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This paper presents two sequential friction-spring damper configurations and devel-
ops numerical and analytical models, which describe the systems’ behavior. The
dampers rely on the non-smooth characteristics of dry friction to quench unwanted
oscillations and only dissipate energy once a preset breakaway force of the friction
element is exceeded. Since no additional control is required and the dissipation is

only present within a given frequency range, this passive amplitude adaptive dissi-
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Email: jimmy.aramendiz@kit.edu pation contributes to a higher energy efficiency. The dampers’ equations of motion
are derived and implemented in a numerical model to gain the first insights into the
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dampers’ behavior. These equations of motion are analyzed via averaging methods
in combination with a modal decoupling for nonlinear systems, which lead to the
dampers’ analytical models. The results from both models are compared and show
reasonable agreement within the validity range of asymptotic methods. This work
proposes two friction based amplitude adaptive dampers and offers a starting point

for future experimental validation.

KEYWORDS

averaging method, dry friction, modal decoupling, non-smooth dampers

1  INTRODUCTION

If modern machines are to meet the standards set by political requirements and become environmentally friendly, efficient
mechanical dampers are required. Every percentage increasing the mechanical efficiency of a machine contributes to the fulfill-
ment of these goals. In general, dampers are introduced in machines in order to quench unwanted and also partly unavoidable
oscillations in mechanical systems. Although in many cases dampers are designed to maximize energy dissipation, the recent
importance of energetic efficiency requires that only as much energy should be dissipated as necessary.

To quench unwanted oscillations most applications rely on introducing damping in a viscous form, e.g hydraulic shock
absorbers in the automotive industry,!! or by increasing the structures’ already present material damping, e.g constrained layer
damping.?! This type of damping is always present and therefore constantly dissipating energy, even when this is not required,
thus reducing the energy efficiency of the system. However, these are not the only way to introduce dampers into machines.
Impact dampers for example rely on collision masses and have been studied in [3—7] mainly in three variations: with clearance,
with a singular impact mass, and with multiple impact masses. Impact dampers were also investigated for turbomaschinery in
[8]. Closely related to impact dampers are tuned liquid dampers,®~!!] which take advantage of a water tank and sloshing to
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reduce the main systems amplitudes. Magneto-electro-rheological dampers!'2~13! constitute a damper with actively adjustable
parameters, e.g. stiffness and breakaway force. Dampers relying on nonlinear viscous relationships have been studied in [16-18].
Vibration absorbers for turbomachinery were studied in [19,20], whereas dampers based on a nonlinear generalization of Den
Hartog’s Equal-Peak Method are investigated in [21-24]. Friction dampers are often found in between turbine blades and disks
or between the blades themselves.[>>-28] Works that model turbine blades as cantilever beams with friction dampers are seen in
[28-31]. Furthermore, friction dampers are also implemented in civil engineering structures, e.g beam-to-column joints and in
the damping of cable oscillations, as presented in [32—-34].

In [35] a friction damper based on a sequential friction-spring element is proposed and studied. The proposed damper is able
to reduce the amplitudes of the main mass in two different scenarios: in the case of external force excitation and in the case of
self-excitation due to a negative friction gradient. Additionally, it was found that the amplitude reduction effect mainly comes
from the switching between the system’s two eigenfrequencies, one in the stick-phase and one in the slip-phase.

This work studies the effects of such an sequential friction-spring element in a two mass system in different arrangements.
The stick-slip behavior of dry friction is taken into account and used to generate a local energy dissipation in a given frequency
regime. The ideas proposed in the work are based on the sequential friction-spring element proposed in [35]. In Section 2 the
equations of motion describing both dampers are derived, and an estimate of the domain of the systems’ structural change
is presented. A numerical model and parameters studies of the system are shown in Section 3. In Section 4 the equations of
motion of the proposed dampers are analyzed based on averaging methods and a modal decoupling method presented in [36].
Additionally characteristic values of the system are derived and the analytical and numerical results are compared. Finally, the
conclusions of this work are summarized in Section 5.

2 | CONSIDERED SYSTEMS: DAMPER DESCRIPTION AND EQUATIONS OF
MOTION

This work presents two friction based dampers: a dynamic vibration absorber (Figure 1) and a dynamic vibration isolator (Fig-
ure 2). These dampers differ in the placement of the sequential friction-spring element, which is composed by a sequential
arrangement of an second spring and a parallel arrangement of a dry friction and a third spring (c3). The third spring is only
active while the dry friction slides. This sequential element contains the dry friction and thus determines the stick-slip behavior
of the dampers. Independent from the friction element the second spring (c,) is always active. In contrast the third spring has
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an influence on the system dynamics only when the dry friction allows a relative movement. The friction force model used in
the present paper is described through the simple Coulomb friction. Therefore, the friction coefficient and normal load remain
constant in the friction element, and a difference between sticking and sliding friction coefficients is neglected. This result in a
non-smooth model of the Fillipov-type,[37-38] where different equations of motion are implemented for the sticking and sliding
motions. Once the friction element allows a relative movement the stiffness of the system changes from solely the second spring
stiffness to a lower stiffness, which is given by sequential arrangement of the second and third springs. This leads to a change in
the eigenfrequencies of the system. Both dampers have a linear and nonlinear ranges, which are respectively determined by the
sticking and sliding state of the friction element. The dampers aim to improve the dynamic behavior of a primary system (first
spring cy, first mass particle m;) combined with a tuned vibration absorber (second spring c,, second mass particle m,) attached

to it. The behavior improvement is achieved by replacing either the first or second spring with the sequential friction-spring
element, allowing the sequential element to react either to the absolute motion of the first mass or the relative motion between
the masses respectively. The following subsection presents the equations of motion of both absorbers and derives an estimate
for the structural change between the linear sticking system and the nonlinear stick-slip motion.

2.1 | Dynamic vibration absorber

The dynamic vibrations absorber is composed of two masses m; and m,. The first mass is connected to the environment via
the first spring ¢;, whereas the second mass is attached to the first one via the sequential friction-spring element. The friction-
spring element is composed of the second spring c,, the third spring c3, and the dry friction R. The position of the masses
m; and m, are respectively described by the coordinates x; and x,, and the coordinate u describes the connecting point in the
friction-spring element.

The dynamics of this damper are characterized by two discrete states: a stick-phase and a slip-phase. The system finds itself
in the stick-phase, as long as the magnitude of the stiction force H is smaller than the breakaway force R (|H| < R) and the
kinematic condition i = X, is fulfilled. Once the kinematic condition is broken, the dry friction element slides, allows a relative
motion, and dissipates energy. The equations of motion for both phases are given as follows

mX| +c1x +cy(x; —u) = FsinQt
stick — phase : myx, + co(u—x,)=0 , 0

H =cy(u—x;)—c3(xp —u)

my ¥ +c;x) +cy(x; —u) = FsinQt
slip — phase : my%y + ¢3(xy —u) + Rsign(x, —a) =0 . @)

(C2 + C3)u = (X + C3Xy + RSign(xZ - u)

The sticking phase is described by two equations of motion and a constraint force equation, whereas the slip-phase is described
by two equations of motion and a third equation for u. The variable u does not have its own dynamics and thus sgn(x, — i) =
sgn(x, — x;). Introducing this relation in the equation for u yields an algebraic equation and therefore u is considered a slave
variable.?’]

As shown in [36], it is intuitive, that the nonlinear frequency-response curve will remain on that of the sticking system until a
given breakaway amplitude, followed by a nonlinear range, and finalized again on the frequency-response curve of the sticking
system. Since the nonlinearities in this system are only present in the slip-phase, the solution of Equation (1) is obtained with
linear methods. Furthermore, an estimate of the breakaway amplitude is derived with the linear solution, for a detailed description
see Appendix A. Introducing the solution of the linear system into | H| < R in combination with the triangle inequality yields
a frequency dependent limit amplitude Aj (€2)

|H| = ley(u—x;) = e3(x, —u)| < R, 3)
. A(Q)c,
with x; =A4(Q), xp=——-=, u=x,—-wy; & wy=const., “)
CH — ngz
ngZ —C
Aj(Q) < AL(Q) = | ———=—|(R = (¢ + ¢c3)|wy)). o)
ng ()
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FIGURE 3 Structural change estimation for w, = 0. (a) Exemplary case with three linear ranges and two nonlinear ranges with standard

A,

parameters and R = 0.60 N and F = 0.45 N. (b) Exemplary case with two linear ranges and one nonlinear range with standard parameters and
R=045Nand F =0.60 N

Since the triangle inequality is applied, A (€2) is a conservative estimate. Thus the Amplitudes below A; (Q2) correspond to the
linear system; the ones above can correspond to the nonlinear system and are yet to be determined. Considering that the limit
amplitude is per definition positive, Equation (5) yields a maximum value for the relative displacement w, in the sequential
friction-spring element. The limit curve for two exemplary cases are plotted in Figure 3. These cases are generated using the
numerical models and standard parameters listed in Section 3. Only the breakaway force R and excitation amplitude F were var-
ied. These cases represent two qualitatively different scenarios, which differ through the existence of an antiresonance frequency.
An antiresonance frequency is achieved, when the system is completely in the stick-phase at the frequency Qg = v/¢/m,.
Therefore, the frequency €2, should belong to the linear range. The linear and nonlinear ranges are determined by the inter-
sections of the limit curve and the frequency-response curve of the sticking system. The limit curve in Figure 3(a) intersects
the frequency-response curve of the sticking system A,y four times leading to three linear ranges and two nonlinear ranges,
whereas the curve in Figure 3(b) only intersects the linear system at two frequencies. As mentioned above, the main qualitative
difference between these two systems lies in the antiresonance frequency in case (a), due to the linear range in the vicinity of
Q. This linear range is achieved when four intersections of the limit curve and the frequency response are found. To this end
the slopes of the limit curve are chosen higher than that of the linear system at the antiresonant frequency. This is a helpful
characteristic, when designing such dampers. The existence condition for an antiresonance frequency yields

R>F. (6)

An last possible scenario includes a system with an antiresonance frequency and unbounded amplitudes, in contrast to Fig-
ure 3(a). This occurs a the nonlinear stick-slip motion occurs at an eigenfrequency of the slipping system. In order to avoid
unbounded amplitudes, the linear sticking range should include the eigenfrequencies of the slipping system.

2.2 | Dynamic vibration isolator

Analogously to the dynamic vibration absorber in Section 2.1 the dynamic vibration isolator is also composed of two masses.
In this arrangement the first mass m; is supported by the sequential friction-spring element (c;, c3, and R). The second mass is
attached to the first via the second spring c,. As with the first damper, the motion of the dynamic vibration isolator is characterized
by the stick-phase and the slip-phase, which are described by

mX| + ¢ (x; —u) + cr(x) — xp) = FsinQt
stick — phase : Mm%y + cy(xy —x;) =0 %

H =c{(x; —u)—czu

m X+ ¢ (x; —u) + cy(x; — xp) = FsinQt
slip — phase : MyXy + cy(xy —x;) =0 ) ®)
Rsgn(x) + c3u = ¢ (x| — u)
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FIGURE 4 Structural change estimation for u, = 0. (a) Exemplary case with limited frequency-response function with standard parameters and

¢3 =0.25 N/m, R = 0.60 N and F = 0.45 N. (b) Exemplary case without limited frequency-response function with standard parameters and
¢; =025N/m, R=045Nand F =0.60N

Although the equations of motion in Equations (7) and (8) are similar, they differ fundamentally because of the variable u. Since
the dry-friction element prevents relative movement in the stick-phase, u is constant throughout this phase, whereas the variable
u in the slip-phase is determined by the algebraic equation in Equation (8). In this case the variable u is also a slave variable.
Using the same method as in Subsection 2.1, see Appendix A the limit amplitude A; for this case is derived

R —(¢; + &3)|u,
A(Q) <A = (I—BNOI, with [uy| < R_
Cl Cl +C3

)

In this case the limit amplitude, which separates the linear and nonlinear systems, does not depend on the excitation frequency.
It is a constant value depending on the breakaway force R, the springs c; and cs, and the prestress u. It is observed that as long
as A; > 0 the frequency-response curve of the dynamic vibration isolator always has three linear ranges that are separated by
two nonlinear ranges. The two possible, qualitatively different scenarios are considered in Figure 4. These differ by the bounded
and unbounded vibration amplitudes. As in Section 2.1, the linear range of the dynamic vibration isolator should include the
eigenfrequencies of the slipping system, in order to avoid large amplitudes in the nonlinear range. Furthermore, for A; > 0 an
antiresonance frequency always exists.

3 | NUMERICAL MODEL AND PARAMETER STUDIES

In order to obtain a first insight into the dynamics of the dampers a numerical model is developed. The numerical simulations
take into account the stick-slip phases with the help of a Karnopp-friction model.[*?! The periodic solution of the dampers
is obtained with a shooting method.[*!l" Afterwards, parameter studies for the breakaway force R and the third spring c; are
made.

3.1 | Implementation of the numerical model

The numerical model is derived in this subsection for the dynamic vibration absorber and can be analogously obtained for
the dynamic vibration isolator. Using the Karnopp-friction model a vicinity 2v of small relative velocities v,,; = X, — it of the
sequential spring element is defined. This simplifies the numerical handling of the relative velocity zero-crossing and yields for
the dynamic vibration absorber a friction force defined in a piecewise manner:

H=c(u—xy)—c3(xy—u), |x,—u|<vand|H|<R
Ffriction = 2( 1) 3( ? ) | ’ l | | . (10)
Rsgn(x, — 1), else
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0.4 0.4 friction force vs. relative velocity v, = X, — u for the
’ ' dynamic vibration absorber. With m; = 1kg, m, =
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i 0.5 F = 0.0IN, Q = 0.854 rad/s,v=1e — 10
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FIGURE 6 Friction Force vs. time (left) and
friction force vs. relative velocity v, = x, — u for the
1 1 dynamic vibration isolator. With m; = 1kg, m, =
— 0.1kg, ¢; = IN/m, ¢, = 0.IN/m, ¢; = 100N/m, R =
% 1.5 F = 0.0IN, Q = 0.854 rad/s,v = 1le — 10
0 £o
-1 -1
6 8 10 12 -0.02 -0.01 0 0.01 0.02
t[s] Uyl = U [m/s]

Introducing this force in the system yields piecewise defined equations of motion

(m) %) + ¢ x| + cy(x; —u) = FsinQr

myX, + cp(u—x;) =0 , |%, — | < vand |cy(u—x,) —c3(x, —u)] < R

U= Xx,— Wy, Wy = const.

< : (11)
m X +cyx; + cy(x) —u) = FsinQt

my¥, + c3(x; —u) + Rsgn(x, —u) =0 , else

(4 = (cx) + ¢c3x) + Rsign(x, — i)/ (c; + ¢3)

Applying the identical procedure to the equations of motion of the dynamic vibration isolator yields

F H=c/(x;—u)—c3u, |a/<vand|H|<R (12)
friction = Rsgn(w), else

for the piecewise friction force and the piecewise equations of motion are given as

(m, %, +¢;(x; —u) + cy(x; — x,) = FsinQt

myX, + cy(xy —x1) =0 , lul <vand |H| <R

u = const.

) . (13)
myX; + ¢y (x; —u) + cr(x; — x,) = FsinQt

myXy +cr(xy —x1) =0 , else

(4 = (c; — Rsgn(x))/(c; +¢3)

Figures 5 and 6 show the friction force plotted against the time and the relative velocity of the friction element. The fric-

tion forces are calculated using Equations (10) and (12) for the dynamic vibration absorber and the dynamic vibration isolator
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FIGURE 7 Parameter study: dynamic vibration 8 Q
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FIGURE 8 Parameter study: dynamic vibration 5 0~ w 5 Qrw
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0.1N/m, R = 0.5N, F = 0.0IN =3
g
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respectively. The excitation frequency of Q = 0.854 rad/s was chosen with the nonlinear stick-slip range of the first eigenfre-
quency. Despite the high inertia forces present in the resonance regime, noticeable stick- and slip-phases are observed. Both
oscillations are characterized by two stick-phases and two slip phases, with continuous transitions, as is common for a Coulomb
friction model.

In order to obtain the frequency-response function of the system, the periodic solution for each excitation frequency is needed.
To this end a shooting method is implemented in which the necessary derivatives are calculated numerically.[*!! Both dampers
introduce the third spring c; and the breakaway force R as additional parameters in the system. Since the second mass particle
m, and second spring c, are tuned with respect to the main mass particle, only the newly introduced parameters can be freely
chosen. Thus, only the two above mentioned parameters are studied. Since the improvement of the main system’s dynamics has
a higher priority the parameter studies are focused mainly on the first coordinate x,. The results for the second coordinate x,
are presented in Appendix B.

3.2 | Parameter study: Dynamic vibration absorber

The left plot in Figure 7 corresponds to the frequency-response function of the coordinate x; in the vicinity of the first eigenfre-
quency, and accordingly the second eigenfrequency is observed in the right plot. For selected values of R the damper is able to
limit the amplitudes in the frequency-response function, although the dissipated energy is only proportional to the amplitude of
the relative movement. The amplitudes for the second eigenfrequency are noticeably lower than that for the first eigenfrequency.
This is due to the corresponding eigenmode for each resonance regime. In the vicinity of the second eigenmode the variables
x; and x, are out of phase leading to higher relative displacements between the two coordinates. With higher relative displace-
ments the sequential friction-spring element is able to dissipate more energy. An additional finding of this parameter study is
the existence of an optimal value for the breakaway force R. For the considered friction model this would result in finding the
optimal friction coefficient for a given normal load or vice versa, similar investigation are found in [42]. The parameter study
in Figure 8 shows the same behavior between the first and second frequencies, which is expected since the sequential friction-
spring element still reacts to the relative motion. In contrast to the first parameter study no optimal value for the stiffness c; is
found. The study shows smaller amplitudes in the frequency-response curve with smaller stiffness values. Correspondingly, the
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FIGURE 9 Parameter study: dynamic vibration
isolator - breakaway force R € [0.9N(blue), 2.0N(red)]
in steps of 0.05 N. With m; = 1kg, m, = 0.1kg, ¢, =
IN/m, ¢, = 0.IN/m, ¢; = 100N/m, F =0.0IN

0 0
0.852 0.854 0.856 0.858 1168 1.17 1172 1.174
Q [rad/s] Q [rad/s]
4 4 FIGURE 10 Parameter study: dynamic vibration
isolator - stiffness c; € [0.1N/m(blue), 100N /m(red)]
3 in steps of 0.1 N/m until 1, afterwards steps of 1 N/m
until 10 N/m, and finally steps of 10 N/m until 100 N/m.
E) With m; = 1kg, m, = 0.1kg, ¢, = IN/m, ¢, =
.2 0.IN/m, R = 1.5N, F = 0.0IN
<
1
0 : : ' ’ 0 : : ' ’
0.852 0.854 0.856 0.858 1168 1.17 1172 1.174
Q [rad/s] Q [rad/s]

stiffness of the third spring should be chosen as small as possible. However c5 should not be equal to zero, since this leads to no
change in the eigenfrequency of the system between the sticking and sliding configurations.

3.3 | Parameter study: Dynamic vibration isolator

Analogous to the dynamic vibration absorber both the breakaway force R and the stiffness c5 are studied. In contrast to the
parameter study for the vibration absorber Figure 9 shows an equal damping of both eigenfrequencies. This is expected, since
the sequential friction-spring element in this case replaces the first spring and reacts to the absolute movement of the main
mass. Therefore it is automatically activate equally at both eigenfrequencies, once the constant limit amplitude is overcome.
This parameter study also reveals the existence of an optimal breakaway force. The study of the third spring c¢; shows the same
behavior as with the dynamic vibration absorber. Thus, for both systems the highest amplitude reduction is obtained with the
highest change between the eigenfrequencies of the linear sticking system and the nonlinear stick-slip system. These dampers
just efficiently utilize the basic concept of any vibration absorber.!*?!

4 | ANALYTICAL MODEL: COMPLETE MODAL DECOUPLING AND FIRST
ORDER AVERAGING

The numerical simulations offer first insights into the influence of the additional parameters. However, they do not offer a
deeper insight and require new simulations for each parameter set. This work offers a deeper understanding of these dampers by
providing an analytical solution that shows the relationship between the system parameters and the frequency-response function.
To this end the systems’ equations of motion are transformed and a nonlinear modal decoupling is applied. Afterwards the
nonlinear frequency-response function is derived for both dampers via averaging methods.
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4.1 | Equations transformations and complete modal decoupling

For the sake of brevity the detailed transformations presented in this section are limited to the dynamic vibration absorber.
However, these can be analogously applied to the dynamic vibration isolator. First, a variable transformation is introduced in the
equations of motion of the sticking system. Additionally, the equations are nondimensionalized. The following transformations
and nondimensional parameters are introduced:

_myxy+myx, _ _ om e a2
=, 2y =Xy =X, W=Xy— U, y= —————, k=4 /—, A=, /=, p="=,
my + my my +my m m

(14)
d Q CH R F
T:kt",z—-’ = —, €K , EPp = , € = ,E<<1.
() dT() g k C2+C3 p C2+C3 f mlk2

The coordinate z; describes the position of the center of mass of the dual mass system, whereas the second coordinate z,
describes the relative motion between the masses. The coordinate w describes the relative motion between the ends of the dry
friction element. Furthermore it includes the stick-slip behavior in the equations of motion of the system, and is defined in
Section 4.2. Additionally, the small parameter ¢ is introduced. Making use of the parameters in Equation (14), Equation (2) is
rewritten in the following form:

le, + (A =z —pu(l —pwzy =ef(1 —p)sinnt = efny (2, 2,)

>22 = Lw(zz) - 8f SiHI’]T = ngL,Q(ZPZZ)' (15)

z’z’—zl+</4+ .

1—p

w(zy) = e(kzy — psgn(z)))

Rewriting this last equation in a compact form with the mass matrix M, the stiffness matrix C, and the nonlinear vector f 5 (z)
results in

Mz+Cz= EfNL(Z)
) (16)
w(zy) = e(kzy — psgn(z))

For the sake of generality the nonlinear right hand sides of Equation (15) and (16) are assumed to be functions of system’s
degrees of freedom. Although the right hand side of Equation (15) is small, the equations cannot be averaged because of the
coupling on the left hand side. In order to decouple the system’s equations a nonlinear modal decoupling!*®#4! is applied. The
modal matrix R is calculated based on the linear unperturbed system (e = 0) and yields the following equations in the modal
coordinates ¢q; and g,

r r
R"MRG+R'CRq=R"f(q, R=(" "
21 T
" 2 a7
g, +niqy = e(ry 1 fnr1(4r, ) + o e 2 a2)

@) +136y = €(rinfnr.1(q1-9)) + rof a2 0))

Equation (17) has a decoupled left hand side, however the right hand side is still coupled due to the nonlinear terms. Each
modal coordinate has to be investigated in the vicinity of its corresponding eigenfrequency. Considering the vicinity of the
first eigenfrequency, it is clear, at least in linear systems, that the first modal coordinate has much higher amplitudes in the
frequency-response curve as the second modal coordinate. The larger the distance is between the eigenfrequencies, the smaller
the second modal coordinate is in the resonance regime of the first modal coordinate and vice versa. Since the system is weakly
nonlinear, it can be assumed, that it will behave in a similar way. Thus, in the vicinity of the first eigenfrequency the second
modal coordinate is neglected for the first order averaging method, since it will have small values (O(¢g)), provided the difference
between the eigenfrequencies is sufficiently large. Based on the linear system the procedure is valid as long as 7, — n; = O(1),
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see Appendix C. This method can be expanded to n-degrees of freedom. Analogously in the vicinity of a certain eigenfrequency
only the corresponding modal coordinate is considered and all others are neglected. For Equation (17) this results in

4 +may =€y fnr1(@0) +ra fyr2(1,0)

(18)
q;’ + '7%‘12 =e(rinfnea(0,92) +rnfnra0,9,)
Applying this procedure to the equations of motion of the dynamic vibration absorber leads to
q +nya; = € (u— Duryy — rip)sinne + ppryjw(q;) 19

q;’ + ’75‘12 =ef(u— D(pury —rip)sinnt + ppryw(q,)

Analogously this modal decoupling is used for the equations of the dynamic vibration isolator. The essential equations are

summarized below:
ny gl ) A2 p_d
=—’k= —’/1= —_—, = —, =kl" . = —(-),
. W/m1 \/m2 p=i37 =kt (= -0)
Cl R

£K = , Ep = ,efzi,s«l. 20)
Cl + C3 Cl + C3 m1k2

r’:;’

u=e(kx; —psgn(x;)) =w 21

x'1'+ 1+ -2 x| — br Xy = ef sinyt + w(x;)
1—u 1—u

Xy —px;+px; =0 (22)
Decoupling the equations yields

qi' + r]fql =er| fsinyt + ryw(q,)
) (23)
4y +1myqy = €ryy f sinnz + ryw(gy)

4.2 | First order averaging: Dynamic vibration absorber

The first order averaging method leads to the analytic expressions that describe the frequency-response function. To this end, the
equations are first brought in standard form with the help of a Van-der-Pol-transformation. Second, an expression for the variable
w is obtained depending on the corresponding phase angle. Third, the motion of the system is separated into the slow changing
dynamics of the system and the fast pace oscillations. Subsequently the equations are averaged and the resulting expressions for
the frequency-response curve are analyzed. The Van-der-Pol transformation is introduced for each modal coordinate for both
systems in the form

qy =A;sing;, @ = A;n cos@
. 24
4 = Aysing,, @, = Ay, cos @,

Additionally, each line of Equation (19) is investigated in the vicinity of the corresponding eigenfrequency, which implies that
the difference between the considered eigenfrequency and the excitation frequency is small, i.e. #; —n = €6; and 5, — n = €6,.
Furthermore, the slowly changing phase differences y; = ¢ — #r and y, = @, — 5 are introduced. This yields the system in
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the standard form for averaging

Hprag

Al = w(q,)cos @, — € fcos @,
m m
’ HDIr) . (I = p@)(ry = rypsin(y; — @) .
Y, = €6 — w(qy)sing; + ¢ fsingq,
: Ay Ay
(p’ =y #przlw(q)sin(p +£(1—M)("21M—"11)Sin(ll/1—(Pl)fsinq)
=m- 1 1 1
! Ay Ay
r 1—pu)(r — ryy) Sin -
A/z _ HPr w(gy) COS @y — e( W (rypp —rp) sin(y, q)z)fcos .
p) Up)
/ Hpryy . (I = )(rpop — rip) sinyn — @) .
W, = €6, — w(qy)sin@, + € S sing,.
: Ay Ay
’ HDT) . (I = w)(ropp —rip) sin(yy — @3) .
@y =M —¢ w(gy)sing, + ¢ fsing,
Axtly Ay

(I = w)(ry = ry)sin(y; — @)

11 of 21

(25)

(26)

In order to evaluate Equation (25) and (26), an explicit form for w(g;) is required. Using Equation (15) a piecewise function is
defined for w(g;). This function contains two constant sections that describe the stick phases and two g; (i.e A;, ;) dependent
sections that describe the slip-phases. Based on [35] and depending on the modal coordinate the nondimensionalized relative
motion of the dry friction is defined as

-

—KryiA; + p, /2L @< @,; ) 2p
] @, =arcsin | 1 -
kryA;sing, —p, @, <@ <n/2 ) Kry A
w(g;) = & with @, = 27
KTy A; — p, n/2<@p<zm+o,, . < 2p >
@,, =arcsin | 1 —
’ Kr22A2

KryA;sing, +p, 7+@,;, <@<3/2zn

\

The angles ¢, ; determine the transitions between the sticking and sliding system and are calculated with the continuity condition
for the function w(g;). Having determined an expression for the function w(g;), Equation (25) and (26) are averaged over the
corresponding phase angle ¢;. In order to distinguish between the general motion and the slowly changing motion, the slow
changing variables are denoted with a bar e.g A;. Averaging these equations yields

Al _ € (u = D(uryy —ryy) siny;
Al - <Al>(pl - rl_1<€w1,cos - 21, S
_y ’ _ £ ‘ _(M_l)("ZIM_rll)COSWI
1= (v, =5 <61 + Cuy sin oy f (28)
o\ _ E (= D)(uryy —ryp)siny,
A2 - <A2>q;2 - 1 <§w2,cos 2112 f
_y ’ _ £ _(l‘_l)("zzﬂ—"lz)COSVQ
v =)y, = (62 + Gy sin o f 29)
with
- 2/4pp(f<r21f§1 - )
wy,cos KA]nl 7
_ up 22 12 _(Kkry Ay =2p . -
Cupsin =~ — | K75, AT 7+ 2aresin (| ————— | ) + (4kry A; = 8p)y/ p(kry; A = p) (30)
4KA1m11 Kry A
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ppp (kry Ay —p)
KA_27]2 T

_ [ KkrpnAy,—2p - _
Cw2,sin = HP <K2r§2A§ <7L’ + 2 arcsin (L)) + (4-7(‘7‘22A2 - 8p)\/p(1<r22 A, — p)>, (31)

4x A3, KryA,

sz,cos - -

Calculating the stationary solution (fi’l =0, u‘/l’ = 0) yields an implicit function for the frequency-response curve in the vicinity
of the first eigenfrequency

M=+ €y o+ 20— Dy, — )2 = 42 . (32)

&
21‘11’71

Analyzing the existence conditions of Equation (32) yields characteristic values of the system’s nonlinear dynamics

I _ p
8{ p(Kr21A1 - p)} =0 => Al,minl = o N (33)
21

A, = 4upp?
. i K (4upraip+ f (4 = Duryy = r1))x)
3 \/fz(/l = DXury = r)* =45 o =0 = Aupo? ’ G4
- 1944
A
- K (4upryyp = f (= Dury = ryx)
_ [ = D(ury —ryx
A >0 = = 21 11 . (35)
4upry)
A} min = Max(A} v A min)- (36)

Additionally, by deriving the maximum amplitude with respect to the nondimensional friction leads to an expression for the
optimal friction value

Su—=Duryy —ryx

= 37
pl,opt 2Pﬂr21 ( )
Calculating the stationary solution (A’ = 0, = 0) yields
&
M=+ € o+ 2 = Dy = 1) = 42 2. (38)
2Am
Analogously an analysis of Equation (38) results in
: p
As in] = —» 39
2,minl KFy (39)
. 4upp*
Ap min = , (40)
m K(4#P”22P + f(u— D(ury — "12)”)
: 4upp?
Apmax = , “1
e K(4ﬂp"zzp = f(u = D(pry — "12)717)
A2,min = rnaX(AZ,minl7 Az,min2)’ (42)
J(u—D(ury —ripn
p2,min = 4 = = s (43)
HPI22
S —D(pry —rip)w
Propt = e— (44)

2pury,
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FIGURE 11 Dynamic vibration absorber

13 of 21

1\
comparison. With m; = 1kg, m, = 0.1kg, ¢, = 4 4
IN/m, ¢, = 0.IN/m, ¢; = I0N/m, R=0.5N, F =
0.0IN—- £ =0.1,6=0.01, « =099, p=495, f=1 3 3
El E
g 52
<2 <
s N
~
1 h 1
0.853 0.854 0.855 0.856 1.169 117 11471 1172
n [ n [
|7 — —Numerical sol. Analytical sol. |
FIGURE 12 Maximum amplitude comparison: Dynamic vibration absorber. With 30 \
m, = 1kg, m, = 0.1kg, ¢, = IN/m, ¢, = 0.IN/m, ¢; = 10N/m, F =0.0IN — y = 0.1, = 4o * ﬁwmm
001, K = 099, f = 1 Qé sz,num
. 21,ana
é 20 60 - _Axg,ana
C0006006006000060°

max(A;,)

Two optimal nondimensional friction that each minimize the corresponding resonance peak are obtained. However, since as
seen in Section 3.2 the first peak of the dynamic vibration absorber is much higher than the second one, the first nondimensional

friction value is the decisive optimal value.

Having derived the nonlinear solution for the modal coordinates, all that is left is the reconstruction of the solution in the
original coordinates x; and x,. To this end the following transformations are applied

nRn = 3

NN = A

-

Ay R \/A%(ﬂrﬂ —r)?

, (45)
A, ® \/A%(Wzl —ry = ry)?
Ay & \/fig(ﬂ"zz —rp)? “6)

~ 22 '
A, & \/Az(ﬂrzz =1y = ryp)?

The analytical model is validated by a comparison between its results and the results of the numerical model. This examina-
tion is limited to the vicinities of the eigenfrequencies, since otherwise the nondimensional frequency difference §; lies out of
the valid range for the averaging method. The comparison results are presented in Figure 11. The friction force and excitation
force ratio in these investigations were chosen in order to efficiently reduce vibration amplitudes at the resonance, cf. Figure 12.
An acceptable difference within the range of validity for asymptotic methods is noticed between numerical and analytical solu-
tions. Furthermore, a comparison of the maximal amplitude values between the numerical and analytical results is presented in

Figure 12.
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FIGURE 13 Dynamic vibration isolator
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4.3 | First order averaging: Dynamic vibration isolator

The method applied to the equations of motion of the dynamic vibration absorber is similarly applied to the equations of motion
of the dynamic vibration isolator. A detailed summary of the equations of this damper is presented in Appendix D. In this
section the authors limit themselves to the presentation of both implicit frequency-response curves for each eigenfrequency,
the reconstruction functions, and the optimal non dimensional friction value. The implicit frequency-response curve and the
amplitudes of the original coordinates are described by

n=mn +€&l, sint 2;1’11 r%lf2 - 4@‘3}],00511%, 47)
n=n+€&l, snt ﬁz’h r%zf2 - 4@‘3}2,005;1%, (48)
N Axle:llrlll, 49)

A, R Ay
N Ay, ~ Ayl (50)

Ay, ® Ayl

Deriving and optimal friction value for both modal coordinates results in

zf
P1opt = P2.opt = o oy

Independent analysis of both modal coordinates arrive at the same optimal friction value and is identical to the value found
in [35]. This has to be expected, since the sequential friction-spring element reacts, in this case, to the displacement of the
absolute coordinate x;. As well as with the first damper, the analytical solution for the dynamic vibration absorber shows
acceptable discrepancy compared to the numerical results, see Figure 13. As with the investigations into the dynamic vibration
absorber the magnitudes of the breakaway force and the excitation forces where chosen in order to effectively reduce vibration
amplitudes.

S | CONCLUSIONS

This work proposed two novel implementations of the amplitude-adaptive sequential friction-spring dampers and described
their behavior with numerical and analytical models. The working principle of these dampers relies on alternating frequencies
between the sticking and slipping systems, whereas conventional systems rely mainly on the dissipation achieved by the friction
contact. Springs in series with friction elements can also lead the activation and deactivation of a third spring. However, these
arrangements have a practical disadvantage in the case of an asymmetrical excitation, e.g. F(¢) = F, + F sin(€2t). In such cases
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the relative displacement of the friction contact would steadily increase or decrease depending on the sign of the excitation
offset F,. In practical situations the relative displacement is bounded, which ultimately results in a restricted damper efficiency.
Additionally, the serial arrangement of a spring and friction element is represented for case where the third spring tends to
zero (c; — 0). With an adequate choice of the breakaway friction force the proposed dampers are able to limit amplitudes,
despite the dissipation being only proportional to the displacement amplitude. These dampers are able to limit the amplitudes of
the main mass, while maintaining the advantage of an antiresonant frequency. Additionally, depending on the main objective,
either the dynamic vibration absorber or the dynamic vibration isolator can be chosen to reduce the amplitudes in the second
eigenfrequency or in both eigenfrequencies respectively. However, the dynamic vibration absorber has the additional advantage
that it is an add-on solution and can thus be added to existing systems. Apart from the practical advantages, the dynamics of both
system are investigated. Using the linear system an estimation for the breakaway amplitude is obtained. This estimate allows
a description of the systems dynamics outside the resonance regimes. For the dynamic vibration absorber a condition for the
existence of an antiresonant frequency is derived, whereas for the dynamic vibration isolator this frequency is always present.
A numerical model based on a Karnopp-friction contact is presented and used to study the influence of the newly introduced
system parameters. Examining the equations of motion of the system with the nonlinear modal decoupling and averaging methods
leads to implicit functions for the frequency-response curves. The analysis of these functions results in characteristic values of
the damper’s dynamics e.g. maximal amplitude and optimal friction values. Lastly, the analytical results are validated by the
comparison with the numerical model.

The parameter studies in Sections 3.2 and 3.3 show a greater amplitude reduction with lower stiffness values of the partly
operational spring c5. This case is not analytically investigated in this work, since these values of c; lie outside the valid param-
eter range for the chosen method. For the same reason high values of R are not investigated. However, this is not critical,
since the optimal friction value lies within the method’s valid parameter range. In order to fully describe amplitude reduction
potential of both dampers, an analytical solution for low stiffness values is required. The numerical and analytical models in
this work use a simple friction model with identical values for the sticking and slipping friction forces, which can be further
improved.

The damper limitations are apparent, when the excitation force on the dampers varies. As seen in the parameter studies in
Section 3, when the friction force is not properly tuned to the excitation force large vibration amplitudes are observed for both
dampers. As such if the magnitude of the excitation force changes the previous optimal force becomes inadequate and unable to
quench unwanted oscillations. For this cases a semi-active or active control should prove advantageous.

Regarding the practical implementation of such dampers the design of springs parallel to friction elements is common in
automotive clutches. A practical implementation is possible both dampers in order to reduce torsional vibrations in drive trains
or translational vibrations in general. The implementation against torsional vibrations can be implemented using existing tech-
nology of clutches and clutch actuators, whereas for the translational motions special design is required. A demonstrator of the
designed principle is under development.
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APPENDIX A: NONLINEAR RANGE ESTIMATION FOR THE VIBRATION ABSORBER AND
VIBRATION ISOLATOR

This appendix addresses the estimation of the linear ranges of both dampers. Since the dampers are linear while in the stick-
phase, their solution is easily obtained. At the limit amplitude A (€2) the stiction condition is broken, and the system transitions
into the nonlinear stick-slip range. The limit amplitude is estimated by introducing the linear solution into the stiction condition
inequalities. The procedure is explained for the dynamic vibration absorber and afterwards summarized by for the dynamic
vibration isolator.

The solution of the dynamic vibration absorber is obtained for the stick-phase via linear methods. Therefore the motion of
the coordinates as well as the stiction force is known. Since in practical applications the homogeneous solution steadily decays
only the forced response of the system is considered. The coordinates x;, x,, and u are given as

(c; — myQ?)F sin Qt

x () = = A,(Q)sin Qt, A.l)
l( m1m294 - (Clmz + (ml + mz)C2)Q2 + C1C2 1( (
F sin Qt A (Q
X (t) = 7 A oo (A2)
mimQ* — (c;my + (my + my)er)Q% +cje, ¢y — myQ2?

ut) =x,(t) —wy & wy = const. (A.3)

Introducing Equations (A.1)—(A.3) in the stiction force and the stiction condition yields
[H(@®)| = [eyu(®) = x1(1) — e3(x2 (1) — u(®))| = |ea(x,(1) — wy — x, (1)) — c3wy| < R, (A4)

c . myQ%c, .
= —2 - C2 AI(Q) sin Qt - (C2 + C3)LUO = —2A1(Q) Sin Qt - (C2 + C3)LUO S R. (AS)

C2 - ng C2 - m2Q

Applying the triangle inequality on Equation (A.5) an estimate for the maximum value of the stiction for is obtained as

ngZCZ .
|H®)| = —ZAI(Q) sin Qf — (¢, + ¢c3)wy (A.6)
C) — 29
H m292C2 . m292c‘2
|H@®)| < WAI(Q) sin Q1| + |—(cy + c3)wy| < PR A(Q) + (cy + e3)|lwyl < R (A7)
27 L)

Since the triangle inequality was applied Equation (A.7) represents a conservative estimate for the stiction force. Thus the
motion fulling Equation (A.7) will surely be linear. An estimation of the frequency dependent limit amplitude of the linear
system A (€2) is obtained by considering the limit case of Equation (A.7). Oscillation amplitudes below A; (€2) lead to a system
which is exclusively in the stick-phase, whereas amplitudes above A (€2) lead to a system in the nonlinear range with alternating
stick- and slip-phases. The limit amplitude is given as

m292 —C
m292C2

AQ <AL= (R= (3 + ex)lwpl),  with || < (A8)

C2+C3.

For the dynamic vibration isolator the solution of the stick-phase is identical to Equations (A.1)—-(A.3) and is introduced into the
stiction condition

|H| = |c;x; — (¢ + c)ugl < R. (A.9)
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An analogous procedure is used to determine the limit amplitude of the dynamic vibration isolator. The equations are summarized
as follows

|H| = IC]A](Q)SiHQt - (Cl + C3)u0| S |C1A1(Q) Sant| + | - (C] + C3)U0|
|H| < |c; A1 ()] + [(c; + c3)ugl < R

R—(c; +c3)|u
AQ <A = M, with |uy| < .
Cq cptc3

APPENDIX B: PARAMETER STUDY RESULTS FOR THE COORDINATE x,

FIGURE B1 Parameter study: dynamic vibration

absorber - breakaway force R € [0.3N(blue), 0.8N(red)] in

A7 172 1174 steps of 0.02 N. With m; = 1kg, m, = 0.1kg, ¢, =
[rad/s] IN/m, ¢, = 0.IN/m, ¢; = 10N/m, F = 0.0IN

0
0.852 0.854 0.856 0.858 1.168 1
Q [rad/s] Q

Q =2 wop
15 15
E 10
&
<
5
FIGURE B2 Parameter study: dynamic vibration
absorber - stiffness ¢; € [0.01N/m(blue), ION/m(red)]
0 0 in steps of 0.01 N/m until 1 N/m afterwards in steps of
0.852 0.854 0.856 0.858 1168 117 1172 1174  |N/m. With m, = 1kg, m, = 0.1kg, ¢, = IN/m, ¢, =
Q [rad/s] Q [rad/s] 0.IN/m, R =0.5N, F =0.0IN
25 25 Q ~ woy
20
g 15
g
< 10
5 J )
FIGURE B3 Parameter study: dynamic vibration
0 isolator - breakaway force R € [0.9N(blue), 2.0N(red)]
0.852 0.854 0.856 0.858 1.168 117 1172 1174 jp steps of 0.05 N. With m, = kg, m, = 0.1kg, ¢, =
Q [rad/s] Q [rad/s] IN/m, ¢, = 0.IN/m, ¢; = 100N/m, F = 0.0IN

95U8017 SUOLULLIOD 9AIIe1D) 3[cedtdde U Aq pauenob ae oIl O ‘SN JO S3|NJ 10j ARIq1T 8UIIUO A1 UO (SUO N IPUOD-PUE-SLLIBI WD  AS 1M AleIq 1jBul [UO//:SdNY) SUOTIPUOD pue SIS 18U 89S *[220z/0T/8T] Uo AriqiTauliuo As|im ‘91Bojouyde ] 4 1suj Jaunssiey Aq £62008T0Z WWEZ/ZO0T OT/I0p/u0d A | Im Aleiq1jBul|uoy/ sty wouiy pspeojumod ‘2 ‘TZ0Z ‘TO0YTZST



ARAMENDIZ ET AL. 19 of 21

FIGURE B4 Parameter study: dynamic vibration 15 15

isolator - stiffness c; € [0.1N/m(blue), 100N /m(red)]
in steps of 0.1 N/m until 1, afterwards steps of 1 N/m
until 10 N/m, and finally steps of 10 N/m until 100 N/m. 10
With m; = 1kg, m, = 0.1kg, ¢, = IN/m, ¢, = E) =
0.IN/m, R=1.5N, F =0.0IN 3 g
< <
5
0 0
0.852 0.854 0.856 0.858 1168 1.17 1172 1.174
Q [rad/s] Q [rad/s|

APPENDIX C: LINEAR ESTIMATE OF THE MODAL DECOUPLING VALIDITY

First, it is assumed that the frequency response curves of the modal coordinates have the form

ef

~— (C.1)
In® —n?|

q;

Without loss of generality the first coordinate is considered; it applies that g; = O(1) when the |7 —#;| = O(¢) or in other
words when 1 = n; + O(¢g). That said, the magnitude of the second modal coordinate is investigated in the vicinity of the first
eigenfrequency. It follows that

€
=M+ 0E) — 6 = —L— + 0. 2)
ny =l
In order for g, = O(¢) the following relation must apply
m —m = O(). (C.3)

APPENDIX D: FIRST ORDER AVERAGING EQUATIONS FOR THE DYNAMIC VIBRATION
ISOLATOR

The Van-der-Pol transformations are the same as for the dynamic vibration absorber:
qp = Aysing, @ =An cos g,
4 = Aysing,, @y = Ay, COS ;. (D.1)

The transformation above leads to the system in standard for for both modal coordinates

Al = 5% o,
L= n—lw(fh)COS [ —5zf sin(y; — @) cos ¢,

’ 11 11 .
v, =€6) — ——w(q)cosp; + ¢ S sin(y; — @) cos g,
! Ay Amy
(p'1 =n — Lw(ql)cos @ +e€ al fsin(y; — @) cos @ D.2)
Aym Apmy

r_ T2 "2 .o
A5 = n—w(qz) Cos @, — en—f sin(y, — @,) cos @,
2 2

av av .
W) = €6y — ——w(q,) Cos @, + € S sin(y, — @,) cos @,
Aoy Ay
r_ av rip .
@y =M — ——w(gy)cos g, + ¢ f sin(y, — @,) cos @,. (D.3)
Ay Aoy
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The averaging of Equations (D.2) and (D.3) yields

T ’ _
A=A, =

_ r
W{ = <W{>¢1 1 51 +€w1,sin - n S cos W1> (D.4)

1/ ! r 1
A, = <A2><p2 = £<€Wz~cos - ﬁfsmw)

m
-/ / 13 r
- N in T 54 D.
1z <W2>(,,2 ’12 03 + Cu, sin ZﬂzAszOS q/2> (D.5)
with
¢ _ 2p(xkri Ay — p)
wy,cos K/ilnln:
1 _ (kri A —=2p _ -
Cuw, sin = —m<K2r%1A% <7z + 2arcsin <ﬁ>> + (bicry Ay — 8p)\) pxcry, A, — p)), D6)
17m 14,
¢ _ 2p(krinAy — p)
W ,COS ngnzﬂ
2 2.2 22 . Kr]zAz—Zp _ —
Cwnsin = ————— <K ri, A5\ =+ 2arcsin | ————— + (4xrp Ay — 8p)\/ p(krn Ay — p) ). (D.7)
w,.5in 4KA%7H]2 Kri A,

Calculating the stationary solution (A" = | = A, =y, = 0) for Equation (D.6) and (D.7) results in the implicit frequency-

response functions

— 3 2 2 2 2
n=mt 6Cw1,sin + 24, \/rllf - 4€w1,cosn1’ (D.8)
&
n=mn+ eng,sin T — \/r%zfz - 443)2’(;05’1%- (D9)
2A5m

By analyzing Equation (D.8) and (D.9) characteristic values of the damper are derived

T p
Al min1 = e (D.10)
_ 4p2
A= : (D.11)
I, min2 Kr11(4r11p—ﬂf)
_ 4p?
Al = , (D.12)
max Kr11(4r11p+7rf)
"Tl,min = max(AZ,minl’ AZ,minZ)’ (D.13)
nf
P1min = % (D.14)
zf
Plopt = 57 (D.15)
A, =L (D.16)
2,minl — K"u’ .
_ 4p?
Ay iy = 2 (D.17)

Kr12(4r12p—ﬂf)’
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4p2
Kr12(4r12p + ﬂf) '

A2,max =

A) min = Max(Ay in> A2 min2)»

zf
pZ,min = T’

zf
Propt = o

In order to describe the original variables x; and x, the following transformations are applied

A~ Ayl
nrn = AL ,
Ax2 ~Ajlry |
Ay, & Aylrp|
nxn = o .
Ax2 %A2|r22|
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