% =X (x,3,M(1).t,¢)
P =&Y (x, 3, M(t),t,6)+2eH (x,,y,,¢)(1- M (1)) (VL8)
Y (27m) = G(x1 (27271),8), X, (0) =X,

Here H (xl, yl,é‘) is an arbitrary bounded function satisfying the Lipschitz-

condition. It will be specified later. Due to the uniqueness of the solution of the
initial value problem, the solutions to (VI.1) and to (VL.8) are identical in the fol-
lowing sense:

x=x; yM(t)=yM(t) (VL)

Now the standard averaging procedure can be applied to the system (VL.8). It
means the almost identical change of variables

X :érl +8u(§1a771’t’8)

(VI.10)
=1 +5v(§1a771at’8)

Here # and v are periodic functions of 7, their average is zero. The condi-
tions for standard averaging are fulfilled here and the functions # and v can be
chosen as follows:

== <X(§17771M(t)’t’8)>t
=(r(&amm(0).1.2))

]{ X (&M (z),7.¢) —E}dr (VL11)

;J{ &.mM )T,e)—‘P}dT+H;[{1—2M(f)}dT

The integration here is performed with respect to the explicitly appearing time
and takes M (t) into account.

The arbitrariness of the function H can be used now. We choose it as follows:

ol LElUMN Zyl_i.lbl
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oG(¢&,¢e)
H(rfl,m,s)=%d—‘l’ (VL12)
1

The new variables &,,7, are governed by the equations

& =e2+&'R

. 0G _

7 =a—=+82Rz (VL13)
1

m(27n) = G(rf] (27n),€)+ &R,

Here R,R, and R, are the residuals. In order to estimate them let us firstly

estimate the following terms:
[l v, [ <,
HE(fl’ﬂl’g)_5(52’772"9)” <A € =&+ Awy [ =0
|H| < 2:M, + M,
|H (&)= H (&71558)|| < A |6 = S|+ Aoy 2 =12
Ay = Aoy + Aohy + AiM s Ay = Ay + A0y

lu| <272M ; M| <272 (M, +|H|) <27 (2M, + A, M ) VL14)
ou ou
L2700 |— £ 274
os| " om|”
ov
2 <27 (A + Ay ) S 27 (240 + A Ay + A M . )
1
;V <27 (Ayy + Ay ) €270 (220y + A Ay )
m
Now we can easily estimate the residuals. The first one is:
ou ou
R|<A A —IEN+ [l
N o = (X I

SATM Ay +47 (2My + A M ) Ay
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| RN < (A + A ) ]| + (A + }“HY)”V”

am 5 El 1]

: VIL16)
<4TM (Ayy + Ao )+ A7 (2M, + 2 M )(zw ay)
SATM (200, + Ag Ay + A M )

AT (2My + AM ) (24 + A Ay )
And finally for R, we obtain the following estimate:
RS 2ol < 2mo 0, 2n (ot <))

<4ri;M, +4nM,

Considering the second equation in (VI.13) together with the corresponding ini-
tial conditions we can notice that the following equations are valid for 77, :

7, :MJ“Q?[Rz _MRJ
dt &,
m(27n)=G(& (27n),&)+ &Ry, n=0,1,2,...

(VL18)

This is a sequence of systems of differential equations. Each of them is valid in
the time interval 27m <t < 27w (n + 1) and has its own initial conditions. Inte-

grating the system (VI.18) and taking the finiteness of each time interval into ac-
count the following relationship can be obtained:

=G(¢.¢)+eR,

VI.19
R, <27 |R| <87° (A M, + M, ) v

The last relation is valid for all times. Substituting (VI.19) into the first equa-
tion of the system (VI.13) and using the fact that the function = also satisfies
Lipschitz’ conditions, we obtain the final form of the averaged equations:

¢ :gE(fl,G(fl,g),g)+£2R5, £(0)=x,
=G(&,¢)+¢€R,

The following estimate is valid for the last residual R, :

(VL.20)
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Ry <SR +R, <4nM Ay +47 (2M, + A M ) Ay,
5 (VL.21)
+87° (M + M)

Notice that the system (VI.20) is equivalent to the original system (VI.1) at all
times. Consider now the shortened system (VI.3) alongside the complete system
(VI.20) and estimate the difference between their solutions:

d”é §||<g ﬂxx"’i A ”51 5”4_3 (V1.22)

Applying the classical Gronwall’s lemma we obtain the final estimate:
|& —&]| < 2 Ryge"Fein ) (V1.23)

It guaranties the required asymptotic accuracy of the averaged system (VI.3).
Explicit expressions for the constants C,,C,, C;, C, can be easily obtained if one

takes the estimations for the residuals into account. The proof is accomplished.

This theorem can not be applied directly to variable order discontinuous sys-
tems but it can be obviously generalized as follows.

Theorem 2
Consider following problem:

X = gX(x,yMl (z,a),9,2M, (z,a),e)

x(O)sz

M, (z,a) :SY(x, )0, zM, (z,a), 5)M (z,a)
y(t,)=G(x(1,)+2G ( a(ﬂ(fn)ag)

M, (z,a) =M, (z,a) (V1.24)

(
+gZ(x,yM1( ) ,zM, (z a) g)M (z,a)
z(t,)=27n
(/')=1+<5(D(x,yM1(z,a),(p,le(z,a),g)
o(t,)=27xn+eF (x(1,).0(1,).)

Here x and y are, as before, vector functions of arbitrary finite dimensions,

Zwands@rare scalarphases;therequirements on the functions X,Y and G are
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the same as in the Theorem 1, the function ' has in addition bounded partial de-
rivatives with respect to its first two arguments.

The function M, (Z, a ) is defined as follows (see Fig. AVI.1):

Ml(z,a)={

The switch point & may depend on slow variables: & = & (x, V,Z— (0), but
it should remain in the interval & € (0, 27[). Otherwise function M, would

, 0<:z<a«a V(se2 y
0, a<z<271 (Z ”’a)_ (Z) (V1.25)

not be defined correctly.
M,
1

o 27 z

Fig. AVL1. On the definition of the function M,

Consider the averaged system alongside (V1.24):

§:g<X(§,G(§,s)M, (v.a)w.yM, (%“)ag»

v
nM,(y,a)=G(&,e)M, (v.a) (V1.26)
cM, (l//,a)=l//Ml (l//,a)

v =1

The solutions to (V1.24) and (V1.26) are asymptotically close to each other, i.e.
the error one makes on using the averaged system instead of the original one is

small for the asymptotically long time interval ¢ = O(l/ 8) :

[e-l=0(e). |y-n|M,=0(e) .
(- 0)~(c-w)|M, = 0(z) |

Proof
The proof of this theorem is almost trivial, because the system (VI.24) can be
transformed to the form (VI.1).
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A new fast rotating phase @, = @ —&F and a new slow variable 8 = z — @,
can be introduced. The next step is to change to the phase

@, =27n
M, 2rn< @, <2zn+a -0
) "0 (V1.28)
i 1+¢;1—27m—(0!—‘9) 2an+a—-0<¢ <2r(n+l)
2r—(a—6)

The following discontinuous frequency corresponds to this new phase:

Pyt 2rn < @, S(2n+1)7z
U= R (V1.29)
m, (27’1+1)7Z'S¢72 S27[(n+1)

Considering now ¢, as the independent variable, the following system can be
obtained:

x' = g§+0(82)
H’M(%):(g ? +0(52))M(¢2)
y'M(%):(%m(gz)jM(%)

y(27m) = G(x(27m), 8) + 0(5)
6’(27[11) =0

(VL30)

The required estimates (VI.27) can be obtained now applying Theorem 1 to the
system (VI1.30) and returning back to the original variables. The only important re-
striction is that during the whole time of the system’s evolution the variable & is
not allowed come in the & -vicinity of zero or 277 . Otherwise the new phase
@, would become discontinuous. This circumstance is not connected with the
proof procedure but it displays the important internal essence of the considered
problem.

ol LElUMN Zyl_i.lbl
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Appendix VII: Hierarchic Averaging in Systems with a
Semi Slow Rotating Phase

(The following analysis is based on [86].)
Consider the following system

x=¢eX(x,a,t,¢)

VII.1
d:\/EAl(x,a,g)+gA2 (x,a,t,¢) (VILD

Suppose
1. The functions X, 4, A, are 27 -periodic with respect to # and & , bounded

and satisfy together with their first partial derivatives Lipschitz-conditions with
respect to the arguments X and « .

2. Variable & is the semi slow phase, i.e. the function A, is separated from zero:

A, =2 4,>0, A, =const (VIL2)

3. All other conditions are the same as in the first Bogoliubov’s theorem for stan-
dard averaging.

Let us formulate the hierarchic averaging procedure. As usual, it is based on the
almost identical transformation

x=¢ +5u(§1,ﬂl,t,3)
a =B +ew (&, 8.1)+ew, (&, B.1.€)

The corresponding equations governing the new variables & and /3, have the

(VIL3)

following form:
& =e2(&, ) +e0(1)
f=NEB,(&.8)+ B, (5, B.2)+£°0(1)

These equations are obtained as the second order approximation for averaging
with respect to 7. The functions in (VIL.4) are:

(VIL4)
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E 51’:51’ < fl’ﬂl’t 8 >
Bl(§17181)=< 1(51’ﬂ131)>t

t

w = I{Al(flaﬂlaf)—Bl(fl,ﬂl)}dr (VIL5)

0

04,
PR

It is necessary to notice, that B, is similarly to A, a function which is sepa-
rated from zero and 277 -periodic with respect to /3. It means that /3, is the semi

slow phase. The second step of the hierarchic averaging scheme is the averaging
with respect to this phase, performed as usual by means of the following almost
identical transformation:

51 :p2+\/2p(,02>72,3)
B :72+\/ZQ(/72772=5)

Here p and q are bounded 27 -periodic functions of J, with zero average.

(VIL6)

The corresponding governing equations are:

& = 8P(p2,8)+8%0(1)

y (VIL7)
7, :\/EBl(pz,yz,g)+gl"2(p2,8)+.9 20(1)
Here
E(p2,72,8)>

P(p,,&e)=({ —"+

(2 ) <Bl(p2>72) "

OB
71P+Bz(p2372a5)
L,(p,€)= % ! (VIL8)
B (py7,) < 1 > '
Bl(p2’72) "

=72 E(pz,]/,é‘)—P(,Dz,E)

dy
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The system (VIL.7) is absolutely equivalent to the original system (VIIL.1). Now
we are going to consider the shortened system

E=¢eP(p,¢)

. (VIL9)
7 =B (p.7.€)+e,(p.¢)

Notice that we have averaged only the equations for &. The equation for ¥
still contains ¥, i.e. the system (VIL.9) is not completely autonomous.

The following theorem estimates the difference between the solutions to the full
and shortened systems.

Theorem
Under the formulated conditions the following estimates fir the relationship be-
tween the solutions of the systems (VII.7) and (VIL.9) are valid for the time inter-
val 0(1/ 8):
|- pll<C,e
(VIL.10)
| =7[<C,

Notice that the mistake in the phase is not small but limited. The mistake in the
slow variables remains small at the very long time interval.

Proof

The difference ” L= P, ” can be estimated by means of the Gronwall’s lemma
quite easily:

o= p, < gI“P(p,g)—P(pz,e)Hdt+e%0(l)t

<eh, [lo-pi d,+g%0(1)t (VIL11)
0

3
= |- py|| <720 (1) e
This estimation guarantees the accuracy of 0(\/; ) for the variable p on the

time interval ¢ ~ 0(1/ 8).

In order to estimate the difference ”]/ -7, ” one can divide the corresponding
equations (VII.7) and (VIL.9):

ol LElUMN Zyl_i.lbl
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dy dy,

L(p.y.€) T(py.7:.8)+£0(1) (VIL12)

L(p.7:6)=T(p.7.8)+eT, (p.&)

According to (VIL.11) on the considered time interval p, = p+\/20(1),

function I" is bounded, differentiable and separated from zero. Thus the relation-
ship (VII.12) can be rewritten as follows:

d
+Jeo(1)dy =—212 4 c0(1)dy, (VIL13)

F(pZ’ya‘c") r(pb]/z:g)

The wvariables » and p, satisfy the same initial condition:

}/(0) =7, (0) = ¥, - Thus the last equation can be integrated:
yj- dg B J~ dg _ yj- dg
ST(py.8.€) 1T(png.e) T(psng.c) (VIL14)
= \/20(1)(7_70)_‘90(1)(7/2 _7/0)

Due to the condition, that the function I" is separated from zero, the last rela-
tionship leads directly to the following estimate:

||7—72||S\/E0(1)||7—70|| (VIL15)

It is clear from the last equation in (VIL9) that ”7/ — 7/0” < \/EZ‘O(I). Conse-
quently

|7 = .|| < et0(1) (VIL16)

Taking now the transformations (VII.3) and (VIIL.6) into account we obtain the
required estimates for the time interval 0(1 / 8) and accomplish the proof of the
theorem.

Remark 1
The quantitative estimates of the mistakes can be obtained totally similar to
those in Appendix VI.

Remark 2
The described hierarchic averaging can be combined with all the averaging
procedures for discontinuous systems discussed in Appendix III — Appendix VI.
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Appendix VIII: Averaging in Systems with Strong High
Frequency Excitation

(The following analysis is based on [34].)

Theorem
Consider the system

X=F(x,x,t,7)+0®(x,x,t,7), =0t

. (VIIL1)

X =%, %, =V e=1w<<1
Suppose:

1. The functions ' and @ together with their first partial derivatives are 27 -
periodic with respect to 7, bounded and satisfy Lipschitz-conditions with re-
spect to the arguments X and X .

2. The functions F' and @ are measurable functions with respect to ¢ and 7 .

3. The function @ has in addition bounded and Lipschitz’-continuous second

partial derivatives with respect to the arguments X and X .

4. The symbol < >T means averaging with respect to 7 .

5. @ >>1 is the large parameter.

6. The general 27 - periodic with respect to 7 bounded solution to the system of
n first order differential equations is known:

%=(D(X,u,t,z'), (u(X.1,7)) =X :>u=U(X,X,t,r) (VIIL.2)

This solution satisfies the Lipschitz’ conditions together with its first partial de-

rivatives with respect to X and X .

7. The fundamental matrix of solutions for the following linear homogeneous sys-
tem is known, bounded and its determinant does not depend on & and is not
equal to zero

T
ow. =_(a£_)j W det<Wf>¢O (VIIL3)
or ox

8. The following determinant is not equal to zero:

det{< o a—U> } =0 (VIIL4)
ox /.
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Consider together with (VIIL.1) a system of ordinary differential equation,
which does not contain the fast time 7 :

M(X, X)X =V (X, X.1);

. (VIIL5)
X|t=0 = xO’XLo =v, - 8‘I’/GT|I=O’T=O
. oU g .
M(X,X,t)=<W*Ta—X>T; ‘P:(;[(U—X)dr
V(X X,1)= <VKTF(X,U,t, r)> (VIIL6)

+ WT{aE\p_a_UX_a_U
Tlox o ox o/,

Under these assumptions the difference between the solutions of the original
system (VIIL.1) and the averaged system (VIILS5), (VIIL.6) remains small for the

asymptotic long time interval with respect to the fast time 7 = O ((o) .

Proof
We perform the following transformation:

x=¢&(t)+ev(&mt,7), ' =E(& 1)

. ow (et _ (VIIL7)
x=n(t)+%+8w(§,n,tﬂ), 17 =N(&,1,1)

The functions ¥, v, w,=,N have to be chosen in order to obtain the “slow”

governing equations for the variables & and 77. The result is:

=+ Q?+5&N+€@+@— +a—l//+6‘w VIILS
ST e e or e (VIS

o’y o’y N4 o’y Ll Dy ow_ ow

[1]

+

N+ ——
0&0r  onor oot ¢ 0t o0& on

ow ow oy
bt =F| Evevn+ -2+ ewt, VIILY
or ot (5 T e T) VI

T
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Balancing the terms of the same magnitude order one obtains:

Oy dy j
=0| &n+—,t,7 VIIL10
5 (én 5 ( )
. Ou oy
E+—=n+—
T i ot
2 2 2
N+8WE+8V/N+8W+— VIIL11
o&or  onor oot Ot (VIIL11)
:F(é,n+a—w,t,r)+a£ v+8£ w+eR,
or Ox |z 0w OX |,
or or

Here R, = 0(1) is a residual which can be estimated due to the assumptions 1

and 3.
Consider the equation (VIIL.10). It can be transformed to the following form:
ou 0
—=0(&u,1,7), u=77+—'// (VIIL12)
or ot

The function i must be periodic with respect to 7. Thus the average

<5 v/ 62’>T =0. According to (VIIL.2) the solution to the system (VIIL.12) is
known:

u=U(&,n,t,7)

y=9= ](U—X)df (VIIL13)
0

Consider the equations (VIII.11). The first of them is quite simple to solve:
E=mv=Y+V(r) (VIIL14)

Here V(t ) is an arbitrary function of the slow time 7. Then the second of the

equations (VIII.11) can be rewritten as follows:
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@:agw+F—N+a£(‘P+V)
or Ox Ox

o’ o’ o’
- + N+ + &R,
0&0t onor otor

(VIIL15)

[1]

Notice that the expression in brackets is the derivative with respect to 7 from

the full partial derivative of ‘I’(t ,T) with respect to # (taking in account that
¥ depends on ¢ both directly and indirectly through &and 77). Thus one can
rewrite (VIIL.15):

a—W:a;")w+F—N+a¥()(‘I’+V)—
or Ox ox

2
¥ +&R (VIIL16)
T

The necessary condition for the existence of the periodic solution to (VIIL.16) is

(cf: [98]):

[ p
w! F—N+a—(‘P+V)—a +eR t) =0 (VIIL17)
ox otor .
The matrix W, is defined in (VIIL.3). It was shown in Chapter 9 that
oD
<W*T —> =0 (VIIL18)
ox [,

Hence the equation (VIII.17) together with (VIII.14) can be rewritten as fol-
lows:

<W*T>T é =<W;T {F+%‘P—S;I;}> +g<W,,TR1>T (VIIL19)

Lastly, function ¥ depends on # both directly and indirectly through functions
X (t )and X(#). Under 0/0t we understand here the “full” partial derivative

with respect to 7. Taking this into account and using the “partial” partial deriva-
tives we obtain the final explicit form of the equation (VIII.19):
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2
ot otor ot 0§ o0&
mTa—q E=(w’ F+6£1P_6_U_6_Ué (VII1.20)
o</, ox o o0& ]
+e(W/R,)

It is easy to show that all the functions here are limited and Lipschitz-
continuous. Thus we can apply the Gronwall’s lemma in order to compare the so-
lutions to the full system (VIIL.20) and to the shortened equations (VIIL.S),
(VIIL.6) and obtain the required estimate.
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long, 154 —156, 158 —160, 162, 165,
169, 171, 173, 176
short, 137, 154 —157, 159, 169
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stable, 193, 196, 203, 210, 220, 222,
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Frequency:
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effective, 220, 221, 230
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214,230, 231, 282

transformer, 116, 134

Friction:

clutch 61

coefficient 6, 7, 35, 36, 38—40, 59,
61, 64, 65,73, 76, 86, 240, 245,
247

disc, 56, 57, 64

dynamic, 35, 37—40, 50

effective, 242, 247

gradient, 36, 37, 41—43, 52, 54, 64,
100, 101, 109, 110, 214, 246, 248

static 35, 38, 39, 45

Gear, 37, 89, 110
Generalized coordinates, 5, 31, 57, 214,
265, 266, 274, 289, 291, 298
Generalized velocities, 6, 31, 32, 214,
265,274, 276, 298
Generalized forces, 31, 32, 73
Gronwall’s lemma:
specific, 299
for sequences, 321

Harmonic linearization, 90
Heteroclinic curve, 295
Homoclinic loop, 132, 188, 196
Hypothesis:

Newton’s, 31, 32

Impact load, 203
Implicit function, 312, 319
Impulse, 24, 26, 29, 30, 32, 198
Impulsive motion, 24— 30
Inertia:
oscillating, 265, 280, 284, 286
Indicator-function, 161, 162
Induction motor, 129, 182—184, 197,
203
Instability:
friction induced, 37, 55, 56

Limiter, 92, 93, 96, 100, 103, 108, 109

Limit cycle, 17 —19, 102, 116, 134, 248,
249

Lipschitz condition, 12, 66, 67, 84, 94,
95, 140, 141, 266, 300, 301, 308 —
312, 317, 319, 323, 324, 329, 330,
332, 336, 340, 344
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Mass:
effective, 271, 274, 275, 282, 298
on moving belt, 36—38, 41, 52, 100,
134, 246
limited at one side, 91
in a clearance, 90, 97, 98, 100, 125,
135
Motion:
fast, 230, 237, 238, 269, 271, 272,
275,278, 282, 287, 292, 298
slow, 131, 196, 213,218 —222, 224,
225,227,237, 243, 246, 271, 273,
274,276,277, 281—295, 298
Multiple scales, 13, 15, 16, 267, 269,
274,284

Noise, 61, 100, 249, 251
Nonlinear characteristic, 3, 4
Nonlinearity:

cubic, 19, 21

designed, 3

hard, 3, 21

geometrical, 1, 2

material, 3

physical, 2

significant, 5, 125, 128, 134, 138,

181, 210
soft, 4, 21
structural, 3, 4

Observer, 230, 237, 262
averaging, 214, 262
Oscillator:
in a clearance, 124, 181
limited at one side, 90, 103, 116, 117,
125
linear, 17, 92, 100, 125, 134, 152

Parameter:
large, 9, 214,216, 266, 268, 272 —
275, 278, 340
small, 8,9,13,16,19, 47, 66, 68, 78,
83, 89, 93,94, 101, 104, 109, 114,
118, 123, 128, 129, 145, 166, 173,
181, 184 —187, 192, 196, 199, 205,
208, 211, 240, 244, 254, 267, 283,
301, 302
Pendulum, 1, 2, 4, 15
controlled, 225, 249
equivalent, 111, 187—195, 202, 203,
210

equivalent, 111, 187 —195, 202, 203,
210
horizontally excited, 229, 233, 252,
261
strongly excited, 218
two link, 290, 298
vertically excited, 221, 223, 229, 231
weakly excited, 216, 219
Phase:
difference, 20, 71, 79, 80, 120, 131,
147, 149, 168, 175, 185—187, 211,
223,225,261, 288
fast rotating, 80, 94, 118, 120, 147,
148, 168, 185, 186, 201, 207, 208,
335
semi slow, 211, 336, 337
Piezo-electric:
actuator, 233
ceramics, 37, 73
Poincaré - Lyapunov theorem, 303
Potential function, 219 —225
Pure slip, 37, 41, 42, 44, 51, 52, 54, 69,
100, 109, 112, 115

Quantization, 277
Quenching:
excitation, 232, 233
resonance, 231
friction induced oscillations, 239,
246, 248

Regime:
periodic, 89, 154, 155, 179
complex, 154, 158
stationary, 114, 132, 190, 201, 208
with long contacts, 156, 159, 165,
169, 171
with short contact, 159, 169
Residual, 331—333, 342
Resonance:
almost linear, 79, 119, 181
higher order, 133, 134
linear, 143
locking into the, 181, 182
main 19,22, 23, 89, 168, 175, 200,
206
nonlinear, 124, 129, 134, 138, 181—
184, 187, 188, 192, 197, 210
parametric, 228, 229, 232, 283
passage through the, 181
secondary, 21, 23
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shifted, 214, 226, 230, 238
sub-harmonic, 23
super-harmonic, 24
surface, 210
Response:
strong, 284, 290, 292, 297
weak, 284, 289, 290, 292, 297
Restitution coefficient 30, 31, 97, 99,
101
Robust, 158, 159, 182, 262, 263
Rotor:
unbalanced, 181, 185, 298

Self excited oscillations, 17, 38, 100,
214,246

Separation of the contact, 166, 167, 172,
173, 176, 204, 205, 207, 208

Slider, 5, 7277, 79—82, 85—87

Slow down, 182, 184

Smoothening, 239, 248

Softening, 218, 222, 226, 230, 238

Sommerfeld’s effect, 181, 182

Stability, 9, 43, 55, 56, 61, 64, 89, 90,
121, 122, 158, 189, 191, 192, 211,
222,252,256

Start up, 182, 184

Stationary solution, 18, 69, 81, 107, 114,
120—122, 132, 139, 149, 186, 188,
191, 196, 202, 209, 241, 242, 244,
257,260

Stick-slip, 36, 37, 41, 42, 44, 48—54, 69,
100, 179

Stiffening, 218, 220, 222, 226, 230, 238

Stiffness:
effective, 122, 220—222, 225, 229

Striker, 165, 167, 170, 197, 198, 203,
204, 206

Structure:
flexible, 292, 298
periodic, 265, 277

Subsystem, 37, 79, 137, 145, 163, 171,
174,175, 178, 179, 181, 249

System:
almost linear, 118
discontinuous, 24, 37, 64, 65, 71, 87,

89,91, 116, 137, 160, 163, 211,
328, 333, 339

significantly nonlinear, 128
variable order, 69, 87, 89, 139, 160,
163,328, 333

Time:
average, 9—12, 22, 80, 84, 118, 128,
300, 307, 328
fast, 14, 215, 218, 224, 228, 234, 236,
240, 254, 266, 268, 271, 273, 284—
286, 341
scale, 68, 76, 84, 181, 187, 188, 193,
308, 318, 329
slow, 14, 219, 224, 228, 235, 237,
268,269, 273, 342
Torque:
external, 188, 209, 291
vibrational, 188, 202
Transformation:
almost identical, 10, 103, 142, 329,
337
unfolding, 90—93, 97, 99, 101, 110,
116, 117, 125, 129, 134, 200
van der Pol's, 19, 22
Transient motion, 114, 171, 179, 211

Vane pump, 265
Variable:
fast, 79,126, 143,148, 197
master, 143, 164, 168, 173
semi slow, 200, 207
slave, 143, 149, 168, 170, 171, 173,
174,207
slow, 20, 80, 111, 120, 127—129,
163, 164, 185, 186, 200, 207, 208,
254,255, 282,297, 334, 335, 338
Vibrating screen, 137, 138, 156, 159,
171
Vibrational force, 219, 222, 237, 238,
271
direct, 238
effective, 237
induced, 238
Vibrational mechanics, 15
basic equation, 234, 237
Vibration induced:
displacement 37, 64, 65, 69, 71, 72
force 87
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