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Abstract. This paper develops a new nonlinear model for active control of three-dimensional (3D) irregular
building structures. Both geometrical and material nonlinearities with a neuro-controller training algorithm
are applied to a multi-degree-of-freedom 3D system. Two dynamic assembling motions are considered
simultaneously in the control model such as coupling between torsional and lateral responses of the structure
and interaction between the structural system and the actuators. The proposed control system and training
algorithm of the structural system are evaluated by simulating the responses of the structure under the El-
Centro 1940 earthquake excitation. In the numerical example, the 3D three-story structure with linear and
nonlinear stiffness is controlled by a trained neural network. The actuator dynamics, control time delay and
incident angle of earthquake are also considered in the simulation. Results show that the proposed control
algorithm for 3D buildings is effective in structural control.

Keywords: neural network; nonlinear control; active control; regular and irregular building

1. Introduction

Response reduction of civil structures during severe earthquakes has become a main topic in
structural engineering to prevent civil structures from significant damage. One issue in seismic
response control which has rarely been studied to a large extent is torsionally coupled response in
3D irregular full scale structures considering earthquake arbitrary direction. Over the past two
decades, many of researches have been conducted on the development and implementation of
active, semi-active, passive and hybrid control of structures (Masri et al. 1982, Miller et al. 1988,
Yang et al. 1992, Kim et al. 1988), and several control strategies have been proposed, fuzzy neural
network, genetic algorithm, optimal control, magnetorheological (MR) damper, sliding mode
control, optimal polynomial control, equivalent passive structural control and etc., have been used
extensively to reduce the response of the structures. (Agrawal and Yang 1998, Ahmadizadeh 2007,
Chu et al. 2002, Soong 1990, Stein and Athans 1987, Ohtori et al. 2004, Lafontaine et al. 20009,
Pourzeynali et al. 2007, Samali and Al-Dawod 2003, Sarbjeet and Datta 2003, Wang et al. 2009,

*Corresponding author, Professor, E-mail: kim2kie@kunsan.ac.kr
Ph.D. Candidate, E-mail: yasse.bigdeli@gmail.com
®Ph.D., E-mail: s9752033@gmail.com

Copyright © 2014 Techno-Press, Ltd.
http://www.techno-press.org/?journal=sem&subpage=8 ISSN: 1225-4568 (Print), 1598-6217 (Online)



688 Yasser Bigdeli, Dookie Kim and Seongkyu Chang

Li et al. 2008, Lee and Chen 2011).

Many motivations can be mentioned for active nonlinear control structures systems
development. Tall building structures need to be controlled by using active nonlinear control; in
this case the linear control algorithms are not so effective subjected to severe earthquake loadings.
According to displacement and torsional response of tall building structures, they may experience
yielding and nonlinear action such as geometrical or material nonlinearity or both under large
earthquake loadings or strong winds.

A structural damage can change the stiffness of a structure during sever dynamic loading. In
this case, a numerical model supporting an assumption that the controlled structural system behave
linearly would not be enough to demonstrate an actual dynamic behavior of structure. Regarding
with previous researches, linear control systems cannot be effectively applied to control responses
of the nonlinear span of the structural behavior (Bani-Hani and Ghaboussi 1998). Moreover,
retaining a linear behavior for a large controlled structure such as a tall building in time of large
earthquake loading and strong wind would need actuators with unfeasibly large capacities.

An important matter about training of a neural-network controller is to predestinate the optimal
structural response for the training of a neural network controller. This should carefully be
considered in a training criterion of a neural network. In most neuro-control procedures, a criterion
is specified as a squared sum of offset between actual and optimal responses. An actual response
can be close to the optimal responses if the criterion be minimized. Therefore, the desired
structural response should be defined before the training. In the previously done researches, to
eliminate the structural response a desired response is considered about equal to zero (Chen et al.
1995).

In many studies, different neuro-controllers based on a cost function have been proposed (Kim
et al. 1999, Kim and Lee 2001, Kim et al. 2000, Lee et al. 2006), which were applied to a 2D
building without considering irregularity of building and direction of a ground motion. In present
paper, a new and simple controlling algorithm is proposed to control a 3D irregular buildings
subjected to arbitrary direction of severe earthquakes. A numerical three story regular building
with 3 degree of freedom (DOF) in each story is considered to evaluation of the algorithm (Fig.
3(a)). Floor diaphragms stiffness are assumed to be infinite and axial deformations of columns are
zero.

2. Control algorithm
2.1 Neural network

A typical multilayer neural network is shown in Fig. 1. It has three layers including input,
hidden, and output layers. According to the complexity of problems, the number of hidden layers
may increase. Each layer of NN has n;, n, and n, nodes. After receiving information by input

layer at each node, the information will transfer to the nodes of hidden layer while the received
information is weighted. Transferring of information from hidden layer to output layer also is in
similar way and then the output of the neural network is obtained. By using trial and errors
method the number of layers and nodes in each layer can be selected.

The hidden layer outputs are stated as below

o =f'(net)) (i=12,...,n,) (1)
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Fig. 1 Structure of multilayer perceptron with one hidden layer

inputs are denoted by I(h=1,2,...,n,), and net,-1 is a net input of the ith node of the hidden layer as
follow

nl
net; = ZWi; 1, +b )
h=1

where W, is the connection weight between the input and hidden layers and b/ is the bias of the

hidden layer. The activation function of the hidden layer in Eq. (1) is presented with f'. At the
second layer the connection between two input and output net is

of = f?(net)) (i=12,...,n,) (3)

and in this relation the net input is expressed as
n2
net; = > Wjo; +b; ()
i=1

In Eq. (4), th represents a connection weight of the hidden and output layers and b’ denotes

bias of the output layer.

In order to predict the required output of neural network, the weights and biases need to be
defined. Training can be completed by minimizing a error criterion specified by a squared sum of
the offset value between the actual and desired output of the neural network

E=Y|o,~0,[ (5)

In this relationship O, and Oy represent the actual network output and the desired output,
respectively. For making the network outputs similar to the desired output the error function must
be minimized through training rule. The neural network eventually predicts the desired outputs
after receiving the inputs. The network grows a controller if the desired output is control signal.
But, if the desired output is not immediately accessible, the control problem depends to this case
demonstrates that the training is not straight. The favorable output may be obtained to somehow
apply for the error function in training. Kim et al. (1988, 1999), moved a proposal that in which a
training algorithm is applied to the control of 2D structure. In this study, the algorithm is
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Fig. 2 Control diagram for the neuro-control

developed to train neural network controller for applying in a 3D irregular structure, and the
direction of earthquake is considered as an arbitrary direction.

2.2 Algorithm for controlling system

A block diagram of the method is shown in Fig. 2 which is proposed by Kim and Lee (2001).
In this procedure sensitivity is not generated by an emulator. It is obtained by an evaluation
algorithm. Therefore, the emulator can be eliminated. A cost function is employed to train the
neuro-controller and then determination of an optimal output is not required.

The training rule can be derived by using the cost function, combined with a structural response
and a control signal is determined as

1em 1 T
J :EJ.O (z'Qz+u Ru)dt (6)

where z(nx1) and u(mx1) are two matrices representing the state and the control signals. Q(nxn)
and R(nxn) denote the weighing matrices while T; is the final time. The left-side term of the Eq.
(6) refers the vibration energy and the right-side term relates to the control energy. The weighting
matrices Q and R are used for making these two terms as non-dimensional term. The advantages
of training by minimizing the cost function are; in this case it does not need to predetermine the
desired response and at every instant both response and the control signal are extant. Moreover, the
neuro-controller can be trained optimally. According to existence of mathematical model of the
structure, the Riccati equation can be determined with different methods. Thus, to found the
optimal control gain the equation need to be solved. As regards, it is impossible to have an optimal
gain if the model has nonlinearity or some errors. Neuro-controller can control a structure by
training so that it is useful in these cases. Considering the discrete-time domain the cost function
can be written as follows

N 1 Ned
J= Z{ZL&QZkﬂ +UIRU|<}=E ka )
k=0 k=0
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where T, k and N, respectivel denote the sampling interval, the sampling number, and the total
number of sampling times. The weight parameter Wfi needs to be updated regularly, so after
application of gradient descent rule to the cost function at k th step, the update for this parameter at
this step is

aJ,
6ij

AW =7 (8)

where the # denotes the rate of training. The convergence of training can be modified by changing
the rate of training. The partial derivative of Eq. (8) is expressed as

8J, 8, onet

oW?2 " enet ow? ©
the generalized error is as follow
2 & 2
o =" a?ektf B ?]TT? af:!;; (10
the weight update is as below
AW} =né}o; (11)
where
6[@{8} ] Gy(F*) 12)
Uy et
In this relationship, the gain factor, G; convinces
u; =G,0; (13)
in which, r; is the jth column vector of R. The bias can be updated by
Ab? =né? (14)

According to that all the terms are available at the kth step In Eq. (12), in the same procedure,
update for the weight, lei is determined as

W, =761, (15)
where
o 3 5j onet? dot 18
5 =——t=- : L—L =M swWi(tY] . 16
' onet ;c’metf oo onet; ; Wi (1) e (16)

and the update for the bias of the hidden layer is as below
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Ab! =76} (17)

3. Structural model
3.1 Nonlinear dynamics of 3D model

A real building structure can normally have both plan and elevation irregularities. Generally, in
the real structures the center of mass (CM) is not at the same point with the center of resistance
(CR) in each floor. The location of centers of mass and resistance of floors can change from floor
to floor due to different story stiffness’s along with the two main directions so that they do not lie
on the same vertical line. This difference can happen for a structure with even a symmetric plan
because different members with different stiffness may be used in a symmetric floor ordering. In
these kinds of conditions there is an interaction between lateral and torsional behaviors which
normally underestimates the maximum structural responses under a dynamic excitation (Kim and
Lee 2001).

In present paper, floor diaphragms are considered to be rigid and axial displacements of
columns are zero. In this way, a building model is created using three displacement degrees of
freedom (DOF) at each rigid floor: there are two translation components in x- and y- directions and
a rotation about the vertical axis z passing through the center of resistance (CR). Therefore, sum of
the DOFs is equal to n=3 m, where m is the number of stories. The structural displacement
response at time t is stated as

U(t) = Uy () Uy (- U (8) V() Vo ). Vi (8) 6,(8) 6,(0)-.. 6, O], (18)

where u;(t) and v;(t) respectively denote the displacements in x- and y- directions. i(t) is the
rotation about the vertical axis z of the ith floor and ‘T’ denotes the transpose of the matrix. The
equation of motion of 3D model with an active control system installed on the roof subjected to an
earthquake excitation is stated as

MIi(t) + Cu(t) + R(x,t) = 1, F (t) - M, X(t) (19)

In this Equation M and C respectively denote nxn mass and damping coefficient matrices of the
structure; R(x,t) is the nx1 restoring force vector; F(t) is the nx1lcontrol force vector that
components of F(t) are in the form of time series; I. is an nxn location matrix representing the

location of the actuators; and X, is the input horizontal earthquake acceleration with arbitrary
orientation. In present research, it is assumed that two pairs of actuators are applied in AMD
system in the roof along with two main perpendicular axes, x and y (Fig. 3(b)). Each pair has two
same actuators representing the control force F(t) in the corresponding direction. To minimize the
moment caused by actuators in two directions, a proper assigning of the control force to the two
actuators in each direction is required. In order to simplify the computations; the distance between
the center of mass (Cy) and the centre of resistance (Cg) in each floor is neglected. Therefore, at
roof level where the actuators are installed; moment caused by actuators in two directions is
ignored. The actuators are installed in two orientations as 6=0° (parallel to x- axis) for one pair and
0=90° (perpendicular to x- axis) for another pair.

In Eq. (19), Mo and |4 are a nxn diagonal mass matrix and an nx1 orientation matrix denoting
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Fig. 3 Three story 3-D building model: (a) 3-D building structure and (b) Plan of the top story
with two pairs of actuators

the orientation of the external seismic excitation, in order. 14 can be written as below

Ig:[cos(ﬂ) cos(f) cos(f3) cos(p)... sin(p) sin(B) sin(B) sin(L)..000 O] (20)

while £ indicates an arbitrary direction angle of earthquake excitation scale from the x- axis as it
shown in Fig. 3(a).

A building structure installed with an active control system at roof level is shown in Fig. 3.
When the structure is exposed to an earthquake excitation, represented by the horizontal ground
acceleration in the form of a time series, the response of structure at the roof, such as u(t) in the x-

direction, can be sent to the controller along with the earthquake excitation vector. Proper control
forces obtained by the actuators can minimize the structural displacement at the top floor of the
structure in all the time steps. The actuator properties are base to convert each control force to a
corresponding control signal; the actuators are excited according to the control signal to generate
the required control force.
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3.2 Hydraulic actuator

The previous researches (Bani-Hani and Ghaboussi 1998, Lee et al. 1998) have recognized that
the actuator-structure interaction in active control of structures is quite important. In present study,
in order to active control of a building a linear hydraulic actuator is employed. This controlling
system is used to create rather large forces with a small response time (Nikzad et al. 1996). The
magnitude of generated force by a hydraulic actuator can be as 1,000 kN.

The four double-acting actuators with the same properties are installed in top floor as presented
in Fig. 3(c).

To cover the equation of motion of hydraulic actuator properly, it need to be derived in two
equations, the valve dynamics and the piston equation.

The valve equation of actuator is as follows

7. 1
—q+—Qq=u (22)
g g
where g and 7z represent the servovalve constant and the time constant of the valve. g and u
respectively are the flow rate of the oil and the control signal. The valve compels the motion of the
piston with changing of the oil flowing rate. The relevant equation is derived as
f=q (22)

, G
ax +—f+
a 2C.a,

r

where a, and V represent the area of piston and the volume of the cylinder; x, the relative
displacement between the roof and the piston. c. and c, are the compressibility coefficient and
leakage coefficient; f is the force applied to the structure by the AMD system (Dyke et al. 1995,
DeSilva 1989).

3.3 Nonlinear dynamic model

In order to simulate the motion of nonlinear structure, a nonlinear model suggested by Baber
and Wen (1981) is used. This model is successfully applied to the control simulations in the
several researches (Bani-Hani and Ghaboussi 1998). A model, combination of linear and nonlinear
terms, for restoring force is introduced as

K, (X, %) = arkoX, + (L-a)k,d, y (23)

where X, is the displacement of element, akoXs and (1—a)kodyy represent the linear and nonlinear
divisions of the restoring force, respectively. ko and ok, (a<1), respectively, denotes the slope
coefficients for linear and nonlinear divisions of the load-displacement curve (Fig. 4); and y
represents a hysteretic variable. The following differential equation expresses the hysteretic
variable in the range —1<y<1, as follows

.1, . - ;
y:d_(pxs—lu|xs||y|pl—o-xs|y|p) (24)
y

where p, 1 and o indicate the constants which change the hysteretic behavior of model.
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Fig. 4 Force-displacement graph of an element with material nonlinearity (Jiang and Adeli 2008)

Table 1 Properties of the actuator

Variables Description value

a, Area of piston 3.368x10 °m?
v Volume of the cylinder 1.01x10 % m?
C Leakage coefficient 0.1x10*° m%(Ns)
Ce Compressibility coefficient 2.1x10" N/m?

Omax Maximum flow rate of oil 2.0x10° m%/s
T Servovalve time constant 0.15 Sec
g Servovalve constant 2.1x10* m*/s/volt

4, Results and discussion
4.1 Numerical model

The structural properties are as follows: according to ACI (2005) code provisions, the
calculated masses of the first, second and third story are 3x10%, 3x10* and 1.7x10* Kg,
respectively; 8x10%, 8x10%, 4.533x10* Kg.m?are the moment of inertia for diaphragm in the first,
second and third floors; moreover the inter-story stiffness in two x- and y-directions, for all stories
is 1.33x10° N/m (Fig. 3); Damping matrix is calculated by using the Rayleigh damping method as
follows

C=aM+a,K (25)

where a; and a, have units of sec™ and sec, respectively. The sampling time is 0.005s, delay time
is assumed to be 0.0005s. The equation of motion is integrated at every 0.00025s; using Matlab
2008a. The properties of an actuator used in this study are based on data provided by one
manufacturer (http://www.mts.com) and are summarized in Table 1 (Jiang and Adeli 2008).

Time delay is inevitable in implementation of a controller. It is caused by computation of the
control signal that is applied to the actuator. At the kth step of sampling time, the state of structure,
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z is identified and used as a feedback signal to compute the control signal. Although it is short,
computation of the control signal can take time. Thus the control signal is not applied at the time
KTsbut at the time KT, plus the delayed time. If the time delay is not considered in the design, the
performance of the controller may be worse than expected. Hence, the effect of time delay should
be considered.

4.2 Training the controller

In this study employed neuro-controller includes three layers. The input layer, as first layer, has
nine nodes that in which the feedback signals of the displacement, velocity of third floor and the
ground acceleration in x, y, and @ (rotation) directions are supported. The hidden layer, as second
layer, also has nine nodes. The third layer, called output layer, has three nodes which produce
control signal in special three directions. The sigmoid function is considered as the activation
function of the second layer and the linear function for the third layer. Normalized state of third
floor is used to the uncontrolled responses participates in the cost function.

The cost function employed for training criterion at the kth step is expressed as

7 T 2
Jy =254,Q2Z;, 5 +1U, (26)

The weighting matrix Q and r are expressed as

oo
X
Q=|"" ; (27)
0 |-
X3
2
r=0.1% (28)

In Eq. (26), z;kﬂ and uy respectively denote the state of third floor and control signal. The
value of 0.1 is calculated by using a trial and error procedure to reach the optimal energy response.
In these Egs. (27) to (28), X;and Xs represent the maximum displacement and velocity of third

floor under the earthquake excitation when control input is off. The maximum control input
voltage is denoted by G . El-Centro earthquake record (1940) is employed as an earthquake
excitation with peak ground acceleration (PGA) 0.348g. Two-thousand time intervals among the
dynamic responses under this specific excitation are employed for training data.

4.3 Control results

Controlled and uncontrolled displacement responses of the model under three earthquake loads:
El-Centro, Northridge and California (Fig. 5) are determined. The modal analysis of the structure
demonstrates that the coupling effect of lateral and torsional vibration will be significant for an
irregular structure when the earthquake excitation is applied in a suitable direction f.
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Table 2 Maximum displacements of top floor of 3-story structure subjected to three earthquake ground

accelerations

Earthquake Displacement response Uncontrolled(m) Controlled(m) Reduction (%)
Northridge X 0.0375 0.0114 69.49
p=45° Y 0.0375 0.0114 69.49
Northridge X 0.0433 0.016 63.053
p=30° y 0.02108 0.00708 66.39
El-Centro X 0.0351 0.0079 77.415
p=45° y 0.0351 0.0079 77.415
El-Centro X 0.0412 0.0080 80.50
p=30° y 0.0240 0.0075 68.403
California X 0.039 0.0106 72.67
p=45° y 0.039 0.0106 72.67
California X 0.0441 0.0143 67.42
p=30° y 0.0236 0.00864 63.35

The EI-Centro earthquake with the direction angle of earthquake excitation 5=45°, is applied to
train control algorithm. Results are showing that displacement, velocity and acceleration are
decreased considerably in controlled structure. In Fig. 8 it is shown that by controlling the
structure the total modal energy are decreased significantly in all cases. Results of controlled and
uncontrolled displacement response in two principle directions x and y, for Northridge, El-Centro
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Table 3 Maximum displacements of the top floor of the 3-story structure subjected to three earthquake
ground accelerations

Earthquake Beta Uncontrolled(m) Controlled (m) Reduction (%)
Northridae 0 0.0533 0.0161 69.79
g 90 0.0533 0.0161 69.79
El-Centro 0 0.0496 0.0111 77.62
90 0.0496 0.0111 77.62
California 0 0.0551 0.0149 72.95
90 0.0551 0.0149 72.95
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Fig. 6 Uncontrolled and controlled displacement response of third floor of structure under (a) El-
Centro earthquake acceleration, (b) Northridge earthquake acceleration, (b) California earthquake
acceleration, in x- direction when S=45°.

and California earthquakes are presented in Figs. 6, 7. All the excitations are applied in two
directions $=30° and p=45°. Percentage of decreasing in displacement responses are shown in
Table 2. Table 2 presents maximum displacement of the top floor of a three story structure
subjected to three earthquake ground accelerations. In all cases two directions f=45° and 30° are
selected for application of earthquake excitations. The structural model is perfectly regular, and g
is 45°, so the responses of structure in two principle x- and y- directions are same, and in case of
£=30° they should be different. In addition to this, Table 3 provides some results for the structure

subjected to the

above mentioned ground motions when £=0°, 90° for comparison purpose. It is
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(a) El-Centro, (b) Northridge and (C) California earthquake acceleration in x- and y- direction
when =30°
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obvious that results for these directions should be the same as it is listed in the table, because the

structural model is perfectly regular.
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The maximum reductions occurred in the displacement response of the top floor of the structure
after application of the control algorithm for =45° are: 69.49, 77.415 and 72.67 percent for
Northridge, EI-Centro and California earthquakes, respectively. The maximum reduction for El-
Centro earthquake is 80.50% in the x-direction when £=30°while the minimum response reduction
in the same direction g for Northridge ground motion is 63.05 %. To clarify the difference for two
cases, it should be considered that the maximum reduction happens for the structure subjected to
El-Centro ground motion by which the controller is trained. It determines that the algorithm is
more effective for the structures subjected to the dynamic excitation signal by which the controller
is trained. Nevertheless, for the rest of cases the difference is not significantly noticeable.

The restoring force in the x-direction, for controlled and uncontrolled structure for =459, is
determined under different earthquake excitations. In Fig. 9 the restoring forces of the controlled
and uncontrolled structure are shown, figures on the left columns are uncontrolled, and ones on the
right columns are restoring force of the controlled structure.

In this study, the control algorithm is organized to control of 3D irregular buildings subjected to
an arbitrary direction of an earthquake, while in the prior researches (Kim et al. 1999, Kim et al.
2000), the algorithms are used to control a 2D structure. Irregularity of structure and direction of
the earthquake load are also not considered in mentioned researches.
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Fig. 9 Restoring force versus displacement (left column uncontrolled; right column controlled)

5. Conclusions

An effective algorithm is proposed to control irregular three-dimension buildings. The
proposed algorithm is applied for the control a regular 3D three-story building and results look
promising in structural control. A structural model has been used for the active nonlinear control
of a 3D three story structure. Two dynamic motions are calculated simultaneously in the control
model such as coupling between torsional and lateral responses of the structure and interaction
between the structural system and the actuators. The proposed algorithm requires the installation
of two pairs of actuators only at the top floor of the building to control the responses of 3D
irregular structures effectively while other algorithms at least need installation of two pairs of
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actuators in any floor of irregular building structures.
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