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Abstract. During the last thirty years many structural control concepts have been proposed for the
reduction of the structural response caused by earthquake excitations. Their research and implementation in
practice have shown that seismic control of structures has a lot of potential but also many limitations. In this
paper the importance of two practical issues, time delay and saturation effect, on the performance of controlled
structures, is discussed. Their influence, both separately and in interaction, on the response of structures
controlled by a modified pole placement algorithm is investigated. Characteristic buildings controlled by this
algorithm and subjected to dynamic loads, such as harmonic signals and actual seismic events, are analyzed
for a range of levels of time delay and saturation capacity of the control devices. The response reduction
surfaces for the combined influence of time delay and force saturation of the controlled buildings are obtained.
Conclusions regarding the choice of the control system and the desired properties of the control devices are drawn.

Keywords: structural control; time delay; saturation control; pole placement; structural dynamics; earth-
quake engineering.

1. Introduction

Structural control has received wide-spread attention in recent years. A strong trend in structural
technology is to shift from conventional earthquake resistant structures, to structurally controlled
buildings, which are designed to suppress the vibration itself. The research and application of
control to civil engineering structures include analytical studies and experimental verifications. Over
the past few decades various control algorithms and control devices have been developed, modified
and investigated by various groups of researchers. Several well-established algorithms in control
engineering have been introduced to control structures. While many of these structural control
strategies have been successfully applied, technological problems and challenges relating to time
delay, saturation capacity effects, cost, reliance on external power, and mechanical intricacy during
the life of the structure have delayed their widespread use and relatively few actual structures are
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equipped with control systems.

Since the entire control process involves measuring response data, computing control forces by
means of an appropriate algorithm, transmitting data and signals to actuators and activating the
actuators to a specified level of force, time delays arise and cannot be avoided. The problem of time
delay in the active control of structural systems has been investigated by many scientists and engineers.
Chu et al. (2008) developed an optimal discrete-time direct output-feedback control algorithm with
consideration of sampling period and appropriate time delay in its control force action. In the work
of Abdel-Rohman (1987), it is shown how the stability of the structure could be lost due to time
delay, and two ways of time-delay compensation are suggested. In the first the gain matrix is
redesigned considering the presence of time delay, while in the second low-pass filters are used to
filter the velocity measurements from the frequency components of the high order modes. In the
first case, the structure could remain unstable when using control moments as control actions, while
in the second a number of vibration modes can be controlled and compensated for time delay but
the higher order modes remain uncontrolled. Sain et al. (1992), compensate time delay with Pade
approximations, while in the work of Agrawal et al. (2000) the allowable time delay is related with
natural period and feedback gain for a single degree of freedom system. The maximum allowable
time delay is found to decrease with decrease in natural period of the structure as well as with
increase in active damping, and a compensation of time delay by modeling it as transportation lag is
suggested. Under earthquake excitations, simulation results for the response of multi degree of
freedom structures indicate that the degradation of the control performance due to fixed time delay
is significant when time delay is close to a critical value. It is further demonstrated that the time-
delay problem is more serious for structures with closely spaced vibrational modes.

In the work of Cai (2003), an optimal control method for linear systems with time delay is
developed. Time delay is considered at the very beginning of the control design, and no
approximation and estimation are made in the control system. Thus, the system performance and
stability can be guaranteed. Instability in the response might occur only if a system with time delay
is controlled by an optimal controller that was designed with no consideration of time delay.
Furthermore, Pu (1998), studied the influence of time delay to controlled base isolated structures.
Through varied allocation of the controlled poles, the control system shows variable performance.
However, the locations of the controlled pole pairs should be carefully specified and checked
according to the characteristics of the system. Analytical expressions of limiting values of time delay
for single degree of freedom systems are derived in the work of Connor (2003), however such
expressions are very difficult to obtain for multi degree of freedom systems. In the work of Undwadia
(2007), proportional control with positive feedback that uses intentional time delays, which may not
necessarily be small compared to the natural periods of the structural system, is presented. Casciati
et al. (2006), take into consideration the time delay effect solving numerically delayed deferential
equations. All of these studies demonstrate how important the issue of time delay is in structural
control, and how it may result in a degradation of the control performance and may even render the
controlled structure to become unstable. Most studies show that time delays influence negatively the
control system, therefore they should be kept small compared to the fundamental period of vibration
of the system, and should, if possible, be eliminated and/or compensated.

Another important practical problem is the saturation of the control force. Actuator saturation
occurs when the actuator is given by the control algorithm a demand requiring an output that is
larger than its designed peak output. Failure to account for this nonlinear effect can decrease the
efficiency of the control system and possibly drive the structure to become unstable. Most control
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algorithms are linear, assuming that there is no limit in the magnitude of the control force. However,
maximum capacity of the control devices is limited. Therefore, designing controllers to account for
the bounded nature of the devices is desirable. Many researchers have considered bounded
controllers for control of civil engineering structures. Some algorithms and techniques which have
been investigated are the followings: Clipped optimal control derived from H,/LQG, Dyke et al.
(1996), a polynomial controller to represent the bounded controller Tomasula ez al. (1996), modified
bang bang controller by Wu and Soong (1996), saturation control based on matrix inequalities by
Nguyen et al. (1997), continuous and robust bounded controllers for active control in structures by
Arfiadi and Hadi (2006) and saturation control of hysteretic structures by Asano and Nakagawa
(1998). Lin et al. (2007) use fuzzy controllers to sent the comant voltage to Mr damper with saturated
capasity.

From the above studies it is concluded that the two issues of time delay and saturation of the
control device are, in most cases, considered and studied separately. However, in the application of
real control systems these two issues act simultaneously. With this fact in mind, in this paper the
combined effect of the non linear phenomena of bounded capacity of the actuators and time delay
of the system, acting simultaneously during the control process, on the systems response is
investigated. Their influence to the structural response is evaluated and limits for time delay and
saturation capacity are proposed, that can be used in the design process of controlled structures. The
controlled algorithm that is used in the numerical simulations is a modified pole placement
algorithm, developed by the authors Pnevmatikos and Gantes (2007).

2. Control of structures accounting for time delay and limited saturation capacity
2.1 Time delay
The equation of motion of a structural system with » degrees of freedom controlled by m forces
and subjected to an earthquake excitation a,, without considering time delay and limited saturation
control capacity, is
MU(7) + CU(¢) + KU(r) = —MEa,(1) + EF(¢) (1)
where M, C, K denote the mass, damping and stiffness matrices of the structure, respectively, F is the
control force matrix and Eg, E are the location matrices for the earthquake and the control forces on the
structure, respectively. In the state space approach the above equation can be written as follows.

X(1) = AX(1) + B,a,(t) + BF(t) )

where the matrixes X, A, B,, By are given by

] aslo 0] wefol wefe]
U 2nx 1 _MilK _M71C 2nx2n —E 2nx1 M7 E 2nx1

Using a linear state feedback, the control force F is given by



452 Nikos G. Pnevmatikos and Charis J. Gantes

Fm=—mﬁm4“ﬂ=—&mn )
U(r)

K is the feedback gain matrix, which is calculated according to a control algorithm, while ks, and k¢,
are the sub-matrixes of K related to the displacement and velocity of the system, respectively. The
control force, F, should be applied to the structure in a direct or indirect way, depending on the control
device that is used.

Since the above control process involves measuring response data, X(#), computing the feedback
matrix, Ky and control forces from the algorithm, transmitting data and signals to the actuators and
activating the actuators to a specified level of force, a time delay, #,, arises, which cannot be avoided.
Accounting for time delay the control force F, instead of equation , is now given by

F(r) = —KX(1-1,) 5)
Then the equation that governs the control system becomes
MU(r) + CU(7) + KU(#) = MEa,(t) + EF(t-1,) (6)

From a structural point of view, the influence of time delay is to change the response of the controlled
structure. From a mathematical point of view, time delay brings in additional terms in the eigenvalues
of matrix A. This may cause the real part of an eigenvalue to become positive, consequently the system
will be unstable. It is pointed out that the mechanics of the actuator and its dynamic characteristics,
which may be frequency dependent, are not modeled and thus phase delay is not examined in this study.

For single degree of freedom systems analytical expressions for time delay, beyond which the
system becomes unstable, can be obtained, Connor (2003). For multi degree of freedom systems numerical
simulations are needed in order to quantify the influence of time delay on the response of the
controlled structure.

If #4,,4, is the maximum response of the uncontrolled system and #,,,, ;s is the maximum response

umax,td/ Umax 4

Umax, td=0

>
»

0 td,max tq

Fig. 1 The qualitative influence of time delay to the response of a controlled structure
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of the controlled structure accounting for time delay, it is well known that the variation of the ratio
Umax 1dUmax With respect to time delay #; is qualitatively described by a curve like the one shown in
Fig. 1. In that figure it is shown that when an ideally controlled system is analyzed without considering
time delay, the maximum response is 4.4, Which is the lowest response that can be achieved. As
time delay increases u,,, s also increases. There is an upper bound of time delay, 7., for which
the response of the controlled system becomes equal to the response of the uncontrolled system. In
order for the control to be meaningful, time delay should be considerably lower than 7.

The influence of time delay depends also on the dynamic characteristics of the structure to be
controlled. In the literature it is stated that, the larger the eigenperiod is, the higher margin of time
delay exists in order to achieve the same reduction in the response of the structure. In this paper, the
upper bound of time delay with respect to the fundamental period, so that a system has at least the
same response as the corresponding uncontrolled system subjected to sinusoidal and earthquake
excitation, is going to be determined.

2.2 Saturation capacity of control force

Another parameter that also influences the response of the controlled structure is the maximum
capacity of the control devices, F,,. It may very often be the case that the control algorithm
calculates a control force that is higher than the maximum capacity of the control device. In that
case the control force that will finally be applied to the structure will be the maximum capacity of
the control device, F,, This phenomenon should be considered in the numerical simulation.
Accounting for the maximum capacity of the device, the saturated control force, safF(¢), is given by

satF(t) = {E(t)’ :‘Egiimt @)

Replacing the above expression for the control force into Eq. (2) the following equation is obtained
X(7) = AX(#) + B,a,(1) + B, satF (1) 8)

Solving the above equations numerically for different levels of saturation capacity, Fy,;, it is found that,
if Uy sar 1S the maximum response of the controlled structure accounting for force saturation, then the
variation of the ratio .,y su/Ums With respect to the level of saturation capacity, F,,, is described
qualitatively by a curve like the one of Fig. 2. The lower the saturation capacity level F,, is, the larger
the response of the controlled system becomes. There is an upper bound in saturation capacity of the
device, Fy mar, beyond which the performance of the system does not improve any more. The response
of the controlled system, 4,y sar.min, i this case is the lower response value that can be achieved. Thus,
there is no need for the control devices to have the ability to provide more force than the limit value

F sat,max-
2.3 Coupling of time delay and saturation capacity of control force

If the above two parameters, time delay and saturation capacity, are considered simultaneously,
then Eq. (2) becomes
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Fig. 2 The qualitative influence of the maximum capacity of the control devises, Fy,, on the response of a
controlled structure

X(f) = AX(r) + Ba,(f) + B, satF(r—1,) 9)

The above Eq. (9) is highly nonlinear and the influence of time delay and saturation capacity on the
response of the controlled structure cannot be consider as linear superposition of each one acting
separately. The coupling of time delay with saturation effect for structures subjected to earthquake
action cannot be studied by means of analytical expressions for the solution of Eq. (9). To solve this non
linear system an averaging method can be used. In this paper, in order to study the influence of those
two parameters acting together, Eq. (9) is solved numerically, by means of a software program
developed in MATLAB environment. Pole placement algorithm 1s chosen as control algorithm for the
analysis. The estimation of the new locations of poles of the controlled structure is based on the
frequency content of the signal excitation. The control algorithm and the associated numerical
procedure are as follows (Fig. 3):

a. Initially the parameters of the system, mass, stiffness and damping matrixes, time delay,
maximum saturation control capacity, initial conditions, the state space formulation and parameters
related to the excitation signal are defined (Control on line.m file).

b. The strategy for the selection of the poles of the controlled system is to transform the structure
into the complex plane, then transform the loading into the complex plane and there, depending on
their relationship, take appropriate decisions. As the initial part of the signal arrives, it is analyzed
for every small time interval by FFT process or wavelet analysis, and its spectrum and main
frequencies are obtained. These main frequencies that should be avoided are chosen based on their
participation to the spectrum and to the power of the corresponding part of the incoming signal.
Then, cycles with radii equal to those frequencies are drawn in the complex plane. All points on or
near those cycles should be avoided as possible pole locations, in order to avoid resonance. Next,
unsafe zones with semi-bandwidth @, are defined around each of those cycles, where near-
resonance conditions are expected, therefore, poles should preferably not be located there. Then, the
positions of poles of the uncontrolled structure are compared to the unsafe zones and a decision
whether to move the poles of the controlled system and where to put them is taken. If the poles are
outside of the unsafe zones, then they are left provisionally at the same position, as is the case with
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Control on line.m Selection of poles.m

* M, CK © FFT
* State space formulation A, B . Selef:tlon of frequencies based on a, and I, )
. oot * Design of cycles of quake and unsafe zones in the complex plane
b 5 * Placement of poles of the uncontrolled structure
®  Define parameters: 3 Ip» X, X, to, e Selection of poles of the controlled structure based on the rules:
Fiap, 10 of parts of signal » If poles inside the unsafe zone put them out
¢ Define load signal » If poles outside of the unsafe zone leave them temporarily there
o Initial conditions » If more reduction is desired, give artificial damping &,
G
—>

*  For i part of signal:

» If signal too small no control
¢ Calculate the new values of poles based on the above new position
¢ Calculate the feedback matrix K¢
®* Kgpoles(A,B, 1).

A =otpi.
* Dynamic control analysis
Sim(pole_place_mdof on_line)

pole_place_mdof_on_line.mdl

Structure modell

Uncontrolled

To Workspacel
* Keep the response and force for
this part of signal

Structure model

ki

From
‘Workspace

* Update the initial conditions with

the final of the previous part To Workspace

* Continue to the next part of signal

Saturation
Fsat

Fig. 3 The main files, their function and the simulink model of the software accounting for time delay and
saturation effects

pole A,; in Fig. 4, otherwise, they are moved outside of the zone, along the radius between the
initial pole and the origin of axes. The direction of movement will be outwards if the pole is outside
of the cycle zone or inwards if the pole is inside the cycle zone (movement AB of pole A,,, or
movement A ‘B’ of pole 4,3, in Fig. 4). After that, based on the desired equivalent percentage of
damping, the poles can be moved along a cycle, with centre the axes origin and radius defined by
the new position, with direction towards the real axis, (movement BC, B ‘C’ or A “C” in Fig. 4). A
transformation of the signal to the complex plane and the choice of the new location of poles are
performed in the Selection of poles.m Matlab file. Details about the above dynamic control analysis
and the choice of the location of poles of the controlled structure can be found in previous work of
the authors Pnevmatikos and Gantes (2007), where, however, time delay and saturation capacity of
control force had not been taken into account.

c. Based on the new position of the poles the feedback matrix is estimated with the help of the
pole placement algorithm, and then the control forces are obtained, (Control on line.m file). These
forces should be applied to the structure, in a direct or indirect way, so that the integrated controlled
system will have a behavior like an uncontrolled system with the above location of poles, and thus
will avoid resonance, have sufficient equivalent damping and consequently reduce its response.

d. A dynamic time history control analysis is performed and the response of the system for this
time interval is calculated, the results are stored and the final state of the system is used as initial
conditions for the next time period of the earthquake signal. This procedure is implemented in the
simulink file pole place mdof on_line.mdl,

e. The above procedure is repeated for each new part of the incoming signal.
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0

Fig. 4 The graphical representation of selection of poles of the controlled structure (@) from poles of the
uncontrolled structure (O), based on the cycles of frequency of the incoming earthquake

mi=345.6 t
m=1t
ki= 980 kN/m
i o 5
¢—1.407 kNs/m ki= 6.8x105 kN/m
¢i{=734 kNs/m
m=45.6t
k=4.5x104 kN/m
c=143 kNs/m
Eigenperiods {0.77,0.26, 0.15,
0.2 {0.45,0.16, 0.12}
(sec) 0.12, 0.09, 0.08, 0.075, 0.07 }
Eigenfrequencies {1.29, 3.86, 6.29, 8.50, 10.43,
(sec™) 5 {2.217, 6.212,8.977} 12,00, 1316, 13.87 1
. . £0.004, 0.013, 0.021, 0.028,
Damping ratio 0.05 {0.01, 0.028, 0.04} 0.035, 0.04, 0.044, 0.047}
. -4.10+£87.10 i, -3.69 + 82.64i
(-2.48 +56.36 i, { i i,
. . -3.07 + 75.36i, -2.31 + 65.32i,
Poles 231351 PRUSRTa -1.54 + 5344, -0.84 £ 39.53i,
0.13 £13.93 1} 0.31 £ 24.27i, 0.03 £ 8.18}

Fig. 5 The simulation models and their dynamic characteristics
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In order to study the influence of time delay, saturation capacity and their coupling, a number of
numerical simulations were performed using the above software for a wide range of values of these
parameters, and the results are described in the next session.

3. Examples and numerical experiments

The above dynamic control strategy has been applied to one single, one three and one eight
degree-of-freedom system, modeling buildings with the properties shown in Fig. 5, subjected first to
sinusoidal and then to seismic actions.

3.1 Time delay

The single degree of freedom system is investigated first, subjected to a sinusoidal loading with
period equal to the eigenperiod of the system, and to the Athens 1999 earthquake record, shown in
Fig. 6. The response of the controlled system is first calculated for a wide range of values of time
delay, neglecting initially the issue of saturation. Calculating the ratio of the maximum response of
the controlled system, .. 4, to the maximum response of the uncontrolled one, u,,,,, with respect to
the ratio of time delay, 7, over the fundamental period of the structure, 7, Fig. 7 is obtained,
verifying the negative influence of time delay.

For low values of time delay the controlled response is also at low levels compared to the
uncontrolled response. As time delay increases the response of the controlled system is also
increasing, until becoming equal or even larger than the response of the uncontrolled system. The
maximum response of the controlled system without considering time delay, .y -0, 1S at 2% of the
response of the uncontrolled one (98% reduction) for the sinusoidal loading. For the ratio of time
delay over period of structure ranging between 0.005 (#,~=1 ms) and 0.08 (#;,,;,,=16 ms), the response
is always at the minimum level (98% reduction). For values of this ratio larger than 0.08 (¢, larger

m
A

e —

}
| |
| |
| | |
| |
AR | A S (. [ |

_Acceleration

o

Time (s)
Fig. 6 Athens 1999 earthquake excitation
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tqa/T
Fig. 7 The ratio of maximum response of the one-story controlled building subjected to sinusoidal and Athens
earthquake excitation to the corresponding maximum response of the uncontrolled building, with
respect to the ratio of time delay over the period of the structure

than 16 ms) the response starts increasing rapidly, up to a value of 0.225 (#;,,,=45 ms), where the
response of the controlled system becomes equal to the response of the uncontrolled one. Beyond
that value of time delay, 7,4, the influence of control to the response is detrimental.

In the case of excitation with the Athens 1999 earthquake record, the initial reduction in the
response without considering time delay is 85%. The maximum value of ratio ?;,,;/7, for which the
response is kept at a minimum level equal to the initial one (85% reduction) is 0.04, (#;,»=8 ms).
The value of #;,,,/T, beyond which the response of the controlled system becomes higher than the
response of the uncontrolled one, is 0.14, (#7,,=28 ms).

By applying control forces at each story of the three-story building and applying a sinusoidal
excitation which is in resonance with the first frequency, (0.12 sec), of the building, Fig. 8 is
obtained. In Fig. 8 it is shown that the initial reduction at third floor is 97.8% and this reduction is
kept up to #,,,3/T equal to 0.31, (,,.;;=38 ms). Beyond this limit the response starts increasing
until 7;,,;,3/T becomes equal to 0.65 (#,,:,3=79 ms), for which the response of the third floor exceeds
the corresponding one of the uncontrolled system. Regarding the second and first floor the parameter
timin and the corresponding ratio is the same, while the values #,,,,»/T and #;,,;1/T are 0.67 and 1.06
respectively, (fimao=81 mS, #;,,,:;=128 ms). The response of the third floor governs the value of
time delay that should be considered in the design of the control system. It is also observed that
there is a region near to #,,/7T equal to one (time delay, from 90 ms to 115 ms,) where the response
ratio decreases again. This is due to the fact the time delay equals to the period of the structure and
the influence of the time delay on control performance decreases. For this region there is a low
confidence level, because a small exceedance will cause high response of the controlled system.
This phenomenon is also observed at higher levels of time delay. A region of time delay exists,
where the response ratio decreases again, but it is still higher than one. Results of the simulation of
the system subjected to earthquake excitation are presented in Fig. 9.

Sinusoidal and earthquake excitation are also applied to the eight-story building. The sinusoidal
excitation is now in resonance with the first frequency of the eight-story building. The results of the



Influence of time delay and saturation capacity to the response of controlled structures 459
3.5

Umax, td/Umax

3

0.5

Unax, td=0/Umax 0 H H H
IO.40 ! 0.80 I 1.20 1.60

/120,31 e/ T=G65 T =1.06
tcl,min —VU. td,maxZ/T =0.67 td,maxl =1

t/T

Fig. 8 The ratio of the maximum response of the three story controlled building to the maximum response of
the uncontrolled building subjected to sinusoidal excitation with respect to the ratio of time delay over
the period of the structure
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Fig. 9 The ratio of the maximum response of the three story controlled building to the maximum response of
the uncontrolled building subjected to Athens 1999 earthquake excitation with respect to the ratio of
time delay over the period of the structure

simulations are shown in Figs. 10 and 11, respectively.
In Table 1, all results of initial reduction, #,uax ~0/Umax, the limit of ratio of time delay for which
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Fig. 10 The ratio of the maximum response of the eight story control building to the maximum response of

the uncontrolled building with respect to the ratio of time delay over the period of the structure,
subjected to sinusoidal excitation

i

1

Umax, ld/umax :
1
0.8
0.6
0.4
0.2
Umax, td=0/Umax 0

0.013 I 0.026 0.039 0.0p2
tamin/T =0.016 ta,make/ T =0.042
ta,max3/ T =0.040 ta,max1/T =0.0525
ta /T

Fig. 11 The ratio of the maximum response of the eight-story control building to the maximum response of
the uncontrolled building with respect to the ratio of time delay over the period of the structure
subjected to Athens 1999 earthquake excitation

the response of the system is at low levels, #;,,,, as well as the limit of time delay for which the
response of the system becomes higher than the uncontrolled one, #,,,,, are summarized for every
system and excitation.



Influence of time delay and saturation capacity to the response of controlled structures 461

Table 1 The values of parameters, 7, fimin AN Uygy -0/Uma, for different systems and excitations

One story building Three story building Eight story building
Sinusoidal Athens 1999 Sinusoidal Athens 1999 Sinusoidal Athens 1999
Unare.d=0/ Umas: 0.019 0.15 0.023 0.02 0.001 0.007
ty T 0.225 0.14 0.65 0.23 0.11 0.040
e (Tima=45 MS)  (Lama=28 MS)  (lima=719 MS)  (lamas=23 MS)  (Lymas=86 MS) ({4mas=31 ms)
tamnl T 0.08 0.04 0.31 0.09 0.032 0.015

(tdAmin:16 mS) (ZtalAmin=8 mS) (Zd,m[n3:38 mS) (td.min3=0'011 mS) (td.min8=25 mS) (td.min8=12 mS)

From this table it is seen that the time delay which is required to keep the response at low levels,
timin, 1S higher for sinusoidal than for earthquake excitation or, in other words, the earthquake
excitation gives lower limits for allowable time delay than the sinusoidal one.

Another observation is that for all three buildings subjected to earthquake excitation the minimum
time delay, #;,.,, is almost the same, which is not the case for sinusoidal excitation. This is due to
the fact that the earthquake excites similar frequencies of the three and eight story building (periods
near to 0.2 sec) which leads to similar values of minimum time delay, as time delay depends on the
dynamic characteristics of building, as shown below.

During the design of a control system the value of actual time delay of the system poses a crucial
requirement for the overall performance and should be checked accordingly. This value should be at
least lower than the maximum value, #;,.,, SO that the controlled system has lower response than
the uncontrolled one. Depending on the desired level of performance of the controlled building,
Unax.rd/Umar> the actual time delay should not exceed a specific level of time delay, 7, which can be
obtained by numerical simulation like the ones described in Figs. 7 to 11. The maximum performance
of the controlled building can be achieved when the actual time delay, #; is less than the value of
td,min-

In order to study the influence of time delay depending on the dynamic characteristics of the system,

U U0 %0

'max,td’ ~max

L u— Ui U =30 %

0.08| = Ui U =90 % el
oy | ™95 % T

Pt
P
-
-
P
-
-
-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 12 The acceptable time delay, 7, with respect to eigenperiod, 7, for specific values of the response
reduction ratio %y /Uma, for the one-story building subjected to a sinusoidal excitation in resonance
with its eigenperiod
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Fig. 13 The acceptable time delay, #,, with respect to eigenperiod, 7, so that the one-story building has 50%

response reduction ratio #,,q, /., When subjected to a sinusoidal excitation not in resonance with its
eigenperiod

a sinusoidal excitation is applied on the one degree of freedom system, which is always in resonance
with the system. The results of these simulations are shown in Fig. 12, where the required time
delay, #;, is plotted with respect to the eigenperiod, 7, for specific values of the response reduction
1atio Uy 1 Umar, Varying between 50% and 95%. It is concluded that the higher the eigenperiod is,
the longer the acceptable time delay becomes for the same level of performance. In other words, the
acceptable time delay in tall buildings, which are in resonance with the excitation, is larger than in
low buildings which are also in resonance with the excitation, for the same desired reduction of the
response. It is also observed that as the desired response reduction ratio gy /tma decreases, the
acceptable time delay decreases as well.

If the excitation is not in resonance with the system, then Fig. 13 is obtained. In that case a
sinusoidal signal with a period of 0.6 sec is applied on a system with period ranging from 0.1 sec to
1 sec. It is observed that the higher value of the acceptable time delay, for the same response
reduction ratio, is when the system is in resonance, while when the system is out of resonance the
acceptable time delay is lower. Applying the Athens 1999 earthquake a similar behavior is observed
in Fig. 14, but now the values of acceptable time delay are approximately one half of those for the
case of sinusoidal excitation. In Fig. 13, when the system comes to resonance the time delay does
not influence the performance and the limit value becomes very high. In regions that are out of
resonance the time delay that influences the performance becomes small enough. In Fig. 14 local
maxima are observed because the earthquake contains several important frequencies that come to
resonance with the system.

3.2 Saturation effect

In the above examples the force capacity was considered to be unlimited. By performing simulations
with very small and constant value of time delay, thus neglecting its influence, but changing the
level of control force capacity, Fig. 15 through 19 are obtained. In these figures the influence of
saturation capacity limit Fy, .. on the ratio of maximum response in the presence of saturation to
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Fig. 14 The acceptable time delay, #,, with respect to eigenperiod, 7, so that the one-story building has 50%
response reduction ratio .y /Una, subjected to Athens earthquake excitation
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Fig. 15 The response reduction ratio, . rsu/Uma> With respect to saturation capacity, Fy,, for the one-story
building subjected to sinusoidal and earthquake excitation

the maximum response without saturation are plotted. Observing these figures it is clear that the
response ratio becomes higher as the saturation limit decreases.

The saturation effect is taken into account only when the control algorithm demands a control
force which is higher than the capacity of the control device. Thus, during control process, it may
be once or several times to reach the saturation control force. The system is stable during the control
process, thus the saturation is not caused due to instability of the system.

The values of the parameters Fi, ., normalized to the weight of the building W, and the ratio
Una.satmin! Umax are summarized in Table 2, for every building and excitation. From these simulations
it is concluded that the lower the force capacity is the higher the response becomes. Furthermore,
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Fig. 16 The response reduction ratio, ., rsu/Umas With respect to saturation capacity, F.,, for the three-story
building subjected to sinusoidal excitation
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Fig. 17 The response reduction ratio, #uexrsa/tna, With respect to saturation capacity, F,, for the three story
building, subjected to Athens earthquake excitation

there is a limit of the saturation capacity, Fyu .., beyond which the response is not further
decreased. The value of the parameter Fy, .., varies from 3% to 20% of the weight of the building,
and the corresponding maximum performance of the controlled building varies from 0.1% up to
30% of the response of the uncontrolled building, depending on the building and the excitation.
From Tables 1 and 2 it is seen that it is more effective to control a structure against a sinusoidal
loading than an earthquake, since higher reduction in the response is succeeded. This is because a
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Fig. 18 The response reduction ratio, . rsu/Uma» With respect to saturation capacity, Fy,, for the eight story
building, subjected to sinusoidal excitation
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Fig. 19 The response reduction ratio, . rsa/Umas With respect to saturation capacity, F,, for the eight story
building, subjected to Athens earthquake excitation

Table 2 The values of parameters, Fy ./ W, and the ratio u,,qy sarmin/Uma for different systems and excitations

One story building Three story building Eight story building
Sinusoidal Athens 1999  Sinusoidal Athens 1999 Sinusoidal Athens 1999
UnarsatminlUmax ~ 0.28 0.28 0.01(3™ floor)  0.04(3™ floor) 0.001(8" floor) 0.02(8" floor)

Fomed/W  0.220 0230  0.080(3 floor) 0.080(3" floor) 0.030(8™ floor) 0.026(8™ floor)
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sinusoidal excitation contains only one constant frequency which is recognized by the algorithm and
avoided rapidly, while an earthquake contains more frequencies which are changing during its
application and it is more difficult for the algorithm to identify and avoid them.

3.3 Coupling of time delay and saturation effect

In real control systems, time delay and saturation of control force capacity exist simultaneously
and influence each other. Simulations have been performed for a wide range of values of those two
parameters and the ratio of the maximum response of the controlled system, . con, t0 the maximum
response of the uncontrolled one, u,,,, was obtained. The results of those simulations for the three
systems of Fig. 5 subjected to Athens 1999 earthquake excitation are shown in Fig. 20 through 23.
In these figures the influence on the response of coupling of the two parameters is shown.

The numerical results show that as time delay increases and saturation limit decreases the system
becomes unstable. It is also verified that as time delay decreases and the saturation limit capacity
increases, the control is more effective and the response is reduced drastically. Furthermore, it is
observed that even though for high saturation capacity limit of the device low response is expected,
the simultaneous existence of high time delay causes instability. Comparing the results obtained
considering the time delay or the saturation effect individually to those that refer to the simultaneous
influence of the two parameters it is concluded that the simultaneous effect is substantially more
critical for the same earthquake and for the same building.

Based on the percentage of response reduction that the designer aims at achieving with the control
system, a region () where the response ratio is below the desired percentage, can be determined.
The Q region contains pairs of time delay values and saturation capacity limits for which the
response is lower than the predefined response ratio. Values of response ratio and the corresponding
limits of the Q regions are shown in the contour plots of Figs. 20 to 23. The border of this region
depends on the desired performance level of the controlled structure.

It should be noted that the Q region depends also on the specific earthquake record considered. In
Fig. 23 this region is shown for a 0.5 response ratio and for four different earthquakes. With dashed
line is the minimum envelope curve of the four above individual curves. The values of time delay

0.02

Unnax,con/Umax

0.005

0.02

tq (sec) 150

Fo (KN)

(@)

Fig. 20 Combined influence of time delay and force saturation on the response of the controlled one-story
building, subjected to Athens earthquake excitation, (a) 3D plot and (b) contour plot
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Fig. 21 Combined influence of time delay and force saturation on the response of the controlled three-story
building, subjected to Athens earthquake excitation, (a) 3D plot and (b) contour plot
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Fig. 22 Combined influence of time delay and force saturation on the response of the controlled eight-story
building, subjected to Athens earthquake excitation, (a) 3D plot and (b) contour plot

and saturation capacity in this region can be considered as design specifications for the control
devices and system that is going to be used.

All examples that were analyzed show the negative influence of time delay and saturation
capacity acting either separately or simultaneously. This negative influence is a general trend for
structures equipped with control systems. These examples show the need of performing numerical
simulations, accounting for the coupling of time delay and saturation capacity, before installing the
control system in the building. Such simulations will help to identify the limits of time delay and
saturation capacity of the control devices that will keep the building stable and in reduced response
compared to the uncontrolled one.

Since all the above results are dependent on the excitation and it is not easy to predict the
earthquake ground motion thus conclusions of general validity for upper bound of time delay or
lower limits of saturation capacity are not possible, as these phenomena are highly non linear and
depend on the earthquake excitation as well as the dynamic characteristics of the specific building.
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Fig. 23 The Q region corresponding to response ratio 0.5 for four different earthquakes and the envelope
curve (dashed line)

It is therefore suggested that before finalizing the control system response surfaces like the ones in
Figs. 22 and 23 should be obtained and used as a design tool, assisting the designer to decide about
the appropriate values of time delay and saturation capacity that the proposed system should satisfy.
In other word, during design, simulations of the structure’s response for a wide range of earthquakes
(near fault, far fault) should be performed, and acceptable values of time delay should be obtained
for each signal. Then, an envelope of minimum time delay should be obtained and this should be
used as a limit for the design of the control system.

4. Conclusions

The influence of time delay and saturation capacity on the response of controlled building
structures subjected to seismic actions has been investigated. As it is impossible to obtain closed
form solutions for the response of multi degree of freedom systems, accounting for time delay and
saturation capacity, thus, numerical simulations should be carried out before the installation of any
control system, considering the combined effect of these two important parameters. Such numerical
simulations will provide limits of time delay and saturation capacity that should not be exceeded, so
that the response of the controlled system will be lower than that of the uncontrolled one. From the
numerical examples presented here, it was concluded that there is interaction between time delay
and saturation capacity leading to a combined influence on the response. This influence depends
both on the dynamic characteristic of the building and on the characteristic of the excitation. It is
suggested that before the installation of a control system to the structure, diagrams like those in Fig.
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23 should be obtained for a wide range of earthquakes, which identify the safe region of values of
time delay and saturation capacity. Based on such diagrams the engineers will specify values of
time delay and saturation capacity of the control devices provided by the manufacture so that they
are within the safe region (inside of dashed line in Fig. 23). A “safe region” of values of time delay
and saturation capacity can be defined that should be used as design specification for the control
devices that are going to be installed in the building. Then, the controlled system will indeed have
reduced response.

References

Abdel Rohman, M. (1987), “Time delays effects on actively damped structures”, J. Eng. Mech. - ASCE, 113(11),
1709-1719.

Agarwal, AK., Fujino, Y. and Bhartia, B. (1993), “Instability due to time delay and its compensation in active
control of structures”, Earthq. Eng. Struct. D., 22(3), 211-224.

Agarwal, AK. and Yang, J.N. (1997), “Effect of fixed time delay on stability and performance of actively
controlled civil engineering structures”, Earthq. Eng. Struct. D., 26(11), 1169-1185.

Agarwal, AK. and Yang, J.N. (2000), “Compensation for time delay for control of civil engineering structures”,
Earthq. Eng. Struct. D., 29 37-62.

Arfiadi, Y. and Hadi, M.N.S. (2006), “Continuous bounded controllers for active control of structures”, Comput.
Struct., 84(12), 798-807.

Asano, K. and Nakagawa, H. (1998), “Active saturation control of hysteretic structures”, Comput. Aided Civil
Infrastruct. Eng., 13(6), 425-432.

Cai, GP, Huang, J.Z., Sun, F. and Yang, S. (2003), “An optimal control method for linear systems with time
delay”, Comput. Struct., 81(15), 1539-1546.

Casciati, F., Magonette, G. and Marazzi, F. (2006), Technology of Semiactive Devices and Applications in
Vibration Mitigation, Wiley, ISBN: 978-0-470-02289-4.

Chuy, S.Y,, Lin, C.C., Chung, L.L., Chang, C.C. and Lu, K.H. (2008), “Optimal performance of discrete-time direct
output-feedback structural control with delayed control forces”, Struct. Cont. Health Monit., 15(1), 20-42.

Connor, J.J. (2003), Introduction to Structural Motion Control, MIT/Prentice Hall Series on civil engineering and
Systems Engineering.

Dyke, SJ., Spencer, Jr. B.F., Sain, M.K. and Carlson, J.D. (1996), “Experimental verification of semi-active
structural control strategies using acceleration feedback”, Proceedings of the 3rd international conference on
motion and vibration control, vol. 111, Chiba, Japan.

Lin, PY., Roschke, PN. and Loh, C.H. (2007), “Hybrid base-isolation with magnetorheological damper and
fuzzy control”, Struct. Cont. Health Monit., 14(3), 384-405.

Nguyen, T., Jabbari, F. and de Miguel, S. (1998), “Controller designs for seismic excited buildings with bounded
actuators”, J. Eng. Mech. - ASCE, 124(8), 857-865.

Pnevmatikos, N.G. and Gantes, C.J. (2007), “Dynamic control analysis (DCA)”, Proceedings of the 8n HSTAM
International Congress on Mechanics, (Eds. N. Bazeos, D.L. Karabalis, D. Polyzos, D.E. Beskos and J.T.,
Katsikadelis Patras), Greece, 12-14 July.

Pnevmatikos, N.G. and Gantes, C.J. (2007), “Strategy for on-line control of structures against earthquakes”,
Proceedings of the ECCOMAS Thematic Conference on Computational Methods in Structural Dynamics and
Earthquake Engineering, (Eds, M. Papadrakakis, D.C. Charmpis, N.D. Lagaros and Y. Tsompanakis), Rethymno,
Crete, Greece.

Pu, J.P. (1998), “Time delay compensation in active control of structures”, J. Eng. Mech. - ASCE, 124(9), 1018-
1028.

Sain, P.M., Spencer, Jr. B.F., Sain, M.K. and Suhardjo, J. (1992), “Structural control design in the presence of
time delays”, Proceedings of the 9th Engineering Mechanics Conference, ASCE, College, Station.

Tomasula, D.P., Spencer, Jr. B.F. and Sain, M.K. (1996), “Nonlinear control strategies for limiting dynamic



470 Nikos G. Pnevmatikos and Charis J. Gantes

response extreme”, J. Eng. Mech. - ASCE, 122(3), 218-229.

Udwadia, F.E. and Phohomsiri, P. (2006), “Active control of structures using time delayed positive feedback
proportional control designs”, Struct. Cont. Health Monit., 13(1), 536-552.

Udwadia, F.E., von Bremen, H. and Phohomsiri, P. (2007), “Time-delayed control design for active control of
structures: principles and applications”, Struct. Cont. Health Monit., 14(1), 27-61.

Wu, Z. and Soong, T.T. (1996), “Modified bang-bang control law for structural control implementation”, J. Eng.
Mech. - ASCE, 122, 771-777.

e




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




