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Abstract: The relative motion of transverse cable dampers is smaller than predicted by the taut string
model because of the effects of bending stiffness and fixed support conditions. As a result of the
reduced damper motion, the dissipated energy per cycle is reduced as well, which may explain
why damping measurements on real stay cables with transverse dampers often show lower cable
damping ratios than expected from the taut string theory. To compensate for the reduced damper
motion and damper efficiency, respectively, a semi-active cable damper is proposed. The controllable
damper is realized by a hydraulic oil damper with real-time controlled bypass valve whereby the
resulting damper force is purely dissipative. The proposed control law is clipped viscous damping
with negative stiffness. The viscous coefficient is adjusted in real time to the actual frequency of
vibration to generate optimum modal damping while the negative stiffness component partially
compensates for the reduced damper motion due to the flexural rigidity and fixed support conditions
of the cable. The measurements of the prototype semi-active hydraulic damper are used to derive a
precise model of the semi-active damper force including the control force constraints due to the fully
open and fully closed bypass valve. This model is used to compute the cable damping ratios of the
first four cable modes, for typical damper positions, for a taut string model and for a cable model
with flexural rigidity and fixed supported ends. The obtained cable damping ratios are compared to
those resulting from the passive linear viscous damper being optimized to the first four cable modes.
The results demonstrate that the proposed semi-active cable damper with the consideration of the
minimum and maximum control force constraints significantly enhances the cable damping of the
first four modes compared to the linear viscous damper.

Keywords: cable; control; damping; semi-active; negative stiffness; vibration

1. Introduction

Stay cables are susceptible to vibrations because of their low inherent damping [1,2].
The transverse cable amplitude may become unacceptably large when the excitation fre-
quency due to vertex-shedding matches one of the cable eigenfrequencies whereby the
entire excitation energy is transmitted to one modal component [2-10]. Such cable vi-
brations with amplitudes in the range of 0.3 m to 0.6 m have been observed on several
stay-cable bridges, e.g., the Dongting Lake Bridge in China [11], the Franjo Tudjman Bridge
in Croatia [12] or the Alamillo Bridge in Spain [13].

The common countermeasure is to install transverse cable dampers close to the deck
anchor [14-18]. The selection of the damper position relative to the cable length, which
is often between 2% and 3%, is a critical issue. On the one hand, the damper position
must be great enough to guarantee at least the required damping ratios in the targeted
modes. On the other hand, the damper must not be positioned too far away from the
deck anchor because of aesthetic reasons, additional costs of tall damper supports and
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geometrical conflicts of the damper support with the anchor of the neighbour cable. The
common procedure is to optimize the viscous damper coefficient to the targeted modes in
order to guarantee at the required damping in lowest and highest targeted modes whereby
the damper position is automatically minimized [19]. This analytical method is based on
optimum modal damping, assuming that the cable can be modelled as a taut string, i.e.,
a cable without bending rigidity and with simply supported ends [14-16]. However, real
cables show the effects due to bending rigidity and fixed support end conditions which
necessitates a different design of the damper viscous coefficient and reduces the attainable
cable damping ratio significantly as presented in [20-22]. The studies [20-22] estimate that
the bending rigidity and fixed support end conditions reduce the attainable cable damping
ratio in one target mode by approximately 20% compared to the attainable damping
ratio assuming a taut string behaviour. However, the experimental investigations on a
single strand with fixed support end conditions and bending rigidity described in [23,24]
demonstrate that the cable motion at typical damper positions is reduced by 20% to 40%
compared to the taut string model prediction. This means that the cable damping ratio due
to a transverse damper is at least 20% to 40% smaller than expected from the closed-form
solution /2 a/L (a: damper position, L: cable length, valid for a/L ~ 1 %) being valid for a
taut string behaviour. This estimation agrees well with the experiments reported in [25-31]
which show that the measured additional cable damping ratio due to the transverse damper,
i.e., the total cable damping ratio minus the inherent cable damping ratio, is often around
50% to 70% of the theoretical value 1/2 a/L being valid for a taut string behaviour. Besides
the effect of the reduced damper motion, other effects may also lead to reduced cable
damping ratios such as insufficient damper activation due to manpower excitation of
real stay cables with great modal mass [32], friction damping [33-35], excitation of higher
order modes necessitating low pass filtering during post-processing of the measurement
data [29,35], force tracking errors in case of controllable dampers [24-27,36-40] and the
fact that the damping estimation 1/2 a/L is valid for a/L ~ 1 % but transverse dampers are
commonly positioned at 2% to 3% of the cable length.

This testimony of cable damper tests and even the development of other damper
concepts [41-43] show that efficient and reliable stay cable dampers is a need to ensure
the serviceability of cable-stayed bridges [44]. This paper therefore describes the damping
efficiency of a prototype semi-active hydraulic damper whose actual force is controlled in
real time by the controlled bypass between the minimum and maximum damping forces
due to the fully open and fully closed bypass valve. The adopted control law is clipped
viscous damping with negative stiffness whose viscous coefficient is adjusted to the actual
frequency of motion in real time generating optimum modal damping and the negative
stiffness force helps to increase the damper motion in order to dissipate more energy than
the passive damper. The implementation of the control law in programmable logic control
(PLC) is explained and the according control flow chart is presented. Furthermore, it is
explained how the control force tracking task is solved without the use of a force feedback
in order to save the costs of a force transducer for each semi-active cable damper. The
cable damping ratios resulting from this adaptive damper with the consideration of the
minimum and maximum damper force constraints are computed for the first four cable
modes, for typical damper positions, for a taut string cable model and for a cable model
with the effects of bending rigidity and fixed support conditions. The results are compared
to those obtained from the passive linear viscous damper being optimized to one targeted
mode and the passive linear viscous damper being optimized to the first four targeted
modes. The former benchmark is a theoretical one because transverse dampers are never
optimized to one modal component only while the latter benchmark represents the practical
one. The comparative study demonstrates that the proposed prototype semi-active damper
significantly enhances the cable damping ratios of the targeted modes even with the control
force limitations due to the fully open and fully closed bypass valve.
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2. Cable with Passive Transverse Damper
2.1. Cable without Bending Rigidity and Simply Supported Ends

The cable model without bending rigidity and with simply supported ends is given
by the taut string model

0%v(x, 0%v(x,
T g(x];t)—m zg(;;t):fé(x—a) 1)

where T denotes the cable force, m is the mass per unit length, v(x, t) is the transverse cable
motion, f describes the force of the transverse damper, 6(x — a) is the Dirac delta function
that applies the damper force f at position x = a where a is the damper position from the
left anchor. For the real cable the left anchor corresponds to the anchor on the bridge deck
(Figure 1a). The boundary conditions for the simply supported ends become

0%v(x = 0,t)
dx?

%v(x = L,t)

=0,t) =0,
o(x ) ox2

=0,v(x=L,¢t)=0, =0 2)
where L is the cable length. This means that bending moments at both ends are zero

whereby the modeshape functions are given by sine functions

. /NTT
Vu(x) = szn(T) 3)
where 1 is the mode number.
(a) (b)
< L > -« L >
<% > <25
m, T K a m, T
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E 4 1=t controllable c(t)

Figure 1. Schematic of cable with (a) passive transverse viscous damper and (b) with controllable
transverse viscous damper.

2.2. Cable with Flexural Rigidity and Fixed Supported Ends

Modeshape measurements on a single steel strand with seven wires and fixed support
ends were performed using a laser-based displacement sensor (Figure 2a). The length of
the steel wire strand was approximately 15.5 m and the mass per unit length including the
additional masses was approximately 1.17 kg/m and the pre-stressing force was approx-
imately 33 kN. The measured modeshape, which can be described by sinus-hyperbolics
and cosine-hyperbolics functions, clearly deviates from the sinusoidal modeshape function
being valid for a taut string with simply supported ends and without flexural rigidity
(Figure 2b). The measurements show that the transverse cable motion especially deviates
from the sinusoidal modeshape between the anchor and approximately 5% of the cable
length which is the range where transverse dampers are commonly positioned. If the cable
model includes the fixed end conditions and the flexural rigidity, the cable can be modelled
by the beam modelling approach

o*v(x,t) 0%v(x,t) %v(x,t)
EI o +T 52 M0 =fo(x—a) 4)

where E is the elastic modulus of the cable and I is the second moment of area. The
boundary conditions for the case of the fixed supported ends are as follows:
dv(x =0,t)

v(x=0,t)=0, —————==0,v(x=L,t) =0,

e =0 ©)
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Figure 2. Measured modeshape of first cable mode: (a) single strand with additional masses and
fixed support conditions (close-up) and (b) measured modeshape compared to theoretical modeshape
due to simply supported ends.

These boundary conditions mean that the bending moments at both cable ends are not
zero which leads to modeshape functions based on a linear combination of sine-hyperbolic,
cosine-hyperbolic, sine and cosine functions

Va(x) = —% sinh(Bn x) — % cosh(Bn x) + sin(By x) + % cos(Bn x) (6)

Bn sinh(Bn L) + oy sin(a, L) .
—ay cosh(Bn L) + ay cos(ay L) @

where a1 L =3.181 and B L =1.624 etc., see [23]. This cable model is validated by adjusting
E I to obtain the measured modeshape.

Gn:

2.3. Cable Model for Simulation

For the simulation of the cable model with transverse damper, the partial differential
Equations (1) and (3) are discretized, adopting a finite truss element modelling approach
with the spatial sampling interval Ax < L that is selected small enough to ensure precise
approximation of the partial differential Equations (1) and (3) [24,34,35,45]

MV +Cv.+Kv =g f(t)+ Fe 8)

where M, C and K denote the mass, damping and stiffness matrices, v is the vector of
the transverse displacements, ¢ is the connectivity vector of the transverse damper force
and the excitation force vector Fey is introduced to excite the cable model harmonically at
the eigenfrequencies of the considered modes. The inherent cable damping ratio ¢,y is
assumed to be 0.4% which is a typical value of the first few modes of stay cables [2,29,30].

2.4. Optimum Viscous Damper for One Targeted Mode and Taut String Behaviour

The force of the passive transverse damper is assumed to produce linear viscous damping

flt) = — 2@ ©)
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where ¢ denotes the viscous damper coefficient in (Ns/m). According to the litera-
ture [14-16], the optimum value of ¢ for maximum damping in mode # and assuming
that the cable dynamics can be described by the taut string model is given as follows
T
c=¢cr e (10)
a wy

where w; denotes the eigenfrequency in rad/s of mode 7. The resulting damping ratio in
mode 7 is given by the simple approximation

la
™51 (11)
The expressions (10) and (11) are only valid for a taut string, i.e., a cable with simply
supported ends and without flexural rigidity, and a transverse damper being optimized to

one targeted mode and not to several modes as commonly specified for real stay cables.

2.5. Optimum Viscous Damper for Several Targeted Modes and Taut String Behaviour

Cable dampers are always specified to provide at least the required damping ratio in
several targeted modes, e.g., the first four modes. Then, the solution (10), which maximizes
the damping in one targeted mode, does not yield the optimum tuning of the transverse
damper. As shown in [19], the optimum tuning of c targeting several modes is obtained by
equating the damping ratios in the lowest (mode number i) and highest (mode number j)
targeted modes and setting these damping ratios equal to the required damping ratio Creg.
Then, the optimum of the viscous damper coefficient for maximum damping of modes i to
j becomes

c= (c‘)pt T

opt - 12
’7])min(a) greqL CU1(1 +]) .

The according damper position is automatically minimized because the damping
ratios of the lowest and highest targeted modes just meet (}eq, that is

min gi’ﬁ ( + )
(1), - Cmlie] w

The resulting damping ratio in mode 7 then becomes

() = Greg 1 (i+]) (14)

i=j n?41ij

3. Semi-Active Cable Damper
3.1. System Description

The semi-active damper is realized using a conventional passive oil damper which
is enriched by a controlled bypass with electromagnetic valve (Figure 3a). To limit the
maximum viscous force at fully closed bypass valve, a small passive bypass is added. The
oil volume stream of this passive bypass valve and therefore the maximum oil damper
force is tuned by a passive throttle within the passive bypass. The controlled bypass valve
in combination with the passive bypass generate quadratic viscous damping because both
bypasses act as throttles. The controllable viscous coefficient as function of the applied
electromagnetic valve current defines the control force range between the minimum and
the maximum viscous coefficients; the according look-up table data is depicted in Figure 3b.
The control law of clipped viscous damping with negative stiffness is computed based
on the collocated relative damper motion, which is measured by the displacement sensor
measuring the relative motion between damper cylinder and damper piston and which is
equal to the transverse cable motion at damper position.
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Figure 3. (a) Semi-active hydraulic damper; (b) measured steady-state relation between electromag-
netic valve current and resulting controllable viscous coefficient.

3.2. Control Law

The control law is semi-active linear viscous damping with negative stiffness (clipped
VDNS), which can be realized by collocated control and is proven to be a very efficient
damping algorithm (Figures 1b and 5, [24,38,39]). The high damping efficiency of clipped
VDNES is explained by the fact that VDNS combines energy dissipation by the viscous force
while the negative stiffness force increases the relative motion of the damper which leads
to increased cycle energy within the damper. In addition, the control force characteristics
of VDNS are similar to those resulting from optimal control as shown in [24]. For these
two reasons, i.e., enlarged damper relative motion due to the negative stiffness force and
optimal control similarity, VDNS is a very effective damping strategy. Further benefits are
that VDNS does not require a state observer as optimal control does and that it works for
any type of excitation, i.e., for single harmonic, narrow and broad band excitations because
the desired semi-active control force can be computed in real time based on the measured

actual damper motion only. In the following, the most relevant steps of the control law
opt

frequency
time to the actual frequency of vibration in order to generate optimum modal damping (15).

The negative stiffness coefficient k is formulated based on the known parameters T and
a [46]. The two tuning parameters g; and g» are needed to compensate for the damping
increase and stiffness loss due to the clipping of the active desired control force; more
information on undesired damping increase and stiffness loss due to clipping can be found
in [47]. Reasonable values for g1 and g, are 0.80 and 1.20 [46]. The main modules of the
control algorithm are shortly described here (Figure 5):

computation are explained. The viscous damping coefficient ¢ is adjusted in real

e Bandpass filtering of damper relative motion (displacement sensor signal, Figure 3a)
to remove offset and noise in the displacement signal.

e  Derivation of damper relative velocity by numeric differentiation with subsequent
low pass filtering to attenuate noise due to the numeric differentiation.

e  Frequency detection from the peaks of the displacement signal resulting in a maximum
time delay of half a period. This time delay is more than acceptable considering that
resonant vibrations are long standing vibrations, see cable vibration measurements
presented in [30].

e Computing the desired active control force fggsti”e (17) and the desired semi-active
control force fymi-active (18),

e  The control force tracking task is solved in two steps. First, the desired viscous
coefficient c.5(t) of the controllable damper is computed based on the desired semi-
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displacement
sensor

active control force (19) and the actual damper relative velocity, then the desired
current of the electromagnetic valve is computed based on the steady state relation
between valve current and viscous damper coefficient (Figure 3a, (20)). Equation
(19) shows that the controllable damper exerts quadratic viscous damping at constant
bypass valve position, i.e., at constant valve current, because both the controlled bypass
valve and the passive bypass act as throttles resulting in quadratic viscous damping.
The PID-based current controller including an anti-reset windup (ARW) due to the
current limitations ensures that the actual valve current precisely tracks the desired
current i .

The state variables, which are given as function of time ¢ in (15)-(20), are computed in
real time at the controller frequency of 1000 Hz.

The closed-loop structure consisting of hardware components, software components
and cable damper dynamics is depicted in Figure 4.

hardware software hardware
R T T [ 1
1 [ [ !
| |displacement [} | | control | current | i ! |electro-magnetic i
i sensor i 1| algorithm "I controller | 1 i valve !
! A P P :
L« R i PO [, o
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Figure 4. Closed-loop structure.
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Figure 5. Structure of real-time control algorithm.
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gemi-active(t) _ { ggzve(t) : ggwe(t) dv%i t; <0 as)

es i v(a,

0 des " (8) =g~ >0
| semi—active(t) |
Chos(t) = 1245 19
des( ) (dv(a,t))z ( )
dt

ides(t) = funCtion(Cdes(t)z Cinins szzx) (20)

3.3. Experimental Validation

The control algorithm described in 3.2 is experimentally validated with an active
hydraulic damper imposing a displacement with defined frequency and amplitude into the
semi-active damper, see Figure 3a. The goal of this experiment is to determine the real-time
force tracking accuracy without using a force sensor (no force feedback in the algorithm) in
order to save the costs of a load cell for each semi-active cable damper. The test results at the
amplitude of 20 mm and the frequency of 0.27 Hz are depicted by the force displacement
and force velocity curves of the desired semi-active control force and the actual force of
the semi-active damper in Figure 6. The experimental results demonstrate that the force
tracking error between the desired semi-active control force and the actual semi-active force
are predominantly caused by the minimum and maximum viscous coefficients resulting
from the fully open and fully closed electromagnetic valve. These force tracking errors
cannot be avoided even with force feedback because the minimum and maximum viscous
coefficients determine the force limitations of the controllable damper.

(a) tested: sinusoidal displacement, 20mm, 0.27Hz (b) tested: sinusoidal displacement, 20mm, 0.27Hz
150 7 ‘ ‘ T — B m— i — 15[ — — T . T .
————— desired semi-active force ----= desired semi-active force
actual semi-active force actual semi-active force
¥ - — - - maximum viscous force ———-maximum viscous force
or Yy e minimum viscous force || L0 of (R minimum viscous force

(9]
T
w

damper force (kN)
o
[
|

&
|
|
|
|
|
|
|
|
|
damper force (kN)
o

'
w

-10t 1 -10

-15+

1 L Vi L 1 L 1
-20 -15 -10 -5 0 5 10 15 20 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
damper relative motion (mm) damper relative velocity (m/s)

Figure 6. Experimental verification of clipped VDNS with hydraulic damper with real-time controlled
bypass valve for sinusoidal displacement input (no cable damper interaction): (a) force displacement
curves and (b) force velocity curves of desired and actual semi-active damper forces with according
minimum and maximum control force constraints.

3.4. Modell of Semi-Active Damper Force including Force Limitations

For the simulations of the cable model with semi-active damper, the actual force of the
semi-active damper is modelled by the actual semi-active control force that is equal to the
desired semi-active control force, including the force limitations due to the minimum and
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maximum viscous coefficients at fully open and fully closed bypass valve, i.e., at maximum
and minimum valve currents, see Figure 3b (21).

semi—lactive (t)
actua
i do(a,t) do(a,t) 2 . | fsemi-active do(a,t) 2
sign dt Crmin dt . |fdes (t)| < Cmin At
2
i-acti . dv(a,t i-acti dou(a,t
55:11 e zve(t) . Cmin( Sjt )> < |f§5§” actioe (t)| < Cmax( {gt ))
2 2
. do(a,t do(a,t i-acti do(a,t

Slgn( vrgli ))Cmax( vc(ii )) . |f;g;m active (t)| > Cmax( vgg ))

4. Simulation results
4.1. Assumptions, Cable Properties

(21)

The simulations with transverse damper are performed for the following damper
types, assumptions, vibration modes, cable properties and damper positions:

e  Damper types:

- Passive linear viscous damper being optimized to one targeted mode, i.e., the
excited mode, which represents a theoretical benchmark as passive dampers
always need to mitigate several targeted modes.

- Passive linear viscous damper being optimized to the targeted modes 1 to 4 de-
scribing the realistic benchmark.

- Semi-active damper controlled by clipped VDNS including the control force
constraints due to the minimum and maximum controllable viscous coefficients.

e  The vibration mitigation of the considered transverse dampers are computed for the
first four cable modes.

e  Single mode vibrations are considered as resonant vibrations result in greatest cable
displacement amplitudes.
The excitation force due to vortex-shedding is modelled as harmonic excitation.
The simulations are performed assuming typical cable properties and typical damper positions:

- Cable length L =300 m.

- Cable tension force T = 6700 kN.

- Mass per unit length m = 100 kg/m.

- First eigenfrequency f1 = 0.431 Hz (determined by L, T, m).

- Inherent cable damping ratio {apje= 0.4%.

- Relative damper positions a/L = 1%, 1.67%, 2%, 2.5% and 3%.

4.2. Excitation Force Amplitude

The excitation force amplitude is selected to obtain L/1700 anti-node displacement
amplitude V,, during steady state conditions to ensure that the semi-active damper includ-
ing control force constraints is operated in the typical range of damper relative velocities
with associated typical semi-active damper forces. After reaching steady state vibrations,
the excitation force is turned off to simulate the free decay response (Figure 7).

4.3. Damper Performance Assessment from Free Decay Response

The efficiencies of the passive damper and of the semi-active damper with control
force constraints are assessed from simulated free decay responses adopting the logarithmic

decrement method v
5 =In{ - ) 22
l (Vz‘+1 22
where V; denotes the anti-node cable displacement amplitude of period i during the free

decay response and V. is the anti-node amplitude of the subsequent period. This yields
the damping ratio as follows

J;

N Yy

- g cable (23)
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where the cable inherent damping ratio is subtracted from the damping ratio obtained from
the free decay response.

(a) passive damper, a/L=2%, mode 1 excited (b) passive damper, a/L=2%, mode 1 excited
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Figure 7. Simulated free decay responses of mode 1 for a cable with (a) passive viscous damper
optimized to mode 1, (b) passive viscous damper optimized to modes 1 to 4, (c) clipped VDNS with
control force constraints.

The damping assessment from the free decay response is selected because the cable
damping due to the semi-active damper cannot be determined in a different way due to
the nonlinearities of clipping and control force constraints. Because of these nonlinearities
the peak-to-peak damping ratio is not fully constant as for linear transverse cable dampers.
Therefore, the damping of the free decay response is assessed from the exponential fit of the
free decay response between decay start and 10% of the steady state amplitude [29,30,34].
Figure 7 depicts examples of the exponential fits for a passive damper being optimized
to the excited mode (10), a passive damper being optimized to the first four targeted
modes (12) and for the semi-active damper with the consideration of the control force
constraints. Figure 7c shows that the local peaks during the free decay response match well
the exponential fit. Hence, the nonlinearities due to clipping and control force limitations of
the semi-active damper are minor and therefore do not falsify the damping determination
by the exponential fit method.
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4.4. Damper Efficiency

The efficiency 7 of the transverse dampers is determined by comparing the damping
ratio obtained from the exponential fit of the free decay response with the theoretical
damping ratio due to linear viscous damping being optimized to one target mode

(@fit - écable) — Cnum

n= (24)

N|—
==

The numerical damping (., which is subtracted from (¢ fit — G cable), is determined
for the simulation case of optimum modal linear viscous damping for which the resulting
damping ratio is known by the analytical expression L/ (2 a) where L denotes the half
wavelength [14-16]. Note that the numerical damping of significantly less than 0.1% results
from any integration algorithm and therefore cannot be avoided.

4.5. Results

The damping ratio due to the damper (including the numerical damping) and the
according damper efficiency (24, without numerical damping) are given in Tables 1-4 for
modes 1 to 4 as function of:

e  Damper types:

- Passive, tuned to mode X (1, 2, 3, 4): linear viscous damper being optimized to
the excited mode (19); this is a theoretical benchmark because transverse cable
dampers always need to provide the specified damping in several targeted modes;
this computation is required to determine the numerical damping.

- Passive, m1-m4: linear viscous damper being optimized to the targeted modes 14 (12).

- Semi-active: clipped VDNS including control force constraints due to cpin and cmax (21).
e Cable model:

- Taut string: cable without flexural rigidity and simply supported ends.
- FRand FSC: cable with flexural rigidity and fixed support end conditions.

e  Relative damper positions a/L = 1%, 1.67%, 2%, 2.5% and 3%.

Table 1. Results for mode 1 excited.

Cable

Damper Type Model alL (%) gfit_gcable (%) gnum (%) /2 alL n (%)
passive, tuned to taut string 0.505% 100% (*)
mode 1 FR & FSC 0.354% 69.8%
passive, tuned to taut string 1% 0.403% 0.005% (*) 0.5% 79.6%
modes 14 FR & FSC 0.198% 38.6%
i-acti taut string 1.036% 206.2%
semi-active FR & FSC 0.571% 113.2%
passive, tuned to taut string 0.848% 100% (*)
mode 1 FR & FSC 0.716% 84.2%
; taut strin, 0.675% 79.3%
passive, tuned to g 1.67% 0.013% (*) 0.84%
modes 1-4 FR & FSC 0.431% 50.1%
o taut string 1.723% 204.8%
semi-active _— R ——— _—
FR & FSC 1.310% 155.3%
passive, tuned to taut string 1.021% 100% (*)
mode 1 FR & FSC 0.912% 89.1%
passive, tuned to taut string 2% 0.811% 0.021% () 1% 79.0%
modes 1-4 FR & FSC 0.570% 54.9%
taut string 2.058% 203.7%

semi-active - - o
FR & FSC 1.790% 176.9%
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Table 1. Cont.

Cable

Damper Type Model alL (%) Cfitfgcable (%) gnum (%) 1/2 alL n (%)
passive, tuned to taut string 1.284% 100% (*)
mode 1 FR & FSC 1.194% 92.8%

: taut stri 1.017% 78.6%
passive tunedto  _ AWSTME g5 TR 0034% (Y 125% o
modes 1-4 FR & FSC 0.775% 59.3%

Cacti taut string 2.636% 208.2%
semi-active - - _
FR & FSC 2.395% 188.9%
passive, tuned to taut string 1.549% 100% (*)
mode 1 FR & FSC 1.471% 94.8%
passive, tuned to taut string 3% 1.224% 0.049% (%) L5% 78.3%
modes 1-4 FR & FSC 0.978% 61.9%
o taut string 3.169% 208.0%
semi-active _— N J
FR & FSC 3.014% 197.7%
(*) numerical damping determined from (y;; due to passive viscous damping optimized to excited mode to obtain
7 = 100%.
Table 2. Results for mode 2 excited.
Damper Type Nl AL OR GTeie OO Cum (6 V2all (%)
passive, tuned to taut string 0.506% 100% (*)
mode 2 FR & FSC 0.354% 69.6%
passive, tuned to taut string 1% 0.506% 0.006% () 0.5% 100.0%
modes 1-4 FR & FSC 0.354% 69.6%
o taut string 1.025% 203.8%
semi-active FR & FSC 0.571% 113.0%
passive, tuned to taut string 0.849% 100% (*)
mode 2 FR & FSC 0.716% 84.1%

; taut stri 0.849% 100.0%
passive, tuned to SRS qere o 0014% () 0.84%
modes 1-4 FR & FSC 0.716% 84.1%

S taut string 1.732% 205.7%
semi-active FR & FSC 1342% 159.0%
passive, tuned to taut string 1.023% 100% (*)
mode 2 FR & FSC 0.913% 89.0%
passive, tuned to taut string 2% 1.023% 0.023% () 1% 100.0%
modes 1-4 FR & FSC 0.913% 89.0%
o taut string 2.083% 206.0%
semi-active —_— _— _—
FR & FSC 1.807% 178.4%
passive, tuned to taut string 1.288% 100% (*)
mode 2 FR & FSC 1.196% 92.6%

: taut stri 1.288% 100.0%
passive, tunedto _ ATSHNE 55, TP o038 (f)  125%
modes 1-4 FR & FSC 1.196% 92.6%

o taut string 2.574% 202.9%
semi-active —_— _— -
FR & FSC 2.461% 193.8%
passive, tuned to taut string 1.557% 100% (*)
mode 2 FR & FSC 1.474% 94.5%
passive, tuned to taut string 3% 1.557% 0.057% (% 15% 100.0%
modes 1-4 FR & FSC 1.474% 94.5%
o taut string 3.083% 201.7%
semi-active _— N J
FR & FSC 3.081% 201.6%

(*) numerical damping determined from (y;; due to passive viscous damping optimized to excited mode to obtain
7 =100%.
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Table 3. Results for mode 3 excited.

Cable

Damper Type Model alL (%) Cfit—Ccavte (%) Cnum (%) 1/2 a/L 171 (%)
passive, tuned to taut string 0.506% 100% (*)
mode 3 FR & FSC 0.354% 69.6%

; taut stri 0.465% 91.8%
passive tunedto _ AWSTME g, YR g006% () 05% -
modes 1-4 FR & FSC 0.452% 89.2%

o taut string 0.975% 193.8%
semi-active FR & FSC 0.567% 112.2%

passive, tuned to taut string 0.851% 100% (*)
mode 3 FR & FSC 0.716% 83.8%

: taut stri 0.782% 91.7%
passive, tunedto _ AWSTNE oy oo MER L ggi60 (9 osan
modes 14 FR & FSC 0.836% 98.2%

o taut string 1.655% 196.3%
semi-active _ - [
FR & FSC 1.318% 155.9%
passive, tuned to taut string 1.028% 100% (*)
mode 3 FR & FSC 0.913% 88.5%
passive, tuned to taut string 2% 0.944% 0.028% (%) 1% 91.6%
modes 1-4 FR & FSC 1.025% 99.7%
o taut string 1.980% 195.2%
semi-active B ——— R —————— _—
FR & FSC 1.761% 173.3%
passive, tuned to taut string 1.296% 100% (*)
mode 3 FR & FSC 1.199% 92.2%

; taut stri 1.190% 91.5%
passive, tunedto OIS 55 TR 0046% () 125%
modes 1-4 FR & FSC 1.295% 99.9%

o taut string 2.403% 188.6%
semi-active _— _ -
FR & FSC 2.319% 181.8%
passive, tuned to taut string 1.569% 100% (*)
mode 3 FR & FSC 1.481% 94.1%
passive, tuned to taut string 3% 1.442% 0.069% (%) 15% 91.5%
modes 1-4 FR & FSC 1.563% 99.6%
o taut string 2.833% 184.3%
semi-active FR & FSC 2.924% 190.3%
(*) numerical damping determined from (;; due to passive viscous damping optimized to excited mode to obtain
7 = 100%.
Table 4. Results for mode 4 excited.
Damper Type I\C/Ii:)l:ileel alL (%) Cfit—Ccavte (%) Cnum (%) 1/2 alL 17 (%)
passive, tuned to taut string 0.507% 100% (*)
mode 4 FR & FSC 0.354% 69.4%

; taut stri 0.402% 79.0%
passive, tunedto OIS 4o TER 0079 (%) 05%
modes 1-4 FR & FSC 0.497% 98.0%

o taut string 0.949% 188.4%

semi-active _— —— J

FR & FSC 0.557% 110.0%

passive, tuned to taut string 0.855% 100% (*)
mode 4 FR & FSC 0.715% 83.2%
passive, tuned to taut string L67% 0.675% 0.020% (%) 0.84% 78.4%
modes 1-4 FR & FSC 0.850% 99.4%
taut string 1.647% 194.9%

semi-active _ e o
FR & FSC 1.290% 152.1%
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Table 4. Cont.
Damper Type e AL GTewte %) Tum ) V2l (%)
passive, tuned to taut string 1.033% 100% (*)
mode 4 FR & FSC 0.914% 88.1%
passive, tuned to taut string 2% 0.814% 0.033% (%) 1% 78.1%
modes 1-4 FR & FSC 1.009% 97.6%
o taut string 1.954% 192.1%
semi-active _— R ———— _—
FR & FSC 1.761% 172.8%
passive, tuned to taut string 1.308% 100% (*)
mode 4 FR & FSC 1.204% 91.7%

: taut stri 1.029% 77.7%
passive, tunedto  AWSHME 5 TR 005go(f)  125%
modes 1-4 FR & FSC 1.242% 94.7%

o taut string 2.419% 188.9%
semi-active _ — .
FR & FSC 2.346% 183.0%
passive, tuned to taut string 1.590% 100% (*)
mode 4 FR & FSC 1.488% 93.2%
passive, tuned to taut string 3% 1.245% 0.090% (%) 15% 77.0%
modes 1-4 FR & FSC 1.475% 92.3%
o taut string 2.842% 183.5%
semi-active B ——— R —— _—
FR & FSC 2.954% 190.9%

(*) numerical damping determined from (y;; due to passive viscous damping optimized to excited mode to obtain
17 = 100%.

The observation of Tables 14 reveals the following main findings:

The reduced cable motion at damper position due to cable flexural rigidity and fixed
supported ends has strong impact on the cable damping ratio due to passive dampers
located at a/L < 2%. This fact is explained by the associated reduced transverse damper
motion, see Figure 2b, whereby less energy per cycle can be dissipated.

The damper efficiencies obtained from the simulation case of a cable with flexural
rigidity and fixed supported ends, mode 1 excited, typical damper positions around
2% to 2.5% and passive damper being optimized to modes 1-4 match well with the
reported damper efficiencies [23-31]. The according results for mode 2 are greater
because a damper being optimized to modes 14 generates optimum damping in
mode 2 (14), see [19]. In this perspective the according simulation results for modes 3
and 4 of the cable model with bending stiffness and fixed support conditions (FR and
FSC) seem to be unrealistically high. This irrational result is interpreted by the fact
that the cable model FR and FSC is validated for the modeshape of mode 1 of the test
steel wire strand depicted in Figure 2 but not for higher modes.

For some simulation cases, the damping of the cable model with flexural rigidity
and fixed supported ends is greater than for the taut string model. This unexpected
result is observed for some simulations of modes 3 and 4 and mainly for the passive
damper being optimized to modes 1 to 4. An explanation can be that the reduced
cable motion at damper position reduces the damper velocity as well whereby the
viscous coefficient being optimized for modes 1 to 4 (12) almost generates the optimum
viscous force for modes 3 and 4.

The damping results due to the semi-active damper with the consideration of the
minimum and maximum force limitations due to fully open and fully closed bypass
valve show the following picture:

- Mode 1: The damping is approximately 2.5 ... 2.6 (taut string) and approximately
2.8... 3.2 (FR and FSC) times greater than the damping due to the passive damper
being optimized to modes 1 to 4.
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- Mode 2: The damping is approximately 2.0 ... 2.6 (taut string) and approximately
1.6... 2.1 (FR and FSC) times greater than the damping due to the passive damper
being optimized to modes 1 to 4.

- Mode 3: The damping is approximately 2.0 ... 2.1 (taut string) and approximately
1.3... 1.9 (FR and FSC) times greater than the damping due to the passive damper
being optimized to modes 1 to 4.

- Mode 4: The damping is approximately 2.3 ... 2.5 (taut string) and approximately
1.2... 2.1 (FR and FSC) times greater than the damping due to the passive damper
being optimized to modes 1 to 4.

e  The tracking of the desired semi-active force is limited by the minimum and maximum
viscous coefficients of the controllable damper. The according force displacement
curves due to the minimum and maximum quadratic viscous forces are depicted in
Figures 8 and 9 for the simulations of mode 1 and 4. It is observed that cmax mainly
constrains the force tracking accuracy for lower frequency modes while ¢y, mainly
limits the force tracking accuracy for higher frequency modes. This is explained by
the fact that the according limiting control forces are in proportion to the square of the
damper relative velocity, see (21). Hence, how precisely the desired semi-active force
can be tracked by the semi-active damper with control force limitations due to cmin
and cmax depends on mode number, which makes the interpretation of the obtained
cable damping results for modes 3 and 4 difficult.

(a) semi-active damper, a/L=2%, mode 1 excited (b) semi-active damper, a/L=2%, mode 1 excited
1 T T T —T T T T T T T T
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Figure 8. Simulated clipped VDNS with control force constraints for mode 1: (a) force displacement
curves and (b) force velocity curves during steady state conditions (before simulated free decay response).
(a) semi-active damper, a/Ll=2%, mode 4 excited (b) semi-active damper, a/L=2%, mode 4 excited
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Figure 9. Simulated clipped VDNS with control force constraints for mode 4: (a) force displace-
ment curves and (b) force velocity curves during steady state conditions (before simulated free
decay response).
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5. Conclusions

This study investigates the potential to use semi-active cable dampers controlled
by clipped viscous damping with negative stiffness to compensate for the reduced cable
motion at damper position due to cable flexural rigidity and fixed supported ends. For this
a prototype hydraulic damper with real-time controlled bypass valve has been developed
and experimentally tested. Based on the test results a model of the semi-active hydraulic
damper is derived that includes the control force constraints resulting from the minimum
and maximum viscous coefficients at fully open and fully closed bypass valve. This model
is used to compute the cable damping ratios of the first four cable modes, typical damper
positions and cable models without and with flexural rigidity and fixed supported ends. As
benchmark, the passive damper being optimized to the first four cable modes is computed.
The comparative study demonstrates that the presented semi-active cable damper leads to
far greater cable damping ratios than the passive damper. This is explained by the facts
that the viscous force is optimized in real time to the actual frequency of motion and the
negative stiffness force increases the damper relative motion whereby the viscous force can
dissipate more energy per cycle. Because of the dissipative nature of the semi-active damper
force, stability issues as for active systems do not exist. In addition, power consumption
is not critical because power is only needed to control the oil volume stream through
the bypass valve but not to produce active forces. Therefore, the presented semi-active
hydraulic damper represents an efficient, cost-effective and robust damping tool for stay
cable damping.
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