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Structural control systems can effectively protect structures from 
dynamic loads. Passive control systems are widely accepted, but 
active and hybrid systems remain under development with a 
variety of implementation related issues yet to be resolved. The 
current research focuses on overcoming some of these problems. 
A hybrid sliding isolation system is considered. This nonlinear 
controller is ideal for examining many practical issues; moreover, 
results obtained with this system may be applied to a variety of 
active and hybrid controllers. New nonlinear control algorithms, 
which account for implementation imperfections, are developed 
and validated with realistic experimental models. The results show 
that the control system is able to significantly reduce the peak 
responses and the energy input, proving that many of the 
implementation issues may be overcome with well designed con- 
trollers and current technology. © 1997 Published by Elsevier 
Science Ltd. 
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1. Introduction 

Dynamic environmental loads, such as earthquakes and 
strong winds, can seriously damage, or even destroy, 
bridges and bulidings. The strengthening of structures to 
withstand extreme dynamic loads can be uneconomical  or 
impractical; moreover, constructing a conventional building 
with the strength to withstand large seismic motion may 
lead to a situation where the structure is undamaged, but 
the structure 's  contents are damaged or destroyed, and the 
structure's occupants injured. The need to economical ly 
protect structures, their occupants and their contents has led 
to the development  of  innovative protective systems, which 
either isolate structures from the dynamic load, or dissipate 
the destructive energy that enters the structure. These struc- 
tural control systems can be classified into three categories: 
passive systems, active systems and hybrid systems. 

Typical  passive control devices include mass dampers, 
which control the structural resonse through energy transfer 
from the main structure to the moving mass, structural dam- 
pers, which dissipate energy, and base isolation systems, 

which decouple the motion of  the structure from the seismic 
vibrations. Active systems use an intelligent controller to 
sense either the excitation, the structural response, or both, 
and introduce control forces through special actuators or 
devices. The devices, which include active mass dampers 
and active tendon systems, require a relatively large supply 
of  power to generate the active forces. 

Hybrid control systems combine active controllers with 
passive devices. In most hybrid control systems, such as 
hybrid isolation systems, hybrid mass dampers and semi- 
active structural dampers, the active portion of  the system is 
used to influence the response of  the passive control device, 
minimizing the structural response. The active portion of a 
hybrid system requires much less power than a similar 
active system, while providing better structural response 
than the passive system alone. In addition, hybrid systems 
tend to have better fail-safe characteristics than the active 
systems. 

Unfortunately, there are a variety of problems and limi- 
tations associated with the implementation of structural 
control systems. The effectiveness of  passive controllers 
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tends to be limited by the system design, while active sys- 
tems may require a large amount of power, have question- 
able reliability, and require a high level of maintenance. 
Hybrid systems may be more expensive than active or pass- 
ive systems, require the same maintenance as active ones, 
but they have the reliability of the passive system. 

There are additional problems related to the practical 
implementation of control algorithms for both active and 
hybrid systems. These problems, which include signal 
noise, modeling errors, actuator-structure interaction, 
delays, and other uncertainties, can increase the difficulty 
of  developing a controller and can limit its effectiveness. 
An additional problem, system nonlinearities, complicates 
the development of  control algorithms for hybrid and 
active systems. 

2. Integral problems in structural control 

In an ideal situation, a simple active controller can be 
designed based on linear control theory, with disregard for 
the many problems and imperfections that are present in a 
typical system. Unfortunately, such a controller will be 
likely to perform poorly, if it is implemented in a realistic 
structural system. The problems and limitations that can 
affect a structural control system need to be considered in 
the design of  the system. These issues can be loosely 
grouped into two classes: (i) physically solvable, and (ii) 
computationally solvable. The problems that can be classi- 
fied as physically solvable tend to be related to the long 
term viability and reliability of  the control system, while 
the problems that are computationally solvable tend to be 
related to the response of the controller and the interaction 
between the controller and structural system. 

The effectiveness of  any control system can be maxim- 
ized by optimizing the design; however, there are limi- 
tations to the effectiveness of  each control system. Passive 
systems tend to be limited by physical constraints, while 
active and hybrid systems tend to be limited by the capa- 
bility of  the control algorithms, energy requirements, and 
cost. 

Some of  the computationally solvable issues that must 
be considered in the design of  a control algorithm for active 
and hybrid systems include: the stability of  the control, the 
effects of  delays, the noise in the digitized instrumentation 
signals, the dynamics of  any filters required to attenuate 
the signal noise, the interaction between the actuator and 
structure, the potential for actuator saturation, any system 
nonlinearities, the limits of  system identification, and errors 
in the system mode, including any unmodeled modes of  
vibration. 

The stability of  a linear system, without signal noise or 
unmodelled dynamics, can usually be easily proven. The 
stability of  nonlinear systems may be more difficult to 
prove, but methods based on the work of  Lyapunov are 
usually sufficient ~-2. Unfortunately, in the presence of  a 
number of  uncertainties, such as typically found in a practi- 
cal control system, there is a potential for unanticipated 
instabilities if the uncertainties are not accounted for. 

The effects of  delays can be critical to the performance 
of  the control system. Digital computers can cause a sig- 
nificant delay in the feedback loop, due to the time required 
for digitizing analog signals, performing the control calcu- 
lation, and converting the digital control signal back to an 
analog signal. In addition, unmodeled dynamics in filters, 
instruments, and actuators, will cause time lags, which will 

degrade the performance of  the system, unless they are 
accounted for. 

The noise in the instrumentation signals will adversely 
affect the control response, and the nature of analog cir- 
cuitry guarantees that there will be some noise in any ana- 
log signal. This noise, as well as high frequency responses 
in the instrument and higher mode response in the structure, 
can appear as an aliased low frequency response when the 
analog signal is digitized, unless a low pass filter is used 
to attenuate the noise. Frequency components of  the noise 
that fall within the bandwidth of the controller cannot be 
removed from the signals. To protect the system from the 
adverse effects of this noise, care must be taken to keep 
the signal to noise ratio high, and the controller must be 
sufficiently robust, so as to remain stable in the presence 
of  such uncertainty. 

The filters that are used to remoe the high frequency 
components of  the noise from the instrumentation signals 
have their own dynamic characteristics. Typical low pass 
analog filters, such as used for antialiasing purposes, have 
a unit response amplitude over the passband, and then roll 
off exponentially above it. The filters will also introduce a 
phase lag in the filtered signal. When the type and order 
of  the filters are known, the dynamics of the filters can be 
easily modeled, and the phase lag accurately accounted for. 

The devices used to provide the control forces are them- 
selves dynamic systems. As an actuator applies forces to 
the structural system, the structure is in turn applying forces 
on the actuator, exciting the actuator's dynamics. Recent 
research 3'4 has shown the importance of  properly modeling 
the dynamics of  the actuator and accounting for the inter- 
action between the structure and the actuator. An additional 
problem is encountered when actuator saturation occurs. In 
the presence of  saturation, the actuator dynamics, which 
otherwise may be linear, will become nonlinear. The case 
of  actuator saturation can be modeled and accounted for in 
the control, or the system can be designed such that actuator 
saturation is avoided. 

The greatest single source of error may be the analytical 
model of the structure. Although most laboratory models 
are carefully designed to have a nearly linear response, 
realistic structural systems tend to have some nonlinear 
response, and in some cases may be highly nonlinear. Due 
to limitations in modeling and system identification theory, 
the exact identification of  structural parameters is virtually 
impossible; however, for most systems the parameters may 
be estimated with a reasonable level of  accuracy. For a 
typical implementation of  structural control, a continuous 
and nonlinear structure must be modeled as a system with 
a discrete number of  modes of  vibration; moreover, the 
structure will usually be modeled as a linear system, unless 
the nonlinearities are large. The control algorithm that is 
developed for this system will have errors, even if the limi- 
tations and uncertainties described above were not present. 
This is not to say that such a structural model is entirely 
flawed. If the structure model is carefully chosen, signifi- 
cant nonlinearities are accounted for, and the system para- 
meters are properly identified, then the error in the analyti- 
cal model should be minimal and tolerable for most 
situations. 

3. Hybrid isolation systems 

Hybrid isolation systems have recently received attention 
as a way of  improving the performance of passive base 
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isolation systems. The considerable amount of  research per- 
formed on passive isolation systems, and the growing body 
of data collected from constructed base isolated structures, 
shows that properly designed passive isolation systems are 
extremely effective for reducing the energy input to a struc- 
ture; unfortunately, there are well defined, physical limi- 
tations to the efficiency of these systems. Hybrid systems 
present a way to further improve the response of  isolation 
systems, using an active controller to modify and improve 
the response of a passive isolation system. 

Friction controlled, sliding hybrid isolation systems, 
which are the primary focus of the current study, using 
sliding bearings to isolate a structural system, and add an 
actuator, connected between the foundation and the base- 
mat of the structure, to provide active control forces 5. A 
few types of sliding bearings have been proposed for use 
in these systems, including ball or roller bearings, and con- 
ventional Teflon-steel sliding bearings 3,6. In both cases, the 
control forces can be designed to offset the friction forces 
in the bearings, control the basement displacement, minim- 
ize certain structural responses, or perform a combination 
of these functions. Ideally, the control force could simply 
offset the friction forces, creating a 'frictionless' isolation 
system, however, imperfections in the system lead to unde- 
sired responses 7. 

Hybrid systems incorporating Teflon-steel bearings have 
been extensively modeled and experimentally tested. Ana- 
lytical research has considered the use of  hybrid sliding 
isolation in both single- and multi-degree-of-freedom sys- 
tems, such as bridges 8, rigid structures on a sliding base- 
mat 9,"~, and three and eight story structures ~ t. A significant 
amount of experimental research has been performed, 
including studies on a scale system designed to model a 
bridge 3"8 or rigid structure 6, a 1/4 scale, three-story struc- 
ture 3.5'7,12, and an isolated floor system designed to protect 
secondary system ~3. This research has shown that the 
hybrid control reduces the response of the isolated sys- 
tem 3"6's'H. The presented research will show that unless the 
affects of the imperfections ae considered in the control 
design, the control system cannot be implemented. 

4. Integral  a lgor i thms  for hybrid  sys tems  

A wide variety of control algorithms have been proposed 
for controlling hybrid systems, and research is constantly 
in progress to find additional efficient and improved control 
algorithms. Hybrid systems do not necessarily require dif- 
ferent control algorithms than active systems, but the non- 
linear nature of  many hybrid systems has lead to the con- 
sideration of  increasingly sophisticated algorithms. A 
comparison of some linear and nonlinear control algorithms 
has shown that the nonlinear algorithms provide better 
response in one controlled system 14. The nonlinear control 
algorithms that have been considered include control laws 
based on instantaneous optimal control, dynamic lineariz- 
ation, fuzzy control, sliding mode control, adaptive control 
and pulse control. Some of  these algorithms have been 
experimentally tested, while others have only been analyti- 
cally or numerically verified. 

4.1. Modeling o f  the nonlinear hybrid system 

The control algorithms used for nonlinear hybrid systems 
must be closely integrated with the model of the structural 
systems. For the case of the hybrid system on sliding bear- 
ings, a conventional structural model can be used for the 

superstructure, but the nonlinearity of  the isolation system 
will need special treatment. The structural system will be 
modeled as a multi-degree-of-freedom shear frame struc- 
ture mounted on a rigid sliding basemat. Including the fric- 
tion forces in the sliding isolation and the control force 
from the hybrid controller, the equation of motion is: 

M~, + C i  + Kx + D L =  Du (1) 

Here, M, C and K are the mass damping, and stiffness 
matrices, ft-and u are the nonlinear friction force and con- 
trol force vectors, D defines the locations and directions 
of the forces, while x and x, are the relative and absolute 
displacement vectors. For the equations of motion to be 
consistent, all of the elements in the direction vector, D, 
must be either zero or one, each column must have exactly 
one non-zero element, no row can have more than one non- 
zero element, and DTD = I. The relationship between the 
absolute and the relative displacements is given by: 

xt = x + Rxg (2) 

Here, x~ is the ground displacement vector, and R defines 
which component of  the ground motion is associated with 
each degree-of-freedom. Since many controls laws are 
more easily developed using a state space formulation, the 
state vector can be defined as: 

The equation of motion can then be reformulated into state 
space, as: 

= Az + Bu - B f f -  W~i~ (4) 

Here, A is the system state matrix, while B and W are the 
external force location and ground acceleration direction 
vectors. These are defined as: 

[ M  0 I 1 [ 0 1 [0R] A =  _ iK -M JC ; B =  M ID ; W =  

(5) 

The most general model for the friction forces at a slid- 
ing interface can be defined as: 

.]; = I.tmgy (6) 

Here fi is the friction force, /~ is the coefficient of friction, 
m is the total mass, g is the gravitational acceleration, and 
y is a dimensionless hysteretic parameter that defines the 
direction of the friction force and the stick slip conditions. 
For a system with Teflon-steel bearings, the friction coef- 
ficient can be modeled aslS: 

/z = /x  ...... - / x a e  ,,,I.~i (7) 

Where 5c is the relative velocity at the sliding interface,/x ..... 
is the coefficient of friction at high velocities, /_t6 is the 
change in the coefficient, and /xa defines the rate of vari- 
ation. The hysteretic parameter can be defined by either a 
differential equation -~,~°,~5 or by a simple Coulomb model. 

To control this hybrid isolation system, control algor- 



Hybrid sliding isolation system: M. A. Riley and A. M. Reinhorn 147 

ithms based on the instantaneous optimal control law, fuzzy 
set theory, and dynamic linearization were developed. 
These control algorithms are reported in detail in other 
sources3.6 s, lo, but an overview is included here. 

4.2. Absolute acceleration control 
The absolute acceleration control algorithm 6,8 is based on 
the instantaneous optimal control law, developed by 
Yang ~ ~. This control algorithm uses acceleration feedback 
to attempt to minimize the response of the hybrid system. 
Two versions of  the algorithm were developed and tested: 
the linear absolute acceleration control and the nonlinear 
absolute acceleration control. 

The absolute acceleration control is formulated in state 
space, with the motion of  the system given by equation (4). 
Based on the instantaneous optimal control law, the control 
force can be found by minimizing a time dependent per- 
formance index t ~, given as: 

J(t) = U Q I  + uTRu (8) 

Here J(t) is the instantaneous optimal performance index, 
while Q and R are positive semidefinite weighting matrices 
for the response and control force, respectively. 

Minimization of  the performance index to determine the 
control force can be achieved by a procedure developed by 
Yang ~6, and the control force can be determined to be8'16: 

U = -R-IBTQ~ (9) 

The response of  the controlled system is dependent on the 
choice of the weighting matrices, Q and R. Since, the con- 
trol force is a product of  these matrices, one weighting 
matrix can always be identity. For the case of  absolute 
acceleration control, the control force weighting matrix, R, 
was set to identity, and the state weighting matrix, Q, was 
adjusted to define the control force. For the case of  the 
linear absolute acceleration control, Q is a diagonal matrix 
with constant gain terms that multiply the acceleration 6,8. 

The nonlinear absolute acceleration control is an expan- 
sion of  the linear control algorithm. The control gain is now 
chosen so that it varies as an exponential function of  the 
absolute acceleration. The control force weighting matrix 
will again be a diagonal matrix with the individual terms 
defined as~: 

qci = o/ i [  l-e-~#~l] (10) 

Here qi,i is the ith diagonal term in the control force weight- 
ing matrix, while ai and /3i are the associated gain factors. 
The first gain factor, a~, will be similar to the gain factor 
for the linear control algorithm, while the second gain fac- 
tor, /3i, will vary based on signal noise levels and actuator 
limitations. This control algorithm will respond with an 
increased gain as the magnitude of  the acceleration 
increases, while responding with a low gain for small accel- 
erations, minimizing the effects of  noise in the signal. 

4.2.1. Fuzzy sets control Controllers based on fuzzy 
set theory form a simple way to specify nonlinear control 
laws that are capable of  accommodating a high level of  
uncertainty and imprecision. These fuzzy controllers can be 
used in two conditions. When linguistic descriptions of  the 
control can be formulated, a fuzzy controller may be 

determined without a mathematical model 7,~°, but if no 
linguistic description is available, one may be implemented 
using a fuzzy mathematical model of  the system. Two 
fuzzy control algorithms were developed for the hybrid iso- 
lation system 7,~°. For an ideal system, given by equation 
(1), the control force may be designed to exactly oppose 
the reaction forces in the isolation, and the control force 
will be: 

U : D T C x  + D T K x  + fr ( l l )  

This implies that the total absolute acceleration of  the con- 
trolled system will always be zero. 

In any realistic system, the errors and uncertainties will 
significantly degrade the effectiveness of the controller. The 
relative displacement and velocity measurements will con- 
taminated by sensor noise, limitations in system identifi- 
cation techniques will reduce the accuracy of  the damping 
and stiffness coefficients, while the effects of delay and 
actuator dynamics will degrade the accuracy of the control 
force. The combination of  these problems will lead to an 
inaccurate control force that is based on an estimate of  the 
forces at the time of  interest. 

Using the symbol * to indicate that a term is an estimate 
of the real value, with some associated error, the estimated 
control force can be defined as: 

u = DTC*~ * + DTK*x * + l~f (12) 

This results in an imperfect control, and the absolute accel- 
eration will not vanish. Instead: 

M(~+R~g)  = ME, ( 13 ) 

Here Et is a vector of  the deviations in the absolute acceler- 
ations, which acts as a measure of  the error in the control 
force. Accurate modeling of this error is difficult by con- 
ventional techniques, making compensation quite compli- 
cated, however fuzzy logic provides a simple way to deal 
with this error, by compensating for the imprecision and 
uncertainty7,1o. 

Two formulations of  the fuzzy control have been 
developed for the hybrid system: the total force formulation 
and the increment force formulation. In the total force for- 
mulation, the control force is determined by approximating 
the forces in the system and measuring the absolute acceler- 
ation that remains. When the relative velocities and dis- 
placements are large, the estimates of the forces are usually 
good, and the control force may be accurately estimated. 
However, when the relative velocities are small, a slight 
error in the estimate of  the relative velocity may cause a 
significant error in estimate of  the friction, and the control 
will be inefficient. In the latter case, a direct measurement 
of  the difference in the forces and the absolute acceleration 
is necessary to determine the change in the control force 
from one time step to the next. This second method is 
defined as the incremental force formulation ~°. 

The fuzzy controller generates a precise control force by 
using an inference scheme to quantify imprecise fuzzy sets. 
The controller has three main components, as shown in 
Figure 1. In the fuzzification step, the response of  the sys- 
tem is converted from digital values to quantities expressed 
in terms of  fuzzy sets. Through fuzzy processing, the fuzzy 
response data is manipulated by a series of  linguistic rules 
to produce a series of  control force fuzzy sets. By defuzz- 
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ification, these sets are converted into a precise control 
force that can be applied to the hybrid system 7. 

The fuzzy controller handles system nonlinearities and 
uncertainties in a flexible manner. Noise and delays can be 
compensated in the fuzzification and processing stages of 
the fuzzy algorithm, while the processing stage can be used 
to explicit ly consider structural nonlinearities. Actuator 
errors and limitations can be considered in defuzzification 
and processing stages. 

The fuzzy controller has several other advantages over 
conventional controllers ~°. It can be designed to discrimi- 
nate between inputs of  varying importance, treating each 
according to its importance. The output aggregation and 
defuzzification schemes can reduce the affects of  noise and 
computer imprecision, and when trapezoidal shaped fuzzy 
sets are used, the input signals are implicit ly filtered. The 
way in which the fuzzy sets account for noise and uncer- 
tainty can be understood by examining the plot of  input 
and output fuzzy sets, shown in Figure 2. Each fuzzy set 
is named with a linguistic term, with the ZE fuzzy set corre- 
sponding to values of zero and nearly zero. Since small 
errors can cause instability in the control when the input is 
small, the ZE set encompasses a range of small input values 
where control may not be desirable. By allowing this region 
of  no action, the fuzzy controller can stabilize the control 
when the inputs are small. 

force. The method of dynamic linearization, is used to 
develop the friction force control algorithm, which 
explicit ly accounts for the nonlinearity in the sliding iso- 
lation, and implicitly minimizes the effects of delays, signal 
noise, actuator dynamics,  and filter dynamics. Details of the 
technique can be found in a number of sources ~'3"w'~. Two 
variations of  the friction force control algorithm were 
developed and experimentally tested. The relative displace- 
ment formulation is based on the actual dynamics of the 
hybrid isolation system, and controls both the effective 
force at the friction interface and the relative position of  
the structure. The absolute displacement formulation is 
based on the dynamics of a structure that is connected by a 
spring to a fixed inertial reference. This second formulation 
controls both the effective force and absolute position of 
the structure. 

For the method of  dynamic linearization, a linear tem- 
plate system is chosen and the control force necessary to 
create this system is determined. The most ideal system has 
no lateral motion, and its absolute accelerations, velocities, 
and displacements will be zero at all times. Comparing on 
this template system to the system described in equation 
(1), the ideal control force will be: 

u = DTC~ + DTKx + It ( 1 4 )  

4.2.2. Friction force control The nonlinear nature of  
the sliding interface creates a need for a control algorithm 
that can explicit ly account for the variations in the friction 

Unfortunately, the actual control force will vary from the 
desired control force due to the errors and uncertainties in 
the system. Using the symbol * to indicate that a term is 

NL NM NS Z]~ IPS PM PL ~ 10IX/CA I I NL NM NS PS PM PL 

,t v/zsJ,, I f I I 

!°d' J ' i l l /  o. :,olll:k l)llJo 
Input Universe of Discourse Output Universe of Dis¢owse 

(=) (b) (c) 
Figure 2 Input  and ou tpu t  fuzzy set d is t r i bu t i ons  
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an imperfect  est imation of  the actual value, the actual con- 
trol force may be described by: 

U = DTC*x * + DTK*x * + ff (15)  

The products of  the est imated terms in the control force 
can be redefined as: 

~ ,  and ~ .  Noting that the error in the control will become 
large as the magnitude of  a signal approaches the associated 
error term, the control force can be redefined as a discon- 
tinuous function that does not control a particular term 
when the magnitude of  the response signal for that term is 
below a threshold level. Using the error vectors as the thres- 
hold levels, the control force can be defined as: 

C ' i *  = e~Ci;  K ' x *  = e k K X ;  f~f = efff (16) 

where ec, ek, and ef are diagonal matrices of  error terms 
describing the ratio between the true forces in the system 
and the est imated forces. The equation of  motion is then: 

M~t + ( I - ec )C~  + ( l - e k ) K x  + ( I - e 0 D f f  = 0 (17) 

When the terms in the error matrices all approach one, 
the system will behave in the ideal manner, and when the 
terms of  the error matrices are small the system will behave 
in an uncontrolled manner. Most  importantly,  when the 
terms in the error matrices are greater than one or negative, 
the controller will drive the system instead of  controlling 
it. To prevent this last case from occurring, the components 
of the control force can be multiplied by a series of  gain 
factors, G~, Gk and Gf. The control force becomes: 

u = G~DTe¢C~ + GkDTekKX + Gferfr (18) 

For stable control, the gain factors must be chosen so 
that the terms G~ec, Gkek, and Gfer are always less than 
one 3. Since the error terms may be greater than one, the 
gain factors must always be less than one, moreover,  the 
products of  the gain factors and the error matrices will usu- 
ally be somewhat  smaller than one, and some acceleration 
will occur in the system. 

To minimize the acceleration of  the controlled system, 
the acceleration term can be considered in the control algor- 
ithm. The acceleration term will have an error, e~, associa- 
ted with it, and require a gain factor, G~. Like the other 
gain factors, the acceleration gain is bounded based on the 
stability requirements, but because the noise and delays 
tend to have a greater effect on the acceleration term, the 
acceleration gain should usually be small. Adding the accel- 
eration term to the control force leads to: 

u = GcDTe~C~ + GkDTekKX + Gfefff - GIDTeIM~t 
(19) 

u = GcDTecC~[v(]il--e~)l + GkDTekKX[v(IxI--ED] 

G0e~f~[~(lil-E~)] - G,DTe~M~[t(I~¢I-e~)] (20)  

where v() is the unit step function. This formulation is the 
relative displacement friction force control. 

A second variation of  the friction force control algorithm 
is the absolute displacement friction force control. Since 
the relative formulation does not consider the absolute pos- 
ition of  the structure, there is a tendency for the system to 
drift away from the initial position. The absolute formu- 
lation is based on minimizing the absolute position of  the 
system instead of the absolute acceleration. This version is 
developed in much the same way as the relative formu- 
lation, but a different template system is used. The template 
system for the absolute formulation is defined as: 

M~t + Kvxt = 0 (21) 

Here Kv is the virtual stiffness of an imaginary spring 
attached between the structural system and an absolute iner- 
tial reference. Combining the linear template system with 
the equation of  motion given in equation ( 1 ) yields an ideal 
control force: 

u = DTC~ + DTKx - KvDTxt + ff (22) 

The same problems that complicate the relative formu- 
lation will apply to this formulation, so the appropriate gain 
factors and error thresholds must be added. Since the virtual 
stiffness is only defined in the control force, there is no 
need for a gain factor for this term. Including all necessary 
gains and error thresholds, the absolute displacement for- 
mulation control force is: 

u = G c D T e c C ~ [ v ( ] ~ I - E ~ ) ]  + G k D V e k K X [ v ( ] x l - e 0 ]  

-- KvDTevX,[V(]X,l--ext )] + G~ef f f [~ l -~D]  

- G I D V e I M x t [ v ( l ~ , l - - ~ , ) ]  

(23) 

To further improve the response of the controlled system, 
the effects of  the noise in the response signals and the 
delays in the system need to be considered. The noise 
should generally be small as compared to the average mag- 
nitude of  the signal. Thus, when the magnitude of a 
response signal is large, the affect of  the noise on the con- 
trol signal will be small, however,  when the signal is small, 
the noise may be of  the same order of  magnitude or greater 
than the actual signal. In a similar way, when the phase 
shift caused by the delay is small, the error due to the delay 
will be negligible when the response is large, but the error 
may be much larger than the actual signal when the 
response becomes small. A new error term can be defined 
for each signal, based on the expected peak magnitude of  
the combined noise and delay errors. These individual error 
terms may be combined into a series of error vectors, e~, 

where ev and ex, are the error matrix and error magnitude 
vector associated with the absolute displacement. The stab- 
ility of  these two control algorithms can be proven 
explicit ly by a combination of the method of  Lyapunov j 
and the invariant set theorem 2. The results of  the stability 
analysis will define the limits for each of  the gain factors. 
Details of  these results can be found elsewhere 3. 

5. M o d e l  h y b r i d  i s o l a t i o n  s y s t e m  

To verify the proposed control algorithms, an experimental 
model of the hybrid isolation system was constructed. The 
experimental  model was tested in a variety structural con- 
figurations, including a three-degree-of-freedom building 
on base isolation. Experimental  tests were conducted with 
the base of  the structure fixed, to model a conventional 
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structure, with the base of the structure free to slide, to 
model a passive isolation system, and with the base motion 
controlled by the hybrid isolation system. The sliding iso- 
lation was designed to realistically model an efficient struc- 
tural isolation system, so a meaningful comparison can be 
made between the responses of the hybrid and passive slid- 
ing systems. 

The rigid structural basemat, shown in Figure 3, was 
designed to accommodate  a variety of  model structural sys- 
tems and to allow control devices to be mounted beneath 
it. The mounting surface was constructed from a 1630 mm 
(64 in) by 1020 mm (40 in) by 50.8 mm (2 in) thick steel 
plate. The plate was stiffened lengthwise with four 
L 4x4x4x3/4"  steel angles. Two W 12x35 beams were used 
as legs, to create enough clear height beneath the mounting 
plate for installation of the controller and springs. Each of 
the beams were stiffened with six welded diaphragms, 
made from 25.4 mm (1 in) thick steel plate. The resulting 
basemat weighed 10.4 kN (2330 lb), and was sufficiently 
stiff, so as to be considered rigid in the current tests. 

The basemat was mounted on four sliding bearings, con- 
sisting of high strength woven Teflon pads riding on mirror 
finish stainless steel plates. The stainless steel plates were 
mounted steel foundations, which were precisely leveled 
and grouted in place, while the Teflon pads were mounted 
on the botton of  the basemat with leveling plates that were 
adjusted so that the equal loads were carried by each of the 
bearings. The contact area of each of the Teflon pads was 
31.7 mm 2 (0.049in2),  for a total contact area of 
126.8 mm 2 (0.196 in2). 

The friction forces in the bearings were modeled using 
the relationship described in equations (6) and (7). The 
coefficient of  friction at high veloci t ies , /x  ..... was found to 
be 0.06, and the change in the coefficient of  friction, /xa, 
was found to be 0.03. The rate of change of  the coefficient 
of  friction,/x,,  was determined to be 0.09 s / ram (2.29 s/in).  

Two helical steel springs were used to provide restoring 
forces. These springs were mounted on either side of  the 
basemat, and provided forces through shear deformation. 
The springs had a combined stiffness of 0.072 kN/mm 
(410 lb/in),  which gave the system a reasonable period for 
an isolated structure. 

A three-story, steel frame model was mounted on the 

basemat. The one-quarter scale model structure, shown in 
Figure 4, has been used extensively in previous control 
experiments at the University of Buffalo j~. This model is 
2540 m m (  100 in) high and 610 mm (24 in) by 1220 mm 
(48 in) in plan. The first story of the structure is 1020 mm 
(40 in) high, and the upper two stories have heights of 
760 mm (30 in). All of the experimental tests were perfor- 
med with the direction of the ground motion parallel to the 
long direction of the structure. To minimize out of plane 
motions, the structure was stiffened with diagonal bracing 
in the weak direction. 

The steel frame of the structure weighs 2.31 kN (520 lb), 
and rigid steel masses, each weighing 8.68 kN (1950 lb) 
are bolted to each floor of  the structure. The total weight 
of the structure and the three masses was 28.35 kN 
(6370 lb). For testing and analysis purposes, the structure 
was assumed to behave as a lumped mass model, with the 
weight of  the structural frame distributed to the three rigid 

Structure Masses 

3 Story Steel Frame 

Control Actuator 

Isolation Spring 

Force Transducer 

Rigid Bascmat 
Sliding Isolator 

Figure 4 Three story structural model on sliding basemat 

Servovalves - - ~  ~ Hybrid Isolated Basemat 

~ / /  / ~ " / ~ / ' / / ~  AP~~ Sliding Bearing 

- 

Displacement Transducer ~ ~ (Actuator Displacement) 

Acceleration Transducer /.l" ~'~ 
(Basemat Acceleration) eraiion Transducer (Ground Acceleration) 

Displacement Transducer (Ground Displacement) 
Figure3 Sketch of rigid basemat on sliding isolation 
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masses. In this configuration, the superstructure had pri- 
mary natural frequencies of 1.95, 6.7 and 12.3 Hz, with 
damping ratios of 0.49, 0.44 and 0.40%. The combined iso- 
lated system had natural frequencies of 0.65, 3.32, 7.40 and 
12.85 Hz, with damping ratios of 1.25, 0.43, 0.45 and 
0.41%. The mass, damping, stiffness, and mode shape matr- 
ices for the system are given in Table 1. 

The control forces were provided by a 24.5 kN (5500 lb) 
double-rod servo-hydraulic actuator with a piston cross sec- 
tion of 1200 mm 2 (1.9 in 2) and a dynamic stroke of 152 mm 
(6 in). During the control tests the stroke was electronically 
limited to 127 mm (5.0 in) to prevent accidental over-tra- 
vel, although the actuator had built-in hydraulic buffers to 
prevent the actuator from being damaged if the stroke limits 
were reached. Two 0.95 l/s (15 gal/min), two stage servo- 
valves were used in parallel to provide up to 1.90 1/s 
(30 gal/min) of hydraulic fluid to the cylinder, allowing the 
actuator to provide velocities of up to 1580 mm/s (62 in/s). 

A set of coupled force transducers, or load cells, were 
used as the primary control sensors. These strain gage 
based sensors, were constructed from stainless steel cylin- 
ders and designed to have a linear range of -+55.6 kN 
(+-12,5001b). The transducers were constructed with 
resistive foil strain gages arrayed in a full Wheatstone 
bridge such that bending and thermal strains would be auto- 
matically canceled, and only the axial strains would be 
measured. Since both ends of the actuator rod were apply- 
ing forces at the same time, the two transducers were wired 
together with one transducer reporting a positive load in 
compression, while the other transducer reported a negative 
load in comparison. The combined transducers were then 
calibrated as single a unit for an axial load range of 
+_44.50 kN ( -4-10,000 lb) about a preload point of 26.70 kN 
(6000 lb) of compression. This combined sensor had an 
accuracy of approximately --_0.089 kN (-+20.0 lb) at full 
scale. 

The actuator's servovalve was driven by a dedicated ana- 
log servocontroller, with the control signal generated by a 
digital microcomputer. To protect the model structure from 
damage if the control system failed to perform properly, an 
analog fail-safe circuit, which was capable of shutting down 
the control hydraulics, was used to monitor the response of 

Table 1 Structural property matrices for hybrid isolated struc- 
ture 

Property Matrix 

Mass 
(kg) 

Stiffness 
(kN/mm) 

Damping 
(kN s/mm) 

Modalshapes 

963 0 
0 963 

L 0 0 0 1060 

1.256 -1.612 0.587 -0.230] 
-1,612 3.012 -2.076 0.667 / 

/ 

0,587 -2,076 3,245 -1.756 / 
/ 

-0.230 0.667 1.756 1.391 J 

254.9 -165.5 9.8 -3.3 
-165.6 393.6 -149.2 16.3 

9.8 -149.2 410.8 -173.5 
-3.3 16.3 -173.5 278.0 

1.000 1.000 1.000 1.000" 1 
/ 

0.980 0.486 -0.977 -2.146| 
/ 

0.921 -0.506 -0.943 2.257 / 
0.869 -1.055 0.863 -1.020J 

x 10 -6] 

the system. A custom software program was written 
implement the algorithms used to control the hybrid iso- 
lation system. The experimental tests were performed at 
the National Center for Earthquake Engineering Research 
Structural Engineering Laboratory at the University at Buf- 
falo. The current experiments utilized a variety of equip- 
ment, including the seismic simulator, a number of trans- 
ducers for monitoring the structural response, signal 
conditioners, and a high speed data acquisition system. 

The experimental program consisted of a number of 
identification tests, folllowed by tests of the structural con- 
trollers, each with a variety of ground motions. The ground 
motions consisted of a banded white noise excitation, and 
a number of scaled earthquake records, including the S00E 
component of the E1 Centro record from the 1940 Imperial 
Valley earthquake, the N21E component of the Taft record 
from the 1952 Kern County earthquake, the North-South 
component of the Hachinohe record from the 1968 Toka- 
chi-Oki earthquake, and the S16E component of the Paco- 
ima Dam record from the 1971 San Fernando earthquake. 

6. Results of experimental tests 

Tests were performed with the hybrid isolated three-story 
structural model controlled by four different algorithms: the 
relative and absolute formulations of the friction force con- 
trol, linear absolute acceleration control, and fuzzy sets 
control. All four algorithms tended to reduce the peak struc- 
tural responses as compared to the fixed base and passive 
isolated systems. The relative formulation of the friction 
force control produced the best overall response in the peak 
story accelerations, listed in Table 2, while the absolute for- 
mulation performed nearly as well. Both of these algor- 
ithms tended to reduce the peak accelerations to about half 
of the passive response and to less than 25% of the fixed 
base response. Neither the linear absolute acceleration con- 
trol nor the fuzzy sets control reduced the accelerations as 
well, but both performed better than the passive isolation. 

Control of the interstory drifts and base shear forces is 
important to prevent damage to the structure. As listed in 
Table 2, all four control algorithms reduced the peak drifts 
and base shears significantly more than the passive isolation 
system. The two formulations of the friction force control 
performed similarly, and produced the smallest drifts, while 
the absolute acceleration control reduced the base shears 
the most. The fuzzy sets control produced the smallest 
reductions, but still improved the response as compared to 
the passive isolation. 

The difference in the responses of the passive and hybrid 
system are due in part to the way the isolation reacts to 
various levels of excitation. The passive isolation tended to 
slide only during the most intense ground motion, which 
kept the base displacements reasonable, but limited the 
improvements in the structural response. The hybrid iso- 
lation caused the system to slide at lower levels of exci- 
tation and to remain sliding for a longer period. The 
resulting basemat displacements were generally larger than 
those in the passive case, however, the structural response 
was reduced more. 

The improvements in the structural response came at the 
expense of significant control resources. The drift in the 
basemat and the required control forces are both important 
when judging the hybrid control. The control forces and 
basemat displacements can be considered to be the control 
resources, while reducing the story accelerations, interstory 
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Table 2 Comparison of the peak structural responses 

Response of three-story structure 
Nominal Passive Relative Absolute Linear Fuzzy sets 
PGA (g) Base f ixed isolation FFC FFC AAC control 

Earthquake ( 1 ) (2) (3) (4) (5) (6) (7) (8) 

Peak story acceleration (g) 
El Centro 0.34 1.19 0.46 0.20 0.19 0.23 0.22 
Hachinohe 0.23 0.93 0.32 0.16 0.18 0.24 0.29 
Pacoima 0.40 1.57 0.32 0.15 0.16 0.32 0.27 
Taft 0.32 1.20 0.39 0.19 0.20 0.30 0.31 
White noise 0-20 Hz 0.20 0.85 0.34 0.17 0.22 0.29 0.28 

Peak story drift 
El Centro 0.34 22.0 5.5 3.6 3.6 4.8 4.7 
Hachinohe 0.23 23.6 5.6 3.6 3.1 3.9 4.8 
Pacoima 0.40 29.0 4.8 2.7 3.0 4.0 4.4 
Taft 0.32 24.1 6.1 4.0 3.4 3.8 5.8 
White noise 0-20 Hz 0.20 19.1 4.6 2.9 3.0 3.3 4.8 

Base shear coefficient 
El Centro 0.34 0.57 0.15 0.10 0.10 0.08 0.13 
Hachinohe 0.23 0.61 0.15 0.08 0.08 0.10 0.14 
Pacoima 0.40 0.77 0.13 0.08 0.09 0.07 0.11 
Taft 0.32 0.64 0.12 0.10 0.10 0.09 0.13 
White noise 0-20 Hz 0.20 0.48 0.14 0.08 0.09 0.08 0.11 

drifts, and base shears can be considered to be the control 
objective. The fuzzy sets control was not highly effective 
at controlling the objectives, but required the fewest 
resources. The linear absolute acceleration control was 
quite effective for two of  the three objectives, but required 
fewer control resources than the friction force control. The 
relative formulation of  the friction force control met the 
control objectives quite well, but produced very large base 
displacements. The absolute formulation was developed as 
a solution to this problem, and was able to limit the peak 
basemat displacements to the same range as the fuzzy sets 
and absolute acceleration controls. Unfortunately, both for- 
mulations of the friction force control required greater con- 
trol forces than the other algorithms. 

6.1. Energy response 

The peak and RMS responses provide only a partial picture 
of  how an excitation is influencing the structural system. 
In many cases, the energy in the system is a better gauge 
of how the structure is being affected. A single spike in 
the acceleration response may not significantly affect the 
structural system, but give the appearance that the response 
is relatively poor. Similarly, a single cycle of motion with 
large interstory drifts may cause less damage than a large 
number of  cycles of motion with smaller drifts. In cases 
such as these, the energy that must be dissipated by the 
structure is a better gauge of how the system is responding. 

The energy response of  the hybrid isolated structure was 
developed using the methods described by Uang and 
Bertero 2°. A thorough development and discussion of  the 
energy response of the isolated system can be found else- 
where 3. The energy response of the fixed base, passive iso- 
lated, and hybrid systems controlled with the friction force 
control were compared to determine the influence that the 
control had on the amount of  energy the structures were 
required to dissipate. 

The passive isolation significantly reduced the amount of  
viscous damping energy that had to be dissipated, as listed 

in Table 3, while the hybrid isolation systems reduced this 
energy even further. The relative formulation of the friction 
force control reduced the dissipated energy by 76-96% as 
compared to the fixed base structure, and as compared to 
the passive isolation, by 2 -36% during all tests except the 
Hachinohe earthquake record. The absolute formulation 
performed even better, reducing the peak dissipated ener- 
gies by 83-99% as compared to the fixed base structure, 
and 35-89% as compared to the passive isolated structure. 

The input energy is most important, since it is the total 
energy that enters superstructure and will have to be 
released or dissipated. By itself, the passive isolation 
reduced the input energies by 71-92%. The relative formu- 
lation of  the friction force control further reduced the input 
energy by 78 -93% as compared to the fixed base structure, 
and 10-71% as compared to the passive isolated structure. 
The absolute formulation performed slightly better, produc- 
ing reductions of  84-96% as compared to the conventional 
structure, and 39-55% as compared to the passive iso- 
lated structure. 

The energies dissipated in the sliding isolation and the 
control energies tended to be large in comparison to the 
structural energies. The hybrid controllers caused the 
energy dissipated in the sliding isolation to increase of 1.7- 
3.2 times. These large increases are due to the large control 
energies used by the hybrid system. As listed in Table 3, 
both formulations of  the friction force control used control 
energies that were much greater than the reductions in the 
structural energy, making the controllers quite inefficient. 
The relative formulation had energy efficiencies of just 0 .3-  
9.3%, while the absolute formulation had efficiencies of 
2.1-5.5%. 

The apparent efficiencies of the hybrid controllers are 
reduced by considering the effect of  the control on the 
superstructure alone. A significant portion of  the control 
energy is expended to reduce the response of the structure's 
basemat. When the input energy to the entire structural sys- 
tem is considered, the efficiencies increase dramatically, to 
a range of  21-49%. 
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This poor efficiency of the hybrid controlled system was 
partially due to the physical imperfections of the system, 
which limited the effectiveness of the control. To some 
extent, the friction force controllers were able to overcome 
these imperfections by implicitly accounting for the control 
errors that these imperfections cause, however, the effec- 
tiveness of the controllers remained somewhat limited. 
Still, both of the formulations of the friction force control 
performed well. The absolute formulation as somewhat 
more efficient than the relative formulation, producing 
equivalent results without significantly increasing the base- 
mat displacements beyond the levels in the passive iso- 
lation. 

7. Conc lud ing  r e m a r k s  

Specialized control algorithms, which account for the 
sources of error and uncertainty in the controlled system, 
have been developed for controlling nonlinear hybrid sys- 
tems. By accounting for the nonlinearities, physical limi- 
tations, and imperfections in the hybrid system, these con- 
trollers can remain stable and effective in realistic 
implementations. 

The current experimental results reaffirm previous work 
that has shown sliding isolation systems to significantly 
reduce the response of structural systems during earth- 
quakes. More importantly, these experimental results prove 
that a hybrid isolation system may be used to further reduce 
the structural responses, providing better protection to the 
structure and its contents. These results show that the 
hybrid isolation system significantly reduces the structural 
responses, drifts, base shears, and the energy in the struc- 
ture. The performance of the hybrid system is superior to 
that of the passive isolation, but this superiority comes at 
the price of having a much more complicated system, and 
needing significant energy for the control. 

Properly designed nonlinear control algorithms can be 
used to effectively control the hybrid control system. When 
these algorithms are property designed, they can accommo- 
date the implementation problems and will work properly 
in the presence of errors and uncertainties. The results 
prove that many of the implementation issues may be over- 
come with well designed controllers and current tech- 
nology, moreover, the control algorithms that produce these 
results can be used with a variety of active and hybrid con- 
trol devices. 
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