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ABSTRACT 
 

 In a previous study, the potential of damping suspension bridges with active stay 
cables has been evaluated on a numerical model of a suspension bridge, and 
demonstrated experimentally on a laboratory mockup. In this paper, we extend our 
study to explore two different configurations of the active stay-cables: one classical 
configuration, corresponding to attaching the active stay-cables between the top of the 
pylons and the deck (configuration I) and, another configuration, consisting of attaching 
the stay-cables between the base of the pylons and the catenary (configuration II). The 
analysis confirmed that both configurations are effective with a slight superiority of the 
second configuration. The study is conducted numerically and experimentally on a 
suspension bridge mock-up, by considering two types of active stay-cables. The 
experimental results confirmed the numerical predictions, and demonstrated the 
effectiveness of the second configuration. 
 
Keywords: Suspension bridge, Active control, collocated control, Integral Force 
Feedback. 

 
1. Introduction 
Over the recent years, the improvement in construction materials and construction 
technology, computing capability, and above all a better understanding of the physics 
of the complex phenomena which control the external loads acting on structures, have 
revolutionized the civil engineering community, enabling the construction of large and 
elegant civil infrastructures, making the dreams of architects true. The natural damping 
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of large civil structures tend to be small, and the dissipation of the vibration energy 
generated by the dynamic loadings is a central issue in the design.  
 
Cable bridges are common civil structures exhibiting complex vibration problems and 
dynamic phenomena, such as wind and traffic induced vibration, flutter instabilities, and 
parametric excitations due to cable-structure interactions (Nayfeh and Mook 1979, 
Costa et al. 1996, Lilien and Costa 1994). As their size is continuously increasing, their 
resonance frequencies decrease and overlap with the frequency bandwidth of 
conventional excitation loading such as pedestrians and joggers in footbridges. It is 
admitted that the over sensitivity to dynamic excitation of cable bridges is associated 
with the very low structural damping in the global bridge modes (often below 1%), and 
even less in the cable modes (Pacheco et al. 1993). A classical way to alleviate the 
vibrations in cable bridges is the use of damping systems, such as Tuned Mass 
Dampers TMD (Caetano et al. 2010, Tubino and Piccardo 2015, Bortoluzzi et al. 2015), 
viscous dampers for the cables (Tabatabai and Mehrabi, 2000), or active control using 
active tendons (Preumont, and Achkire 1997). Indeed, application of active tendons to 
flutter control was considered numerically by Yang and Giannopoulos (1979a,b) and 
experimental studies were pioneered by Fujino and co-workers (Warnitchai et al. 1993, 
Fujino et al. 1993, 1994). Since then, few studies considered this technique (Casciati et 
al. 2012). 
 
This paper is concerned with active control techniques. It completes a previous study 
on the potential and the feasibility of active vibration damping of suspension bridges 
(Preumont et al., 2016). The study considers a suspension bridge supplemented with 
four active stay cables; the tension in the active cables is controlled by means of active 
tendons collocated with force sensors, and connected through decentralized Integral 
Force Feedback loops (Preumont et al., 1992). The study showed that it is possible to 
control suspension bridges with thin cables (of the same size as the hangers or even 
less), which do not need to withstand the dead load of the deck. In this paper, we 
extend our study to explore two possible configurations of the active cables. One 
configuration consists of connecting the cables between the top of the pylons and the 
deck, and another counter-intuitive configuration, connecting the cables between the 
catenary and the base of the pylons, as suggested in (Auperin, M. and Dumoulin, C., 
2001). The potential of Configuration II has been demonstrated numerically, by (F. 
Bossens, 2001), on the model of the Askoy bridge, in Norway. 
 
The present study is conducted numerically and experimentally on the suspension 
bridge mock-up, presented in (Preumont et al.,2016). The first part of the paper recalls 
the principles of the Integral Force Feedback strategy (IFF), as well as the design 
procedure for placing the active stay-cables. For the two configurations, we compare 
various possible locations of the active cables. Based on a simple formula, which 
predicts the maximum achievable damping with the IFF, we select the position 
providing the maximum damping for the targeted modes. In the second part of the 
paper, the two configurations are implemented on a laboratory suspension bridge 
mock-up. In this study, the cross section of the active cables is 4 times smaller than the 
bridge hangers. 
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2.2 Active control 
The active control system consists of four active stay cables, attached either: (i) 
between the pylon and the deck, referred to as “Configuration I”, Fig.2.a; (ii) or between 
the main catenary and the pylon base, referred to as “Configuration II” Fig.2.b. Each 
active tendon consists of a displacement actuator ߜ௜ (e.g. piezoelectric) co-linear with 
a force sensor ௜ܶ. The displacements ߜ௜ are controlled through decentralized Integral 
Force Feedback loops, such that: 

௜ߜ ൌ ଵ݇௜ିݏ݃
ିଵ

௜ܶ                       (2) 

where ݇௜ is the stiffness of the ݅௧௛ active tendon, and ݏ is the Laplace variable. The 
theory of vibration control using Integral Force Feedback has been well established 
many years ago (Preumont et al., 1992), and confirmed experimentally on several 
occasions. In this section, we limit ourselves to recall the interesting formula predicting 
the maximum modal damping obtained with an IFF control system: 

௜ߦ
௠௔௫ ൌ ஐ೔ିఠ೔

ଶఠ೔
                          (3) 

where ߱௜ are the resonance frequencies of the structure excluding the active cables 
(obtained by considering the stiffness matrix ܭ); and Ω୧ are the resonance frequencies 
of the structure including the active cables stiffness (obtained by considering the 
stiffness matrix ܭ ൅  with ,்ܤ௖ܭܤ

௖ܭ ൌ diagሺ݇௜ሻ 

is the stiffness matrix of the cables); Eq.(3) was demonstrated in our previous paper 
(Preumont et al., 2016). Based on Eq.(3), one can predict the maximum damping 
achievable with an IFF control, by simply performing two modal analyses of the 
structure: with and without the active cables.  
Table 1 and Table 2 show the maximum achievable damping for various possible 
positions of the active cables, corresponding respectively, to Configuration I of Fig.2.a 
and Configuration II of Fig.2.b. The predicted values of damping are obtained from 
Eq.(3). For both configurations, Position B is an optimal for the 1st and the 3rd bending 
and 2nd torsional modes (which are in bold in the tables). Next we will consider position 
B for both configurations, I and II. 
 
Table 1. Configuration I: Active control cables attached between the top of the pylon 
and the deck. Natural frequencies with (ߗ௜ ) and without (߱௜ ) active cables and 
maximum achievable damping ratio ߦ௜ for the various modes and the various positions 
of the active cables shown in Fig.2.a. (B-bending mode, T-torsional mode). 

 Position A Position B Position C Position D Position E 

Mode # 
߱௜ 

(Hz) 
 ௜ߗ

(Hz) 
௜ߦ
୫ୟ୶  
(%) 

 ௜ߗ
(Hz)

௜ߦ
୫ୟ୶

(%) 
 ௜ߗ

(Hz)
௜ߦ
୫ୟ୶

(%) 
 ௜ߗ

(Hz)
௜ߦ
୫ୟ୶  
(%) 

 ௜ߗ
(Hz) 

௜ߦ
୫ୟ୶

(%) 

1st B 5 6.5 15 8.1 31 7.9 29 6.1 11 5 0.0 

2nd B 6.8 6.8 0.0 6.8 0.0 7 1.5 7.6 6 7.6 6 

1st  T 10.3 10.4 0.5 10.6 1.5 10.8 2.4 10.9 3 10.7 2 

3rd B 11.4 13 7 14.2 12.3 12.4 4.4 11.4 0.0 11.7 1.3 

2nd T 11.7 13.1 6 13.8 9 13.1 6 12.2 2.1 11.8 0.4 

4th B 17.8 19.8 5.6 19.3 4 17.6 0.6 18.2 1.1 17.7 0.3 
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hangers). This has significant effect on the control performance, as the IFF technique 
relies on the amount of stiffness added by the active cables, as highlighted by Eq.(3). In 
this study, in order to demonstrate further the feasibility of the IFF control for real 
suspension bridges, we consider thinner Dyneema active cables of 0.2mm diameter, 
with Young modulus similar to that of the steel cables. Recall that the goal of the 
current study is to compare one classical configuration (Configuration I, Fig.2.a), which 
is already used with passive stay cables and therefore more likely to be accepted by 
the civil engineering community, with a more exotic configuration (Configuration II, 
Fig.2.b), which has a slightly higher performance than the classical configuration 
 
3.2. Results: 
Table 3 compares the resonance frequencies and their corresponding mode shapes of 
the suspension bridge without active cables, and with the active stay cables (no control) 
mounted according to Configuration I and to Configuration II (at position B, Fig.2). 
Some changes in the order of the modes are observed: the first bending mode has the 
shape of the second mode of the bridge without active cables; the second mode has a 
shape similar to the first mode without active cables…etc. The mode shapes are almost 
unchanged for both configurations. 
The active cables have a stiffening effect on almost all the modes, except on the 
second bending mode, on which the control system is not effective. Indeed, according 
to Eq.(3), the control system is more effective on the modes whose resonance 
frequencies deviation is large. The table compares the two configurations, and one can 
observe that Configuration II has a higher stiffening effect on the structure, and thus, a 
better control authority compared to Configuration I. This fact confirms the numerical 
predictions, depicted in Table 1 and Table 2. 
 
4. Conclusions 
This paper completes a previous study on the feasibility of active damping of 
suspensions bridges with the addition of stay cables controlled with active tendons. It 
extends the study to compare two configurations of the active stay cables: a classical 
configuration (Configuration I), where the active cables connect the top of the pylon to 
the deck, and a more exotic one (Configuration II), where the active cables connect the 
main catenary to the pylon base. The analysis and the numerical simulations show that 
both configurations prove effective, with a slight advantage to the second configuration, 
the experimental results confirm this fact. Moreover, the use of very thin Dyneema 
cables demonstrates, once again, the feasibility and the possibility of damping real 
suspension bridges, using a small number of thin cables, which do not need to 
withstand the weight of the deck. 
Finally, from a dynamical point of view, considering the added stay cables without any 
control, this study demonstrates the stiffening ability of the second configuration, which 
appears to be counter-intuitive, compared to Configuration I, which is a classical 
configuration extensively used in classical and modern suspension bridges, to stiffen 
the deck. 
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If we neglect the cable dynamics, the active cables behave like (massless) bars. If 
ߜ ൌ ሺߜଵ, … , ,௜ߜ … ሻ் is the vector of (free) active displacements of the active tendons 
acting along the cables, the tension in the cables are given by 

ܶ ൌ ݔ்ܤ௖ሺܭ െ  ሻ     (A.2)ߜ

where ܭ௖ ൌ diagሺ݇௜ሻ  is the stiffness matrix of the cables, ݔ்ܤ  are the relative 
displacements of the end points of the cables projected along the chord lines. This 
equation expresses that the tension in the cable is associated with the elastic extension 
of the cable. Combining Eq.(A.1) and (A.2), we get 

ሷݔܯ ൅ ሺܭ ൅ ݔሻ்ܤ௖ܭܤ ൌ ߜ௖ܭܤ ൅ ݂    (A.3) 

This equation indicates that ܭ ൅  is the stiffness matrix of the structure including ்ܤ௖ܭܤ
all the guy cables (passive + active). Next, we assume that all the active cables are 
controlled according to the decentralized force feedback law: 

ߜ ൌ ݄݃ሺݏሻ.  ௖ିଵܶ     (A.4)ܭ

where	݄݃ሺݏሻ is the scalar control law applied to all control channels2 (note that ܭ௖ିଵܶ 
represents the elastic extension of the active cables). Combining Eq.(A.2)-(A.4), the 
closed-loop equation is 

ሾݏܯଶ ൅ ܭ ൅ ଵ

ଵା௚௛ሺ௦ሻ
. ݔሿ்ܤ௖ܭܤ ൌ ݂    (A.5) 

It is readily observed that the open-loop poles, solutions of the characteristic equation 
for ݃ ൌ 0, satisfy 

ሾݏܯଶ ൅ ܭ ൅ ݔሿ்ܤ௖ܭܤ ൌ 0			         (A.6) 

(the solutions are the eigenvalues of the structure with all cables), while the 
transmission zeros, solutions of Eq.(A.5) for ݃ → ∞, satisfy 

ሾݏܯଶ ൅ ݔሿܭ ൌ 0     (A.7) 

which is the eigenvalue problem for the open-loop structure where the active cables 
have been removed (they can be computed very easily). 
Control law 
If an Integral Force Feedback (IFF) controller is used, ݄ሺݏሻ ൌ  ଵ, the closed-loopିݏ
equation becomes 

ሾݏܯଶ ൅ ܭ ൅ ௦

௦ା௚
ݔሿ்ܤ௖ܭܤ ൌ ݂    (A.8) 

which indicates that the closed-loop static stiffness matrix is 

lim
௦ୀ଴

 ሾݏܯଶ ൅ ܭ ൅ ௦

௦ା௚
ሿ்ܤ௖ܭܤ ൌ  (A.9)    ܭ

This means that the active cables do not contribute to the static stiffness and this may 
be problematic in some applications. However, if the control is slightly changed into 

݄݃ሺݏሻ ൌ ௚௦

ሺ௦ାఉሻమ
	     (A.10) 

                                          
 .is the Laplace variable	ݏ2
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where ߚ is small and positive, the closed-loop equation becomes 

ሾݏܯଶ ൅ ܭ ൅ ሺ௦ାఉሻమ

௚௦ାሺ௦ାఉሻమ
ݔሿ்ܤ௖ܭܤ ൌ ݂   (A.11) 

and the closed-loop static stiffness matrix becomes 

lim
௦ୀ଴

 ሾݏܯଶ ൅ ܭ ൅ ሺ௦ାఉሻమ

௚௦ାሺ௦ାఉሻమ
ሿ்ܤ௖ܭܤ ൌ ܭ ൅  (A.12)   ்ܤ௖ܭܤ

which indicates that the active cables have a full contribution to the static stiffness. 
 
Modal Behavior 
Next, let us project the characteristic equation on the normal modes of the structure 
with all the cables,	ݔ ൌ Φݖ, which are normalized according to Φ்ܯΦ ൌ 1. According to 
the orthogonality condition of the normal modes, 

Φ்ሺܭ ൅ ሻΦ்ܤ௖ܭܤ ൌ Ωଶ ൌ diagሺߗ௜
ଶሻ   (A.13) 

where ߗ௜ are the natural frequencies of the complete structure. In order to derive a 
simple and powerful result about the way each mode evolves with	݃, let us assume that 
the mode shapes are little changed by the active cables, so that we can write 

Φ்ܭΦ ൌ ߱ଶ ൌ diagሺ߱௜
ଶሻ    (A.14) 

where ߱௜ are the natural frequencies of the structure where the active cables have 
been removed. It follows that the fraction of modal strain energy is given by 

௜ߥ ൌ
థ೔
೅஻௄೎஻೅థ೔

థ೔
೅ሺ௄ା஻௄೎஻೅ሻథ೔

ൌ
ఆ೔
మିఠ೔

మ

ఆ೔
మ    (A.15) 

Considering the IFF controller, the closed-loop characteristic Eq.(A.8) can be projected 
into modal coordinates, leading to 

ሺݏଶ ൅ ௜ߗ
ଶሻ െ

݃
݃ ൅ ݏ

ሺߗ௜
ଶ െ ߱௜

ଶሻ ൌ 0 

or 

1 ൅ ݃
௦మାఠ೔

మ

௦ሺ௦మାఆ೔
మሻ
ൌ 0    (A.16) 

This result indicates that the closed-loop poles can be predicted by performing two 
modal analyzes (Fig. A.3), one with all the cables, leading to the open-loop poles േ݆ߗ௜, 
and one with only the passive cables, leading to the open-loop zeros േ݆߱௜ , and 
drawing the independent root loci of Eq.(A.16). The maximum modal damping is given 
by 

௜ߦ
௠௔௫ ൌ ఆ೔ିఠ೔

ଶఠ೔
     (A.17) 

and it is achieved for ݃ ൌ  . ௜/߱௜ߗ௜ඥߗ
Equation (A.17) relates directly the maximum achievable modal damping with the 
spacing between the pole ߗ௜ and the zero ߱௜, which is essentially controlled by the 
fraction of modal strain energy in the active cables, as expressed by Eq.(A.15). 



 

Fig. A.3
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