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Abstract

Energy can be harvested from vibrations by using a damped harmonic oscillator with base excitation,
providing a sustainable way of yielding energy. By solving the equations of motion for this oscillator and
studying the steady state solution, an expression for the time-averaged power is obtained. Different
damping values of the oscillator influence how much power is yielded. In this thesis, it is analytically

; VenvirE+(ri-n2 ;
shown that a constant damping value equal to ¢, = T — yields the most time-averaged

power for the case where there is no switch in damping value and when there is a singular arbitrary
switch in damping value. It is numerically shown that this damping value also yields the most time-
averaged power for multiple switches in the damping value.
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Nomenclature

Symbol Definition Unit

F Force (general) [N]

Fipring Spring force [N]

Fiamp Damping force [N]

Fy Gravitational force [N]

m Mass [kg]

P Momentum [kg m/s]

v Velocity [m/s]

U Displacement [m]

k Spring coefficient [N/m]

g Gravitational constant [m/s?]

z Relative displacement with respect to base excita- [m]
tion

Zeq Equilibrium position of 2 [m]

z Relative displacement with respect to base excita- [m]
tion and equilibrium position

Zhom Homogeneous solution for relative displacement = [m]

Zpart Particular solution for relative displacement z [m]

t Time [s]

T Starting time of the model [s]

T Time of switch of damping value [s]

T, Beginning of time interval of switching damping [s]
value

Ty End of time interval of switching damping value [s]

c Damping coefficient [Ns/m]

Cm Parasitic damping [Ns/m]

Cy Time-variable damping [Ns/m]

Cui Specific value i time-variable damping [Ns/m]

Pinst Instantaneous power [J/s]

Pave Time-averaged power [J/s]

i Complex root [-]

Ys Base excitation [m]

Yo Amplitude of incoming wave of base excitation [m]

fs Frequency of incoming of base excitation [1/s]

® Phase of incoming wave of base excitation [-]

& Shifted phase due to harmonic addition theorem [-]

o; Specific mapping for certain interval i for solution [-]

) General mapping for entire interval solution [-]
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Introduction

Imagine a world where energy harvesting would take place by cars driving over highways. Imagine
that energy can be harvested by people walking across the street. Imagine an electric car being able
to fully recharge by driving. All these wonderful applications might be possible due to vibrations. A car
driving over the highway causes vibrations in the road, and people walking across the street can cause
vibrations in the ground. By creating an oscillator which can harvest energy from these vibrations, a
new way of sustainable energy harvesting can be created.

The simplest model of an oscillator is the simple harmonic oscillator. In practice, damping will al-
ways exist due to natural causes, so the damped harmonic oscillator is most often used in current
research. An alteration to the damped harmonic oscillator model is to include a base excitation, as
is done by Stephen [13] and Rao [11]. Both discussed the damped harmonic oscillator with constant
damping with base excitation they assumed to be harmonic with frequency w and amplitude Y. Another
alteration could be to assume the mass to be variable. The general behaviour of models with changing
mass has already been the topic of extensive research, for example by Awrejcewicz [2]. Specifically
oscillator models with varying mass without damping have been discussed by Nufez and Torres [9].
Papers by Horssen, Pischanskyy, and Dubbeldam [5], Horssen and Pischanskyy [4], and Pischanskyy
and Horssen [10]. Nufez and Torres [9] assumed a varying mass with constant damping. All of these
researches expand on the research by Irschik and Holl [6] who derived the relevant equations of mo-
tion.

Power harvesting from these oscillators is a relatively new topic. Though Nikzamir et al. [8] and Scap-
olan, Tehrani, and Bonisoli [12] have researched how base excitation with time-dependent damping can
influence the power that could be gained from such a system, their analysis was purely numerical and
not analytical. Also, Di Monaco et al. [3] have researched this topic, by approximating the solution of
the damped harmonic oscillator using the harmonic balance method. All these papers assume that the
best way to harvest power from the damped harmonic oscillator is by having a variable damping with
twice the frequency of the base excitation. With the harvested power from these oscillators, several
applications exist. One is discussed by Yang et al. [15], who analysed power harvesting in vehicle
suspension applications.

In this thesis, a focus is put on damped harmonic oscillators with time-dependent damping and a
base excitation, to compare the findings with research done by Nikzamir et al. [8]. The base excitation
is due to external vibrations outside of the model, and the damping is used to yield power from these
vibrations. The goal is to analyse which damping value will allow for the most harvesting from the ex-
ternal vibration.

This thesis has two main objectives to achieve the aforementioned goal. The first objective is to get
a clear indication of the power that can be harvested from a damped harmonic oscillator with variable
damping. This requires a thorough analysis of the oscillator and a way to measure the power over the
oscillatory periods.

The second objective is to provide optimal damping for the yielding of power from the system. Op-
timal damping is herein defined as the damping for which the most power is yielded from the oscillator.
This damper value potentially depends on many variables, such as the frequency or phase of the ex-
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ternal vibration for the base excitation. The aim is to improve the work done by previous papers ([8],
[12] and [3]) by providing an analytical solution and showing that a solution can be found which yields
more power and is easier to implement.

The following structure is adhered to in this thesis. First, in Chapter 2, the relevant Equations of Motion
are derived for the discussed model. These Equations of Motion are derived stepwise, the notation
and assumptions are discussed and it is subsequently rescaled to reduce the number of parameters.
Furthermore, in this Chapter, the numerical model behind the damping, the equations for the time-
averaged power and finally the parameter bounds are presented. In Chapter 3, the Equations of Mo-
tion are solved. The solutions are presented for three cases: constant damping, piecewise changing
damping and pseudocontinuous damping. Piecewise changing damping is a stepfunction for the damp-
ing value, while pseudocontinuous damping is a damping value which mimicks a continuous damping
function by approximating it with several stepwise intervals. Chapter 4 focuses on the power yield for
a system where there is no switch in the damping value. In Chapter 5, an analysis of the harvested
power from the system is discussed. Here, a proposed method to find the damping value of power-
yielding is given for a singular switch. Thereafter, a scenario with multiple switches in damping value
is discussed in Chapter 6. Lastly, in Chapter 7 conclusions are drawn and several recommendations
for further research into this subject are given.



Deriving Relevant Equations and
Parameters for the Model

In this Chapter, the relevant equations and parameters for yielding power from a damped harmonic
oscillator with base excitation are discussed. In Section 2.1 the equations of motion for the damped
harmonic oscillator with base excitation are derived. Then, the model is rescaled for an easier analysis
in Section 2.2. Next, the equations regarding the damping value are introduced in Section 2.3. Here,
the cases of a piecewise changing damping and pseudocontinuous damping are discussed. Then,
an introduction is made to the relevant equations for the power analysis in Section 2.4. Here, the
instantaneous power is discussed in Section 2.4.1 and the time-averaged power is discussed in Section
2.4.2. Finally, in Section 2.5, an estimate is given for the bounds of the different parameters in the model
for the damped harmonic oscillator.

2.1. Equations of motion

This section derives the equations of motion for the damped harmonic oscillator with a base excitation,
which is done in steps for the relevant forces. The model is assumed to be one-dimensional

2.1.1. Newton's second law

At the basis of the model lies the second law of Newton. Though many readers know this formula
simply as the sum of all forces on an object equals the object’s mass times the object’s acceleration,
the actual law is slightly different. It states that the sum of all forces on an object equals the change in
the momentum of the object, so

dp d d du
Zthdﬁ(mv)dt<mdt>. (2.1)

For clarity’s sake, F' describes a force acting on the object, p describes the object’'s momentum, m is
the object’s mass and v is the object’s velocity. All variables here can depend on time. Note that the
law will be simplified to the familiar version of mass times acceleration when an object has a constant
mass.

This law is the foundation for deriving the model used in this thesis.

2.1.2. Simple harmonic oscillator
The simple harmonic oscillator forms the basis of any oscillator. In the simple harmonic oscillator, the
only force acting is the spring force. This force is described by Hooke’s law, which describes the linear
relation between the spring coefficient k& and the displacement from equilibrium of the mass «. Hooke’s
law thus states that

Fepring = ku. (2.2)
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Then, using Newton’s second law as stated in Equation (2.1), the equations of motion for the simple
harmonic oscillator are obtained as q g
—ku = — <mu> , (2.3)

where a minus sign is placed before the spring force, as it acts as a restoring force. A diagram of the
simple harmonic oscillator is given in Figure 2.1.

uwl m

Figure 2.1: A diagram of the simple harmonic oscillator with a mass m and spring coefficient k.

2.1.3. Damped harmonic oscillator
For the damped harmonic oscillator, the previous model for the simple harmonic oscillator is expanded.
The damping force is introduced into the model. Damping linearly influences the velocity of the object
and is thus denoted by

Fyamp = c(t)v, (2.4)

where ¢(t) is the, potentially time-dependent, damping coefficient and v is the velocity of the object. As
mentioned previously, velocity is also time-dependent. The damping is assumed to contain a constant,
“parasitic” part ¢,,, and a time-variable part ¢, (t), so

c(t) = em + ¢y(2). (2.5)

The above equation is rewritten with the consideration that v = % giving the equation of motion for
the damped harmonic oscillator as:
ko — o3¢ = 9 ( d“) . (2.6)

dt —de \"dt

A visualisation of the damped harmonic oscillator is given in Figure 2.2.

ul m

Figure 2.2: A diagram of the damped harmonic oscillator with mass m, spring coefficient k£ and damping value c(¢).

2.1.4. Damped harmonic oscillator with gravity
Objects used in this model will experience a gravitational force, which is defined as

Fy =myg, (2.7)
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with g being equal to the gravitational acceleration. The gravitational force will influence the mass in
the damped harmonic oscillator. Thus, the equations of motion will change to

du d du
—ku — c(t)a —mg = (mdt) . (2.8)

2.1.5. Damped harmonic oscillator with base excitation

This thesis focuses on energy harvesting from external vibrations. These external vibrations are con-
sidered to be base excitations, which means that the base to which the spring is attached, is moved. If
it is assumed that this moving of the base is indicated with displacement y,(¢), the governing equations

of motion are q q q q
U Ys _4a au
—c(t) <dt g ) —k(u —ys) —mg = i <m dt> . (2.9)

A visualisation of how the base excitation affects the damped harmonic oscillator is given in Figure 2.3,
Figure 2.4 and Figure 2.5. Here, the base excitation travels from left to right.

vl
k% %c(t)
ys(t) gﬁ

Figure 2.3: Diagram of the damped harmonic oscillator with base excitation, which is not affected yet by the base excitation
ys(t) with mass m, spring coefficient k£ and damping coefficient c(t).

Figure 2.4: Diagram of the damped harmonic oscillator with base excitation, where the oscillator is extended by the base
excitation y,(¢) with mass m, spring coefficient £ and damping coefficient c(t).

Figure 2.5: Diagram of the damped harmonic oscillator with base excitation, where the oscillator is compressed by the base
excitation y, (t) with mass m, spring coefficient £ and damping coefficient c(t).

2.1.6. Notation and assumptions
Equation (2.9) forms the foundation for this thesis. A small change of notation is introduced to simplify
the writing of the derivative. This notation is

du

= — 2.1
Ut dt ) ( 0)
where, if a variable already has a subscript, the notation will change to
_ 9 (2.11)

ys,t dt
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This change in notation transforms Equation (2.9) into
—c(t) (ur — ys,t) — k (u — ys) — mg = muy. (2.12)

Rewriting slightly gives
mug + c(t)(ue — Yse) + k(u — ys) +mg = 0. (2.13)

To simplify the equation, the new variable 2 = u — y; is introduced. This gives that u; = 2, + ys+ and
use = Zu + Ys,+¢ transforming the equation into

mzy + c(t)z + kZ +mg = —mys 4. (2.14)

Now, another transformation will be applied with respect to the equilibrium position to remove the influ-
ence of gravity on the displacement. The transformation of z = 2—Z2¢, is made, where Z¢q represents the
equilibrium position of 2. As Zeq represents an equilibrium position, the time derivative of this variable
will be equal to 0 as the position is constant. Hence, the equation will transform to

mzy + c(t)ze + kz + kZeq + Mg = —mys 4. (2.15)
Note that, at an equilibrium position, the forces are in balance. This implies that
> F =0 = Fepring + Fy. (2.16)
Specifically,
—Fspring = kZeq = —myg, (2.17)

thus transforming Equation (2.15) into
mzy + c(t)ze + kz = —mys . (2.18)
Rewriting, with the assumption that m > 0, gives

t k
SO O L, S (2.19)
m m

2.1.7. Boundary conditions
The model will need boundary conditions before a solution can be found. Due to the system being
moved by a base excitation, the boundary conditions are generally assumed to be

2(Ty) =0, (2.20)

and
2(Ty) =0, (2.21)

where T} is the starting time of the model.

2.2. Rescaling
An important step in simplifying the studied equation for the damped harmonic oscillator is to rescale the
equation. This way, the number of variables in the equation can be considerably reduced, simplifying
the later optimisation process.

To rescale the equation, the time and displacement are scaled with to be determined variables \
and p, giving

1_
t= Xt’ z =z, (2.22)
and so, the derivatives are as ~
dz d, _ dz dt _
ar _ dt (nz) = Mﬁ& = pUAZE, (2.23)
and
d?z 9_
= ,u)\ 25t (224)

de2



2.3. Damping 7

This transforms Equation (2.19) into

t k
iz Dong e Es ey (2.25)
m m
and, so, ®
_ c(t) 1 _ k1 _ 1
S NI et T T e e (2.26)

d’y,  d?y, d*t )
az o de Ui (2.27)
gives Equation (2.26) to be
c(t) 1 k1 1
Zg + %X_{ i — Vs (2.28)
Thus, we define
k
A== (2.29)
m
and, as ys i = yo cos(fst5 + )
1= —Yo, (2.30)
so that Equation (2.28) transforms into
_ ety fm_ [m _
2t + W Ezt +z = COS(fS ?t + 80) (231)
Thus, simplifying further, the rescaled equation is
_ e(t) m-—
_— 4z = A/ —t+ ), 2.32
2t mZt z = cos(f, % ©) ( )
and, defining ) = ﬁ and f, = f, VE, gives
Zir + e(t)z + Z = cos(fof + @), (2.33)
where we have that
=4/t 2.34
t=4/ e (2.34)
and
Z = —YoZ. (2.35)

For simplicity, the notation with bars and hats in Equation (2.33) is dropped for the remainder of this
thesis.

2.3. Damping

The behaviour of the damping is crucial to this thesis, as the goal is to research the time-averaged power
yielded from the potentially variable damping value. This section describes what is meant by piecewise
changing damping and pseudocontinuous damping. Afterwards, the influence of the discontinuity of
these variable damping values on the general equations of motion is discussed.

2.3.1. Piecewise Changing Damping

As the name implies, piecewise changing damping is a damping which changes piecewise. We assume
that for the piecewise changing damping, it only changes one time. We define this particular moment of
switch in damping value to be at a certain time t = T,,,. This value lies within a certain interval [T}, T],
which usually equals one period of the base excitation. Thus,

(2.36)

, forT, <t<Tp,,
c(t) _ {61 b >

co, forT, <t <Ty.

Note that this damping is not continuous, as it jumps at 7, .
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2.3.2. Pseudocontinuous Damping

Pseudocontinuous damping mimics the behaviour of a continuous function, but still isn’t continuous. It
is a combination of multiple piecewise changing dampings at particular intervals. Two examples are
given in Figure 2.6 and Figure 2.7.

Damping Coefficient c(t)

Damping Coefficient c(t) 2.00

20.0 { — Pseudocontinuous Damping Coefficient (c(t))
—— Continuous Damping Coefficient (c(t)) 175

150

15.0

—— Pseudocontinuous Damping Coefficient (c(t))
—— Continuous Damping Coefficient (c(t))

Damping Coefficient (kg/s)
8

Damping Coefficient (kg/s)
5
s

0 5 10 15 20 25
Time (s)

0.0 25 5.0 7.5 10.0 125 15.0 175 20.0
Time (s)

Figure 2.7: Another example continuous damping
Figure 2.6: An example continuous damping ¢(¢) = tin c(t) =1+ cos(%) in red with a pseudocontinuous
red with a pseudocontinuous damping in green. damping in green.

Note that in Figure 2.6 the intervals are of the same size and in Figure 2.7 the intervals have different
lengths. This is due to the function approximation method that is chosen to approximate the damping.
As mentioned before, for pseudocontinuous damping, multiple piecewise changing dampings are
used. Intuitively, this is similar to taking the intervals used in the Riemann sum of a particular function.
Different methods are commonly used for the approximation of functions, for example, the left-hand
approximation. Figure 2.6 displays how the left-hand approximation would work. The left-hand rule
states that the integral of a particular function f(x) on the interval [a, b] can be approximated by

b n
/ fl@) = flai)Ax, (2.37)
a i=1

where n represents the number of intervals chosen and Az the length of the intervals. Larger n implies
a better approximation. Instead of approximating the integral of the particular function, this theory is
instead used to approximate the function itself. By using a stepwise function, the approximation is
expressed as

flxy), forx; <z < s,
f(xg), foraxs <z < a3,

flz) ~ : (2.38)
f(l‘j), for Z; <zx< Tj41,

or, generally,

; ; < ; j o —
Fla)~ {f(xz), forz; <z < ax;41, Wwhereie1l,....j — 1, (2.39)

f(l’j), for Z; <z< Tjt1.

Next to the left-hand approximation rule, also the right-hand rule and midpoint rule exist, which, respec-
tively, would yield

Fa) = f(ziy1), form; <z <z, whereiel, .. .j—1, (2.40)
f(xjp1), fora; <o <wjqq, |
and
FEESEL) ) fora; <@ < miyq, Whered € 1,5 —1,
ERT VR S .
[, forzy <o <xjq.



2.3. Damping 9

Clearly, when more intervals are taken, the approximation will be closer to the actual function value.
However, using more intervals is computationally more expensive. Hence, an optimum must be found
for the minimum intervals and error between the function and the approximation.

The problem with these approximation rules is that they do not take into account the behaviour of
the function that is approximated. This can be seen in the following figure.

Damping Coefficient c(t)

—— Pseudocontinuous Damping Coefficient (c(t))
—— Continuous Damping Coefficient (c(t))

Damping Coefficient c(t)

&

—— Pseudocontinuous Damping Coefficient (c(t))
5.0 — Continuous Damping Coefficient (c(t)

M
°

&

°
5

°

5

Damping Coefficient (kg/s)
Damping Coefficient (ka/s)

°
“
5

15 20 25 30 15 20 25 30
Time (s) Time (s)

°
“
H

+2

Figure 2.8: The graph ¢(t) = % with a left hand Figure 2.9: The graph c(t) = {55 with a right hand
approximation for the pseudocontinuous damping. approximation for the pseudocontinuous damping.

Here, the intervals are divided equally over the graph with every interval having an equal length, but
the approximation would be more accurate if the intervals were distributed unequally and had different
interval lengths. Specifically, a distribution of more intervals when the graph becomes steeper would be
optimal. To realise the exact distribution of intervals at the best moments to minimise the error between
the continuous and pseudocontinuous damping, a numerical implementation is used. This code is
given in Appendix A. The code provides the best approximation of a function based on the number of
intervals required by computing the difference between different values of a function f, hence effectively
judging the steepness of the graph.

2.3.3. Influence of the discontinuous damping
Having a discontinuous damping means that the acceleration of the system will not be continuous, as:

{Zt - (2.42)
maxy = —c(t)x — kz + F(t).

The jump in the damping will make it behave like a Heaviside function. In Figure 2.10 a plot is made of
¢(t), which illustrates that it acts like a Heaviside function.

c(t)

MO — a

0.8 1

0.6

0.4 1

0.2 1

0.0 1

100 -75 -50 -25 00 25 50 75 10.0
Figure 2.10: A plot of a ¢(t) where ¢c; = 0 and c2 = 1, showing how ¢(¢) acts like a Heaviside function.

When a Heaviside function is integrated, it becomes continuous, if the same integration constants are
chosen. This is illustrated in Figure 2.11.



2.4. Power analysis 10

Antiderivative of c(t)

T — ety

Jewyat

-10.0 =75 -=5.0 =25 0.0 2.5 5.0 7.5 10.0
t

Figure 2.11: A plot of the antiderivative of c(t) where ¢; = 0 and ¢z = 1, showing how the antiderivative of c¢(¢) is continuous.

Therefore, although the acceleration is discontinuous, the velocity and the displacement are continuous.
This is crucial for the influence of the velocity and displacement on the power analysis later on in this
thesis. Those being continuous will make the analysis substantially easier.

Before explaining the exact function approximation method that is chosen for this pseudocontinuous
damping, it should be noted that, via reasoning similar to that in the previous section, the displacement
and velocity are continuous when using pseudocontinuous damping.

2.4. Power analysis

Since one of the two objectives of this thesis is to correctly measure the harvested power from the os-
cillation, in this section, the measure taken to research how much power is harvested from the damped
harmonic oscillator is discussed.

2.4.1. Instantaneous power
Instantaneous power is defined as the power that is obtained by a specific force at a particular moment
in time. We have instantaneous power defined as

Ppst = F - v. (2.43)

Instantaneous power for the damper is therefore
Pinst = Famp - v, (2.44)

or, using the previous notations and assumptions
Prnst = —c(t)2}. (2.45)

As our goal is to determine the power obtained by the non-parasitic damping specifically, above equa-
tion should be rewritten to

Pinst = —¢y(t)27 . (2.46)
Yet, as the damping might experience resonance and therefore power gains at particular moments

might not be representative for the whole period of an incoming wave, the time-averaged power is
studied.

2.4.2. Time-averaged power
Time-averaged power is defined as, such as the name implies, the average power gain over a certain
period in time. Hence,

1 Te
Pove = gy [ Pt (2.47)
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where T}, and T, are the respective begin and end time of the particular time period. This thesis will make
use of the time-averaged power for an analysis of the particular energy yield of the system. Specifically,
the interval will be taken as one oscillation from the incoming base excitation oscillation. Thus,

1 21r4f»k27r
ke R [, Lmsdd (2.48)
fS fs fs

Pave =

with k& being an integer. For simplicity and due to the periodicity of the goniometric formulas, this form
can be assumed to be equal to

2m

1 s
Pave = o5 Pisdt. (2.49)

f. 70
and therefore, using the definition of instantaneous power given in Equation (2.46)

2m
fs

! —c,(t)22dt. (2.50)

27

fs 70

Pave =

2.5. Parameter estimates

This section explains the bounds that exist on the different parameters present in the equations of
motion for the damped harmonic oscillator. These bounds are relevant for computing the boundary
values, which may influence what solution is optimal for the time-averaged power yield. Bounds which
are found in literature are given in Appendix B in Table B.1.

It can be seen that there are several applications of the damped harmonic oscillator for which the
parameter values differ significantly. Due to the probability of any application of this thesis first being
tested in a lab, parameters close to the precision lab setup are chosen. These values can be found in
Table 2.1.

Table 2.1: Parameter values of the damped harmonic oscillator chosen for the damped harmonic oscillator with base excitation.

Parameter value [unit] Symbol Value
Mass [kg] m 1
Spring coefficient [N/m] k 472
Parasitic damping [Ns/m] ¢, 0.1
Variable damping [Ns/m] ¢, ore¢,; [—0.15,0.35]
Amplitude [m] Yo 1073
Frequency [Hz] fs (0,2)

Phase [-] ® [—m, )



Damped Harmonic Oscillator with
Base Excitation and Variable Damping

The damped harmonic oscillator model forms the basis of the research of this thesis. This chapter will
build towards solving the damped harmonic oscillator model with base excitation and variable damping.
This is done by first solving the model for a constant damping, as has been done in Section 3.1. Ther-
after, the model is solved for a piecewise changing damping in Section 3.2. Next, for pseudocontinuous
damping, the model is solved in Section 3.3. Each of these sections will discuss how the solution of
the damped harmonic oscillator is modelled and show how the different variable parameters influence
the behaviour of the oscillator. Lastly, in Section 3.4, concluding remarks are discussed.

3.1. Constant damping

As was concluded in Section 2.1.6 of Chapter 2, the governing equations of motion for the damped
harmonic oscillator with base excitation are

zi + Ye(t)ze + 2z = cos(fst + @) (3.1)

For this section, the damping is assumed to be constant. Hence, there will be no time-dependency of
the damping coefficient, so
zie + ez + 2z = cos(fst + @) (3.2)

is the governing equation of motion. To solve this equation, the homogeneous solution and particular
solution are derived, as the general solution is the sum of these two solutions, so

Z(t) = Zhom(t) + Zpart(t)- (3.3)

The homogeneous solution is derived in Section 3.1.1 and the particular solution in Section 3.1.2. Then,
the general solution is provided in Section 3.1.3 and visualised in Section 3.1.4. The influence of the
different parameters is discussed in Section 3.1.5.

3.1.1. Homogeneous solution
For the homogeneous solution of the governing equation, no base excitation is assumed. This simplifies
the equations of motion to

Zhom,tt + wczhom,t + Zhom = 0. (34)
Using the ansatz that znom ~ €'“*, where i is the complex root, and w is a constant, gives that

giwt (—w2 + ipew + 1) =0. (3.5)
The exponent will not equal 0 and therefore the quadratic formula should equate to 0. Solving this

quadratic formula gives that
w= % (Cil/) +4- CQwQ) . (3.6)

12
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Using the superposition principle, the solution of the homogeneous problem is given by
Zhom(t) = €2 (dle%V‘*—‘W +dpeV 4—02'¢2) , (3.7)

which could also be rewritten to a form using sines and cosines. This is explored further later in this
thesis. For the general solution, the form with exponentials is used.

Rewriting the above form to remove the complex root using the definition that i2 = —1, gives
shom(t) = 75 (18 VI 4 greFVEI) (3.8)

which implies that three different solutions exist depending on the value in the square root. These three
different solutions are discussed case by case.

2,/,2
cpr >4

The homogenous solution in the case where c?¢? > 4 will be the same as Equation (3.8), as the root
is positive in this case. So,

hom(t) = e~ 2 (dle%v U=y e TV 0211’2—4) . (3.9)

=4

In the case where ¢?vy? = 4km, the two solutions of the quadratic formula given in Equation (3.6) are
the same, this solution is defined as z; (¢). As there should be two distinct solutions, as it is a quadratic
equation, the method of reduction of order is used to find the other solution. So, using a newly time-
dependent variable o(t) to get

Zhom(t) = z1(t)o (¢), (3.10)
which implies that
zhom,t = 0(t)z1,¢(t) + 21(t)oe (1), (3.11)
and
Zhom,tt = U(t)zl,tt(t) + 2217t(t)0't(t) + Z1 (t)O'ff(t) (312)
Substituting these back into Equation (3.4), gives
O'(t)Zl,tt(t) + 2zl,t(t)0t(t) + z1 (t)O’tt(t) + ’l/)C (O'(t)ZLt(t) + 21 (t)O’t(t)) + Zl(t)a'(t) =0. (313)
As z; is a solution of Equation (3.4), the equation can be simplified to
z1 (t)O’tt(t) -+ 221’t(t)0't(t) -+ 1/)021 (t)Ut(t) = 0, (314)
or, simplified even further,
Zl(t)dtt(t) + (Tt(t) (2217,5(15) + ZZJCZl (t)) =0. (315)
This is a first-order linear equation for o, (¢), and its solution is given by
21,4 (t) . f(21,6(8) — [ epdt
o(t) = dgeff(z =® +cw)dt _ dgei‘f mpdteﬁj( =10 )dt _ Cl?’esz(t). (3.16)
1

Substituting the already-found solution
Zl(t) = dleT, (317)
gives

(3.18)

Note that constant d3 can be freely chosen, as we are only interested in one solution to the differential
equation for o4 (t), given in Equation (3.16). Thus, we choose d; = d?, so that

ou(t) =1, (3.19)
and therefore the solution to the homogeneous problem is

Zhom(t) = d1e ™t + dote VL. (3.20)
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cP? < 4

In the case where c?¢? < 4, the square root will be positive in the solution of the quadratic formula,
given in Equation (3.6). Therefore, the last step in determining the general homogeneous solution,
rewriting the solution to the form given in Equation (3.8), is unnecessary. To remove the complex root
in the equation, the exponentials are rewritten to sines and cosines, so

cos (t”4_62w2> + i sin (t'4_021/)2>]

2 2

cos <t4_02wz> + i sin (tw)]> .

Zhom(t) =€ =3 (dl

(3.21)

d
+ do 5 B

Combining the sines and cosines into their forms gives

Zhom(t) = e (cos <t4_62w2> [dy + da2] + isin (t'4_czw2> [dy — d2]> ) (3.22)

2 2

Hence, by introducing new constants ds = d; + ds and d4 =i (d; — d2), the solution for the case where

021/12 <4is
—cit <d3 oS (t\/m> + d4 SiIl <t\/4_7€2w2>> . (323)

Zhom (t) =e 2 2

2

3.1.2. Particular Solution

Now that the three different solutions, based on the value of the damping coefficient and variable ),
have been found, the particular solution of the problem is examined. For the particular solution to the
equations of motion with constant damping, the following equation will have to be solved:

Zpart,tt + V() Zpart,t + Zpart = cos(fst + ). (3.24)
Just as in the solving of the homogeneous problem, the ansatz zpa ~ €™ is used, which gives
giwt (—w2 +iYcw+1)=F(t), (3.25)

which implies that F(t) ~ e'“!. Using Fourier series, this exponential function can be created via
F(t) =, dycos(O,t + ¢,) for n € N, where d,,, 0,, and ¢,, are constants. This rewriting to a sum of
cosines is beneficial, as it can be physically interpreted as a wave with amplitude d,,, frequency 6,, and
phase ¢,,. So, if a solution is found for

Znt T YCzn, + 2n = cos(O,t), (3.26)
it can be combined to create

Z dp (Zntt + Y2t + 2n) = Z dy, cos(0,t), (3.27)

n

which implies that a solution is found for the general equation

Zpart,tt '(/)CZpart,t + Zpart = COS(fst + @)7 (3-28)

where y, represents the amplitude of the incoming wave, f, represents the frequency and ¢ the phase.
Using Euler’s Formula, _
e Wette — cos(fot 4 @) — isin(fit + @), (3.29)

gives that, if assuming that there exists a v(t) which solves
vyt + hevy +v = e Hstte, (3.30)
and taking Re(v) = zpart With noting that Re(e~#/:1*¥) = cos(f,t + ), one should have that

Re(vy + vevy +v) = Re(efifst“o) = cos(fst + @) = Zpart,tt + VCZpart,t + Zpart. (3.31)
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This means, that to solve the particular solution, a solution should be found for
Vit + Yevy + v = yoe stte, (3.32)
Again using ansatz that v(t) = Ae~*fst+e,
Ae e (—f2 —igpef + 1) = e et te, (3.33)
same assumption that e “#/+t*t¢ £ (, gives

1

S T A (3.34)
which gives then
1 .
— — —ifst+p

Zpart(t) = Re(v(t)) = Re (—ff T 1€ ) (3.35)

to remove the complex part of the constant A it is rewritten
1 B 1 —f2+ivefs +1 (3.36)

—f2—iefs+1 —f2—ivpefs + 1 —f2 +ipefs + 17 '
_f2 ; 1

_ oAl (3.37)

(f2 = 1)% + (vefs)”
—f2+1 . pefs
(2= 12+ (efa) | (2= 17+ (befa) (3:38)

SO,

_ —fi+1 i vefs cos —isin
%M”_%<Qﬁ—W+Wqﬁ+(ﬁ—w+wwﬁ>((”+w <m+w0.

(3.39)
This implies that
_f2 + 1 ¢Cfs .
Zpart(t) = 5 cos(fst + @) + sin(fst + ), (3.40)
P2 -0+ (gef)? (f2=1)° + (¢efo)?
or, using the Harmonic Addition Theorem in Appendix C,
1
Zpart(t) = - - (cos(fst+ @ +9)). (3.41)
V2= D%+ (e
where § = arctan (—%) or, assuming that ¢ = ¢ + 4,
1 .
(cos(fst+ @)). (3.42)

Z ar‘t(t) =
-0 et
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3.1.3. General Solution
The general solution is, as given in Equation (3.3),

o 5" (dred VI 1 gy V) for ¢2y? > 4,
1 —c —c
2(t) = 2 — (cos(fut +9))+{ he Ut dyte eVt for c?yp? = 4,
\/(fsz —1)" + (Yefs) e 2 <d1 cos <tvzl_;1b> + dp sin (tW)) for ?¢? < 4.
(3.43)

3.1.4. Visualising solution

In Section 3.1.3, the general solution for the damped harmonic oscillator with base excitation with a
constant damping has been given. This solution depends on the relationship between the damping,
spring coefficient, and mass. The constants of the general solution are still to be determined and can
be found by rewriting the solution to

=C(t . 3.44
<Zt(t)> ®) (d2> * (Zpart,t(t) ( )
To determine the constants d; and ds, it can be evaluated at a particular starting time T; given the initial
displacement z(T}) and velocity z;(Tp) to get

z(To) \ _ dy zpart(T0)
(Zt (T0)> = C(To) ( d2) + (Zp‘;m (TO)) , (3.45)
which can be rewritten to
_ Z(To) . Z) art(TO) . d1
C~Y(Tp) [(%(%)) (Zp‘;m(To)ﬂ = ( d2>, (3.46)
giving a final expression which is used for the visualisation of the solution to be
z(t)\ _ 2(To) \ _ ( #part(T0) Zpart(?)
(Zt (t)> = C(t)C~(Ty) KZt(TO)) (zp’;m(To)ﬂ + (Zp‘;m(t)) . (3.47)

Different parameters influence the behaviour of the damped harmonic oscillator. For example, the
damping value or the base excitation. An analysis of the influence of most of these variables is made
in the following section.

3.1.5. Influence of different factors
The general solution without rescaling is visualised, as then the physical interpretation of the variables
is easier. This means that Equation (2.19) is modelled, of which the solution is

e (dleﬁwz“*km + dgez;vfivcz—‘““”) for ¢2 > 4km,
z(t) = ky(; - (cos(fst + @))+< dieTn + dytezn for ¢* = 4km,
\/(fe2 - E) + (me) e (d1 cos (t7W) + do sin (t@)) for ¢ < 4km.

(3.48)

It should be noted that only variables yq, fs, c and ¢ are discussed. So, respectively, only the amplitude
of the base excitation, the frequency of the base excitation, the damping value and the phase of the
base excitation. This spring coefficient and mass are considered fixed.
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Influence of Amplitude
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Figure 3.1: The displacement and velocity of the damped harmonic oscillator with values c=1,m =1,k =2, fs = 1,0 =0,
initial conditions z(Ty) = 0, z¢:(To) = 0, and changing amplitude from 0 to 3.

The displacement and velocity with different amplitude values are plotted in Figure 3.1. As can be
expected, the displacement of the damped harmonic oscillator becomes larger when the incoming
base excitation has a higher amplitude. Oscillations do still occur, as the system is underdamped.

Influence of damping

Damped Harmonic Oscillator
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Figure 3.2: The displacement and velocity of the damped harmonic oscillator with values yo = 1,m =1,k =2, fs = 1,0 =0,
initial conditions z(Tp) = 0, z¢(To) = 0, and changing damping from 0.5 to 2.

The displacement and velocity with different damping values are plotted in Figure 3.2. Again, as can
be expected, with higher damping values, the manner of displacement decreases. This is due to the
damping having a higher influence on the displacement for higher values. Oscillations do still occur, as
the system is underdamped.
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Influence of frequency
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Figure 3.3: The displacement and velocity of the damped harmonic oscillator with values yo = 1,m =1,k =2,c¢ = 1,0 = 0,
initial conditions z(Ty) = 0, z:(To) = 0, and changing frequency from 0 to 4.

The displacement and velocity with different frequencies are plotted in Figure 3.3. It can be seen that
when the frequency is equal to 0, the damped harmonic oscillator will come to a standstill. This is due
to no external base excitation happening, and therefore, the system will not move. Oscillations do still
occur when a frequency is non equal to 0, as the system is underdamped. Frequencies which are close
to the eigenfrequency result in bigger oscillations.

Influence of phase
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Velocity (m/s)
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—— Phase 2.0
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Figure 3.4: The displacement and velocity of the damped harmonic oscillator with values yo = 1,m =1,k =2,c =1, fs = 1,

initial conditions z(Tp) = 0, z¢:(To) = 0, and changing phase from 0 to 2.25.

The displacement and velocity with different phase values are plotted in Figure 3.4. The phase de-
termines at which level the incoming wave hits the base excitation. Oscillations do still occur, as the
system is not overdamped but rather underdamped. Logically, for different values of the phase, the
oscillator is excited differently.
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3.2. Piecewise changing damping

This section elaborates on the general solution when a piecewise changing damping is assumed. The
piecewise changing damping is explained in Section 2.3.1. The general solution for the damped har-
monic oscillator with a piecewise changing damping subject to a base excitation is given in 3.2.1. Af-
terwards, the visualisation of the solution is explained in Section 3.2.2 and the influence of the different
parameters in discussed in Section 3.2.3.

3.2.1. General solution
As explained in Section 2.3.3, the displacement and velocity of the damped harmonic oscillator remain
continuous, even though the damping value is not. Due to this continuity, the following maps can be

created as
(2((%))) Z)l(:t) (2&%3)) (;)2(:75) 2 (jt((%)))'

Mapping ¢1(t) and ¢2(t) are constructed in a similar manner. On the intervals [T}, T,,,) and [T, TY],
the damping is constant. This allows the previous solution from Section 3.1 to be used. The map ¢ (t)
can therefore be expressed as

- (5 ) = e () + (o)) (049
and, similarly, for map ¢, (%)
it () =0 (U)) + () (550

These maps can be combined to create one bigger map, indicated by ¢(¢)
(Z(Tb)) c(t) = (z(Tm)> c(t) = ez (z(Tf))
2(Th) o1 (1) 2(Tm) 0 zw(Ty))

(1)

Looking at the construction of the map and Equations (3.49), (3.50), it can be concluded that ¢(t) =
(¢2 0 ¢1)(t). The map ¢(t) can therefore be expressed as

o0 ) - o0 G) » () (). o

which can be rewritten to

B(t) - (Z((%))) = A5(1) A (1) <Zzt ((ji;i’b))> + A (ZPaﬂ,l(Tm)> + <Z"a“’2(Tf ) > . (352

Zpart,1,t (Tm) Zpart,2,t (Tf)

and thus the solution for the equation of motion with piecewise changing damping can be found.

3.2.2. Visualising the solution
The map ¢(t) forms the equations of motion and can thus be used for the visualisation of the damped
harmonic oscillator, if rewritten to determine the displacement and velocity at an arbitrary time ¢, so

o0+ (30) = 0w (G3) + 4 (2 () « (o). oo
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3.2.3. Influence of different factors

The influence of the amplitude, frequency and phase is studied. We do not study the influence of the
damping value as this is the piecewise changing damping model.

Influence of Amplitude

Damped Harmonic Oscillator
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(I) 2‘5 30
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Figure 3.5: The displacement and velocity of the damped harmonic oscillator with values, m = 1,k = 2, fs = 1, ¢ = 0, initial
conditions z(Tp) = 0, z:(Tp) = 0, switching damping from ¢ = 1.5 to ¢ = 6.6 and changing amplitude from 0O to 3.

The displacement and velocity with different amplitude values are plotted in Figure 3.5. After the
crossed red line, the damping value has switched. It can immediately be seen that the system changes
from an under- to an overdamped damped harmonic oscillator, as the displacement and velocity both
die out. Higher amplitude will make the damped harmonic oscillator still move, but not as big as before.
Influence of frequency
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Figure 3.6: The displacement and velocity of the damped harmonic oscillator with values yo = 1,m = 1,k = 2, ¢ = 0, initial
conditions z(7p) = 0, z¢(Tp) = 0, , switching damping from ¢ = 1.5 to ¢ = 6.6 and changing frequency from 0 to 2.25.

The displacement and velocity with different frequencies are plotted in Figure 3.6. It can be seen that
when frequency is equal to 0, the damped harmonic oscillator will come to a standstill. This is due to
no external base excitation happening, and therefore the system will not move.
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Influence of phase
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Figure 3.7: The displacement and velocity of the damped harmonic oscillator with values yo = 1,m = 1,k = 2, fs = 1, initial
conditions z(7Tp) = 0, z¢(Tp) = 0, , switching damping from ¢ = 1.5 to ¢ = 6.6 and changing phase from 0 to 3.

The displacement and velocity with different phase values are plotted in Figure 3.7. Like before, the
influence of the phase is limited, as it only shifts the base excitation oscillation.

3.3. Pseudocontinuous damping

In this section, the general solution for the case of pseudocontinuous damping is given in Section 3.3.1.
The visualisation is explained in Section 3.3.2 and then, in Section 3.3.3, the influence of the different
parameters is discussed.

3.3.1. General solution

Building on the steps taken in the previous section, the map for the pseudocontinuous case will take
the following form. Similarly to the previous section, we get a total map ¢(t), which is also indicated
below

z(Tp) e(t) = z(Th) c(t) = ez 2(Ty) cW=ec W) =cn z(T),)
(Zt<To>> é1(t) (Zt<T1>) #a(t) <Zt<T2>) #3(t) Snl(t) <zt<Tn>) ’
B(t)
where
o (2T 2(Ti-1) Zpart,i(1})
o) : (w,»)) — A <zt<:n_1>) n (zpam,tcm) , (3.54)

with 7 € 1,2, ...,n. Here n denotes the number of switches in damping values. Thus, also

ouna): (3470)) = A (40 (320) + () + (i) w9
and so

o(t) : (jt ((%))) = jﬁl A; ( > + Z H Ay, (Zi‘;a:;ﬂt >)) : (3.56)

J=lk=j
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3.3.2. Visualising the solution
Equation (3.56) is used for the visualisation of the solution of the damped harmonic oscillator model.

3.3.3. Influence of parameters
The influence of the parameters is the same as that of the piecewise changing damping. To illustrate

this, the different images are reproduced based on damping values from the approximation of function

c(t) = (;g())a and four intervals.

Damped Harmonic Oscillator
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Figure 3.9: The displacement and velocity of the
damped harmonic oscillator with values

Figure 3.8: An example continuous damping ¢ =0,m=1k=2, fs = 1, initial conditions

3
c(t) = (t;(;g% in red with a pseudocontinuous damping z(To) = 0, z¢(To) = 0, damping values from Figure 3.8
in green, giving values 1,4, 7 and 9. changing amplitude from 0 to 3.
Damped Harmonic Oscillator R Damped Harmonic Oscillator
z ' e ] — rwies
g0 NCMM ] %%
£l = E[ZZZZZZ?ZS <.
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E 05 A /\/\A //\ —\\Frequen:yzzs é , e e
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. (]

] 5 10 Tymlj‘s’ 20 25 30 o 5 10 -nml:‘s) 20 25 30
Figure 3.10: The displacement and velocity of the Figure 3.11: The displacement and velocity of the
damped harmonic oscillator with values damped harmonic oscillator with values
yo = 1,m =1,k = 2, = 0, initial conditions yo =1,m =1,k = 2, fs = 1, initial conditions
z(To) = 0, z¢(To) = 0, damping values from Figure 3.8 z(To) = 0, z¢(To) = 0, damping values from Figure 3.8

changing frequency from 0 to 2.25. changing phase from 0 to 3.

It should be noted that in Figure 3.8, the intervals of the damping value are purposely not equidistant, as

then the approximation of the continuous function c(t) = (’;gggg has the lowest error with using interval
values for the damping. This numerical approximation has been discussed in Section 2.3.2.
The influence of the amplitude, frequency and phase, visualised in Figure 3.9, Figure 3.10 and

Figure 3.11 respectively, is the same as previously discussed in Section 3.1.5 and Section 3.2.3.
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3.4. Concluding the damped harmonic oscillator model

In this section, the conclusion on the modelling of the damped harmonic oscillator with different methods
to implement a variable damping, is given. In Section 3.4.1 a table is given which outlines the effect
of different parameter values on the damped harmonic oscillator with base excitation. Thereafter, in
Section 3.4.2, an explanation is given why only the steady state solution the damped harmonic oscillator
with base excitation is studied for the power analysis.

3.4.1. Influence of parameters
An overview of the different influence of the parameters on the damped harmonic oscillator is given in
Table 3.1.

Table 3.1: Influence of different parameters on the damped harmonic oscillator.

Parameter \ Influence

Amplitude | Higher amplitudes of the base excitation imply a higher amplitude of the oscillator
Damping Higher damping values reduce the displacement and velocity of the oscillator
Frequency | Frequencies closer to the eigenfrequency imply larger displacement and velocity
Phase Bigger phase shifts the displacement and velocity with a larger value

The amplitude, frequency, and phase are all related to the base excitation, which excites the damped
harmonic oscillator. These terms cannot be influenced in the application of the damped harmonic
oscillator to yield power.

3.4.2. Transient solution and steady state solution

The solution of the damped harmonic oscillator typically consists of homogeneous and particular so-
lutions. The piecewise and pseudocontinuous are nothing more than mappings of this solution for a
constant damping on different intervals.

It should be noted that the solution consists of a so-called transient and steady state part. The
transient solution is the part belonging to the homogeneous equation, while the steady state is related
to the particular solution. For time intervals which start close to zero, both terms are required to study
the behaviour of the oscillator properly. In simulations where the damped harmonic oscillator is studied
far away from zero in time, however, it can be shown that the transient solution will not influence the
behaviour of the model. A visualition is given in Figure 3.12.

Damped Harmonic Oscillator with Base Excitation

—— Total Solution
—-- Steady State Solution
--++ Transient Solution

0.125
0.100
0.075
g 0050
£ 0025
I
3 0.000
-0.025

~0.050

-0.075

Time (s)

Figure 3.12: Graph of the damped harmonic oscillator with the red line as the transient solution, the blue line as the steady
state solution and the black line as the total solution.

So, from the visualisation, we can conclude that after a short number of seconds have passed, only the

steady state solution determines the behaviour of the damped harmonic oscillator with base excitation.

This conclusion is logically supported by studying all cases of the homogeneous solutions discussed

in Section 3.1.1. All forms of these solutions contain an exponential with a negative power with a factor
of time. For these, it holds that

lim e % =0, (3.57)

t—o0
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even when multiplied by the variable ¢ this expression will still converge to zero, so

lim te7n = 0. (3.58)

t—o00
Therefore, we will see that the model will be governed by the dynamics which can be described by

z(t) = ! (cos(fst+¢@)). (3.59)

VU2 =17+ (es)?




Power Analysis without Damping
Switch

This chapter focuses on the power analysis when there is no switch in the damping value for the damped
harmonic oscillator. This significantly simplifies the analysis that is done. First, the extrema are found
and then they are classified. Thereafter, a visualisation of the optimal solution is given to show it truly
yields the most time-averaged power from the damped harmonic oscillator with base excitation.

In the case where there is no switch in the damping value, it implies that

C = Cm + Cy, (41)

and so, using the governing equation of motion given in Equation (3.59), we have as time-averaged
power, defined in Equation (2.50),

1ot 1 r )
Pave = QfE 2 (212 el /0 1 — cos(2fst + 2¢)dt, (4.2)

where we used the goniometric identity

Sin?(fot + ¢) = —— COS(QQf st 29) (4.3)

As mentioned before, a cycle is defined as one oscillation of the base excitation wave. This gives

T = %,and SO

1 cyf? 1 o
Pave: f <

o (212 £ (W) L (sin(47m + 2¢9) — sin(?g&))) . (4.4)
T E s

£ 2fs
Due to the periodicity of the sine function, Equation (4.4) simplifies to

_cuf? 1
2 (f2—=1)2+ (vefs)?

As the goal is to find the optimal time-averaged power, this equation is now differentiated with respect
to variable ¢, and put equal to zero to find the extrema. So,

OPave _ LSQ (f52 - 1)2 + (C¢fs)2 - 20m6v¢2fs2 — 2631/}2]? _

dey 2 ((f2 =1 + (e f)?)?

(4.5)

0, (4.6)

SO,
apave _ ﬁ(ff B 1)2 +¢2f3(63n _ 6121) _
der " 2 (1Pt " “n

25
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which is simplified further to,
(fs? - 1)2 + 1/12f52(072n - C%) =0. (48)

Solving this equation for variable ¢, gives

WP (=17
VLA fws(f E

thus implying there are two extreme values. Here ¢, ot is defined as the optimal value for the variable
damping. Specifically, c, opt,+ is the optimal value where the root has a plus sign in front and similarly
Cv,opt,— IS defined.

To check whether these values are a maximum or a minimum, Equation (4.7) is studied further. The
second derivative test is used. So, for the second derivative we obtain

(4.9)

0Pz, g2 (2= 1P+ (0f)?)? (<2eaemt? £2) = ((f2 = 12+ 02 f2(3, — ) (AU en )

dcz 2 ((f2 =1 + (v f5)*)*

(4.10)
Note that (a((fs_l)aﬂcwfs) ) ) isn’t evaluated due to the fact that the ((f2 — 1)% + ¢ f2(c2, — c2)) will

Cov

be equal to zero at ¢, = ¢y opt- SO,

OPqv (. g = 12 (21 + (copt fo))° (20 optemt?£7) (4.11)
dcz %* 2 ((fF = 1) + (copttp f5)?)* ’ '
where copt = ¢y + Co,0pt- Note that
oP2,
sgn ( 2o (e, opt)> = sgn (—2cy optem®> f7) (4.12)
thus, since ¢,,, > 0,
oP2,
sgn 502 € (cu,opt) | = =S9GN (Cu.opt) s - (4.13)
Therefore we have a maximum when
2 2 2 2 _ 1 2
ooy = YmY fws(fs 2 (4.14)
and a minimum when
c 2 2 -1 2
Cy,opt,— — \/ mw f’(/JfS ) . (415)

There are, however, more possibilities where the time-averaged power yield is more than when we are
at a maximum. This is due to the bounds of the damping value, as we might have boundary optimal
values which aren’t a maximum, but might be higher than the maximum we found. The discussion
of the bounds for the variable damping value can be found in Section 2.5. Due to these bounds, we
should also test whether ¢, = —0.15 or ¢, = 0.35 is an optimal value. A visualisation is made to show
the time-averaged power.

As the only variable in the optimum damping value is the frequency, a plot is made for ¢, =
Cv,opt, 4> Cv = —0.15 and ¢, = 0.35. This plot can be seen in Figure 4.1.
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Figure 4.1: Time-averaged power of damped harmonic

oscillator with base excitation with no switch in damping

value, where damping values on boundary extrema and
Cy,opt,+ are plotted.
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Figure 4.2: Time-averaged power of damped harmonic
oscillator with base excitation with no switch in damping
value, where damping values ¢, = 0.35 and
Cv = Cy,opt,+ are plotted.

It can be seen in Figure 4.1, that the damping value ¢, = —0.15 is not optimal. A closer look at Figure
4.2, where ¢, = —0.15 is omitted, shows that ¢, = ¢, opt+ Outperforms ¢, = 0.35. The time-averaged
power is plotted for several damping values compared to ¢, = ¢, opt,+ in Figure 4.3.
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Figure 4.3: Time-averaged power of damped harmonic oscillator with base excitation with no switch in damping value, where
damping values ¢, € {0.05,0.1,0.15,0.2, ¢, opt,+ } are plotted.

From these visualisations, it can be concluded that indeed the damping value c, = c, opt,+ Provides
the most time-averaged power for the damped harmonic oscillator with base excitation for no switch in

damping value.



Power Analysis Singular Switch

This chapter will delve into how much power can be yielded from a damped harmonic oscillator with base
excitation when a singular switch in damping value is made. This is done for three cases: a halfway
switch, a quarter switch and an arbitrary switch. The case of a halfway switch is called a halfway switch
due to the switch in damping value happening halfway through the period of the base excitation. The
quarter switch is defined similarly. These specific cases are discussed before the general case due to
the goniometric identities of sine and cosine at the halfway and quarter switch.

5.1. Power analysis for halfway singular switch

Now, the case of a halfway switch is studied. With a halfway switch, it is meant that the moment the
damping value changes, the oscillation of the base excitation is precisely in the middle of the cycle.
Hence,

C(t) =Cm + cv(t)v (5.1)
where,
v — Cy, t Oa + ;
e [ te0g) o2
Cy = Cyp,2 te [Fafi)v

and so, fori € {1,2}
Ci = Cm + Cy (5.3)

Now, generally we had, using the rescaled equation, the expression for the time-averaged power as
1 c,f? 1

T
Paye = sz > I+ (wef)? /0 1 — cos(2fst + 2¢)dt, (5.4)

however, as ¢, how depends on time, the above equation is now rewritten to

Pro= L [ cof? ! (1 cos(2/.t + 2¢)) dt (5.5)
= — —cos(2fs . .
T f Ty (2107 + (vef)? v
Now, as ¢,(t) has a switch between variable damping value ¢, ; and ¢, » at a certain time T,,, = fl
which lies between 0 and i—’r asT = ?—” the integral can be split into two parts. So,
P, L /f cof; L (1 (2fst +241)) dt
= - — cos(2fs
e %ﬂ 0 2 (f2-1)2+ (Yerfs)? 1
SRR (5.6)
Ts Cy 2f 1 ~
+ o8 1—cos(2fst+ 2 dt |,
[ 5 e et + 2 )

28
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which, when working out the integrals, is

1 (e f? 1 T~ 1 . . o
Pave = % ( 2 217+ Wl (fg ~ 3 (sin(27m + 241) — sm(2<p1))> o
v f2 1 2 1. X _ R '
+c ; RSy R Ay (f:r — % T (sin(4m + 242) — sin(27 + 2(,02)))) ,

and so, due to the periodicty of the sine function

“5 (5 e (7) 5 e (7 1)
Pf< 2 (Fo POl \L) T2 E e B n)) B

simpliyfing

= lﬁ Cv,1 Cy,2
Pave = 575 <(f3 TP+ (af)? (- DP (chfS)2> ' (5.9)

Due to the symmetry of this equation, the optimal solution when optimising for ¢, ; and ¢, 2 will be the
same value, namely, taken from the previous section, with now i € {1,2}

These solutions imply that there are four different extreme values. Similar to the previous section, the
derivative is studied to determine which of these extreme values are maxima and which are minima.
The derivative for i € {1,2} is

OPaye 1 f52 (f32 - 1)2 + (Ci¢fs)2 - 26nz¢1;,i¢2f32 - 2612;7i¢2f52
dcos 22 ((f2 =12 + (civpfs)?)? '

Note that Equation (5.11) is the same as Equation (4.6). Hence, via similar reasoning as at the end of
Chapter 4, it can be concluded that there will be a maximum when c, ; is positive and thus, ¢, 1 = ¢y 2.
Therefore, no actual switch is needed, and the situation is reduced to the first case discussed without
any switch in Chapter 4.

Similar to Chapter 4, we also have boundary values where the damping value could provide a

Cu,i

(5.11)

higher time-averaged power. Thus, we should also test the cases where ¢, 1 = —0.15 0or ¢, ;1 = 0.35
and ¢, 2 = —0.150r ¢, » = 0.35.
So, we create a visualisation for these three damping values, ¢, = ¢y opt,+, ¢o,1 = —0.15and ¢, 2 =

0.350or ¢,,,; = 0.35 and ¢, » = —0.15. We do not have to study the case where the damping value both
equal the same boundary damping value, as it has already been shown in Chapter 4 that ¢, = ¢, opt,+
outperforms these damping values. The visualisation can be seen in Figure 5.1.
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Figure 5.1: Time-averaged power of damped harmonic oscillator with base excitation with a halfway switch in damping value,

where damping values c,,1 = 0.1 £0.25, ¢y 2 = 0.1 F 0.25 and ¢y, = ¢, opt, 4 are plotted.

In Figure 5.1 it can be seen that the damping value ¢, = ¢, opt,+ performs better than the boundary

extrema. To verify the performance with respect to other damping values, Figure 5.2 is studied.
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Figure 5.2: Time-averaged power of damped harmonic oscillator with base excitation with a halfway switch in damping value,

where damping values with a switch indicated in the legend of the graph and ¢, = c, opt,4 are plotted.

We can see in Figure 5.2 that no other damping value combination yields more time-averaged power

than ¢, = ¢y opt +-

Therefore, it can be concluded that when using a halfway switch, the best strategy is to remove the
switch and stick to the damping value ¢, = ¢, opt,+-
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5.2. Power analysis for a quarter switch
Another special case of a switch is the case of a quarter switch. With a quarter switch, the quarter of
the base excitation oscillation is meant for the switch in the damping value. So,

c(t) = em + () (5.12)
where,
v — Coy te 07 e )
()= """ 0. 27, (5.13)
Cy = Cy,2 t€[2f57z)7
and so, for i € {1, 2}
Ci = Cm + Co i (5.14)

Now, generally we had, using the rescaled equation, the expression for the time-averaged power as

1 T .
- ?E 2 (fZ—1)2+ (dcf,)? /0 1 — cos(2fst + 2p)dt, (5.15)

however, as ¢, now depends on time, the above equation is now rewritten to

T, f2 1
Pave = »— vls 1 — cos(2f.t + 2¢)) dt. 5.16
R (R (T AR ©19
Now, as ¢, (t) has a switch between variable damping value ¢, ; and ¢, 2 on certain time T, f , Which
lies between 0 and ff asT = fs , the integral can be split into two parts. So,
1 [ [% e f? 1 .
Pave = 5— o8 1-— 2fst + 2 dt
TR </0 2 (FZ-17 ey B 2A)
° . (5.17)
+/K co2fe 1 (1 (2fot + 245)) dt
—cos(2fs ,
5 2 (217 + (el &
which, when working out the integrals, is
1 f2 Cy,1 s 1 . N . ~
Pave = 5= = — = 261) — sin(2
=5 ( e (o~ oy G+ 20 —sinzan) ) o

ey (27, 3, Gl 260 - sinte 2 ) ).

and so, due to the periodicty of the sine function and the property of shifting the sine by half a period,

1 ff Cu,1 m 1 -

e (Gt (o a2 19

N Cv,2 (37T_12. (2A))> .

(2= 17+ Weaf)? \2f, 27, F) )
simpliyfing
— ii CU 1 mn a ,2 371— in

Paye = 2fl 9 <(f2 12+ (W f.)? ( + si (2901)) + (212 + (beaf)? < —8 (2902)>) )

(5.20)

An optimal solution needs to be found on all variables ¢, 1, ¢, 2, fs and . The optimal solution for
variable ¢ is studied. Recall that ¢; = ¢+ ¢;, as discussed in Section 3.1.2. Differentiating with respect
to this variable and equalising to zero gives

OPaye 1 fs

Cy,1 ~ Cv,2 - A —
3o Qﬂ 5 ((f2 D+ (¢les)22cos(2cpl) - o1+ wczfs)chos(Zgog)) =0, (5.21)
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where the equality to zero is put to find extrema. Hence, it must hold that

Cy,1 Cy,2

(f2 =12+ (Yerfs) (f2 =1 + (eafs

Besides the ftrivial solution of ¢, 1 = ¢,2, no other obvious solution can be spotted. Note that this
equation is nonsymmetric, nonlinear and transcendental. This equation and its solution are further
discussed later in Chapter 6. Instead of solving the equation, we focus on an arbitrary moment of
switch in the damping value instead.

52c0s(2¢1) = )22cos(2<,52). (5.22)
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5.3. Power analysis for an arbitrary singular switch
Finally, we discuss a switch in damping at a certain time 7,,. Note that due to previous two cases
discussed, it holds that

Ty € (o,%) \ {15}. (5.23)

Note that the values 0 and ?c—” are excluded, as a switch on those moments implies a constant damping
for the entire oscillation cycle. Value fl is excluded due to it already being analysed in the previous
section.

For the damping value this means that

Cv = CU7 t E O,Tm 9
oty = {0 = [ ; (5.24)
Cp =Cp2 tE[Dy, 7. );

and still for i € {1, 2}

Ci = Cm + Cy - (5.25)
Now, again, we generally use the expression for the time-averaged power as
1 e f? 1 /T .

Pae = o= —2 1 —cos(2fst + 2¢)dt. 5.26

= (T ) Uy (@fet +20) (5:20)

However, experiencing a switch between the variable damping value ¢, ; and ¢, » at a certain time 7T,
which lies between 0 and 37, gives

1Ty f? 1 .
Paye = E (/0 2 (2102 + (berfo)? (1 —cos(2fst +2¢1)) dt
R (5.27)
/E Conf L (1 — cos(2ft + 252)) dt
r, 2 (Z-12+(@eaf) IR
working this out gives
1 (epaf? 1 1. . e
Pave = ?E ( > I+ Barfo)? (Tm ETA (sin(2fsTm + 261) — Sln(2<p1))> 628
Coaf? 1 o 1. , . '
+ > P12+ (Wl (ﬁ T — 2. (sin(2@2) — sin(2fs Ty, + 2g02))>> .
Using the goniometric identity
sin(f) + sin(yp) = 2sin (0:‘2:99) cos (9:'2:@) , (5.29)
Equation (5.28) is reduced to
_ 1 61,71f82 1 1 . . ~
Coof> 1 o 1 (5.30)
S e (7, U T 260 ).

5.3.1. Finding extrema
Before optimising over the existing values in the time-averaged power, we note that besides all optimal
values potentially coming out of the extrema, we have boundary values which could also be extrema.
Therefore, similarly to Section 5.2, we should also test the cases where ¢, ; = —0.15 or ¢, ; = 0.35 and
¢v,2 = —0.15 or ¢, o = 0.35. The cases where ¢, ; = ¢, for these boundary values do not need to be
studied however, as then we would have no switch in damping value.

An optimal solution needs to be found for all variables ¢, 1, ¢, 2, fs, T and . First, the optimal
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solution for variable ¢ is studied. Differentiating with respect to this variable and equalising to zero
gives

2
T 27 2 _1)\2 2 F Sin(fsTm) Sin(fsTm + 2951)
dp =\ 2 (f2-12+@af)? fs 531

w1 :
ey T T 282) =0,

where the equality is put to zero to find extrema. Simplifying,

O0Pave . sin(fsTm) <CU’1fS2 : 2 sin 2
_ s — sin(fsTm + 2¢41)
90 b 2 (f2-1%+ (Werfo)? fs 1 (5.32)

vtz 1 2 .
¢ ; (RS AL Z sin(fsTm + 2(,02)) =0,

0Pave _ 1 (Cv,lff 1

implying the two solutions to be
sin(fsTpn) =0, (5.33)

or,

v 52 1 2 A ) 82 ,
C éf (f2 =12+ (Yerfs)? fs sin( £, T + 21) = - 2f

2 . .
2 (P12 + e f, SnleTm +202).

(5.34)
Assuming that indeed sin(f,T},) = 0 gives
5T = ke, (5.35)
where k is an integer. And so, also
T, — ’;i (5.36)

Due to the bounds stated in Equation (5.23), it is implied that k£ € {0,1,2},and so T, = 0,7}, = fl or

T, = 30—” Therefore, this solution has already been discussed in the previous sections.
The other solution is now studied. So, it is assumed that Equation (5.34) holds. Simplifying this
equation gives

Cy,1 Cy,2

(f2 =12 + (Yer fs)? (f2 =1 + (Yeafs)?

This equation does not have an obvious general solution. A trivial solution, ¢, 1 = ¢, 2, is quickly spotted,
but this solution implies no change in damping value, which is contradictory to the assumption that there
should be a switch in damping value. Hence, further work is required to find the general solution to
determine the optimal values for the damping.

To find a general solution, the time-averaged power equation is now optimised for the variable T,,.
So, we obtain

Sin(fsTm + 2951) = Sin(fsTm + 2952)' (537)

OPaye _ 1 f‘,»2 < Co,1

T % 2 \ (2o 12+ (fafo)p @ S ESTm +200)

fs (5.38)

Cy.2 ~ _
T e R 2 D) =0

and so,

Cy,1

(f2 =12+ (Yer f)?

Using the goniometric identity

Cy,2

(f2 =12 + (Yeafs)?

(1 —cos(2fsTm +241) = (1 —cos(2fsTim + 2p2) . (5.39)

1 — cos(26) = 2sin?(6), (5.40)
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we get
Cy,1 Cyp,2

(f2 =12+ (Yer fs)? (f2 =12+ (Yeafs)?
Now, Equation (5.37) and Equation (5.41) are studied. Both are similar, as both equations are oscil-

lations with the same amplitude but different trigonometric functions. In short, we have the following
system of equations

sin?(foTpm + $1) = sin?(fsTm + B2). (5.41)

(5.42)

1

T wary S0 Tn +201) = it Sn(faTm + 262),
T arr S (T + 61) = greneitparye st (D + ¢2).

We solve by studying two different cases. We either assume that sin(f,7T,, + 2¢1) = 0 or sin(fsT,, +
21) # 0.

Case sin(fsT,, +241) =0
This assumption would imply that either W
studied case by case, starting with the first.

. . Co, . .. . . Co, _ )
Assuming thatindeed (7z—y3 15572 = 0. Thisimplies that either oy e = 0orsin®(f T+

$1) = 0. The first case would imply that (fg_l);:l(lwclfs)z = (f?—l);l(chzfs)z = 0, implying that ¢, 1 =

cv,2 = 0. The second case would imply that f;T, + 24, = kym and fT, + ¢1 = kom with both k1, ko
being integers, so

= 0 orsin(fsTr, + 2¢2) = 0. Both of these are

T +2p =
fs m T fPl klﬂ-y (543)
fsTm + &1 = kom.
Substracting the second equation twice from the first equation gives
fsT’m + 2951 -2 (fsTm + 951) = (kl - 2]62)71-’ (544)
SO
—fsTm = (k1 — 2k, (5.45)
and so A
fsTm = km, (5.46)

where k = 2k, — ki, and so still an integer. Similar to the reasoning regarding the solution form
sin(fsT) = 0, this gives an already known solution.

Now starting with other assumption, so assuming that sin(fs7,, + 2$2) = 0. Now we get both
equations that hold which are

fsTm + QSDAQ = kg’/T, (547)
fsTm + 201 = ky.
Using the above equations means that
cos(fsTm + 24;) = £1, (5.48)

for i € {1,2} and so, using Equation (5.39),
Table 5.1: Outcome of using Equation (5.39).

Assumption on fT,, + 2¢, | Assumption on f,T,, + 2¢> | Result

cos(fsTm + 2p2) = —1 Co1l = Cpo
COS(fSTm + 2951) =-1

cos(fsTm +2p2) =1 Cpy1 =0

Cos(fsTm + 2¢2) =-1 Cy,2 = 0

cos(fsTm + 2¢1) =1

cos(fsTm + 2¢p2) =1 Discussed later.
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Note thatc, 1 = ¢, 2 implies that there is no damping switch. The result ¢, » = 0implies that

0 and thus again, via the same steps in the beginning of this case, implies that ¢, 1 = ¢, 2.

Cy,2
The case where ¢, ; = 0 is studied further. Looking at the time-averaged power, this case yields
1 cpof?
Pave = 21 ’2f

(1% +(deafs)2
1 <27T
2y (P12 (beaf)?

1
— — Ty + —sin(f Ty, > (5.49)
7. 7, ST
Now, the optimal value ¢, > is studied. Hence, we differentiate with respect to this variable and put the
result equal to zero to find the extrema.
8Pave _

11 /27 T 1 .
= 5= |— -1+ —sn
acv,Z ?TTFQ fs °

(f.T. )> (fs2 - 1)2 + (Cwas)Q - 2cmcv,21/}2f3 - 26372w2f3 -0
fs e ((fSZ - 1)2 + (C2wfs)2)2 o
(5.50)
which implies that either
<§,7T — Ty + ;sin(fsTm)> =0, (5.51)
which is only true when f,T,, = 2x, so it must be the case that
2 _1)2 32_2mv 202 _ 902 422
(f2 = 1) + (20 o) — 2emeo 0?2 200710 _ (5.52)
((fF = 1)? + (20 f5)?)?
And so, the solution is given by

2 2h2 £2 2 _1)2
by = £ VR H 212

Vs
which is similar to the solution found in Chapter 4. Hence, an extremum has been found for ¢, 1 = 0
22 (f2-1)2
P s :

andc, o = =£

(5.53)
Studying the inconclusive result further, gives, when looking at the time-averaged power
1 Cy 1f2 1 L.
Pave = 5 ( -5 <Tm - — sm(fsTm))
2n 2 (f2—1)2+ (er fs)? s
i3 f2(f ) 1 (veifs) 2 f 1 (5.54)
Cy,2 U .
+—==8 Tm+smf5Tm)>
2 (f3_1)2+(¢02fs)2 (fs fs ( )
Now, optimising over the two damping values, giving the equations
OPave 1 f2 1 .
861)71 = iz? Tm ﬁ Sln(fSTm)
and

(f32 B 1)2 + (Clwfs)2 - 2Cmcv,lw2f52 B 203,1¢2f32 o
((ZESVERNPYIALE —0 559
0Paye 1 f§2 27 1 " (fsz - 1)2 + (02¢f5)2 - 20m¢v,2w2f52 - 2012;,211)2]?52
ocy T2 (5~ Bt 7 st ) (72— 17 + (v £.7)?
Simplifying gives the following system of equations

=0.
(5.56)
1 . (f5—1)2+(c11/st)2—2cmcvﬁlw2f32—2cg‘ 1/)2f§ o

(Tm T Sm(fsTm)) (R Ty AL a——— 5.57
2e 1 pp ) D e 2emenan? 22 (5:57)

7o~ T+ g, sin(fsTom) (T (ca fo ) =0.

Note that
T — A sin(fsTm) = 0, (5.58)
implies that f,T,, = 0 which cannot be true and that
2w

1
- — Ty + - sin fsTm =0,
7. 7, SnfeTm)

(5.59)
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implies that f,T,, = 27 which also cannot hold. Therefore it must be that
(f52 - 1)2 + (Clwfs)Q - 20m0v,1¢2fs2 - 203,1¢2f52 —0= (f52 - 1)2 + (Cwas)Q - 2Cmcv,2¢2f52 - 20121,2’(/}2.]652
((fF =12+ (v fs)?)? ((f2 = 1)* + (2 f5)?)?

(5.60)
which gives solutions where either ¢, ; = ¢, 2 Or ¢,;1 = —¢, 2. For the case when ¢, 1 = ¢, 2, there is
no switch in damping value and thus we refer back to Chapter 4. The case where ¢, 1 = —c¢, 2 gives
the following for the time-averaged power that,

1 Cy 1f2 1 1 .
Pave = 5 ( AJs (Tm B — sm(fsTm)>
A 2 (f3—1)2+(1/161fs)2 fs (561)
corf? 1 (27T 1 . ))
——= — — T + —sin(fs T .
2 (o124 (0 (em— o) 12 \ Fs 7, SnlsTm)
Taking the partial derivative with respect to the first variable damping, gives
2 2 _1)2 4 ; 2(2 2
OPwe _ 1 <f (Tm R fSTm)> (2 -2+ WF)? (e~ )
deor T\ 2 fs ((f2 =12 + (e fo)?) (5.:62)
2 2 _1)2 4 )2 (2 — 2 ’
_fs (2” STt sin(fsTm)> W Z 0"+ Who) (e — o) 5 ]
2\ /s Is (f2 =12+ @ (em —con) £5)?)
which simplifies to

OPave _ iﬁ

Tm - + ‘in(fsTm)
e g B - o - ) (e

s

((f2 =12+ (Perfy)?)?

?T: - Tm + % Sin(fsTm) >
((f2 =12+ @ (cm — o) f8)2)2 7

(5.63)
which will be equal to zero as the optimum value is sought. As f, > 0, Equation (5.63) simplifies to
aP&lV(—Z‘

T — £ sin(f:Tm
A = (12 =17 + (61 (¢ = ) ( L n(f,T)

2 — T + Fsin(fTon) ) 0
(f2 =12+ (e fo)2)? (f2= 12+ (¥ (em —con) f)2)° )
(5.64)
The case where
(f2 =12+ (@fs)* (¢ — ci 1) =0, (5.65)
will imply that
ot = iJch;; ; (F2-17 (5.66)
e Ty — L sin(f,T) 2T, 4 Lsin(f,T)
m — 7SI Jsdm = — m+*Sin stm
2 f2 N2 ((f2 = 2 > 7z =0 (5.67)
(f2 =12+ @arf)?)™  ((f2=12+ (¥ (em — o) f5)?)
we define o1 in(f.T)
4= = Tm{f- Lsin(f.Tn)’ (5.68)
and note that |

A>0, (5.69)
as both the numerator and denominator are strictly positive. Then Equation (5.67) will simplify to

A((f2 =12+ (@ (em — co1) £)2)" = (2= 12+ (Wer f2)2),

(5.70)
taking the square root on both sides gives

VA((F2 =1 + (W (e —con) 12)?)

For the positive root and defining

+((f2 =12+ (er fo)?) - (5.71)

A-vVA-1, (5.72)
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gives, after simplifying,
WA f2A = 20, ey 2 (A4 2) 4+ (f2 = 1)2A+ @2 f2Ack, =0, (5.73)

This quadratic formula can be solved and will give solutions

\/(wascm (A + 1) 2(f2 - 1)

2
Cot = Cm + 2 & (5.74)
A ) fA
For the negative root and defining }
A=VA+1, (5.75)
gives, after simplifying,
AR f2A = 20,10, 0% f2 (A4 2) 4 (F2 = 1)PA+ y2f2Ac2, = 0. (5.76)
This quadratic formula can be solved and will give solutions
%0 \/ (@0 fien) (1-A) = 22 (£2 - 1)’
Co1 = Cm — — & — . (5.77)
A VA
Hence, for the case where ¢, 1 = —c, 2, Six extrema have been found.

Concluding for the case sin(fsT,, + 2$1) = 0, the following outcomes are obtained. The first pos-
sibility is that the solution has already been discussed in Chapter 4. The second is the case when

cy1 =0with ¢, o = i%, and finally six cases for extrema when ¢, 1 = —c, 2.

Case sin(fsT,, +241) # 0
With this assumption, we can write

Cot _ Gt ary ST + 262) (5.78)
(fs2 - 1)2 + (wclfs)2 B Sin(fsTm + 2951) .
and therefore
(f.?*l);i(zpofS)z Sin(fsTm + 2852) . Cv,2

sin?(fsTom + 1) = sin®(fsTom + G2).  (5.79)

sin(fs Ty + 261) (fF =12+ (Yeafs)?

MW = 0, which implies that ¢, 1 = ¢, 2, Or

Sin(.fsT'rn + 2952) Si
Sin(fsTm + 2‘1‘51)

Grouping the terms with the same damping value, gives

Thus either

02 (fsTom + $1) = sin®(f T + 2). (5.80)

sin®(f, T, +41)  sin®(fTo + $2)

= . 5.81
Sin(fsTm + 2951) Sin(fsTm + 2952> ( )
We want to determine when this equality holds. For i € {1, 2}, we rewrite the numerator to
sin(fsTin + i) = sin(fsTin + @) cos(8;) + cos(fsTim + ) sin(d;). (5.82)
Using the identities
sin(arctan(d)) = \/1(3_702, (5.83)
and, .
cos(arctan(f)) = (5.84)

Nk
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we obtain n(f.T, ) (ST, )
. R s fsdm + @)+ xic08(fsdm + @
S sTm + ©;) = ’ 5.85
sin(f. bi) T (5.85)
where e f
—WYCi Js
n= o (5.86)

Rewriting the denominator for the same values of i gives

sin(fsTom + 2@;) = sin(fs T + 2¢) cos(26;) + cos(fsTm + 2¢) sin(24;). (5.87)
Using the identities
. 20
sin(2 arctan(d)) = 1o (5.88)
and,
(arctan(s)) = =2 (5.89)
COS( £ arctan = 1 +02, .
we obtain - ) -
i 20)(1 — z 2p)2x;
Sin(fSTm + 2@7,) — Sln(fs m + @)( ZCZ) —;COS(fS m + SD) x’b . (590)
1+
Thus,
Sin2(fsTm + 95l> _ (sin(fsTom + @) + 25 cos(fsTm + 90))2 1+ :L‘f
sin(foTom +24:) 1+ a? sin(fs Ty + 2¢) (1 — 22) + cos(fs T + 2¢)2z;
(5.91)
which is rewritten to
SiHQ(fsTm + &) _ Sin2(fsTm + @) + 2z sin(f T, + @) cos(fsTon + @) + 53? COSQ(fsTm +¢) (5.92)

sin(fs Ty + 24;) sin(fsTom + 2¢)(1 — 27) + 2x; cos(fs T + 2¢)
Using Equation (5.92) to rewrite Equation (5.81) to get

sin®(fsTm) + 221 sin( £ 1) cos(fsTrm) + 23 cos?(fsTrn)  sin®(fTy) + 2o sin(fsTom) cos(fsTm) + 23 cos?(fs Do)

sin(fs Ty ) (1 — 22) + 221 cos(fsThm) a sin(fs Ty ) (1 — 22) + 229 cos(fsTim)
(5.93)

This equation is further simplified in Appendix D. It is shown that Equation (5.81) reduces to

(x1—x2) (Sin(fs T + 2¢) (21 + x2) + 2sin(fs T + @) sin(e) — 2 cos(fs T + ©)x122 cos(2fs T + 3p)) = 0.
(5.94)
Assuming that

Cy,1 7& Cy,2, (595)
as the case that they are equal has already been discussed, simplifies Equation (5.94) to

sin(fsTom + 20) (21 + 22) + 28in(fs T + @) sin(p) — 2 cos(fsTm + @)z122 cos(2fsTin + 3p) = 0. (5.96)

Expanding z; for i € {1, 2}, gives

C2 _}Z;f:_ 1 (Sln(fSTm + 2@) +2 COS(fSTm + SO) COS(QfsTm + 3@) _%fés_ci_l 1> =G Sln(fSTm+290)+2 Sln(ngm+<,0) Sil’l(gﬁ),
’ ’ (5.97)

and, therefore,
cv,2 — _Cm + (Cm + CU71) Sln(fsTm + 290) + ZSID(fsTm + %0) Sln(@) (598)

%ffﬂ (sin(fsTm +2¢) 4+ 2cos(fsTom + ) cos(2fs T + 3@)%)

Hence, we have an expression for the second damping value, based on the first damping value.
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5.3.2. Classifying extrema
From the analysis, several extrema for variable damping values ¢, ; and ¢, » were identified. These
extrema are noted in Table E.1 in Appendix E.

We note that the first extremum falls under the case where there is no switch. Hence, we refer to
Chapter 4, where the case of no switch is discussed.

To determine whether the remaining extrema are a maximum or a minimum, the second derivative
test is used. This is done on a per-group basis. For each group, variables f;,T;, and ¢ are fixed.
As we are dealing with a multivariate function, the determinant of the Hessian matrlx is required. The
determinant is given by

82Pave 8Pave 8 <8Pave) a (apave> , (599)

Det(cq, 1,C ) = —
,1, Co,2 5 5
801,71 801,72 861,’2 8cv,1 801,)1 acv’g

which will be used in later calculations.

Case f,T,, + 24, = 7 + ki2m and f,T,, + 20y = ky2m
We first look at the cases where the assumptions of f,T,, +2¢; = 7+ k127 and also f,T}, + 202 = ko2m
are made. The time-averaged power for these assumptions is equal to

_ 1 Cv71f52 1 1 ]
Pave = Z}E ( 2 (f2- 12+ (erfs)? (Tm + A sm(fsTm))
cv72f52 1 o
+ 2 (f2— 12+ (eafs)? (fg — T+ — 7. sm(fSTm))>.

Now, the derivative with respect to ¢, o is taken two times. Note that the first derivative has already
been given in Equation (5.50) and is similar to the first derivative in the case of no switch, given in
Equation (4.7). It only differs by a term which doesn’t contain the damping value ¢, 2, thus the second
derivative will look similar. So,

P2, 1 1 (27r

(5.100)

1
7 T —|—f6 sm(fSTm))

(2 = 1 + (@ f)?)? (“2eupemt?f2) = (2 = 12 + 9212, — &) (P el
((f2 =1)? + (e290f5)?)* '

2
801)_2

(5.101)

Similar to Chapter 4, 2U<= 1)8“20“” 2 drops out when filling in either value of ¢y o for this case.

Now, for ¢, 1. Note that the first-order partial derivative has been given in Equation (5.55). The
second-order partial derivative is given by

oP2 11 1
863\/16 = 271- 2 (Tm + fSin(fsTm)>
((F2 = 12+ (o)) (~2eoacmt®f2) = ((F = 1) + 92 f2(c3, — é2 ) (AUlptanl )
((FZ =17+ (o fo)?) ’

(5.102)
where, when evaluating at the value ¢, ; = 0, we get
OP2e () — 11 <T L )> — ((£2 =12 4 y2fies,) (AU al) (5.103)
A 9 == m sin sim .
o2, 2 fs (FZ= D2+ (cmtf)?)
This simplifies to
(2= + (19 fs)*)?
OP2, 11 1. —( B )
0) = 5—= ( T + —sin(fs T - , 5.104
o, = 25 \Tnt 7o) ) i (o) (5.109)
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and when working out the partial derivative

2 132 2\2
a((f 1)8C+1(c11/)fs) F _ geygtf? ((f,? Sty (Clws)g)7 (5.105)
we get
OP% 11 1 — (tenv?f2 (12 1) + (cnv )
ac%,l (0) = Ei (Tm + ﬁ Sln(fsTm)) ((fz — 1)2 n (Cm’i/)fs)Q)S s (5106)

fs

For the mixed partial derivative for ¢, ; and ¢, », it is noted that in Equation (5.55) and Equation (5.50)
contain no damping value ¢, » and ¢, ; respectively. Hence

0 (0Pane) _
o (8%71) =0, (5.107)
and 5 op
ave
= . 1
B (anJ) 0 (5.108)

Now, an analysis is made of the determinant given in Equation (5.99).

Note that
2
sgn 8P§\,e =sgn (27T — T + 1 sin(fSTm)> sgn (—2cy 20m° f2), (5.109)
861;,2 fs fs
where
2T 1 .
sgn (f — Ty + f— sm(fSTm)) > 0, (5.110)
as, with z = f,T,,,
f(z) =27 —z +sin(z) > 0, (5.111)
for z € (0,2m), since f(0) = 2w and f(27) = 0. Thus
2
sgn <8P;“’e> = sgn (—2cy 2em? f2) (5.112)
801},2
but, as also ¢,,, > 0,
2
sgn 8P§"e = —sgn(cy.2). (5.113)
80072 ’
Now, for
8Pa2ve
o (0) < 0. (5.114)

as all terms, except for the minus, in Equation (5.106) are positive.
To classify what type of extrema we have, the determinant is studied. Note that for this case, we

have that
82Pave O0Pave B 0 O0Pave 0 O0Pave
803’1 803,2 ey \ Ocy1 ) Ocy1 \ Ocya )’

~——
<0 sgn=+1 =0 =0

Det(cv,la 011,2) =

(5.115)

and thus, when sgn(c, 2) > 0 we have a saddle point and for sgn(c, 2) < 0 we have a minimum.
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Case f,T,, + 24, = k12w and [, T,, + 2ps = ko227
Now, assuming that both f, 7, + 241 = k127 and fT,, + 242 = k227. Then,

1 Cy 1f2 1 L.

Paye = o ( -8 <Tm - 5 SlIl(fSTm))
2t \ 2 (f2-1)2+ 5)2 i
T f2(f ) 1 (veifs) 2 f 1 (5.116)
Cy,2 U .
4 B2ds — — Ty + —sin(fsThn .
2 (21t (deafo)? (fs 7, i ))>

Note that the term which is multiplied with ¢, 2 is no different than from previous case which is studied.

Hence, again

oP%, 11 (2 1
=55\ 7 — Tm e sTm
= e (F - T i)

(2 = 172+ (eath )02 (~2e0 20t f2) = ((F2 = 12 + 022 — &) (

(2124 (2 f)?)?

acvg

((F2 =12 + (290 f5)?)*

(5.117)

Now, for ¢, 1. Note that the first order partial derivative has been given in Equation (5.55). The second-

order partial derivative is given by

0P, 11 (

2 T 2m o
8%,1 N 2

2
(2 = 1% + (1)) (~2esaent?2) = (2 = 17 + 9212 — &) (

Tm - i Sin(fsTm)>

A(f2-1)*+(crvfs)?)?

Ocy,1
((f2 =12 + (v fs)?)*
(5.118)
Note that for both second-order partial derivatives, it is the case that
2 - cf,,l =0, (5.119)
fori € {1,2}, as
Cy,1 = —Cyp,2- (5120)
Thus the derivatives simplify to
2 2 _ 1 2 A 2\2 -9 v . 2 r2
orte b (1= ponty ) WD O U2 ) (s
oz, I3 fs (f2 =12 + (crvrfo)?)?
and
8Pa2ve 11 <27T 1 . > ((fez - 1)2 + (C2wf8)2)2 (*201) 20m7/12fe2)
=—— (= -7, +— T : ’ = 5.122
oz, ~zma\g, Ity T (FT— 17 + (@0f.)?) (5.122)
Note that, like before,
8Pa2ve
sgn 52 | = —sgn (cy4) , (5.123)

5T

fori e {1,2}.

For the mixed partial derivative for ¢, ; and ¢, o, it is again noted that in Equation (5.55) and Equation

(5.50) contain no damping value ¢, » and ¢, ; respectively. Hence
0 aPave -0
301,72 Bcv’l o

0 aPave —0
6‘01,,1 801,,2 o

and

(5.124)

(5.125)
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To classify what type of extrema we have, the determinant is studied. Note that for this case, we have

that
0%Pave 0Pave 0 O0Pave 0 OPhave
Det(cy 1, con) = - : 5.126
(C 1€ ’2) 3612)71 8012)12 801,72 801,71 801,71 867,72 ( )
sgn==+1 sgn==£1 =0 =0

and the signs are given in Table 5.2.

Table 5.2: Outcome of extrema for damping values c,,1 and c¢y,2.

Value of ¢, 1 sgn (¢y,1) Value of ¢, 2 sgn (cy,2)
VR F2H(f2-1)3 1 VR P2 24 (f2-1)3 1
A + - oF -
Ve fi+(f2-1)2 P fi+(f3-1)2

’\/ O A -1 / . T +1
2em (29 feem)? (A+1)-A2(f2-1)? 2 (2 fsem)? (A+1)-A2(f2-1)2

i Df A + I WA +
(20 fsem)?(A+1)—A2(f2-1)? : (29 fscm)?(A+1)—-A2(f2-1)°

S 3 (wsA) S A - (wSA) T
gey | V@UFem)?(1-A)—A2(s2-1)2 N e ew V@0 faem)? (1-A) - A2(f2-1)?

Cm — 74 VA em T 74 UA i
(29 fsem)?(1—A)—A2(f2-1)2 . (29 fsem)?(1—A)—A2(f2-1)2

Cm — % N v <1[;f3/§> + ~Cm T+ 26% t / (wfs,fx) +

The signs of the first two cases are trivial and thus denoted in the table. The signs of the other cases
are more difficult to determine, due to the extensive number of terms in the fraction and due to the sign
switch of A and A. This difficulty is indicated in the figures below.

Plot of - —L—— with y = x —sin(x) Plot of 1 +——2— with y = x — sin(x)
V=1 Vg -1

Value

-15 -30
Figure 5.3: Graph of the function % forz e 1,7 — %] Figure 5.4: Graph of the function 1 + % for for
and for z € [7 + %,Qpi]. zel,m— %} and for xz € |7 + 1—10,2pi].
Plot of ,Tlu with y = x —sin(x) Plot of 1 — /Tzu with y = x — sin(x)
% % 0.00
0.4 -0.25
—-0.50
-0.75
o 1 2 3 4 5 6 o 1 2 3 4 5 6
Figure 5.5: Graph of the function - for z € [0, 2) with Figure 5.6: Graph of the function - for z € [0, 2) with
a grey dotted line indicating where z = . a grey dotted line indicating where z = .

Note that the interval isn’t chosen for z-value 7 as then we reach the asymptote for %. The grey dotted
line in Figure 5.5 and Figure 5.6 indicates the point where the graph crosses the z-axis.
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The exact sign of ¢, ; and ¢, » doesn’t need to be determined, however. Due to the shown result
that

oP2
sgn ( a) = —sgn (cu.i). (5.127)
and the given fact for these six cases from Table 5.2, that
sgn (Cv,1) = —SgN (cv,2) , (5.128)
and the result that
Cvsi # 0, (5.129)
as then ¢,1 = ¢,,2, and we would have no switch and thus we can refer back to Chapter 4, we can
conclude that
0P e 0P
—— 5.130

and therefore all extrema from Table 5.2 are saddle points.

Case f,T,, + 2¢, # ki

For this case, the damping variable of ¢, ; has been left free. This means that the sign of the determi-
nant can not be determined and therefore no classification can be given to this extremum. Hence, a
visualisation will show us the behaviour of this extremum.

5.3.3. Visualising extrema
For the different extrema, a visualisation is created to show which damping values yield the most time-
averaged power. These visualations are given in Appendix F. Note that there are no visualisations
given of the case where the damping value contains the value A, as those values do not exist for the
bounds picked of the parameters.

Due to the moment of switch in damping value being at an arbitrary moment, this variable is crucial
for the correct visualisation of the power analysis. Per case, a different method is used to determine
this moment of switch.

Damping value equal to optimal damping value

When one of the damping values is equal to the optimal damping value, we have the assumption that
sin (fsTm + 2¢1) = 0. This implies that f,T;,, = k1w — 2¢p — 261. As fT,, € (0,27) \ {n}, the moment
of switch should be calculated modulo 27. The necessity of this module calculation is highlighted in
Figure 5.7.

The modulo calculation is visualised in Figure 5.8. It can be seen that there is a moment where the
constant k; switches in value.

Damping values are negative reciprocal and dependent on moment of switch
When the damping value is dependent on the moment of switch, but also a negative reciprocal, the
time-averaged power is equal to

1 fenaf? 1 ( 1 )
P_f( 2 (717 + erf? (g, ) (5.131)
C:L),2f52 1 2777_ i ‘in
S e (Tt o)),

meaning that the two variables are the frequency and the moment of switch. Hence, for these damping
values, the extrema can be visualised by a 3D graph of frequency versus moment of switch versus the
time-averaged power. Thus, no module calculation needs to be made.
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AT ()

Figure 5.7: Moment of switch between damping values Figure 5.8: Moment of switch between damping values

for different frequency and phase values where the blue for different frequency and phase values where the blue

graph indicates k1 = 2, the green line has k; = 1 and graph indicates the bound of 0 and 27 and the red is the
the red line is k1 = 0 for ¢,,,1 = 0. moment of switch for ¢, 1 = 0.

Boundary extrema

On the boundary values of the damping, we have the frequency, phase and moment of switch as un-
known variables. As these cannot be determined from the model, these all need to be plotted. There-
fore, a numerical implementation is created which plots the maximum value of the time-averaged power
per different phase value in the 3D graph. This code can be seen in Appendix G.

Free first damping value

For the case where ¢, ; is assumed to be a free variable, the time-averaged power is dependent on four
variables. Thus, a visualisation is created based on a similar way of work for the boundary extrema,
but then the maximum value is taken per phase and first damping value. This code can be seen in

Appendix H.

5.4. Conclusion on power analysis singular switch
Previous sections found and classified all extrema of the damped harmonic oscillator subject to base
excitation with an arbitrary switch in damping value. An overview of these extrema and their type is

given in Table 5.3.
From the visualisations in Appendix F, it can be concluded that the best solution is that where

the damping value does not change. So, the optimal power yielding is when we have the situation
discussed in Chapter 4 and optimal damping value

Cy,1 = Cy,2 = Cy,opt,+- (5132)



Table 5.3: Types of extrema for damping values c,,1 and ¢, 2.

Value of ¢, ; Value of ¢, 2 Type
Cy,opt Cy,opt Maximum
2, P2 f24(f2-1)2 :
0 T Saddle point
Venvrfi+(f2-1)2 .
0 e Minium
29 J;;Jj(ﬁ 1) Ve ’;;(ﬁ ) Saddle point
VA it st Vemy i (el Saddle point
Pfs P fs
2en o\ @¥Feem)?(A+1)—A2(s2-1)2 ve. ) @Ufcm)?(A+1)-A2(f2-1)? .
cm + ==+ 7 —Cp — 2 — = Saddle point
A Yfs A A YfsA
o 4 2em V0 feem)?(A+1)—A2(f2-1)2 o 2w V(@0 fsem)? (A+1)-A2(s2-1)° Saddle point
o vfA A vfA
o 2w V@6 feen)?(1-4) - A2(j2-1)° ¢4 2w V@fen)* (1-A) - A2 (72177 Saddle point
mT A LA Ttm T AT LA
211}{*7“2 2_1)2 211}{*,“2 2_1)2
. ge. \@Ufecm)?(1-A)—A2(f2-1) o 4 2m V@vfeen)?(1-4)-A2(f2-1) Saddle point
mo A SA Sm TR SA
- »f e+ (cm+c,l,y1)sin(fSTm+2¢p)-1&-pgsin(fsTm+<p) sin(p) _
v, m J——
fjféc'jrl <sin(fsTm+2ga)+2 cos(fsTm+¢) COS(2fsT‘ln+3S@)%LW
—0.15 0.35 Boundary Extrema
0.35 —0.15 Boundary Extrema
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Energy Analysis Multiple Switch

6.1. Power analysis according to paper

For the case where there is more than one switch, first, the case is studied similarly to Nikzamir et al.
[8]. In this paper, switches are defined as

s s 3T 2
sole= 7T = 7 Ta=—.
2fs Is 2fs s

However, the switches aren’t used to implement four different damping values, but rather to switch
between two values. Hence

Ty =0,T; = (6.1)

o (t) = o =Cy1 tE [Ty, Th)U [T, Ts), (6.2)
Cy =Cpo t€[T1,To)U[Ts,Ty),
and still for i € {1,2}
Ci = Cm + Cos- (6.3)

An attentive reader might note this expression for damping values to be an approximation of the cosine
function with a frequency of twice the base excitation frequency.
Now, again, we generally use the expression for the time-averaged power as

Cdef L
Pave = 3‘25 2 (J2 1)+ (befo)? /0 1 — cos(2fst + 2¢)dt. (6.4)

However, experiencing a switch between variable damping value ¢, ; and ¢, » on certain time T;,, which
lies between 0 and fl—” gives

1
Pave:%<
fs

/T2 CU,QfSQ 1 (
n 2 (P14 Weafs)?

/Tl C’U,lfs2 1 R
2 (f2-1)2+ (Yer fs)? (1 —cos(2fst +2¢1)) dt

1 — cos(2fst + 2¢2)) dt

s 1 (6.5)
f 5 Gt O o 2

Ta o o f2 1 .
/T : ;f (=17 + eafo? |~ SRS H222) dt) ’

47
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working this out gives

1 2f o1 f2 1 .
T = ?z 2 (f2-1)2%+ (Yerfs)? (1= cos(2fst +21)) ot

DA A A A

/ cof? 1
2f

2‘;5 L f? . (6.6)
/ 2le Pl (1 — cos(2fst + 241)) dt
% C’U,2f32 1 N
/ w2 (1P (et RS 2*”2))‘“) ’
and so
1 f? » 7T 1 . . e s
Pave = Qﬂ J;s ((f2 )C—:(wqf E (f ~ 3 (2sin(m + 2¢1) — 28111(2@1)))
c us 1 ©7
(fz— 1)2/12(1/102‘@)2 <fs BETA (2sin(2¢2) — 2sin(m + 2¢2))>) .
Using the goniometric identity with the = shift gives
-5 (it (7o)« e (7o)
N (Y AL VAT M) I (LR CT A A VAR T AtV A
(6.8)
and so, simplified,
1 S v, . ~ v, . ~
Pave = Tr Ji ((f2 s c 1(1#6”2)2 (m+2sin(247)) + = c 2(w62f(9)2 (m— 2sm(2<p2))> . (6.9)

An optimal solution needs to be found on all variables ¢, 1, ¢, 2, fs and . For reasons that become
clear later, first an optimal solution for variable ¢ is studied. Differentiating with respect to this variable
and equalising to zero gives

OPave _ ié ( Cy,1
dp T2 \(FF-1P+(@vf.)?

Thus, it must hold that

4cos(2¢1) — 72 1)20:2(621/)fs)24608(2¢2)> =0. (6.10)

Cy,1

(f2 =12 + (a1 fs)?

and so, simplifying further,

Cyp,2

(7717 + @of)r @36 (6.11)

4 cos(2¢,) =

Cy,1 Cy,2

(f2 =12+ (crv fs)? (f2 = 1) + (ctp fs)?

Note that this equation is the same nonsymmetric, nonlinear, transcendental equation as discussed in
Section 5.2. Hence, the same trivial solution of ¢, ; = ¢, 2 holds.

Note that Nikzamir et al. [8] study the solution ¢, » = —c,,1. However, this solution is not a general
solution to Equation (6.12), as

cos(2¢1) = cos(2¢2). (6.12)

c? = c%1 + 2¢mcy 1 + 03,1» (6.13)

and

cg—c +20mcug+cv2—c 20mcvl+cv1, (6.14)

which implies that ¢, ; = 0 must hold, thus implying that indeed ¢, 1 = ¢, 2. Therefore, the optimal
solution that Nikzamir et al. [8] propose is suboptimal.

To determine the optimal solution to this problem, we study the general case of multiple switches.
This is done in the next section.
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6.2. General multiple switches

Now, we discuss the general case of multiple switches in the damping value at general times. This
coincides with the pseudocontinuous damping as discussed earlier. The general approach means that

o) ={c=cos tellinT), (6.15)
forie {1,..,n}withTy =0and T,, = i—” For the same values of 4, it again holds that
Ci = Cm + Cy - (6.16)

Discussing this general form for the damping values will give the possibility to fully implement the
pseudocontinuous damping in the model.

The general expression for time-averaged power is used. Substituting the different integrals that
appear due to the different switches in damping, it gives

1 - Cou,i i ~
Pave = ?CE ; 2= 1 + (@ fo)? /Ti1 1 —cos(2fst + 2¢)dt. (6.17)

Evaluating the integrals in this expression for the time-averaged power will give the following

1 fsQ - Co,i 1 - R - ~
Fave = ?E? ; (F2— 12+ (it fs)? (E —Ti1 — 27, (sin(2fsT; + 2¢;) — sin(2fsTi—1 + 2%))) )
(6.18)
S0, optimising over ¢ gives
OPave 1 f2 - —Cy,i 1 R o
=== ’ —— (2cos(2fsT; +2p;) — 2cos(2fsTi—1 +24;)) =0, (6.19
6y T E 3 L (TP + U af, 2SR 200 2eos(2Tn £ 20)) =0 (619)
and
OPave 1 fs - Cu,i A A
= 5= : cos(2fsT;_1+2¢;) — cos(2fsT; +2p;)) = 0. 6.20
bp T %2 L (F IR+ (R T 200 Z s T4 20) (620
Hence,
Co,i N ~
Z (Ff2-1)2 + AL (cos(2fsTi—1 + 2p;) — cos(2f:T; + 2¢;)) = 0, (6.21)

=1
where it should be noted that for n = 2 this equation reduces to the solved equation of Section 5.2 and
previous Section 6.1.
We are curious to see if the trivial solution, so 221:1 Cvi = Ney; With 4 € {1,...,n}, would still solve
Equation (6.21). Indeed, this holds, as for the same damping value for the entire duration of a period
of the base excitation, the equation will reduce to

Cy,i
(f2 =12+ (e fs)

The sum disappears due to the fact that there are no switches between damping values as all damping
values are equal. Moreover, the equality holds due to the periodicity of the cosine function.

Equation (6.21) appears to also be subject to the telescopic sum construction. However, due to the
different damping values, these terms will not equal each other. Hence, the telescopic sum construction
can only be used if

5 (cos(2m + 2;) — cos(2¢;)) = 0. (6.22)

Co,j ~ Cu i ~
: cos(2fsTi—1 +2¢;) = : cos(2fsT; + 2¢;) = 0. (6.23)
(=17 + oy B 72000 = (g :
Another question that arises is whether there are any other specific cases for which a solution to the
above equation can be found. This thesis will not study this equation further analytically, but rather
poses a numerical simulation.
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The code for this numerical simulation can be found in Appendix I. It can be seen that the code
optimises the time-averaged power for an input number of switches and the moment of switches. For
each iteration of determining the time-averaged power, the formula recalculates for which damping
values the most time-averaged power was yielded. In Figure 6.1, the time-averaged power is given for
two switches and Figure 6.2 for three switches in the damping value.

Time-averaged power for a multiple switches

Time-averaged power for a multiple switches

5

5

Time averaged power (w)

Time averaged power (w)

Figure 6.2: Time-averaged power for three switches at
T =55, T2 = f and T = 237” compared to the
time-averaged power for ¢, = ¢y opt, -

Figure 6.1: Time-averaged power for two switches at
T = 327” and Ty = ;7" compared to the time-averaged

power for ¢, = ¢y opt, + -

These simulations are also done for four switches and five switches, which can be seen in Figure 6.3
and Figure 6.4 respectively.

Time-averaged power for a multiple switches

Time-averaged power for a multiple switches

Figure 6.4: Time-averaged power for five switches at

Figure 6.3: Time-averaged power for four switches at
Ty = 2F, Ta= g7, T3 = £f and Ty = £ compared
to the time-averaged power for c, = ¢, opt,+-

compared to the time-averaged power for c, = ¢, opt,+-

It can be seen that, again, damping value ¢, = c, opt,+ Yields the most time-averaged power.



Conclusion

In this chapter, a summary and several recommendations are given. In Section 7.1, the summary is
discussed, and in Section 7.2, the recommendations are discussed.

7.1. Summary
This thesis aimed to get a clear indication of the power that can be harvested from a damped harmonic
oscillator with a variable damping and to optimise the yielded power.

The analysis of the power harvesting showed that the time-averaged power is the physically appro-
priate choice, due to the periodic nature of the base excitation acting on the damped harmonic oscillator.
The time-averaged power was studied with the variable damping value and the velocity of the steady
state part of the damped harmonic oscillator model. This completes the first objective of this thesis.

Next, several cases of variable damping values and their effects on the yielded time-averaged power
were studied. It has been analytically shown that for no switch in damping value the strategy that yields
as much time-averaged power as possible is to use ¢, = ¢, opt,+. FOr the case of a singular switch in
damping value, it has been shown that the strategy to yield the most time-averaged power is to remove
the switch and stick to damping value ¢, = ¢, opt,+ . For the case of multiple switches, previous work
of Nikzamir et al. [8], Scapolan, Tehrani, and Bonisoli [12] and Di Monaco et al. [3] has been expanded
to a solution which yields more power and is easier to implement, completing the second objective of
this thesis. It has been numerically shown that for multiple switches the solution where ¢, = ¢, opt +
remains the best option to yield the most time-averaged power.

7.2. Recommendations
This section discusses the recommendations for future research regarding this thesis. These are given
in separate subsections.

7.2.1. Improved analytical analysis of single switch

In the analysis of the single switch of the damped harmonic oscillator, the case where f,T,,, +241 # kyw
did not yield any value for ¢, ;. This value could still be sought after if the value of ¢, 5 is substituted into
the expression of Py and then optimised for ¢, ;. Due to the time constraint of this thesis, unfortunately,
this was not done. Future research could explore this path to fully conclude the analytical work of this
thesis, allowing the extremum to be classified.

7.2.2. Research influence of scaled variables and parasitic damping

Currently, the value 1 is left outside of the scope of this research. The influence of this value could
impact the amount of power that is harvested from the oscillations. Determining the ideal value of the
variable 1 will provide an optimal ratio between the mass and spring coefficient of the oscillator and is
therefore useful for the application of this thesis. This variable can be researched by treating it as the
other variables, such as the frequency or phase of the base excitation, in this thesis. Hence, effectively
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creating the function for the time averaged power to be

Pave(f37cv,iacm7¢7@aﬂ)~ (71)

The amplitude of the base excitation also influences the time-averaged power, via the displacement.
Future research should rescale this variable back and then study influence the amplitude of the base
excitation.

The parasitic damping, c,,, is a variable that influences the time-averaged power yield, but as it
doesn’t yield any power in itself, it should be aimed for to be as close to zero. Thus, it is not a variable
that should optimised for in itself.

7.2.3. Including transient solution in oscillator model

In this thesis, only the steady state solution of the damped harmonic oscillator was studied, as the influ-
ence of the transient response was considered minimal. However, for a more accurate representation
of the oscillator’s behaviour, the transient solution should also be included in the power analysis. Incor-
porating this component may offer new insights into the optimal damping value during the initial phase
of power transfer from base excitation. The conclusions drawn in this thesis could then be applied after
the transient solution is not significant anymore.

7.2.4. Improved research behind multiple switches

An analytical examination was only done in the specific case of a single switch to demonstrate improved
solutions over those currently proposed in the field. Thereafter, a numerical approach was used to study
the case of multiple switches. In this numerical approach, the moment of switch is considered input in
the simulation. A better numerical simulation would also leave this variable up to the numerical imple-
mentation to be optimally chosen.

Next, future work could improve the research behind multiple switches by exploring how the nu-
merical conclusions given can be shown analytically. This can be done by expanding the number of
variables which are studied in the optimisation process. Note that this also makes the classification of
the extrema more difficult as the number of variables increases.

7.2.5. Multidimensional oscillator model

Further research could expand on the current model by allowing two of the three-dimensional move-
ments. Currently, only up and down movement is considered, while in practice also side-to-side or
back-and-forth movement will also occur. A diagram of the oscillator is given in Figure 7.1

Figure 7.1: Diagram of a three-dimensional damped harmonic oscillator.

The equations will transform into a three-dimensional form for the damped harmonic oscillator.
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Code for Pseudocontinuous Damping

import numpy as np

"
2

3 def adaptive_fixed_intervals(f, a, b, size, num_intervals):

4 nnn

5 Divide the function into a fixed number of adaptive intervals based on variability.
6

7 Parameters:

8 f: function to be approximated

9 a: begin of interval where f is approximated

10 b: end of interval where f is approximated

1 size: the sample size of f

12 num_intervals: number of intervals

13

14 Returns:

15 stepwise_x: array of x values of interval begin- and endpoints

16 stepwise_f: arrays of f values belonging to x values of stepwise_x

17 nnn

18

19 # Creating the interval

20 x = np.linspace(a, b, size)

21

22 # Calculate variability (absolute difference between successive y values)

23 variability = np.abs(np.diff (f))

24

25 # Normalize variability to calculate relative weights

26 weights = variability / np.sum(variability)

27

28 # Determine cumulative weights to split into intervals

29 cumulative_weights = np.cumsum(weights)

30 interval_bounds = np.linspace(0, 1, num_intervals + 1) # Divide cumulative weights into

intervals
31

32 stepwise_x = []

33 stepwise_f = []

34

35 start_idx = 0

36

37 if num_intervals == 1:

38 avg_y = np.mean(f)

39 return np.array([x[0], x[-1]11), np.array([avg_y, avg_yl)

40 else:

41 for i in range(num_intervals):

42 # Find the end index based on cumulative weights

43 end_idx = np.searchsorted(cumulative_weights, interval_bounds[i + 1],side='right'
)

44

45 # Ensure the end index stays within bounds

46 end_idx = min(end_idx, len(x) - 1)

47

48 # Get the x and y values in this interval
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x_interval = x[start_idx:end_idx + 1]
f_interval = f[start_idx:end_idx + 1]

if len(x_interval) > O:
if i == num_intervals -1:
avg_f = np.mean(f_interval) # Average y value in the interval
stepwise_x.extend([stepwise_x[-1], Dbl)
stepwise_f.extend ([avg_£f, avg_f])

else:

if start_idx > 1:
avg_f = np.mean(f_interval) # Average y value in the interval
stepwise_x.extend([stepwise_x[-1], x_interval[-1]])
stepwise_f.extend([avg_f, avg_f])

else:
avg_f = np.mean(f_interval) # Average y value in the interval
stepwise_x.extend ([x_interval [0], x_intervall[-1]])
stepwise_f.extend([avg_£f, avg_£f])

start_idx = end_idx + 1 # Move to the next interval

return np.array(stepwise_x), np.array(stepwise_f)
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Table with parameter values for the damped harmonic
oscillator

Table B.1: Parameter values for different applications of the damped harmonic oscillator.

System Type Mass m (kg) Spring Constant k. (N/m) Damping Coefficient ¢ (kg/s)
Micro-mechanical systems (MEMS) [14] 1.44-107° 6057 8.8
Precision lab setups (e.g. exploring viscous damping) [7] 0.12 1.39 0.25

Vehicle suspension [1] 35 160000 980




Harmonic Addition Theorem

The harmonic addition theorem states that
f(0) = acos(f) + bsin(h), (C.1)

can be rewritten to a form like
g(0) = ccos(f + 0). (C.2)

This can be shown by first rewriting function g(#) using the angle addition identity for the cosine function,
giving

9(0) = ccos(f) cos(d) — csin(f) sin(4), (C.3)
which means that, if f(6) = g(0), it should be true that
a = ccos(d) and b= —csin(J). (C4)
Therefore, using the identity that
cos?(p) + sin?(¢) = 1, (C.5)
we get that
a® + b% = % cos?(9) + 2 sin’(0), (C.6)
which implies that
c=++va2+ b2 (C.7)

Also, assuming that a # 0, it should hold that
b —csin(d)

a ccos(d) (C.8)
and therefore )
—— = tan(J), (C.9)
a
and thus ,
0 = arctan(——). (C.10)
a

Now, note that 6 € (-7, 7), and therefore cos(d) > 0. This implies, due to the fact that it should hold

that a = ccos(d), that it should also hold that

sgn(a) = sgn(c). (C.11)
Hence, concluding that indeed
f(0) = acos(f) + bsin(h) (C.12)
equals
g(0) = ccos(f + 6) (C.13)
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when
¢ =sgn(a)va? + b2 (C.14)

and, assuming that a # 0,
§= arctan(—é). (C.15)
a



Simplifying Equation (5.93)

The aim is to simplify

sin?(foTpn) + 221 sin( foTpn ) cos(fsTm) + 22 cos(fsT)  sin®(fsTon) + 222 sin(fs D)) cos(fs T ) + 23 cos?(fsTin)

Sin(fsTm)(l - LL‘%) + 2z COS(fSTm) - Sin(fsTm)(l - LE%) + 2o COS(fSTm)
(D.1)
For simplicity, we write
s1 =sin(fTm + @), s2 = sin(fs T, + 2¢) (D.2)
and
C1 = Cos(fsTm + 90)7 C2 = Cos(fsTm + 2‘)0) (D3)
which gives

(sf + 2s1c171 + xfc%) (82(1 —z2)+ 21‘202) = (s% + 2s1c1T9 + x%c%) (52(1 — )+ 23:102) , (D.4)

and so

s2s9(1—w2—1+a?) 4257 co(xo—11)+281¢182(T1 — X201 —To+a2x? ) +Ch 50 (03 — a3 03— a3 +a52?)+2c3 co(v02s —2123) = 0.
(D.5)

Rewriting

(x3—22) (5389 —CT80)+ (20— 1) (257 ca) +281C1 89 (01 —2) +251¢1 82 (203 — 2371 )+ 201 Co (w203 — 2123 = 0,

(D.6)
and thus
(1'1 — ZL’Q) ((xl + xQ)(SQ(S% + C%)) + 281(6182 — 8102) + 2%11’261(8182 — 6162)) =0. (D?)
Using goniometric identities
sin?(0) + cos?(0) = 1, (D.8)
and
sin(f — ¢) = sin(#) cos(¢) — cos() sin(¢), (D.9)
and finally,
cos(f + ¢) = cos() cos(¢) — sin(0) sin(e), (D.10)
we get that
(21 — x2) (sa(x1 + 22) + 251 sin(yp) — 212129 €08(2fs T, + 3)) = 0. (D.11)
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Table with extrema values for arbitrary singular switch



Table E.1: Outcome of extrema for damping values ¢,,1 and ¢, 2.

Assumptions Value of ¢, 1 Value of ¢, o
fsTm + 2(,51 =7+ k’127'(' and fsTm + 2(,52 =7+ k227T Cy,opt Cy,opt
. N a2 f24(f2-1)2
fsTm +2¢1 =7+ k12w and f Ty, + 292 = ko2m 0 BTy
. N ch WA fE+(£2-1)2
fsTm + 2(p1 =m+ k127 and fsTm + 2(,02 = ko271 0 Y A
A A Ve PR i+ (f2- Ve P2 fi+H(f2-1)2
FTm + 261 = k27 and £, T, + 265 = ko2 Vet Sotte o1 — ¥V e HE D)
c _ 2 )2 f2 2_1)2
FoTm + 261 = ky 27 and £.T,, + 265 = k27 — VeV SR D) Ll
29 foem )2 (A+1)—A2(f2-1)2 29 fsem)?(A+1)—A2(f2-1)2
FTom 4+ 281 = kn2m and f, T + 282 = ko270 em + 2 + Vv fsem) (W ,4) (f2-1) e — 2o Ve ) (W A) (
) 20 fecm)? (A+1)—A2(f2-1) . (20 focm)?(A+1)—A2(f2-1)2
i 29 fsem)?(1—A)—A2(f2-1)2 . 29 foem )2 (1—A)—A2(f2-1)2
fsTom + 241 = k127 and £, T, + 235 = ko2 Con — % + \/( Y fscm) (¢f A) (f2-1) B % _ \/( Y fsem) (,(;,f‘A) ( )
29 fsem 2(1—A)—A2 3—1 2 2 fscm 2(1-A)- Az fg_l 2
JsTm + 21 = k127 and fiT,, + 242 = ko27 Cm — Zom — \/( Pl (wf-A) S Cm T % + \/( : (wf'A) ( i
fs T + 201 # kymr Co1 ’ —e + (Com+Co.1) Sin(fs T +20)+25in(fs Tom+) sin(p)
stm v, b Falc d
e (sin(fsTm+2sa)+2 cos(fs Tin+p) co8(2 fs T +3¢) %—1)
None —-0.15 0.35
None 0.35 —0.15
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Visualisation of extrema of singular
switch

Time-averaged power for a random switch

Time-averaged power for a random switch

eraged power (w)

/eraged power (W)

Figure F.2: The graph of the time averaged power with
in blue cy,1 = 0and cy,2 = ¢, opt,+ and in orange

Figure F.1: The graph of the time averaged power with
Cy = Cy,opt,+-

cy,1 =0and cy 2 = ¢y opt,+-

Note that in Figure F.14, the blue appears to performs better than the orange, however, this is only
when T, = i—” hence a value which does not fall in the bounds allowed for the moment of switch.
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Time-averaged power for a random switch

Time-averaged power for a random switch
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Figure F.4: The graph of the time averaged power with
The graph of the time averaged power with inblue cy;1 = 0and cy,2 = ¢, opt,— and in orange
Cv = Cy,opt,+*

Figure F.3:
Cy,1 = 0 and Cy,2 = Cy,opt,— -

Time-averaged power for a random switch
WGy = Cropt 40 G2 = ~Cuop ¢

- = Cyopr

Time-averaged power for a random switch
Wy 1= Cuopt+ 1 Cv2 = ~Cuopt +

o
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Figure F.6: The graph of the time averaged power with
Figure F.5: The graph of the time averaged power with in blue cy,1 = ¢y 0pt,+ @Nd cy,2 = ¢y 0pt,— and in orange
Cv,1 = Cy,opt,+ aNd Cy,2 = Cy opt, —- Cv = Cy,opt,++
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Time-averaged power for a random switch

Time-averaged power for a random switch

WGy = ~Copt 102 = Cuop,

w

Bower

Bower (WP
Time Seraged

Time Seraged

-3

Figure F.8: The graph of the time averaged power with
Figure F.7: The graph of the time averaged power with in blue cy,1 = cy,opt,— @nd cy,2 = ¢y ,opt,+ and in orange
Cy,1 = Cy,opt,— a@Nd Cy 2 = Cy opt, +- Cv = Cy,opt,+-

Time-averaged power for a random switch
- ci=g.(cm Ay ez =~

-, =Gyt

Time-averaged power for a random switch
- 1= g (A )G ==t

5

Time averaged power (w)
Time averaged power (w)

Figure F.10: The graph of the time averaged power with
V@ufeem2(A4)-A2(2-12

Figure F.9: The graph of the time averaged power with

2¢ V@pfem)2(A+)-A2(s2-1) _ 2cp,

= —=m = C =c = =
Cv,1 = Cm + =3 + oA and vl = 6m + T3+ ] s A

Cy,2 = —Cy,1 @nd in orange c, = cy opt,+-

Cy,2 = —Cy,1-
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Time-averaged power for a random switch
-1 =g-(Cm A ) o ==t

- = o

Time-averaged power for a random switch

-, =g (cm A f )iz = —

Time averaged power (w)

Figure F.12: The graph of the time averaged power with
2o V@UIsem)2(A4)-A2G2-12

Figure F.11: The graph of the time averaged power with

2(A+1)—A2(f2-1)2
B e V@ Fsem)2( 2 _
Cy,l =C m < and Cy,1 = Cm + 5
v,1 m + 2 i A v,1 m A . Dfs A
Cyv,2 = —Cu,1- Cy,2 = —Cy,1 @nd in orange c, = cy opt, -

Time-averaged power for a random switch
W, 1 =Cy1,C 2= PiCm Cu 1 fe T @, 9)

- = Cyop

Time-averaged power for a random switch
W =z = BiCm G fo T 60)

Time averaged power (w)

ime averaged power ()

.

Figure F.14: The graph of the time averaged power with

Figure F.13: The graph of the time averaged power with Cy,1 = Cp,1 @Nd €y 2 = —Cm +
Cv,1 = Cp,1 AN €y 2 = —Cm + (em~+cw,1) sin(fs Tm +2¢)+2sin(fs Tm +) sin(p)
(Cm+°“’1)Sin(fSTm-W)HSin(fsTm‘W)Sinﬁ)(c R —eda (Sin(fsTm,+2w)+2cos(fsTm+¢) cos(zfsTm,+3w)7MS<_C}';:°1'”’1))
s m 11 s . s
g ) and in orange c, = ¢, opt, 4 -

71})511 (sin(fSTm+24p)+2 cos(fsTm+¢) cos(2fsTm+3¢) T
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Time-averaged power for a random switch

= c,;=0350,,=-015
- oo+

Time-averaged power for a random switch
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Figure F.16: The graph of the time averaged power with
Figure F.15: The graph of the time averaged power with in blue ¢,;1 = —0.15 and ¢, 2 = 0.35 and in orange
cy,1 = —0.15and ¢y,2 = 0.35. Cv = Cy,opt,+-

Time-averaged power for a random switch
-, =-015,G,,=035
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Time-averaged power for a random switch
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Figure F.18: The graph of the time averaged power with
Figure F.17: The graph of the time averaged power with in blue ¢,,1 = 0.35 and ¢,,2 = —0.15 and in orange
¢y,1 = 0.35and ¢, 2 = —0.15. Cv = Cy,opt,+-
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Code for visualising the boundary
extrema

import matplotlib.pyplot as plt

import numpy as np

# Constant Variables

mass = 1.0 # Mass of oscillator (kg)

k = 4 * np.pi ** 2 # Spring constant (N/m)

# Initial conditions

ud = 0 # Initial position (m)

v0 = 0 # Initial velocity (m/s)

# Time

t_start = 3000 # Starting time (s)

t_end = 3020 # End time (s)

dt = 0.01 # Time step (s)

time = np.arange(t_start, t_end, dt)

yo_1 =1 # Amplitude of base excitation (m)
fs_1 =1 # Frequency of base excitation (Hz)

no_damping_array = np.array ([0.1])

# Sc
psi
c_m

def

def

def

#Hit#
fig

aled variables
= 1/(np.sqrt(k * mass))
no_damping_array [0]

opt_damping(fs):
return (np.sqrt( (c_m * psi * fs) **x 2 + (fs *x 2 - 1) **x 2 )) / (psi * fs)

averaged_power_zero_switch(fs, damping):
return damping * 0.5 *x fs **x 2 * 1 / ((fs **x 2 - 1) *x 2 + ((c_m + damping)* psi * fs) x*x*
2)

averaged_power_one_switch(fs, phase, damping_one, damping_two, T_m):

delta_one = np.arctan( (-psi * fs * (c_m + damping_one) ) / (-fs **x 2 + 1) )

delta_two = np.arctan( (-psi * fs * (c_m + damping_two) ) / (-fs ** 2 + 1) )

phi_hat_one = phase + delta_omne

phi_hat_two = phase + delta_two

return 1 / (2 * np.pi / fs) * (damping_omne * fs ** 2 *x 0.5 x 1 / ((fs **x 2 - 1) *x 2 + ((
c_m + damping_one)* psi * fs) *x 2) * (T_m - 1 / (2 * fs) * (np.sin(2 * fs * T_m + 2
* phi_hat_one) - np.sin(2 * phi_hat_one) ) ) + damping_two * fs **x 2 * 0.5 x 1 / ((fs

*x 2 - 1) **x 2 + ((c_m + damping_two)* psi * fs) ** 2) x (2*np.pi/fs - T_m - 1 / (2

* fs) * (np.sin(2 * phi_hat_two) - np.sin(2 * fs * T_m + 2 * phi_hat_two) ) ) )

3D Time Avg Power
= plt.figure(figsize=(20, 10))
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ax = fig.add_subplot(111l,projection='3d"')
freq_vals = np.linspace(0.5, 1.5, 100)
Tm_vals = np.linspace(0 , 2*np.pi, 100)
freq, Tm = np.meshgrid(freq_vals, Tm_vals)
phase_list = np.linspace(-np.pi, np.pi, 100)

max_time_avg_power = None

for phase in phase_list:

time_avg_power_random_switch = averaged_power_one_switch(freq, phase, -0.15, 0.35, Tm)
if max_time_avg_power is None:

max_time_avg_power = time_avg_power_random_switch
else:

max_time_avg_power = np.maximum(max_time_avg_power, time_avg_power_random_switch)

ax.plot_surface(freq, Tm, max_time_avg_power, label='$c_{v,1},=,=,-0.15,,c_{v,2},=,0.35%")

time_avg_power_zero_switch = averaged_power_zero_switch(freq, opt_damping(freq))
ax.plot_surface(freq, Tm, time_avg_power_zero_switch, label='$c_{v}, = c_{v,opt,+}$"')
ax.set_xlabel ("Frequency,(Hz)")

ax.set_ylabel ("Moment of switch,(s)")

ax.set_zlabel("Time averaged power (W)", labelpad=1)

plt.tight_layout ()

plt.legend ()

plt.title('Time-averaged power for,a random switch')

plt.show()
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Code for visualising the free first
damping value extrema

import matplotlib.pyplot as plt

import numpy as np

# Constant Variables

mass = 1.0 # Mass of oscillator (kg)

k = 4 % np.pi *x 2 # Spring constant (N/m)

# Initial conditions

ud = 0 # Initial position (m)

v0 = 0 # Initial velocity (m/s)

# Time

t_start = 3000 # Starting time (s)

t_end = 3020 # End time (s)

dt = 0.01 # Time step (s)

time = np.arange(t_start, t_end, dt)

yo_1 =1 # Amplitude of base excitation (m)
fs_1 =1 # Frequency of base excitation (Hz)

no_damping_array =

# Sc
psi
c_m

def

def

def

def

np.array ([0.1])

aled variables
= 1/(np.sqrt(k * mass))
= no_damping_array [0]

opt_damping (fs):

return (np.sqrt( (c_m * psi * fs) ** 2 + (fs ** 2 - 1) ** 2 )) / (psi * fs)

averaged_power_zero_switch(fs,

damping) :

return damping * 0.5 * fs ** 2 % 1 / ((fs *x 2 - 1) *x 2 + ((c_m + damping)* psi * fs) *x

2)

averaged_power_one_switch(fs, phase, damping_one, damping_two, T_m):

delta_one =
delta_two =
phi_hat_one =
phi_hat_two =
return 1 / (2

phase + delta_one
phase + delta_two

np.arctan( (-psi * fs * (c_m + damping one) ) / (-fs **x 2 + 1) )
np.arctan( (-psi * fs * (c_m + damping_two) ) / (-fs **x 2 + 1) )

* np.pi / fs) * (damping_one * fs ** 2 * 0.5 * 1 / ((fs *x 2 - 1) *x 2 + ((

c_m + damping_one)* psi *x fs) *x 2) *x (T_m - 1 / (2 * fs) * (np.sin(2 * fs * T_m + 2

* phi_hat_one) - np.sin(2 *

phi_hat_one) ) ) + damping_two * fs *x 2 *x 0.5 * 1 / ((fs

xx 2 - 1) **x 2 + ((c_m + damping_two)* psi * fs) ** 2) x (2*np.pi/fs - T_m - 1 / (2
* fs) * (np.sin(2 * phi_hat_two) - np.sin(2 * fs * T_m + 2 * phi_hat_two) ) ) )

damping_value_two(fs, phase,

damping_one,

T_m):
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return -c_m + ( (c_m + damping_one) * np.sin(fs * T_m + 2 * phase) + 2 * np.sin(fs * T_m
+ phase) * np.sin(phase) ) / ( ((psi * fs) / (fs *x 2 + 1)) * (np.sin(fs * T_m + 2 *
phase) + 2 * np.cos(fs * T_m + phase) * np.cos(2 * fs * T_m + 3 * phase) * ( (psi *
fs * (c_m + damping_one)) / (fs ** 2 + 1) ) ) )

### 3D Time Avg Power

fig = plt.figure(figsize=(20, 10))

ax = fig.add_subplot(111l,projection='3d")
freq_vals = np.linspace(0.5, 1.5, 200)
Tm_vals = np.linspace(0 , 2*np.pi, 200)
freq, Tm = np.meshgrid(freq_vals, Tm_vals)

phase_list = np.linspace(-np.pi, np.pi, 200)
damping_value_one_list = np.linspace(-0.15, 0.35, 200)

max_time_avg_power = None

for damping_value_one in damping_value_one_list:
for phase in phase_list:

time_avg_power_random_switch = averaged_power_one_switch(freq, phase,
damping_value_one, damping_value_two(freq, phase, damping_value_one, Tm), Tm)

if max_time_avg_power is None:
max_time_avg_power = time_avg_power_random_switch

else:
max_time_avg_power = np.maximum(max_time_avg_power, time_avg_power_random_switch)

ax.plot_surface(freq, Tm, max_time_avg_power, label='$c_{v,1},=,' + str(damping_value_one) +
'yuc_{v,2},=,0.35%")

time_avg_power_zero_switch = averaged_power_zero_switch(freq, opt_damping(freq))
ax.plot_surface(freq, Tm, time_avg_power_zero_switch, label='$c_{v}, =yc_{v,opt,+}$"')
ax.set_xlabel ("Frequency (Hz)")

ax.set_ylabel ("Moment of switch,(s)")

ax.set_zlabel ("Time averaged power (W)", labelpad=1)

plt.tight_layout ()

plt.legend ()

plt.title('Time-averaged power for ,a random switch')

plt.show ()



35
36
37
38
39
40
41
42
43
44
45
46

Code for visualising multiple switches
1n damping value

import matplotlib.pyplot as plt
import numpy as np
import itertools

# Constant Variables
mass = 1.0 # Mass of oscillator (kg)
k = 4 % np.pi *x 2 # Spring constant (N/m)

# Initial conditions

ud = 0 # Initial position (m)
v0 = 0 # Initial velocity (m/s)
# Time

t_start = 3000 # Starting time (s)
t_end = 3020 # End time (s)

dt = 0.01 # Time step (s)

time = np.arange(t_start, t_end, dt)

yo_1 =1 # Amplitude of base excitation (m)
fs_1 =1 # Frequency of base excitation (Hz)

no_damping_array = np.array([0.1])
# Scaled variables

psi = 1/(np.sqrt(k * mass))
c_m no_damping_array [0]

def opt_damping(fs):
return (np.sqrt( (c_m * psi * fs) ** 2 + (fs ** 2 - 1) ** 2 )) / (psi * fs)

def averaged_power_zero_switch(fs, damping):
return damping * 0.5 * fs ** 2 % 1 / ((fs *x 2 - 1) *x 2 + ((c_m + damping)* psi * fs) *x
2)

def compute_max_time_avg_power (fs, phase, damping_linspace, moment_of_switches_list, x):

if len(moment_of_switches_list) - 2 != x:

return print("Length of_ moment of switches not,equal to,amount of switches!")
else:

max_time_avg_power = -np.inf

initial = 1 / (2 * np.pi / fs) * (fs **x 2) / 2
damping_values = np.empty((detail, detail) + (x,))

for combo in itertools.product(damping_linspace, repeat=x):
summations = []
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for i, k in enumerate (combo):
# compute varphi_hat directly from this k

varphi_hat = phase + np.arctan((-psi * fs * (c_m + k)) / (-fs**2 + 1))

# compute the summation for this interval

summation = (k / ((fs**2 - 1)*x2 + (psi * fs *x (c_m + k))**2)) * (

moment_of_switches_list[i+1] - moment_of_switches_list[i]-

(1/(2x£s)) * (

np.sin(2*fs*moment_of_switches_list[i+1] + 2*varphi_hat)- np.sin(2*fsx*

moment_of_switches_list[i] + 2%varphi_hat) ) )

summations.append (summation)

# # total time-avg power for this combo

time_avg_power = initial * sum(summations)

max_time_avg_power = np.maximum(max_time_avg_power, time_avg_power)
new_max = np.maximum(max_time_avg_power, time_avg_power)

mask = new_max > max_time_avg_power

# Store tuple for updated elements
for dim in range(x):

damping_values[..., dim] [mask] = combo[dim]

return max_time_avg_power, damping_values

### 3D Time Avg Power
fig = plt.figure(figsize=(20, 10))
ax = fig.add_subplot(111,projection='3d"')

detail = 100
freq_vals = np.linspace(0.5, 1.5, detail)

phase_vals = np.linspace(-np.pi, np.pi, detail)
freq, phase = np.meshgrid(freq_vals, phase_vals)

trial_switches = 3
trial_moments = [0,
np.pi/2, np.pi, 3*np.pi/2,
2 * np.pil
boundary_damping_left = -0.15

boundary_damping_right = 0.35

damping = np.linspace(boundary_damping_left, boundary_damping_right, detail)

max_time_avg_power, damping_values = compute_max_time_avg_power (freq, phase, damping,

trial_moments, trial_switches)

ax.plot_surface(freq, phase, max_time_avg_power, label='$c_{v,1} ,=,,yc_{v,2},=,0.35%")

time_avg_power_zero_switch = averaged_power_zero_switch(freq, opt_damping(freq))
ax.plot_surface(freq, phase, time_avg_power_zero_switch, label='$c_{v} = c_{v,opt,+}$")

ax.set_xlabel ("Frequency (Hz)")

ax.set_ylabel ("Phase(-)")
ax.set_zlabel("Time averaged power (W)", labelpad=1)
plt.tight_layout ()

plt.legend ()
plt.title('Time-averaged power for a random switch')
plt.show ()

i, j =5, 3 # pick some index in your meshgrid
print ("Max,value:", max_time_avg_power[i, jI)

print ("Bestdamping,tuple:", tuple(damping_values[i, j]))
print ("Optimal damping  value", opt_damping(freqli,jl))

print ("Timeavgpowerzero,switch", time_avg_power_zero_switch([i,j])
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