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ABSTRACT 

Truss towers form a vital part of the communication infrastructure, and the control of responses 

for such structures during adverse events such as an earthquake is of significant importance. The 

objective of this research venture is to combine the linear quadratic regulator (LQR) algorithm 

for optimal design of supplemental dampers of buildings with the bi-model method for a truss 

tower. Damping coefficients are calculated for the 3D truss model by analyzing the dynamically 

equivalent 2D lumped mass model which is developed using the bi-model method. The dynamic 

responses of the structure for given seismic loads are computed for the conditions with and 

without dampers. The results are then compared to determine the efficiency of the method to 

design passive fluid viscous dampers (PFVD) to control the excess vibrations due to seismic 

loads in towers. 
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1.0 INTRODUCTION 

 

Towers are typically used for communication and can be classified based on their structural 

action as monopole towers, guyed towers, and lattice/truss towers. In this research venture the 

focus is on truss towers. These towers are typically three-sided with a triangular base and are 

supported on the ground or on buildings. They are flexible and often used in heavy loading 

conditions. Though they are heavy structures, they require very little base area. The control of 

excess vibrations due to adverse conditions such as an earthquake is essential because truss 

towers form an integral part of the communication infrastructure and their proper functioning is 

paramount to such situations. 

Control of excess vibration of existing truss tower structures due to dynamic loads is a 

challenging and constantly evolving subject to civil engineers. Various techniques have been 

presented by researchers on this topic. The systems for control of vibrations of structures can be 

broadly classified into three groups: (1) active control system which requires external energy in 

the form of a large power source to function, (2) semi-active control system which requires 

external energy in the form of a small power source to function, (3) passive control system which 

does not require any external energy source to function. For passive control devices, the control 

forces are developed based on the response of the structure at the point of location of the control 

system [1]. The focus of this research is on passive control systems/devices and in particular the 

passive fluid viscous damper (PFVD).  

The conventional approach for structures to resist the harmful effects of earthquakes passively is 

through strength, deformability and energy absorption [2]. Damping level is typically low in 

these structures and hence the low energy dissipation when within elastic range. One way to 

approach the resistance of structures to strong earthquakes is by installing a PFVD as a 

supplemental energy dissipation system instead of relying on the structure itself to dissipate the 

earthquake energy. In fluid dampers, the energy dissipation occurs through the conversion of 

mechanical energy to heat energy through deformation of the viscous fluid [3]. In these devices 

the piston acts to not only deform the fluid but also force it out through small orifices thereby 



 2 
 

 

 

leading to great levels of energy dissipation. This high energy dissipation density of the fluid 

results in physically compact dampers making them suitable for applications in civil engineering 

structures. 

Extensive work has been done on exploring the effect of PFVD in controlling the response of 

buildings to dynamic loads [4]. The authors of [5] presented work on various passive energy 

dissipation devices one of which was the PFVD. They observed that this supplemental damper 

not only offered notable control of the structure’s drift for seismic loads, but also the reduction in 

base shear. They also noted the insensitivity of the fluid for a wide range of temperatures hence 

making it more reliable under extreme weather conditions. The authors of [6] have presented the 

efficiency of motion amplification device with PFVD in a toggle brace damper system. These 

devices amplify a small interstory drift to amplify the stroke of the damper. They observed that 

the PFVD’s effectiveness was related to the stiffness of the braces in the toggle brace damper 

system. They noted that if the braces were very stiff then the damper acted in its full capacity. 

The same was observed by Constantinou [7] and Taylor [8]. Similarly, the authors of [9] have 

presented results on the effectiveness of PFVD with toggle bracing mechanism in controlling the 

vibration of a three-story frame model. They compared this with the response of buildings with 

only diagonally placed PFVDs. The observed that while there is no single rule to positioning the 

dampers on a structure, the toggle bracing of the dampers proved to be more efficient in reducing 

the interstory drift. The authors of [10] suggest a method to reduce the response of the structure 

due to seismic loads using viscous dampers with their effect magnified with mechanical levers. 

They observed that this method yielded much higher energy dissipation and reduced the peak 

displacements with no significant change in base shear. The authors of [11] obtained a semi-

empirical design equation for a doubly acting PFVD to determine the damping material and size. 

They conducted experiments and observed good agreement between the theoretical and 

experimental results. A PFVD with magnetorheological was conceived by the authors of [12]. 

They observed that this device behaved as a linear viscous damper under smaller vibrations and 

behaved like a variable force damper under larger vibrations.  



 3 
 

 

 

The design of a PFVD in a non-arbitrary way to best reduce the response of structures to dynamic 

loads is of great interest. The authors of [13] present guidelines for design of PFVD based on the 

elasticity of the structure. They observed that the PFVD’s are most effective for elastic structures 

in the range of natural periods and not as effective for long-period inelastic structures. The 

authors of [14] have presented techniques to calculate the damping coefficients of supplemental 

PFVD’s for each floor of a ten-story structure using the linear quadratic regulator (LQR) 

algorithm. They concluded that this is both cost-effective and the damper capacity is proportional 

to the stiffness of the building. In a similar effort the authors of [15] have presented various 

techniques to design supplemental dampers for multistory structures using LQR algorithm. One 

of the techniques that they presented to calculate the optimal damping coefficients for PFVD is 

the single mode estimator approach which is based on active control theory. They concluded that 

this design solution is always stable as the formulation is based on the algebraic Riccati equation 

(ARE). They also observed that since the method was based on active control, the equivalent 

effect can be achieved only by passive devices provided the structure is dominated by a single 

mode of vibration. The same method was used to optimally design supplemental dampers for a 

seven story structure [10]. 

The objective of this research venture is to adapt the design of supplemental PFVD for buildings 

to truss towers. One of the challenges for a truss tower is that the levels at which the masses are 

concentrated are far apart which poses some difficulties in realistically designing dampers 

between those specific levels only using current optimal design methods. The goal here is to 

develop a method for applying the optimal design of dampers to truss towers while including 

intermediate levels where the masses are not concentrated. This can be done by converting a 3D 

truss tower model to its dynamically equivalent 2D lumped mass model using the bi-model 

method [16]. From the 2D lumped mass model the optimal gain matrix is calculated on LQR 

algorithm [15]. The optimal gain matrix is then transformed to its equivalent form for the 

corresponding 3D truss tower model. Once the gain matrix is in the form consistent with the 3D 

model, the single mode estimator approach is used to calculate the optimal damping coefficients 

for the truss tower. To evaluate the effectiveness of this method, the response of the truss tower 
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with and without the optimally designed supplemental PFVD’s is analyzed for seismic loads 

using the bi-model method. The subsequent sections provide a detailed description of the theory 

behind this method, the computational methodology developed for its implementation, and 

finally a numerical example along with results to establish the validity and efficiency of the 

proposed method. 
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2.0 THEORY 

 

2.1 Bi-model Method 

For the dynamic analysis of large truss towers the 3D finite element model can prove to be very 

time consuming and hence analyzing an equivalent 2D lumped mass model is common [16]. 

Additionally the technique presented in [15] for calculating the supplemental PFVD was 

developed for a 2D lumped mass model. The bi-model method serves as an excellent way to 

calculate the damping coefficient and to analyze a 3D model.  The following assumptions were 

made in order for the equivalent 2D lumped mass model to dynamically represent the 3D finite 

element model for analysis: 

1. The entire mass of the structure along with components is concentrated at specific levels of the 

3D model. 

2. The average motion (displacement, velocity, acceleration) of the nodes at each of these levels 

of the 3D model is the motion of the entire level.  

3. At any given time only the horizontal motion in one direction due to a dynamic load is 

considered. 

By making the above assumptions, the nDOF 3D model can be represented by a dynamically 

equivalent NDOF 2D lumped mass model. 

 

2.2 Governing Equation of Motion 

The equation of motion can be written as  

)()()()()( tXtttt g
����� M1DuKXXCXM −=++ , (1) 

where M, C and K are the N × N sized mass, damping and stiffness matrices, respectively. The 

mass matrix is a diagonal matrix with the diagonal elements constituting of the mass 

concentrated at the corresponding level. )(tX�� , )(tX� and )(tX  are the N × 1 sized relative to 

ground acceleration, velocity and displacement vectors, respectively. D is the N × m matrix 

indicating the location or point of application of the m × 1 control force vector u(t), where m is 
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the number of control devices. )(tX g
�� represents the ground acceleration for an earthquake and 1 

is a N × 1 unit vector. 

 The equation of motion can also be written in the following state-space formulation 

)()()()( tXttt g
��� HBuAzz ++= , (2) 

where  

z(t) = �
�

�
�
�

�

)(

)(

t

t

X

X

�
 (states of the system, 2N × 1),  

A= �
�

�
�
�

�

−− −−
CMKM

I0
11

 (system matrix, 2N × 2N ),  

B = �
�

�
�
�

�
−

DM

0
1

 (input location matrix for the control forces, 2N × m),  

H = �
�

�
�
�

�
−

M1M

0
1

 (input location matrix, 2N × 1, for the earthquake forces). 

As discussed previously, the bi-model method is used as a technique to go between the 3D model 

and its dynamically equivalent 2D lumped mass model. Based on the assumptions stated for this 

method, the 2D lumped mass model’s stiffness matrix K in equation (1) is calculated by the force 

method [16, 17], which is done by performing the following steps: 

1. A unit force was equally divided between the nodes at the i
th

 level of the 3D model where the 

masses are concentrated and applied at each of those nodes, one level at a time. 

2. The average horizontal displacements of the nodes at any other level where the masses are 

concentrated, j, due to the load applied at the i
th 

 level was computed as the flexibility coefficient 

δji (i, j=1,2…N) 

3. The resulting N × N flexibility matrix was inverted to obtain the 2D lumped mass stiffness 

matrix K. 
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2.3 Optimal Design of Dampers for Buildings 

The authors of [15] present various techniques to calculate the optimal damping coefficient for 

supplemental dampers based on active control for buildings subjected to dynamic loads. In this 

research venture, the “Single Mode Approach” has been adopted for a truss tower with passive 

control devices for the damping. 

Using the LQR algorithm [19], the control force u(t) is obtained by minimizing the performance 

index J over the duration of the excitation, say tf: 

� +=
ft

TT
dtttttJ

0

))()()()(( RuuQzz , 
(3) 

where R (m × m) and Q (2N × 2N) are the weighting matrices for the factors of the optimization. 

The variations of the two weighting matrices affect the optimization of the technique. Varying Q 

affects the states (displacement and velocity) while that of R affects the control forces. This will 

be discussed in detail in section 4.0.  

As presented in [15], for the sake of simplicity, the control force in equation (3) is assumed to be 

of linear form and can hence be expressed as: 

)()( tt Gzu =  

or 

)()()( ttt xx XGXGu �
�

+= , 

(4a) 

 

(4b) 

where G (m × 2N) is the gain matrix that contains the constant coefficients for the control 

devices. The gain matrix is obtained from the solution of the following equation 

G = -½R
-1

B
T
P,                                                            (5) 

where P is the solution of the Algebraic Ricatti Equation (ARE):  

02
2

1 1 =+−+ −
QPBPBRPAPA

TT
. 

(6) 

In adopting active control theory for the optimal design of PFVD only the velocity gains are 

considered as the force from a PFVD is a function of the velocity between the locations of the 

dampers on a structure. The velocity gains can also be obtained in their drift format by 

performing the following action on the velocity gain matrix: 
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Nx

T

Nd
TGTG
�� = , (7) 

where TN is the transformation matrix which is a lower-diagonal unity matrix of size N × N. 

As per the single mode approach described in [15], the damping coefficients (to eventually obtain 

the control forces to be applied to the structure due to the presence of the passive dampers) are 

obtained from the formula: 

kid

j
jidkjd

kd

G

C
Φ

Φ�
=∆

�

, 

(8) 

where
d�

G represents the velocity gain matrix in drift form and ΦΦΦΦd represents the normalized drift 

mode shapes, k =1,2..m. The optimal damping coefficients in equation (8) are tailored for a 

building structure where the masses are concentrated at levels relatively close to one another. 

 

2.4 Optimal Design of Dampers for Truss Towers 

As mentioned in 2.3, the above described method for calculating the optimal damping 

coefficients was developed for 2D lumped mass model for buildings and adopting that for a truss 

tower is the goal here. One of the challenges for a truss tower is that the levels at which the 

masses are concentrated are far apart which poses some difficulties in realistically designing 

dampers between those specific levels only. The objective of this research venture is to develop a 

method for applying the optimal design of dampers for buildings to truss towers while including 

intermediate levels where the masses are not concentrated.  

In adapting the single mode approach for truss towers, equation (8) can be rewritten as: 

kid

j
jidkjd

kd

g

c
φ

φ�
=∆

�

, 

(9) 

where  

nx

T

nd
TgTg
�� = , 

and 

(10) 

 

(11) 
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φφφφd = Tn
-1φφφφ, 

where 

1−= KSGg xx ��
, 

and 

φφφφ = VΦΦΦΦ. 

 

(12) 

 

(13) 

In equation (9), i and j are redefined to be i, j = 1,2..n, and k = 1,2..l, where l is the number of 

control devices on the nDOF 3D truss model. In equations (10)-(13), Tn is a n × n lower diagonal 

unity matrix, and S and V are matrices for the transformation between the NDOF and nDOF 

models. The matrices S and V are expressed as: 

S = f
-1

J 

and 

V = EK, 

(14) 

 

(15) 

where f and E are flexibility matrices determined using the force method on the 3D truss tower 

model as follows: (1) f is the n × n flexibility matrix for the case with the loads applied at all 

levels of the nDOF system and deflections for all n levels and (2) E is the n × N flexibility matrix 

for the case with loads applied at the main levels and deflections computed for all levels. 

Upon calculating the damping coefficients in Equation (9), the control force exerted on the tower 

from a passive damper with a chevron braced configuration is obtained simply by multiplying the 

damping coefficient by the corresponding relative velocity between the points where the damper 

is connected, and is given as:  

fcd(t) = ∆∆∆∆cd )(tdx� , (16) 

where ∆∆∆∆cd is the n x n diagonal matrix containing the damping coefficients calculated from 

equation (9), and )(tdx�  is a n x 1 vector of relative velocities between the points where the 

dampers are connected on the 3D truss tower, and are expressed as: 

)()( 1
tt nd xTx ��

−= , 

where 

(17) 

 

(18) 
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)()( tt XVx �� = . 

The control force calculated in equation (16) is converted to its relative to ground form by: 

fc(t) = (Tn
T
)
-1

fcd(t). (19) 

This relative to ground force is then converted to its equivalent NDOF form and in order to 

transform the control forces in equation (19) to a form consistent with equation (1), the following 

transformation is necessary: 

Fc(t) = Lfc(t), (20) 

where  

L = KW and W is the N × n flexibility matrix for the case with loads applied at all levels and 

deflections computed for the main levels. 

Calculating the control force as shown in equation (20), and using this value for u(t) in equation 

(1) (i.e. u(t) = Fc(t)), the nDOF 3D model can be analyzed for optimal design of dampers using 

the NDOF dynamically equivalent 2D lumped mass model. The computational methodology for 

the above explained method is outlined in the next section. 
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3.0 COMPUTATIONAL METHODOLOGY 

 

The computational methodology for design of optimal dampers, and subsequent dynamic 

analysis, was executed by developing a MATLAB simulation model. The codes are included in 

Appendix A. The stiffness matrix for the 3D model is calculated using direct stiffness method 

[5]. The stiffness matrix of the dynamically equivalent 2D lumped mass model is then computed 

through the force method as described in the previous section. Similarly, the transformation 

matrices as outlined in section 2.4 are computed. Once the various characteristic matrices of the 

structure such as the mass, stiffness, and damping matrices are calculated, the transformation 

matrices are computed, and the optimal damping coefficients of the supplemental dampers are 

determined, codes are set up to simulate the response of the structure to seismic loads. The 

simulation is executed to procure the uncontrolled case, i.e. the response of the structure without 

any supplemental dampers. This uncontrolled response is stored and the simulation is once again 

executed for the controlled case, i.e. the response of the structure with supplemental dampers.  

 

3.1 Optimal Design 

To calculate the optimal damping coefficients for supplemental dampers prior to the dynamic 

analysis of the 3D truss model, the following steps are performed: 

1. Calculate the relative to ground gain matrix G for the NDOF system (equation 5). 

2. Transform the relative to ground velocity gains x�G for the NDOF system to the relative to 

ground velocity gains x�g for the nDOF system (equation 12). 

3. Transform the relative to ground velocity gains x�g for the nDOF system to drift form 

d�
g (equation 10). 

4. Calculate the relative to ground mode shapes ΦΦΦΦ for the NDOF system.  
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5. Transform the relative to ground mode shapes ΦΦΦΦ for the NDOF system to the relative to 

ground mode shapes φφφφ for the nDOF system (equation 13). 

6. Transform the relative to ground nDOF mode shapes φφφφ to drift form φφφφd (equation 11). 

7. Calculate the optimal damping coefficients for the nDOF system using the quantities 

computed in steps 3 and 6 (equation 9). 

The following flowchart illustrates the above steps: 

 

Figure 1: Optimal Damping Design Flowchart 
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3.2 Dynamic Analysis (Bi-model Method) 

Once the optimal damping coefficients are calculated as outlined above, the response of the 3D 

truss tower is determined through the bi-model method by performing the following steps: 

1. Calculate the response (displacement, velocity and acceleration) of the 2D NDOF lumped 

mass model for the first time step.  

2. Transform the relative to ground velocity )(tX� of the NDOF system to the relative to 

ground velocity )(tx� for the nDOF system (equation 18). 

3. Transform the relative to ground velocity )(tx� for the nDOF system to drift form 

)(tdx� (equation 17). 

4. Calculate the control force in its drift form based on the optimal design of damping 

coefficient for a damper arranged in a chevron braced configuration for the nDOF system 

(equation 16). 

5. Transform the control force in its drift form to the relative to ground force for the nDOF 

system (equation 19). 

6. Transform the relative to ground control force for the nDOF system to the relative to 

ground force for the NDOF system (Equation 20). 

7. Calculate the response of the structure for the control force calculated in step 6 for the 

next time step. 

8. Repeat steps 1 through 7 for all time steps. 
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The following flowchart illustrates the above steps: 

 
Figure 2: Dynamic Analysis Flowchart 

 

 

A numerical example is presented in the next section to demonstrate the above and the 

corresponding results are presented. 
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4.0 NUMERICAL EXAMPLE 

 

As explained in section 2.0, the goal of this research is to adapt an optimal technique to design 

dampers developed for buildings to truss towers. In doing so the method will allow for design of 

dampers for levels of the truss tower where masses are not concentrated. To do so, the 

computational methodology presented in section 3.0 was implemented on a truss tower model.  

Four variations of the optimal design approach were tested on the truss model to determine the 

most efficient method. This method was then validated by comparing with a performance based 

design approach. Upon validation additional simulations were conducted to demonstrate the 

efficiency of this optimal design method in reducing the response of the truss model subjected to 

seismic loads of varying intensity. For this purpose, twenty four earthquake data were used to 

compute the tower’s uncontrolled and controlled response. 

 

4.1 Tower Model 

The truss tower model used is similar to the model used by the authors of [16] and is shown in 

Figure 3 below. From the 3D truss tower model shown in Figure 3(a), the masses are taken to be 

concentrated at every 8m for the equivalent 2D lumped mass model shown in Figure 3(b). The 

plan view shown on Figure 3(c) corresponds to these three levels. The sectional areas of the 

vertical members are 3.7953 × 10
-3

 m
2
, the horizontal members are 1.3193 × 10

-3
 m

2
 and that of 

the diagonal members, including the ones on the plan view as shown on Figure 3(c), are 3.1903 × 

10
-4

 m
2
. The modulus of elasticity of the material of the truss members is 2.06 × 10

11
 Pa.  

The mass at each main level was taken to be 2 × 10
5 

kg and the corresponding diagonal mass 

matrix M is given by: 

M = 510

200

020

002

×

�
�
�

�

�

�
�
�

�

�

kg. 
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A MATLAB code was developed to obtain the stiffness matrix (132 x 132) for this structure 

using direct stiffness method [18]. The 2D lumped mass stiffness matrix K for this model, as 

outlined in section 2.0, was calculated to be: 

K = 710

42.049.006.0

49.005.156.0

056.056.007.1

×

�
�
�

�

�

�
�
�

�

�

−

−−

−

N/m. 

 

 

4m

4m

4m

4m

4m

4m

4m

24m

2m

2m

a b

c

 
Figure3. (a) Side View of Truss Model (b) 2D Lumped Mass Model (c) Plan View  

 

 

The authors of [16] assumed Rayleigh damping for the model and observed that the structural 

damping ratio was 1.5% for all modes of vibration. Hence a uniform modal damping of 1.5% 

was adopted to calculate the damping matrix C as: 
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C = 410

30.247.113.0

47.189.327.1

13.027.119.4

×

�
�
�

�

�

�
�
�

�

�

−−

−−

−−

N-sec/m. 

To validate the above model the natural vibration periods for the truss model was calculated and 

compared with the same presented by the authors of [16]. A Comparison of columns (2) – (4) 

shows a good agreement between the two models. 

 

 

Table 1: Natural Vibration Periods 

 

Model 

(1) 

First (sec) 

(2) 

Second (sec) 

(3) 

Third (sec) 

(4) 

Qu et. al. 3.12 1.05 0.67 

Current Model 3.12 1.05 0.67 
 

 

 

4.2 Optimal Design 

Using the optimal design for calculating damping coefficients for the truss model, a total of 

twenty four earthquake data were used. Table 2 lists the earthquakes used in the simulation. The 

simulation is executed to procure the uncontrolled response, i.e. the response of the structure 

without any supplemental dampers. This uncontrolled response is stored and the simulation is 

once again executed for the controlled case, i.e. the response of the structure with the optimally 

designed supplemental dampers. The effect of the dampers on controlling the response of the 

structure was evaluated by calculating the mean response ratios (RR), which is the ratio of the 

controlled to the uncontrolled response of the structure for a given level averaged of the twenty 

four earthquakes. 
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Table 2: Earthquake Data [19] 

 

Earthquake 

(1) 

Magnitude (Richter) 

(2) 

Peak Acceleration (g) 

(3) 

Kobe, Japan 7.2 0.83 

Hachinohe, Japan 6.8 0.23 

El Centro, California 7.1 0.35 

Northridge, California 

Northridge 90
o
, California 

Northridge 360
o
, California 

Northridge 265
o
, California 

Northridge 175
o
, California 

6.7 0.84 

0.34 

0.31 

0.43 

0.41 

Ferndale S44W, Northwestern California 

Ferndale N46W, Northwestern California 

5.8 0.10 

0.11 

San Francisco N10E, California 

San Francisco S80E, California 

5.3 0.08 

0.10 

Helena S00W, Montana 

Helena S90W, Montana 

6.0 0.15 

0.14 

Parkfield N65W, California 

Parkfield S25W, California 

5.6 0.27 

0.35 

San Fernando S16E, California 

San Fernando S74W, California 

San Fernando N36E, California 

San Fernando N54W, California 

6.4 1.17 

1.07 

0.09 

0.12 

Loma Prieta, Corralitos 90
o
, California 

Loma Prieta, Corralitos 0
o
, California 

Loma Prieta, Capitola 90
o
, California 

Loma Prieta, Capitola 0
o
, California 

7.1 0.48 

0.63 

0.39 

0.47 

 

 

For the controlled case the optimal damping coefficients for the supplemental dampers were 

calculated as per equation (9) for the first mode using four variations of the optimal design 

method. This is achieved by varying the weighting matrices Q and R in the LQR algorithm. The 

sizing and elements of Q affect the states (displacement and velocity) of the structure. The sizing 

and elements of R affect the control force acting on the structure. The four variations on the 

optimization can be summarized as follows: 
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1. Equal weights: 

R = 10
-p

I3×3; Q = I6×6,  (21) 

Q, in this case, applies the weights equally towards the structure’s responses.  

2. Velocity control:   

R = 10
-p

I3×3; �
�

�
�
�

�
=

×33I0

00
Q  

(22) 

Q, in this case, applies the weights towards the structure’s velocity only.  

3. Displacement control:  

R = 10
-p

I3×3; �
�

�
�
�

�
= ×

00

0I
Q

33
 

(23) 

Q, in this case, applies the weights equally towards the structure’s displacement only.  

4. Energy Minimization:   

R = K
-1

; �
�

�
�
�

�
=

M0

0K
Q 10

-p 
(24) 

The weighting matrices used for this approach are as described in [19]. 

Each of the above four approach’s effect were simulated on the twenty four earthquakes. To 

simplify this process, the uncontrolled response of the building averaged over the earthquakes 

was computed and it was observed that the second level of the 3D model had the largest absolute 

acceleration. Hence, the response of this level was chosen to study the effectiveness of the above 

described methods.  

To determine the optimal design of the supplemental dampers, the simulation was executed for a 

series of values of p. To identify the value of p that gives the best response for each of the above 

mentioned approaches, graphs were plotted between the absolute acceleration RR and inter-story 

drift RR of the second level of the truss model versus p. The RR is the ratio of the controlled 

response to that of the uncontrolled response. The value of p for which the two curves intersect 
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was taken to be the optimal value. The following four graphs were plotted for the four optimal 

design approaches: 
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Figure 4: Equal Weights, p=9.75 
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Figure 5: Velocity Control, p=9.85 
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Figure 6: Displacement Control, p=10.5 
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Figure 7: Energy Minimization, p=2.65 
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It can be observed that clearly the lower the RR the better the optimization. But the control force 

fc(t) that is required for the response control at each level of the 6DOF system also plays a role in 

determining the best technique. For this purpose, the simulation is once again executed for each 

of the above four approaches for only the corresponding p value. The following tables summarize 

the results for each case: 

 

 

Table 3: Equal Weights p=9.75 

 

Level 

 

(1) 

∆∆∆∆c drift 

10
5
 N-sec/m 

(2) 

Drift RR 

 

(3) 

Acceleration 

RR  

(4) 

Control Force 

10
5 

N 

(5) 

1 8.61 0.57 0.57 1.41 

2 8.59 0.57 0.57 1.42 

3 6.83 0.59 0.54 0.75 

4 6.77 0.60 0.41 0.74 

5 5.08 0.49 0.62 0.64 

6 4.99 0.49 0.46 0.63 

 

 

 Table 4: Velocity Control p=9.85 

 

Level 

 

(1) 

∆∆∆∆c drift 

10
5
 N-sec/m 

(2) 

Drift RR 

 

(3) 

Acceleration 

RR  

(4) 

Control Force 

10
5 

N 

(5) 

1 8.66 0.57 0.57 1.42 

2 8.64 0.57 0.57 1.42 

3 6.87 0.59 0.54 0.75 

4 6.81 0.60 0.41 0.74 

5 5.11 0.49 0.62 0.64 

6 5.02 0.49 0.46 0.63 
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Table 5: Displacement Control p=10.5 

 

Level 

 

(1) 

∆∆∆∆c drift 

10
5
 N-sec/m 

(2) 

Drift RR 

 

(3) 

Acceleration 

RR  

(4) 

Control Force 

10
5 

N 

(5) 

1 9.09 0.57 0.57 1.47 

2 9.06 0.56 0.57 1.48 

3 7.21 0.59 0.53 0.78 

4 7.15 0.59 0.40 0.77 

5 5.36 0.49 0.61 0.65 

6 5.26 0.49 0.45 0.64 

 

 

Table 6: Energy Minimization p=2.65 

 

Level 

 

(1) 

∆∆∆∆c drift 

10
5
 N-sec/m 

(2) 

Drift RR 

 

(3) 

Acceleration 

RR  

(4) 

Control Force 

10
5 

N 

(5) 

1 8.82 0.58 0.58 1.44 

2 8.79 0.58 0.58 1.45 

3 6.43 0.61 0.55 0.71 

4 6.38 0.61 0.43 0.71 

5 3.44 0.53 0.62 0.48 

6 3.38 0.53 0.49 0.47 

 

 

Upon comparing Tables 3-6, it was observed that the responses and control forces were very 

similar to one another. The sum total of the control force for all six levels, and the RR’s of the 

second level were considered as the deciding parameters. The four results are presented in Table 

7 below. The energy minimization approach requires the least control force for providing almost 

the same controlled response as the other techniques. Hence, this method is considered the best 

technique to optimally design the dampers. 
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Table 7: Comparison of Approaches 

 

Method 

 

(1) 

Drift RR 

Second Level 

(2) 

Acceleration RR 

Second Level  

(3) 

Sum Total Control 

Force (10
5
N) 

(4) 

Equal Weights 0.57 0.57 5.58 

Velocity Control 0.57 0.57 5.60 

Displacement Control 0.56 0.57 5.80 

Energy Minimization 0.58 0.58 5.26 

 

 

4.3 Performance Based Design 

As a way to validate the optimal design technique, a performance based design simulation was 

executed to arrive at an average damping value without involving the structural properties to 

design the damper. The range of damping coefficients selected for this simulation was randomly 

selected till an exact value was obtained again by plotting a graph, again, between the range of 

damping coefficients and the RR’s of the second level. 
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Figure 8: Performance Based Design 
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The exact damping value used for this design is 900000 N-sec/m, as determined from the 

intersection point on Figure 8 above. The simulation was executed for this single value and the 

following responses were calculated: 

 

 

Table 8: Performance Based Design 

 

Level 

 

(1) 

∆∆∆∆c drift 

10
5
 N-sec/m 

(2) 

Drift RR 

 

(3) 

Acceleration 

RR 

 (4) 

Control Force 

10
4 

N 

(5) 

1 9.00 0.56 0.56 1.46 

2 9.00 0.55 0.56 1.47 

3 9.00 0.56 0.51 0.94 

4 9.00 0.56 0.37 0.94 

5 9.00 0.43 0.60 0.89 

6 9.00 0.43 0.40 0.89 

 

 

Once again, comparing this to the output of the energy minimization method, it can be 

summarized as shown below in Table 9. The comparison serves as a way to validate the optimal 

design approach. It can be observed that for a 5% reduction in drift RR and a 3% reduction in 

acceleration RR, the performance based design requires a 20% increase in control forces. Once 

again, it can be concluded that for similar control of the response of the structure, the energy 

minimization method requires lesser control force and hence the best technique for the optimal 

design of the supplemental dampers. 

 

 

Table 9: Comparison of Energy Minimization (EM) and Performance based design 

 

Method 

 

(1) 

Drift RR 

Second Level 

(2) 

Acceleration RR 

Second Level  

(3) 

Sum Total Control 

Force (10
5
N) 

(4) 

Energy Minimization 0.58 0.58 5.26 

Performance Based 0.55 0.56 6.60 
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4.4 Evaluation of Optimal Design – Energy Minimization 

To further investigate the effectiveness of the energy minimization, the method was tested on one 

large earthquake, one mid-intensity earthquake and one small earthquake. For this purpose, the 

large earthquake data used was Kobe, the mid-intensity earthquake data used was San Fernando 

N54W earthquake and the small earthquake data used was San Francisco N10E earthquake listed 

on the table. The uncontrolled and controlled accelerations and Interstory drifts of the structure 

for each of the four earthquakes were simulated and that of the second floor was plotted to obtain 

the following results: 
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Figure 9: Kobe, Drift 
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Figure 10: Kobe, Acceleration 
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Figure 11: San Fernando, Drift 
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Figure 12: San Fernando, Acceleration 
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Figure 13: San Francisco, Drift 
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Figure 14: San Francisco, Acceleration 

 

 

Below are the tables that compare the drift and acceleration RR of the three earthquakes for all 

six levels of the structure: 

 

 

Table 10: Interstory Drift RR 

Levels 

(1) 

Kobe 

(2) 

San Fernando 

(3) 

San Francisco 

(4) 

1  0.47  0.49 0.74 

2 0.47 0.49 0.74 

3 0.59 0.53 0.79 

4 0.60 0.53 0.78 

5 0.46 0.54 0.80 

6 0.46 0.54 0.80 
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Table 11:  Acceleration RR 

 

Levels 

(1) 

Kobe 

(2) 

San Fernando 

(3) 

San Francisco 

(4) 

1 0.57 0.44 0.92 

2 0.57 0.44 0.92 

3 0.59 0.44 0.75 

4 0.40 0.26 0.59 

5 0.57 0.56 0.78 

6 0.44 0.53 0.78 

 

 

It can be observed that the smallest earthquake has the largest RR’s. This is because the control 

force exerted on the structure to reduce the structure’s response for a small earthquake is lower 

than the force for a large earthquake such as Kobe. This in turn results in the response of the 

structure being closer in value to the uncontrolled response and hence the larger RR. The effect 

of the optimal design on the large and mid-intensity earthquake are significant and it can be 

concluded that the optimal design of dampers for a truss tower using the energy minimization 

technique is an efficient method for controlling excess vibrations due to seismic loads. 
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5.0 CONCLUSIONS AND FUTURE WORK 

 

A technique for optimal design of PFVD’s for truss towers was presented. The single mode 

estimator method for calculating the optimal damping coefficient for supplemental dampers 

based on active control for buildings subjected to dynamic loads was adapted to design PFVD for 

truss towers. The bi-model method was used to transform the 3D truss model to its dynamically 

equivalent 2D lumped mass model which was used to design the supplemental dampers and 

analyze the structure for seismic loads. A computational methodology was developed to 

implement this technique. Four different optimal design approaches were tested on the model and 

the energy minimization approach was found to be the most efficient optimal damping method. 

This method was validated by comparison with a performance based design method. Comparison 

of results for these two methods shows that the optimally designed system requires lower control 

forces to achieve a similar response reduction as that of the performance based design. The 

energy minimization method was then implemented for three particular earthquakes of varying 

intensities and the controlled and uncontrolled responses of the structure for each of them were 

compared and thus the efficiency of the method was established. 

The optimal damping design shown here shows promise for real-life truss towers. This work can 

further be extended to an existing truss tower to better explore its efficiency. The optimal 

damping design can be done for other modes of the structure. This method can also be used for 

an optimal design for stiffeners (braces) to be developed in the place of dampers for retrofitting 

existing truss towers. The optimal damping design can be done for other dynamic loads such as 

wind loads. Some of the above mentioned future works are currently underway. 
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APPENDIX 

 

MATLAB Codes 

 
1. 2D lumped mass model stiffness matrix and other transformation matrices 
 %Define Truss Properties 
%Number of members 
nm=123; 
DOF_tot=132; 
nDOF_mem=6; 
%Area of members in sq.m 
A=[(1.3193/1000)*ones(24,1);(3.7953/1000)*ones(28,1);(3.1903/10000)*ones(40,1)
;(1.3193/1000)*ones(15,1);(3.7953/1000)*ones(8,1);(3.1903/10000)*ones(8,1)]; 
  
%Modulus of elasticity, in Pa (N/sq.m) 
E=[2.06e11*ones(nm,1)]; 
  
%Member coordinates 
cm=[0,24,0,2,24,0; 
    2,24,0,4,24,0; 
    0,16,0,2,16,0; 
    2,16,0,4,16,0; 
    0,8,0,2,8,0; 
    2,8,0,4,8,0; 
    2,24,4,4,24,4; 
    0,24,4,2,24,4; 
    2,16,4,4,16,4; 
    0,16,4,2,16,4; 
    2,8,4,4,8,4; 
    0,8,4,2,8,4; 
    4,24,0,4,24,2; 
    4,24,2,4,24,4; 
    4,16,0,4,16,2; 
    4,16,2,4,16,4; 
    4,8,0,4,8,2; 
    4,8,2,4,8,4; 
    0,24,2,0,24,4; 
    0,24,0,0,24,2; 
    0,16,2,0,16,4; 
    0,16,0,0,16,2; 
    0,8,2,0,8,4; 
    0,8,0,0,8,2; 
    2,16,0,2,24,0; 
    2,8,0,2,16,0; 
    2,16,4,2,24,4; 
    2,8,4,2,16,4; 
    4,16,2,4,24,2; 
    4,8,2,4,16,2; 
    0,16,2,0,24,2; 
    0,8,2,0,16,2; 
    0,20,0,0,24,0; 
    0,16,0,0,20,0; 
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    0,12,0,0,16,0; 
    0,8,0,0,12,0; 
    0,4,0,0,8,0; 
    4,20,0,4,24,0; 
    4,16,0,4,20,0; 
    4,12,0,4,16,0; 
    4,8,0,4,12,0; 
    4,4,0,4,8,0; 
    4,20,4,4,24,4; 
    4,16,4,4,20,4; 
    4,12,4,4,16,4; 
    4,8,4,4,12,4; 
    4,4,4,4,8,4; 
    0,20,4,0,24,4; 
    0,16,4,0,20,4; 
    0,12,4,0,16,4; 
    0,8,4,0,12,4; 
    0,4,4,0,8,4; 
    0,20,0,2,24,0; 
    0,12,0,2,16,0; 
    0,4,0,2,8,0; 
    2,16,0,4,20,0; 
    2,8,0,4,12,0; 
    4,20,4,2,24,4; 
    4,12,4,2,16,4; 
    4,4,4,2,8,4; 
    2,16,4,0,20,4; 
    2,8,4,0,12,4; 
    4,20,0,4,24,2; 
    4,12,0,4,16,2; 
    4,4,0,4,8,2; 
    4,16,2,4,20,4; 
    4,8,2,4,12,4; 
    0,20,4,0,24,2; 
    0,12,4,0,16,2; 
    0,4,4,0,8,2; 
    0,16,2,0,20,0; 
    0,8,2,0,12,0; 
    4,20,0,2,24,0; 
    4,12,0,2,16,0; 
    4,4,0,2,8,0; 
    2,16,0,0,20,0; 
    2,8,0,0,12,0; 
    0,20,4,2,24,4; 
    0,12,4,2,16,4; 
    0,4,4,2,8,4; 
    2,16,4,4,20,4; 
    2,8,4,4,12,4; 
    4,20,4,4,24,2; 
    4,12,4,4,16,2; 
    4,4,4,4,8,2; 
    4,16,2,4,20,0; 
    4,8,2,4,12,0; 
    0,20,0,0,24,2; 
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    0,12,0,0,16,2; 
    0,4,0,0,8,2; 
    0,16,2,0,20,4; 
    0,8,2,0,12,4; 
    0,24,2,2,24,4; 
    2,24,0,4,24,2; 
    0,16,2,2,16,4; 
    2,16,0,4,16,2; 
    0,8,2,2,8,4; 
    2,8,0,4,8,2; 
    4,24,2,2,24,4; 
    2,24,0,0,24,2; 
    4,16,2,2,16,4; 
    2,16,0,0,16,2; 
    4,8,2,2,8,4; 
    2,8,0,0,8,2; 
    2,24,0,2,24,4; 
    2,16,0,2,16,4; 
    2,8,0,2,8,4; 
    2,0,0,2,8,0; 
    2,0,4,2,8,4; 
    4,0,2,4,8,2; 
    0,0,2,0,8,2; 
    0,0,0,0,4,0; 
    4,0,0,4,4,0; 
    4,0,4,4,4,4; 
    0,0,4,0,4,4; 
    2,0,0,0,4,0; 
    2,0,4,4,4,4; 
    4,0,2,4,4,0; 
    0,0,2,0,4,4; 
    0,0,2,0,4,0; 
    4,0,2,4,4,4; 
    2,0,4,0,4,4; 
    2,0,0,4,4,0]; 
     
%Member-node vectors 
%Free dof's 
%Horizontal members numbering 
AT(1,:)=[1,2,3,4,5,6]; 
AT(2,:)=[4,5,6,7,8,9]; 
AT(3,:)=[16,17,18,19,20,21]; 
AT(4,:)=[19,20,21,22,23,24]; 
AT(5,:)=[31,32,33,34,35,36]; 
AT(6,:)=[34,35,36,37,38,39]; 
AT(7,:)=[49,50,51,46,47,48]; 
AT(8,:)=[52,53,54,49,50,51]; 
AT(9,:)=[64,65,66,61,62,63]; 
AT(10,:)=[67,68,69,64,65,66]; 
AT(11,:)=[79,80,81,76,77,78]; 
AT(12,:)=[82,83,84,79,80,81]; 
AT(13,:)=[7,8,9,91,92,93]; 
AT(14,:)=[91,92,93,46,47,48]; 
AT(15,:)=[22,23,24,94,95,96]; 
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AT(16,:)=[94,95,96,61,62,63]; 
AT(17,:)=[37,38,39,97,98,99]; 
AT(18,:)=[97,98,99,76,77,78]; 
AT(19,:)=[100,101,102,52,53,54]; 
AT(20,:)=[1,2,3,100,101,102]; 
AT(21,:)=[103,104,105,67,68,69]; 
AT(22,:)=[16,17,18,103,104,105]; 
AT(23,:)=[106,107,108,82,83,84]; 
AT(24,:)=[31,32,33,106,107,108]; 
%Tall vertical members numbering 
AT(25,:)=[19,20,21,4,5,6]; 
AT(26,:)=[34,35,36,19,20,21]; 
AT(27,:)=[64,65,66,49,50,51]; 
AT(28,:)=[79,80,81,64,65,66]; 
AT(29,:)=[94,95,96,91,92,93]; 
AT(30,:)=[97,98,99,94,95,96]; 
AT(31,:)=[103,104,105,100,101,102]; 
AT(32,:)=[106,107,108,103,104,105]; 
%Short vertical members numbering 
AT(33,:)=[13,14,15,1,2,3]; 
AT(34,:)=[16,17,18,13,14,15]; 
AT(35,:)=[28,29,30,16,17,18]; 
AT(36,:)=[31,32,33,28,29,30]; 
AT(37,:)=[43,44,45,31,32,33]; 
AT(38,:)=[10,11,12,7,8,9]; 
AT(39,:)=[22,23,24,10,11,12]; 
AT(40,:)=[25,26,27,22,23,24]; 
AT(41,:)=[37,38,39,25,26,27]; 
AT(42,:)=[40,41,42,37,38,39]; 
AT(43,:)=[58,59,60,46,47,48]; 
AT(44,:)=[61,62,63,58,59,60]; 
AT(45,:)=[73,74,75,61,62,63]; 
AT(46,:)=[76,77,78,73,74,75]; 
AT(47,:)=[88,89,90,76,77,78]; 
AT(48,:)=[55,56,57,52,53,54]; 
AT(49,:)=[67,68,69,55,56,57]; 
AT(50,:)=[70,71,72,67,68,69]; 
AT(51,:)=[82,83,84,70,71,72]; 
AT(52,:)=[85,86,87,82,83,84]; 
%Brace acute 
AT(53,:)=[13,14,15,4,5,6]; 
AT(54,:)=[28,29,30,19,20,21]; 
AT(55,:)=[43,44,45,34,35,36]; 
AT(56,:)=[19,20,21,10,11,12]; 
AT(57,:)=[34,35,36,25,26,27]; 
AT(58,:)=[58,59,60,49,50,51]; 
AT(59,:)=[73,74,75,64,65,66]; 
AT(60,:)=[88,89,90,79,80,81]; 
AT(61,:)=[64,65,66,55,56,57]; 
AT(62,:)=[79,80,81,70,71,72]; 
AT(63,:)=[10,11,12,91,92,93]; 
AT(64,:)=[25,26,27,94,95,96]; 
AT(65,:)=[40,41,42,97,98,99]; 
AT(66,:)=[94,95,96,58,59,60]; 
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AT(67,:)=[97,98,99,73,74,75]; 
AT(68,:)=[55,56,57,100,101,102]; 
AT(69,:)=[70,71,72,103,104,105]; 
AT(70,:)=[85,86,87,106,107,108]; 
AT(71,:)=[103,104,105,13,14,15]; 
AT(72,:)=[106,107,108,28,29,30]; 
%Brace obtuse 
AT(73,:)=[10,11,12,4,5,6]; 
AT(74,:)=[25,26,27,19,20,21]; 
AT(75,:)=[40,41,42,34,35,36]; 
AT(76,:)=[19,20,21,13,14,15]; 
AT(77,:)=[34,35,36,28,29,30]; 
AT(78,:)=[55,56,57,49,50,51]; 
AT(79,:)=[70,71,72,64,65,66]; 
AT(80,:)=[85,86,87,79,80,81]; 
AT(81,:)=[64,65,66,58,59,60]; 
AT(82,:)=[79,80,81,73,74,75]; 
AT(83,:)=[58,59,60,91,92,93]; 
AT(84,:)=[73,74,75,94,95,96]; 
AT(85,:)=[88,89,90,97,98,99]; 
AT(86,:)=[94,95,96,10,11,12]; 
AT(87,:)=[97,98,99,25,26,27]; 
AT(88,:)=[13,14,15,100,101,102]; 
AT(89,:)=[28,29,30,103,104,105]; 
AT(90,:)=[43,44,45,106,107,108]; 
AT(91,:)=[103,104,105,55,56,57]; 
AT(92,:)=[106,107,108,70,71,72]; 
%Plan barce acute 
AT(93,:)=[100,101,102,49,50,51]; 
AT(94,:)=[4,5,6,91,92,93]; 
AT(95,:)=[103,104,105,64,65,66]; 
AT(96,:)=[19,20,21,94,95,96]; 
AT(97,:)=[106,107,108,79,80,81]; 
AT(98,:)=[34,35,36,97,98,99]; 
%Plan brace obtuse 
AT(99,:)=[91,92,93,49,50,51]; 
AT(100,:)=[4,5,6,100,101,102]; 
AT(101,:)=[94,95,96,64,65,66]; 
AT(102,:)=[19,20,21,103,104,105]; 
AT(103,:)=[97,98,99,79,80,81]; 
AT(104,:)=[34,35,36,106,107,108]; 
%Plan brace horizontal 
AT(105,:)=[4,5,6,49,50,51]; 
AT(106,:)=[19,20,21,64,65,66]; 
AT(107,:)=[34,35,36,79,80,81]; 
%Frozen DOF's 
%Base tall ver 
AT(108,:)=[127,128,129,34,35,36]; 
AT(109,:)=[118,119,120,79,80,81]; 
AT(110,:)=[112,113,114,97,98,99]; 
AT(111,:)=[109,110,111,106,107,108]; 
%Base short ver 
AT(112,:)=[130,131,132,43,44,45]; 
AT(113,:)=[124,125,126,40,41,42]; 
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AT(114,:)=[121,122,123,88,89,90]; 
AT(115,:)=[115,116,117,85,86,87]; 
%Base brace obtuse 
AT(116,:)=[127,128,129,43,44,45]; 
AT(117,:)=[118,119,120,88,89,90]; 
AT(118,:)=[112,113,114,40,41,42]; 
AT(119,:)=[109,110,111,85,86,87]; 
%Base brace acute 
AT(120,:)=[109,110,111,43,44,45]; 
AT(121,:)=[112,113,114,88,89,90]; 
AT(122,:)=[118,119,120,85,86,87]; 
AT(123,:)=[127,128,129,40,41,42]; 
  
temp=[1,-1;-1,1]; 
  
%Calculate Lambdas and elemental stiffness matrices 
for i=1:nm 
    L(i)=sqrt((cm(i,4)-cm(i,1))^2+(cm(i,5)-cm(i,2))^2+(cm(i,6)-cm(i,3))^2); 
    l_x(i)=(cm(i,4)-cm(i,1))/L(i); 
    l_y(i)=(cm(i,5)-cm(i,2))/L(i); 
    l_z(i)=(cm(i,6)-cm(i,3))/L(i); 
    T(:,:,i)=[l_x(i),l_y(i),l_z(i),0,0,0;0,0,0,l_x(i),l_y(i),l_z(i)]; 
    k_p(:,:,i)=((A(i)*E(i))/L(i))*temp; 
    k(:,:,i)=T(:,:,i)'*k_p(:,:,i)*T(:,:,i); 
end 
  
%Assemble global stiffness matrix 
for ii=1:nm 
    temp=AT(ii,:); 
    for jj=1:nDOF_mem 
        for kk=1:nDOF_mem 
            K_G_temp(temp(jj),temp(kk),ii)=k(jj,kk,ii); 
        end 
    end 
end 
K_G=sum(K_G_temp,3); 
  
%Check symmetry 
K_G-K_G'; 
  
%Calculate 2D lumped-mass matrix 
for i=1:108 
    for j=1:108 
        KK(i,j)=K_G(i,j); 
    end 
end 
  
%Loads and displacements only at the main levels 
n_HDOF=8; 
n_Levels=3; 
T=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
%External forces matrix, in N 
RK=zeros(108,n_Levels); 
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for i=1:n_Levels 
    for j=1:n_HDOF 
        RK(T(i,j),i)=1/n_HDOF; 
    end 
end     
ru=inv(KK)*RK; 
m=zeros(n_HDOF,n_Levels); 
for k=1:n_Levels 
    for i=1:n_Levels 
        for j=1:n_HDOF 
            m(j,i)=ru(T(i,j),k); 
        end 
    end 
    temp=[(sum(m(:,1))/n_HDOF);(sum(m(:,2))/n_HDOF);(sum(m(:,3))/n_HDOF)]; 
    F(:,k)=temp; 
end 
%2D lumped-mass stiffness matrix 
K=inv(F); 
  
%Loads and displacements at both main and intermediate levels 
%Horizontal DoF's at main levels from bottom to top floors 
n_HDOF=8; 
n_Levels=3; 
T=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
%External forces matrix, in N 
RK=zeros(108,2*n_Levels); 
ru=zeros(108,2*n_Levels); 
for i=1:n_Levels 
    for j=1:n_HDOF 
        RK(T(i,j),(2*i))=1/n_HDOF; 
    end 
end 
T=[45,42,90,87;30,27,75,72;15,12,60,57]; 
n_HDOF=4; 
for i=1:n_Levels 
    for j=1:n_HDOF 
        RK(T(i,j),(2*i-1))=1/n_HDOF; 
    end 
end 
%Displacements matrix 
 ru=inv(KK)*RK; 
%Dummy displacement, first row 
ru(1,:)=0; 
%Flexibility matrix 
T1=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
n_HDOF=8; 
T2=[45,42,90,87,1,1,1,1;30,27,75,72,1,1,1,1;15,12,60,57,1,1,1,1]; 
n_HDOF1=4; 
m=zeros(n_HDOF,2*n_Levels); 
f=zeros(2*n_Levels,2*n_Levels); 
for k=1:(2*n_Levels) 
    for i=1:n_Levels 
        for j=1:n_HDOF 
            m(j,2*i)=ru(T1(i,j),k); 
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            m(j,(2*i-1))=ru(T2(i,j),k); 
        end 
    end 
    
temp=[(sum(m(:,1))/n_HDOF1);(sum(m(:,2))/n_HDOF);(sum(m(:,3))/n_HDOF1);(sum(m(
:,4))/n_HDOF);(sum(m(:,5))/n_HDOF1);(sum(m(:,6))/n_HDOF)]; 
    f(:,k)=temp; 
end 
%2D lumped-mass stiffness matrix 
kk=inv(f); 
  
%Flexibility matrix with loads at all levels and disp. at main levels 
T=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
n_HDOF=8; 
B=zeros(n_Levels, 2*n_Levels); 
m=zeros(n_HDOF,n_Levels); 
m1=zeros(n_HDOF,n_Levels); 
for k=1:n_Levels    
    for i=1:n_Levels 
        for j=1:n_HDOF 
            m(j,i)=ru(T(i,j),(2*k-1)); 
            m1(j,i)=ru(T(i,j),2*k); 
        end 
    end 
    temp=[(sum(m(:,1))/n_HDOF);(sum(m(:,2))/n_HDOF);(sum(m(:,3))/n_HDOF)]; 
    temp1=[(sum(m1(:,1))/n_HDOF);(sum(m1(:,2))/n_HDOF);(sum(m1(:,3))/n_HDOF)]; 
    B(:,(2*k-1))=temp; 
    B(:,(2*k))=temp1; 
end 
  
%Flexibility matrix with loads at main levels and disp. at all levels 
T=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
n_HDOF=8; 
%External forces matrix, in N 
RK=zeros(108,2*n_Levels); 
for i=1:n_Levels 
    for j=1:n_HDOF 
        RK(T(i,j),2*i)=1/n_HDOF; 
    end 
end 
%Displacements matrix due to load at main levels 
ru=inv(KK)*RK; 
%Dummy displacement, first row 
ru(1,:)=0; 
%Flexibility matrix 
T1=[33,36,39,99,78,81,84,108;18,21,24,96,63,66,69,105;3,6,9,93,48,51,54,102]; 
n_HDOF=8; 
T2=[45,42,90,87,1,1,1,1;30,27,75,72,1,1,1,1;15,12,60,57,1,1,1,1]; 
n_HDOF1=4; 
m=zeros(n_HDOF,2*n_Levels); 
G=zeros(2*n_Levels,n_Levels); 
for k=1:(n_Levels) 
    for i=1:n_Levels 
        for j=1:n_HDOF 
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            m(j,2*i)=ru(T1(i,j),(2*k)); 
            m(j,(2*i-1))=ru(T2(i,j),(2*k)); 
        end 
    end 
    
temp=[(sum(m(:,1))/n_HDOF1);(sum(m(:,2))/n_HDOF);(sum(m(:,3))/n_HDOF1);(sum(m(
:,4))/n_HDOF);(sum(m(:,5))/n_HDOF1);(sum(m(:,6))/n_HDOF)]; 
    G(:,k)=temp; 
end 
  
 
%Transformation matrices 
E=kk*G; 
D=K*B; 
F=B*kk; 
H=G*K; 

 
2. Uncontrolled Response 
 
clear all 
clc 
  
StiffnessMatrices_Transformation 
  
%Mass matrix 
ma=2*10^5; 
M=eye(n_Levels,n_Levels)*ma; 
D1=inv(M)*K; 
lam=sort(eig(D1)); 
for i=1:3 
    omg(i)=sqrt(lam(i)); 
end 
  
MAX=7500; %MAX should be equal to the length of the longest earthquake in a, 
here KOBE 
  
ELCENTRONS_Acc; acc=acc/9.81; s=size(acc); diff(1)=MAX-s(1)*s(2); a1=[];  for 
i=1:s(1); a1=[a1,acc(i,:)]; end; a(1,:)=[a1,zeros(1,diff(1))]; 
HACHINOHE_Acc;  acc=acc/9.81; s=size(acc); diff(2)=MAX-s(1)*s(2); a2=[];  for 
i=1:s(1); a2=[a2,acc(i,:)]; end; a(2,:)=[a2,zeros(1,diff(2))]; 
Helena_Carroll_College_S00W_Acc;  acc=acc/9810; s=size(acc); diff(3)=MAX-
s(1)*s(2); a3=[];  for i=1:s(1); a3=[a3,acc(i,:)]; end; 
a(3,:)=[a3,zeros(1,diff(3))]; 
Helena_Carroll_College_S90W_Acc;  acc=acc/9810; s=size(acc);  diff(4)=MAX-
s(1)*s(2); a4=[];  for i=1:s(1); a4=[a4,acc(i,:)]; end; 
a(4,:)=[a4,zeros(1,diff(4))]; 
KOBE_Acc;  acc=acc/9.81; s=size(acc);  diff(5)=MAX-s(1)*s(2); a5=[];  for 
i=1:s(1); a5=[a5,acc(i,:)]; end; a(5,:)=[a5,zeros(1,diff(5))]; 
Loma_Prieta_Capitola_FS_0_Acc;  acc=acc/981; s=size(acc);  diff(6)=MAX-
s(1)*s(2); a6=[];  for i=1:s(1); a6=[a6,acc(i,:)]; end; 
a(6,:)=[a6,zeros(1,diff(6))]; 
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Loma_Prieta_Capitola_FS_90_Acc;  acc=acc/981; s=size(acc);  diff(7)=MAX-
s(1)*s(2); a7=[];  for i=1:s(1); a7=[a7,acc(i,:)]; end; 
a(7,:)=[a7,zeros(1,diff(7))]; 
Loma_Prieta_Corralito_EC_0_Acc;  acc=acc/981; s=size(acc);  diff(8)=MAX-
s(1)*s(2); a8=[];  for i=1:s(1); a8=[a8,acc(i,:)]; end; 
a(8,:)=[a8,zeros(1,diff(8))]; 
Loma_Prieta_Corralito_EC_90_Acc;  acc=acc/981; s=size(acc); diff(9)=MAX-
s(1)*s(2); a9=[];  for i=1:s(1); a9=[a9,acc(i,:)]; end; 
a(9,:)=[a9,zeros(1,diff(9))]; 
NORTHRIDGE_Acc;  acc=acc/9.81; s=size(acc);  diff(10)=MAX-s(1)*s(2); a10=[];  
for i=1:s(1); a10=[a10,acc(i,:)]; end; a(10,:)=[a10,zeros(1,diff(10))]; 
Northridge_Arleta_FS_90_Acc;  acc=acc/981; s=size(acc);  diff(11)=MAX-
s(1)*s(2); a11=[];  for i=1:s(1); a11=[a11,acc(i,:)]; end; 
a(11,:)=[a11,zeros(1,diff(11))]; 
Northridge_Arleta_FS_360_Acc;  acc=acc/981; s=size(acc);  diff(12)=MAX-
s(1)*s(2); a12=[];  for i=1:s(1); a12=[a12,acc(i,:)]; end; 
a(12,:)=[a12,zeros(1,diff(12))]; 
Northridge_Pacoima_Dam_175_Acc;  acc=acc/981; s=size(acc);  diff(13)=MAX-
s(1)*s(2); a13=[];  for i=1:s(1); a13=[a13,acc(i,:)]; end; 
a(13,:)=[a13,zeros(1,diff(13))]; 
Northridge_Pacoima_Dam_265_Acc;  acc=acc/981; s=size(acc);  diff(14)=MAX-
s(1)*s(2); a14=[];  for i=1:s(1); a14=[a14,acc(i,:)]; end; 
a(14,:)=[a14,zeros(1,diff(14))]; 
NW_Cali_Ferndale_CH_N46W_Acc;  acc=acc/9810; s=size(acc);  diff(15)=MAX-
s(1)*s(2); a15=[];  for i=1:s(1); a15=[a15,acc(i,:)]; end; 
a(15,:)=[a15,zeros(1,diff(15))]; 
NW_Cali_Ferndale_CH_S44W_Acc;  acc=acc/9810; s=size(acc);  diff(16)=MAX-
s(1)*s(2); a16=[];  for i=1:s(1); a16=[a16,acc(i,:)]; end; 
a(16,:)=[a16,zeros(1,diff(16))]; 
Parkfield_Temblor_N65W_Acc;  acc=acc/9810; s=size(acc);  diff(17)=MAX-
s(1)*s(2); a17=[];  for i=1:s(1); a17=[a17,acc(i,:)]; end; 
a(17,:)=[a17,zeros(1,diff(17))]; 
Parkfield_Temblor_S25W_Acc;  acc=acc/9810; s=size(acc); diff(18)=MAX-
s(1)*s(2); a18=[];  for i=1:s(1); a18=[a18,acc(i,:)]; end; 
a(18,:)=[a18,zeros(1,diff(18))]; 
San_Fernando_1st_St_N36E_Acc;  acc=acc/981; s=size(acc);  diff(19)=MAX-
s(1)*s(2); a19=[];  for i=1:s(1); a19=[a19,acc(i,:)]; end; 
a(19,:)=[a19,zeros(1,diff(19))]; 
San_Fernando_1st_St_N54W_Acc;  acc=acc/981; s=size(acc);  diff(20)=MAX-
s(1)*s(2); a20=[];  for i=1:s(1); a20=[a20,acc(i,:)]; end; 
a(20,:)=[a20,zeros(1,diff(20))]; 
San_Fernando_Pac_Dam_S16E_Acc;  acc=acc/981; s=size(acc);  diff(21)=MAX-
s(1)*s(2); a21=[];  for i=1:s(1); a21=[a21,acc(i,:)]; end; 
a(21,:)=[a21,zeros(1,diff(21))]; 
San_Fernando_Pac_Dam_S74W_Acc;  acc=acc/981; s=size(acc);  diff(22)=MAX-
s(1)*s(2); a22=[];  for i=1:s(1); a22=[a22,acc(i,:)]; end; 
a(22,:)=[a22,zeros(1,diff(22))]; 
San_Francisco_GGP_N10E_Acc;  acc=acc/9810; s=size(acc); diff(23)=MAX-
s(1)*s(2); a23=[];  for i=1:s(1); a23=[a23,acc(i,:)]; end; 
a(23,:)=[a23,zeros(1,diff(23))]; 
San_Francisco_GGP_S80E_Acc;  acc=acc/9810; s=size(acc); diff(24)=MAX-
s(1)*s(2); a24=[];  for i=1:s(1); a24=[a24,acc(i,:)]; end; 
a(24,:)=[a24,zeros(1,diff(24))]; 
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a=a*9.81; % Converting g's to m/s^2 
T_H_unc_Hist=zeros(MAX,18); 
T_H_unc_6=zeros(MAX,18); 
for jj=1:24 
        xg=a(jj,:); 
%Check that you are using the largest acceleration data set 
diff_min=min(diff); 
diff_max=max(diff); 
  
%Calculate the length of each earthquake 
eq_length=MAX-diff; 
  
t_ini=0; 
dt=.02; 
t_fin=((MAX)*dt)-dt; 
t=t_ini:dt:t_fin; 
s=size(a); 
  
%Natural frequencies and periods 
[V w]=eig(K,M); 
V=fliplr(V); 
w=flipud(w); 
w=fliplr(w); 
  
%Modal mass matrix 
Mm=V'*M*V; 
  
%Normalized mode shapes 
for i=1:3 
    V_n(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 
  
%Normalized modal mass matrix 
Mmm=V_n'*M*V_n; 
  
%Modal damping 
e=1.5/100; 
for i=1:3 
    cc(i)=2*e*Mmm(i,i)*omg(i); 
end 
c1=diag(cc); 
c=inv(V_n')*c1*inv(V_n); 
%c=zeros(3,3); 
%c=1.0e+005*[2.6780,-1.1242,-0.0134;-1.1242,2.1246,-0.8851;-0.0134,-
0.8851,0.9681]; 
n=3; 
r=3; 
m=3; 
  
%Transformation matrix 
T=tril(ones(2*n,2*n)); 
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D2=eye(n,m); 
E2=eye(n,r); 
  
Fe=diag(M)*xg; 
Fc=zeros(m,MAX); 
  
AA=[zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
BB=[zeros(n,r),zeros(n,m);inv(M)*E2,inv(M)*D2]; 
u=[Fe;-Fc]; 
%CC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n)]; 
%DD=zeros(2*n,2*n); 
  
CCC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
CC=[eye(2*n,2*n)]; 
%Abs acc 
DDD=[zeros(2*n,2*n);zeros(n,r),inv(M)*D2]; 
DD=[zeros(2*n,2*n)]; 
%Acc rel to ground 
%DD=[zeros(2*n,2*n);inv(M)*E,inv(M)*D]; 
  
sim('truss_damper_v2') 
  
%Time-History 
T_H_unc(:,:)=simout(:,:); 
T_H_6_unc(:,1:6)=(inv(T)*(H*((T_H_unc(:,1:3))')))'; 
T_H_6_unc(:,7:12)=(H*((T_H_unc(:,4:6))'))'; 
T_H_6_unc(:,13:18)=(H*((T_H_unc(:,7:9))'))'; 
T_H_unc_Hist=T_H_unc_Hist+T_H_6_unc; 
  

  
xunc_abs=[simout(:,1),simout(:,2),simout(:,3)]; 
xunc_drift=inv(T)*(H*xunc_abs'); 
xunc_d=xunc_drift'; 
  
xunc(jj,1)=max(abs(xunc_d(:,1))); 
xunc(jj,2)=max(abs(xunc_d(:,2))); 
xunc(jj,3)=max(abs(xunc_d(:,3))); 
xunc(jj,4)=max(abs(xunc_d(:,4))); 
xunc(jj,5)=max(abs(xunc_d(:,5))); 
xunc(jj,6)=max(abs(xunc_d(:,6))); 
  
acunc_abs=[simout(:,7),simout(:,8),simout(:,9)]; 
acunc_6=(H*acunc_abs'); 
acunc_66=acunc_6'; 
  
acunc(jj,1)=max(abs(acunc_66(:,1))); 
acunc(jj,2)=max(abs(acunc_66(:,2))); 
acunc(jj,3)=max(abs(acunc_66(:,3))); 
acunc(jj,4)=max(abs(acunc_66(:,4))); 
acunc(jj,5)=max(abs(acunc_66(:,5))); 
acunc(jj,6)=max(abs(acunc_66(:,6)));       
end 
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T_H_unc_avg=T_H_unc_Hist/24; 

 

3. Identifying p for the various optimal design approaches 
 
clear all 
clc 
  
StiffnessMatrices_Transformation 
simu_run_file_66_uncontrolled 
%Mass matrix 
ma=2*10^5; 
M=eye(n_Levels,n_Levels)*ma; 
D1=inv(M)*K; 
lam=sort(eig(D1)); 
for i=1:3 
    omg(i)=sqrt(lam(i)); 
end 
  
np=71; 
for i=1:np 
p(i)=0.9+i*0.1; 
end 
for ii=1:np 
    for jj=1:24 
        xg=a(jj,:); 
%Check that you are using the largest acceleration data set 
diff_min=min(diff); 
diff_max=max(diff); 
  
%Calculate the length of each earthquake 
eq_length=MAX-diff; 
  
t_ini=0; 
dt=.02; 
t_fin=((MAX)*dt)-dt; 
t=t_ini:dt:t_fin; 
s=size(a); 
  
%Natural frequencies and periods 
[V w]=eig(K,M); 
V=fliplr(V); 
w=flipud(w); 
w=fliplr(w); 
  
%Modal mass matrix 
Mm=V'*M*V; 
  
%Normalized mode shapes 
for i=1:3 
    V_n(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 



 45 
 

 

 

  
%Normalized modal mass matrix 
Mmm=V_n'*M*V_n; 
  
%Modal damping 
e=1.5/100; 
for i=1:3 
    cc(i)=2*e*Mmm(i,i)*omg(i); 
end 
c1=diag(cc); 
c=inv(V_n')*c1*inv(V_n); 
%c=zeros(3,3); 
%c=1.0e+005*[2.6780,-1.1242,-0.0134;-1.1242,2.1246,-0.8851;-0.0134,-
0.8851,0.9681]; 
n=3; 
r=3; 
m=3; 
  
%Transformation matrix 
T=tril(ones(n,n)); 
  
D2=eye(n,m); 
E2=eye(n,r); 
  
Fe=diag(M)*xg; 
Fc=zeros(m,MAX); 
  
AA=[zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
BB=[zeros(n,r),zeros(n,m);inv(M)*E2,inv(M)*D2]; 
u=[Fe;-Fc]; 
%CC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n)]; 
%DD=zeros(2*n,2*n); 
  
CCC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
CC=[eye(2*n,2*n)]; 
%Abs acc 
DDD=[zeros(2*n,2*n);zeros(n,r),inv(M)*D2]; 
DD=[zeros(2*n,2*n)]; 
%Acc rel to ground 
%DD=[zeros(2*n,2*n);inv(M)*E,inv(M)*D]; 
  
%Optimal Damping 
A=AA; 
b=[zeros(n,m);inv(M)*D2]; 
%Energy minimization 
R=inv(K); 
%R=10^(-p(ii))*eye(n,n); 
%Energy minimization 
Q=10^(-p(ii))*[K,zeros(n,n);zeros(n,n),M]; 
%Remaining methods 
%Q=eye(2*n,2*n); 
%Q=[zeros(n,n),zeros(n,n);zeros(n,n),eye(n,n)]; 
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%Q=[eye(n,n),zeros(n,n);zeros(n,n),zeros(n,n)]; 
B1=0.5*b*inv(R)*b'; 
C=2*Q; 
P=are(A,B1,C); 
%Eqn 9 
G=-0.5*inv(R)*b'*P; 
for i=1:n 
    for j=1:n 
        GX(i,j)=G(i,j); 
        GXd(i,j)=G(i,j+n); 
    end 
end 
  
%Equation 17 - Drift disp./vel. 
Gdd=abs(GXd); 
%Trnsform from 3-floor to 6-floor 
gdD=E*Gdd*F; 
T1=tril(ones(6,6)); 
gdd=T1'*gdD*T1; 
%Mode shape 
for i=1:n 
    %Mass normalized mode shape; Mm is the modal mass 
    Pp(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 
%Mode shape from RISA for 6-floor structure; 1st mode 
Del=[0.12645;0.253275;0.38585;0.51955;0.62375;0.7298]; 
  
%Scale 
sc1=Pp(1,1)/Del(2,1); 
sc2=Pp(2,1)/Del(4,1); 
sc3=Pp(3,1)/Del(6,1); 
sc=sc3; 
  
%Mode shape from RISA scaled to actual mode shapes 
Del=[0.12645;0.253275;0.38585;0.51955;0.62375;0.7298]*sc; 
  
%Normalized drift mode shape 
Del=inv(T1)*Del; 
%Eqn 24, Del_c in N-sec/m 
for k=1:6 
   Del_n(:,1)=Del(:,1)/Del(k,1); 
   Del_cd(k,1)=gdd(k,:)*Del_n; 
end 
  
sim('truss_damper_check') 
  
x_abs=[simout(:,1),simout(:,2),simout(:,3)]; 
x_drift=inv(T1)*(H*(x_abs')); 
x_d=x_drift'; 
  
x1(jj,ii)=max(abs(x_d(:,1))); 
x2(jj,ii)=max(abs(x_d(:,2))); 
x3(jj,ii)=max(abs(x_d(:,3))); 
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x4(jj,ii)=max(abs(x_d(:,4))); 
x5(jj,ii)=max(abs(x_d(:,5))); 
x66(jj,ii)=max(abs(x_d(:,6))); 
x6(jj,:,ii)=[x1(jj,ii);x2(jj,ii);x3(jj,ii);x4(jj,ii);x5(jj,ii);x66(jj,ii)]; 
  
ac_abs=[simout(:,7),simout(:,8),simout(:,9)]; 
ac_6s=(H*(ac_abs')); 
ac_6=ac_6s'; 
  
ac1(jj,ii)=max(abs(ac_6(:,1))); 
ac2(jj,ii)=max(abs(ac_6(:,2))); 
ac3(jj,ii)=max(abs(ac_6(:,3))); 
ac4(jj,ii)=max(abs(ac_6(:,4))); 
ac5(jj,ii)=max(abs(ac_6(:,5))); 
ac66(jj,ii)=max(abs(ac_6(:,6))); 
ac6(jj,:,ii)=[ac1(jj,ii);ac2(jj,ii);ac3(jj,ii);ac4(jj,ii);ac5(jj,ii);ac66(jj,i
i)]; 
    end   
end 
for i=1:np 
    for j=1:6 
        for k=1:24 
            x6_RR(k,j,i)=x6(k,j,i)/xunc(k,j); 
            ac6_RR(k,j,i)=ac6(k,j,i)/acunc(k,j); 
        end 
    end 
end 
for i=1:np 
    x6avg(i,:)=(sum(x6_RR(:,:,i)))/24; 
    ac6avg(i,:)=(sum(ac6_RR(:,:,i)))/24; 
end            
%First Level RR 
  
plot(p,x6avg(:,2),p,ac6avg(:,2)) 

 

4. Identifying ∆c for the performance based design 
 
clear all 
clc 
  
StiffnessMatrices_Transformation 
simu_run_file_66_uncontrolled 
%Mass matrix 
ma=2*10^5; 
M=eye(n_Levels,n_Levels)*ma; 
D1=inv(M)*K; 
lam=sort(eig(D1)); 
for i=1:3 
    omg(i)=sqrt(lam(i)); 
end 
  
np=30; 
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h=50000; 
del_cd(:,1)=50000*ones(6,1); 
for ii=2:np 
     %Average Del_cd for a range of values 
    del_cd(:,ii)=del_cd(:,ii-1)+(h*ones(6,1)) 
end 
for ii=1:np 
    for jj=1:24 
        xg=a(jj,:); 
%Check that you are using the largest acceleration data set 
diff_min=min(diff); 
diff_max=max(diff); 
  
%Calculate the length of each earthquake 
eq_length=MAX-diff; 
  
t_ini=0; 
dt=.02; 
t_fin=((MAX)*dt)-dt; 
t=t_ini:dt:t_fin; 
s=size(a); 
  
%Natural frequencies and periods 
[V w]=eig(K,M); 
V=fliplr(V); 
w=flipud(w); 
w=fliplr(w); 
  
%Modal mass matrix 
Mm=V'*M*V; 
  
%Normalized mode shapes 
for i=1:3 
    V_n(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 
  
%Normalized modal mass matrix 
Mmm=V_n'*M*V_n; 
  
%Modal damping 
e=1.5/100; 
for i=1:3 
    cc(i)=2*e*Mmm(i,i)*omg(i); 
end 
c1=diag(cc); 
c=inv(V_n')*c1*inv(V_n); 
%c=zeros(3,3); 
%c=1.0e+005*[2.6780,-1.1242,-0.0134;-1.1242,2.1246,-0.8851;-0.0134,-
0.8851,0.9681]; 
n=3; 
r=3; 
m=3; 
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%Transformation matrix 
T1=tril(ones(2*n,2*n)); 
  
D2=eye(n,m); 
E2=eye(n,r); 
  
Fe=diag(M)*xg; 
Fc=zeros(m,MAX); 
  
AA=[zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
BB=[zeros(n,r),zeros(n,m);inv(M)*E2,inv(M)*D2]; 
u=[Fe;-Fc]; 
%CC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n)]; 
%DD=zeros(2*n,2*n); 
  
CCC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
CC=[eye(2*n,2*n)]; 
%Abs acc 
DDD=[zeros(2*n,2*n);zeros(n,r),inv(M)*D2]; 
DD=[zeros(2*n,2*n)]; 
%Acc rel to ground 
%DD=[zeros(2*n,2*n);inv(M)*E,inv(M)*D]; 
  
Del_cd=zeros(6,1); 
Del_cd(:,:)=del_cd(:,ii) 
  
sim('truss_damper_check') 
  
x_abs=[simout(:,1),simout(:,2),simout(:,3)]; 
x_drift=inv(T1)*(H*(x_abs')); 
x_d=x_drift'; 
  
x1(jj,ii)=max(abs(x_d(:,1))); 
x2(jj,ii)=max(abs(x_d(:,2))); 
x3(jj,ii)=max(abs(x_d(:,3))); 
x4(jj,ii)=max(abs(x_d(:,4))); 
x5(jj,ii)=max(abs(x_d(:,5))); 
x66(jj,ii)=max(abs(x_d(:,6))); 
x6(jj,:,ii)=[x1(jj,ii);x2(jj,ii);x3(jj,ii);x4(jj,ii);x5(jj,ii);x66(jj,ii)]; 
  
v_abs=[simout(:,4),simout(:,5),simout(:,6)]; 
v_drift=inv(T1)*(H*(v_abs')); 
v_d=v_drift'; 
  
v(jj,1)=max(abs(v_d(:,1))); 
v(jj,2)=max(abs(v_d(:,2))); 
v(jj,3)=max(abs(v_d(:,3))); 
v(jj,4)=max(abs(v_d(:,4))); 
v(jj,5)=max(abs(v_d(:,5))); 
v(jj,6)=max(abs(v_d(:,6))); 
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fcD(:,jj)=diag(Del_cd)*v(jj,:)'; 
  
ac_abs=[simout(:,7),simout(:,8),simout(:,9)]; 
ac_6s=(H*(ac_abs')); 
ac_6=ac_6s'; 
  
ac1(jj,ii)=max(abs(ac_6(:,1))); 
ac2(jj,ii)=max(abs(ac_6(:,2))); 
ac3(jj,ii)=max(abs(ac_6(:,3))); 
ac4(jj,ii)=max(abs(ac_6(:,4))); 
ac5(jj,ii)=max(abs(ac_6(:,5))); 
ac66(jj,ii)=max(abs(ac_6(:,6))); 
ac6(jj,:,ii)=[ac1(jj,ii);ac2(jj,ii);ac3(jj,ii);ac4(jj,ii);ac5(jj,ii);ac66(jj,i
i)]; 
    end   
end 
for i=1:np 
    for j=1:6 
        for k=1:24 
            x6_RR(k,j,i)=x6(k,j,i)/xunc(k,j); 
            ac6_RR(k,j,i)=ac6(k,j,i)/acunc(k,j); 
        end 
    end 
end 
for i=1:np 
    x6avg(i,:)=(sum(x6_RR(:,:,i)))/24; 
    ac6avg(i,:)=(sum(ac6_RR(:,:,i)))/24; 
end 

 

5. Energy Minimization 
 
clear all 
clc 
  
StiffnessMatrices_Transformation 
simu_run_file_uncontrolled 
%Mass matrix 
ma=2*10^5; 
M=eye(n_Levels,n_Levels)*ma; 
D1=inv(M)*K; 
lam=sort(eig(D1)); 
for i=1:3 
    omg(i)=sqrt(lam(i)); 
end 
  
for ii=1 
    for jj=1 
        xg=a(jj,:); 
%Check that you are using the largest acceleration data set 
diff_min=min(diff); 
diff_max=max(diff); 
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%Calculate the length of each earthquake 
eq_length=MAX-diff; 
  
t_ini=0; 
dt=.02; 
t_fin=((MAX)*dt)-dt; 
t=t_ini:dt:t_fin; 
s=size(a); 
  
%Natural frequencies and periods 
[V w]=eig(K,M); 
V=fliplr(V); 
w=flipud(w); 
w=fliplr(w); 
  
%Modal mass matrix 
Mm=V'*M*V; 
  
%Normalized mode shapes 
for i=1:3 
    V_n(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 
  
%Normalized modal mass matrix 
Mmm=V_n'*M*V_n; 
  
%Modal damping 
e=1.5/100; 
for i=1:3 
    cc(i)=2*e*Mmm(i,i)*omg(i); 
end 
c1=diag(cc); 
c=inv(V_n')*c1*inv(V_n); 
%c=zeros(3,3); 
%c=1.0e+005*[2.6780,-1.1242,-0.0134;-1.1242,2.1246,-0.8851;-0.0134,-
0.8851,0.9681]; 
n=3; 
r=3; 
m=3; 
  
%Transformation matrix 
T=tril(ones(n,n)); 
  
D2=eye(n,m); 
E2=eye(n,r); 
  
Fe=diag(M)*xg; 
Fc=zeros(m,MAX); 
  
AA=[zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
BB=[zeros(n,r),zeros(n,m);inv(M)*E2,inv(M)*D2]; 
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u=[Fe;-Fc]; 
  
CCC=[eye(n,n),zeros(n,n);zeros(n,n),eye(n,n);-inv(M)*K,-inv(M)*c]; 
CC=[eye(2*n,2*n)]; 
%Abs acc 
DDD=[zeros(2*n,2*n);zeros(n,r),inv(M)*D2]; 
DD=[zeros(2*n,2*n)]; 
  
%Optimal Damping 
A=AA; 
b=[zeros(n,m);inv(M)*D2]; 
%Energy minimization 
R=inv(K); 
Q=10^(-2.65)*[K,zeros(n,n);zeros(n,n),M]; 
B1=0.5*b*inv(R)*b'; 
C=2*Q; 
P=are(A,B1,C); 
%Eqn 9 
G=-0.5*inv(R)*b'*P; 
for i=1:n 
    for j=1:n 
        GX(i,j)=G(i,j); 
        GXd(i,j)=G(i,j+n); 
    end 
end 
  
%Equation 17 - Drift disp./vel. 
Gdd=abs(GXd); 
%Trnsform from 3-floor to 6-floor 
gdD=E*Gdd*F; 
T1=tril(ones(6,6)); 
gdd=T1'*gdD*T1; 
%Mode shape 
for i=1:n 
    %Mass normalized mode shape; Mm is the modal mass 
    Pp(:,i)=V(:,i)/sqrt(Mm(i,i)); 
end 
%Mode shape from RISA for 6-floor structure; 1st mode 
Del=[0.12645;0.253275;0.38585;0.51955;0.62375;0.7298]; 
  
%Scale 
sc1=Pp(1,1)/Del(2,1); 
sc2=Pp(2,1)/Del(4,1); 
sc3=Pp(3,1)/Del(6,1); 
sc=sc3; 
  
%Mode shape from RISA scaled to actual mode shapes 
Del=[0.12645;0.253275;0.38585;0.51955;0.62375;0.7298]*sc; 
  
%Normalized drift mode shape 
Del=inv(T1)*Del; 
%Eqn 24, Del_c in N-sec/m 
for k=1:6 
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   Del_n(:,1)=Del(:,1)/Del(k,1); 
   Del_cd(k,1)=gdd(k,:)*Del_n; 
end 
  
sim('truss_damper_check') 
  
x_abs=[simout(:,1),simout(:,2),simout(:,3)]; 
x_drift=inv(T1)*(H*(x_abs')); 
x_d=x_drift'; 
  
x1(jj,ii)=max(abs(x_d(:,1))); 
x2(jj,ii)=max(abs(x_d(:,2))); 
x3(jj,ii)=max(abs(x_d(:,3))); 
x4(jj,ii)=max(abs(x_d(:,4))); 
x5(jj,ii)=max(abs(x_d(:,5))); 
x66(jj,ii)=max(abs(x_d(:,6))); 
x6(jj,:,ii)=[x1(jj,ii);x2(jj,ii);x3(jj,ii);x4(jj,ii);x5(jj,ii);x66(jj,ii)]; 
  
v_abs=[simout(:,4),simout(:,5),simout(:,6)]; 
v_drift=inv(T1)*(H*(v_abs')); 
v_d=v_drift'; 
  
v1(jj,ii)=max(abs(v_d(:,1))); 
v2(jj,ii)=max(abs(v_d(:,2))); 
v3(jj,ii)=max(abs(v_d(:,3))); 
v4(jj,ii)=max(abs(v_d(:,4))); 
v5(jj,ii)=max(abs(v_d(:,5))); 
v66(jj,ii)=max(abs(v_d(:,6))); 
  
v6(jj,:,ii)=[v1(jj,ii);v2(jj,ii);v3(jj,ii);v4(jj,ii);v5(jj,ii);v66(jj,ii)]; 
  
fcD(:,jj)=diag(Del_cd)*v6(jj,:,:)'; 
  
ac_abs=[simout(:,7),simout(:,8),simout(:,9)]; 
ac_6s=(H*(ac_abs')); 
ac_6=ac_6s'; 
  
ac1(jj,ii)=max(abs(ac_6(:,1))); 
ac2(jj,ii)=max(abs(ac_6(:,2))); 
ac3(jj,ii)=max(abs(ac_6(:,3))); 
ac4(jj,ii)=max(abs(ac_6(:,4))); 
ac5(jj,ii)=max(abs(ac_6(:,5))); 
ac66(jj,ii)=max(abs(ac_6(:,6))); 
ac6(jj,:,ii)=[ac1(jj,ii);ac2(jj,ii);ac3(jj,ii);ac4(jj,ii);ac5(jj,ii);ac66(jj,i
i)]; 
    %Abs. force 
 Fcontrol(:,jj)=inv(T1')*fcD(:,jj); 
    end   
end 
for i=1 
    for j=1:6 
        for k=1 
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            x6_RR(k,j,i)=x6(k,j,i)/xunc(k,j); 
            ac6_RR(k,j,i)=ac6(k,j,i)/acunc(k,j); 
        end 
    end 
end  
Del_cd 
x6_RR 
ac6_RR 
sum(fcD,2); 
%Time History 
T_H(:,:)=simout(:,:); 
T_H_6(:,1:6)=(inv(T1)*(H*((T_H(:,1:3))')))'; 
T_H_6(:,7:12)=(H*((T_H(:,4:6))'))'; 
T_H_6(:,13:18)=(H*((T_H(:,7:9))'))'; 

 

6. S-Function 

 
function [sys,x0,str,ts] = simu66(t,x,u,flag,Del_cd) 
%sys=u 
  
switch flag, 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes; 
  
  case 3 
    sys=mdlOutputs(t,x,u,Del_cd); 
  
  case { 1, 2, 4, 9 } 
    sys=[]; 
  
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
  
end 
  
function [sys,x0,str,ts] = mdlInitializeSizes() 
  
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = [6];  % dynamically sized 
sizes.NumInputs      = [6];  % dynamically sized 
sizes.DirFeedthrough = 1;   % has direct feedthrough 
sizes.NumSampleTimes = 1; 
  
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
  
function sys = mdlOutputs(t,x,u,Del_cd) 
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%From my code 
T1=tril(ones(6,6)); 
H=[0.49580056507907,0.00219930141859,-
0.00021838890332;1.00000000000000,0.00000000000000,-
0.00000000000000;0.49799986649766,0.49806116429239,0.00173808629907;-
0.00000000000000,1.00000000000000,-
0.00000000000000;0.00198091251527,0.49781833807620,0.50032036118723;-
0.00000000000000,0.00000000000000,1.00000000000000]; 
D=H'; 
  
v(1,1)=u(4,1); 
v(2,1)=u(5,1); 
v(3,1)=u(6,1); 
  
%Rel to ground vel 
v1=v(1,1); 
v2=v(2,1); 
v3=v(3,1); 
  
Vel=[v1;v2;v3]; 
  
vel=H*Vel; 
%Drift Velocity 
vel_D=inv(T1)*vel; 
  
%Optimal del_c 
fc_D=diag(Del_cd)*vel_D; 
  
%Abs. force 
fc=inv(T1')*fc_D; 
  
FC=D*fc; 
u=[0;0;0;-FC]; 
  
sys = u; 
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NOMENCLATURE 

N DOF of 3D truss tower model 

N DOF of equivalent 2D lumped mass model 

)(tX��  Relative to ground acceleration for NDOF 2D lumped mass model 

)(tX�  Relative to ground velocity for NDOF 2D lumped mass model 

)(tX  Relative to ground displacement for NDOF 2D lumped mass model 

M Mass matrix for NDOF 2D lumped mass model 

C Damping matrix for NDOF 2D lumped mass model 

K Stiffness matrix for NDOF 2D lumped mass model 

D Location matrix for control forces 

U(t) Control forces 

m Number of control devices for NDOF system 

)(tX g
��  Seismic ground acceleration 

)(tz�  Time derivative of the states of the NDOF system 

)(tz  States of the NDOF system 

A System matrix for the NDOF system 

B Input location matrix for control forces for NDOF system 

H Input location matrix for earthquake forces for NDOF system 
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δ Flexibility coefficient 

J Performance index 

Q Weighing matrix for states of the structure 

R Weighing matrix for the control forces on the structure 

G Gain matrix for the NDOF system 

xG  Relative to ground displacement gain matrix for the NDOF system 

x�G  Relative to ground velocity gain matrix for the NDOF system 

P Solution of the ARE equation 

TN Lower-diagonal unity transformation matrix for NDOF system 

d�
G  Interstory drift velocity gain matrix for the NDOF system 

∆∆∆∆Cd Diagonal damping coefficient matrix for the NDOF system 

ΦΦΦΦd Normalized drift mode shapes for the NDOF system 

∆∆∆∆cd Diagonal damping coefficient matrix for the nDOF system 

d�
g  Interstory drift velocity gain matrix for the nDOF system 

φφφφd Normalized drift mode shapes for the nDOF system 

Tn Lower-diagonal unity transformation matrix for nDOF system 

φφφφ Normalized mode shapes for the nDOF system 

S Transformation matrix 
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V Transformation matrix 

ΦΦΦΦ Normalized mode shapes for the NDOF system 

F Flexibility matrix 

E Flexibility matrix 

l Number of control devices for nDOF system 

fcd(t) Control force in drift form for nDOF system 

)(tdx�  Inter story drift velocity for nDOF system 

)(tx�  Relative to ground velocity for nDOF system 

fc(t) Relative to ground control force for nDOF system 

Fc(t) Relative to ground control force for NDOF system 

L Transformation matrix 

W Flexibility matrix 
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