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Abstract

This paper proposes a fault detection method for hysteretic base-isolation systems. One major difficulty in the context of fault

detection is to obtain a scheme that isrobustwith respect to disturbances (in this case, the seismic excitation) that are not faults.

One of the key contribution of this paper is a Lyapunov-based disturbance (seismic) observer that leads to the design of arobust

fault detection scheme. The different fault types considered in this paper are stiffness and damping variations in the system. The

proposed fault estimation method provides a direct estimate of the size and severity of the fault, which can be important in many

civil engineering applications. A design procedure is described, and nonlinear simulation results are presented to demonstrate the

applicability of the proposed method.

1 Introduction

Base isolation is a collection of structural elements of a building that should substantially decouple the
building’s structure from the shaking ground; thus, they protect the building’s integrity and enhance its
seismic performance (see, for instance,Narasimhanet al. (2006); Spencer Jr & Nagarajaiah(2003)). Base
isolation tends to restrict transmission of the ground motion to the building, and it also keeps the build-
ing positioned properly over the foundation (see,Spencer Jr & Nagarajaiah(2003)). For example, sliding
and elastomeric bearing systems reduce the building response to seismic excitation, but with increased base
displacements in near-fault motions (see, for instance,Patton(1997)). The current practice is to provide
nonlinear passive dampers to limit the bearing displacements. However, this increases the forces in the
superstructure and at the isolation level. Active and semiactive control using novel devices, such as magne-
torheological (MR) dampers, present attractive alternatives to passive nonlinear devices (see, for instance,
Spencer Jr & Nagarajaiah(2003); Pozoet al. (2008, Accepted); Zapateiroet al. (Published online)). In this
work, a passive second-order, base-isolated system is used for simplicity; however, it is straightforward to
generalize the obtained results to active and semiactive control.

In nonlinear control theory, fault detection has attracted significant interest (see, for instance,Duan & Patton
(1998); Edwardset al. (2000); Saif (2002); Mhaskaret al. (2008)). Moreover, when operating highly reli-
able systems, the primary interest is to detect a fault at the earliest possible stageLiberatoreet al. (2006).
A system that continuously monitors a structure to detect damage is often referred to as ahealth moni-
toring systemin the mechanical, aerospace, and civil engineering fields as inLiberatoreet al. (2006). A
fault detection technique detects faults by means of a residual signal produced by available measurements,
as described byBesançon(2003). It must be a signal that is close to zero in the absence of a fault, and
significantly affected in the presence of faults (see, for instance,Liberatoreet al. (2006); Besançon(2003);
Kinnaert(1999)). The main components of a fault detection system are the following: a residual generator
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signal, residual evaluation, and the decision-making process. In addition, the residual signal has to return
to its original no-fault detection stage when the fault vanishes as described byKinnaert (1999). Various
methods have been proposed, among which the observer-based fault-detection techniques have yielded the
best results (see, for instance,Duan & Patton(1998); Edwardset al. (2000); Saif (2002)). The basic idea
behind the observer-based approaches is to estimate the outputs of the system from the measurements by
using some type of observer, and then construct the residual by a properly weighted output estimate error.
This paper proposes a fault detection method following the observer-based approach. The different fault
types considered are stiffness and damping variations in the system. A residual signal is obtained that can
be examined for the likelihood of faults in hysteretic base-isolator devices. As expected, the residual signal
returns to its original no-fault detection stage when the fault vanishes, but also provides a direct estimate of
the size and severity of the fault, which can be important in many applications.

It is of major interest for the fault detection system to be able to distinguish between faults and disturbances
(see,Kinnaert (1999)). In this sense, one of the key contributions of this paper isa Lyapunov-based dis-
turbance observer that facilitates the development of arobust fault detection system. Recently, disturbance
observer design has been extensively studied (see, for instance,Liu & Svoboda(2006); Chenet al. (2000,
1999)), and in particular for mechanical systems. For instance, atracking controller based on a disturbance
observer has been proposed byLiu & Peng (2000), in which the observer disturbance invention is based
on the state estimation error. This observer is then used by the controller to improve performance. The
disturbance observer proposed byLiu & Svoboda(2006) is established in a nonlinear framework, which
is employed by a learning controller to fulfill the control objective. This nonlinear disturbance observer
belongs to a class of nonlinear observers that is analyzed and structured inChenet al. (2000) and is em-
ployed in robotic manipulator control tasks. Furthermore, a general procedure for control design based on
a disturbance observer for mechanisms is proposed inChen(2004). To the authors’ knowledge, distur-
bance observers have not been proposed for structural control. Here, along with the fault detection system
design, an alternate new disturbance observer is contributed and applied to observe seismic disturbances
in hysteretic base-isolated systems. This observer, besides estimating seismic perturbation, also gives an
estimation of the base acceleration.

The paper is structured as follows. The problem statement is presented in Section2. Next, the fault detection
method is developed in detail in Section3 and different fault types considered in this paper are presented. To
illustrate the efficiency of the proposed method, numerical simulations are analyzed for hysteretic structural
systems in the presence of seismic excitations (the recorded earthquake El Centro is usedNarasimhanet al.
(2006)) in Section4. Finally, the conclusions are stated in Section5.

2 Problem statement

Consider a passive second-order base-isolated structure given byIsmail et al. (2009)

mẍ+ cẋ+Φ(x, t) = f(t) (1)

wherem andc are the mass and the damping coefficients, respectively;Φ(x, t) characterizes a nonlinear
restoring force, wherex gives the position andf(t) is an exciting but bounded unknown force given by
the earthquake ground acceleration. The nonlinear forceΦ(x, t) presents a hysteresis phenomenon due
to the use of inelastic rubber bearings, and it can be described by the so-called Bouc–Wen model (see,
Ikhouane & Rodellar(2005)) in the following form:

Φ(x, t) = α0κx(t) + (1− α0)Dκω(t), (2)

ω̇ = D−1(Aẋ− β0|ẋ||ω|
n−1ω − λẋ|ω|n) + ∆(t). (3)

This model represents the restoring forceΦ(x, t) by the superposition of an elastic componentα0κx(t) and
a hysteresis component(1−α0)Dκω(t), in whichD > 0 is the yield constant displacement andα0 ∈ (0, 1)
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is the post- to pre-yielding stiffness ratio (see,Ikhouane & Rodellar(2007)). The hysteretic component in-
volves a non-dimensional auxiliary variable,ω(t), which is the solution of the nonlinear differential equation
3. In equation1, A, β andλ are nondimensional parameters that control the shape and size of the transition
from the elastic to plastic response (see,Ikhouane & Rodellar(2005); Smythet al. (2002)). Finally, the term
∆(t) in equation3 represents an unknown fault in the MR damper system. A detailed discussion of this term
is given in the next section; however, broadly speaking, when∆(t) = 0 the system is healthy and otherwise
a fault has occurred.

Because state variables describe the state evolution of the dynamical system any change in the system’s
dynamic properties will be registered by the state variables. The Bouc–Wen model has only one state
variable; thus, any change (fault) in its dynamic behavior will be registered. As a result, the fault term,
∆(t), is added to the dynamic of the internal variable. Recall that the fault detection method assumes that
the hysteretic base-isolation is represented by the Bouc–Wen model. This model has gained large consensus
within the engineering community because it can capture a wide variety of different shapes of the hysteresis
loops (see,Ma et al. (2004)). Although the internal parameters of the Bouc–Wen model can be manipulated
by applying a voltage in magnetorheological dampers, for simplicity, we assume that they are constant (see,
Ikhouaneet al. (2005)). Moreover, many base-isolated structures have hysteretic behavior with constant
parameters (see,Ikhouane & Rodellar(2007)).

The objective of this paper is to detect a failure in the base-isolated structure, which is equivalent to finding
a fault in ω(t). It is noteworthy that the internal variableω(t) is uniformly bounded for any piecewise
discontinuous signal̇x(t), for certain values of the parametersA, β andλ. Theorem 1 inIkhouaneet al.
(2005) proves this statement and provides a way to compute the bound.

The state representation of1-3 yields
ẋ = y, (4)

ẏ =
f(t)

m
−

c

m
y −

α0κ

m
x−

(1− α0)Dκ

m
ω(t), (5)

ω̇ = D−1(Aẋ− β0|ẋ||ω|
n−1ω − λẋ|ω|n) + ∆(t). (6)

The main goal of this paper is to design a residual signal that is able to detect the presence of the unknown
fault ∆(t). This residual signal must be close to zero when∆(t) = 0, and otherwise, it must be far from
zero. Because of the unknown seismic perturbation,f(t), in our system, a seismic disturbance observer
is necessary to fulfill the objective. Thus, in order to design the fault detection method and the necessary
disturbance observer, let us assume that the following conditions are satisfied:

• position (x), velocity (ẋ), and force (Φ(x, t)) are measurable signals.

• the nominal parameters in4-6 are known.

Note that position and velocity measurements are common in structural control (see,Ikhouaneet al. (2005))
and force measurement is standard in semi-active control (see,Junget al. (2006)).

3 Fault detection method

The aim of this section is to model the various subsystems of the fault detection method (see Figure1),
namely

• a real plant, modeled in this paper via4-6, and from which position (x), velocity (ẋ), and force
(Φ(x, t)) are measurable signals;
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• a disturbance (seismic) observer that uses the measured signalsx, ẋ, andΦ(x, t) to construct an
observerf̂ of the unknownf(t) (it also returns filtered estimations of velocity,ŷ, and acceleration,
˙̂y, of the real system that are not used by the fault detection system but are available for different
applications);

• ahealthymodel, which useŝf to simulate the behavior of the system in the absence of a fault;

• a residual signal generator.

Real plant
 Seismic

observer
Healthy

 model

 Residual

generator

f
x

ẋ

Φ

f̂

ŷ ˙̂y

r(t)

Figure 1: Block diagram of the fault detection method.

3.1 Real plant

The real plant is modeled using equations4-6. Recall that position (x), velocity (ẋ), and force (Φ(x, t)) are
measurable signals. Two types of faults in the base-isolation system are modeled: changes in the stiffness
and changes in the damping of the device.

Faults due to a change in the stiffness of the base-isolation system are modeled by adding an additional term,
∆A, to the nominal value ofA. That is, when a fault in the stiffness is present, the internal variable dynamic
is modeled as

ω̇ = D−1((A+∆A)ẋ− β0|ẋ||ω|
n−1ω − λẋ|ω|n),

that can be written as

ω̇ = D−1(Aẋ− β0|ẋ||ω|
n−1ω − λẋ|ω|n) +D−1∆Aẋ. (7)

Recall that the restoring forceΦ(x, t), given in equation2, depends onω. Therefore, the effect of the
fault onΦ(x, t) can be obtained by integrating the added termD−1∆Aẋ, which givesD−1∆Ax. That is, an
additional stiffness term is added to the restoring force to simulate a fault in the stiffness of the base-isolation
system.

Following the same idea, faults due to a change in the damping of the base-isolation system are modeled by
adding an additional term,D−1∆Aẍ, to the dynamic of the internal variable. That is, when a fault in the
damping is present, the real plant is modeled as

ω̇ = D−1(Aẋ− β0|ẋ||ω|
n−1ω − λẋ|ω|n) +D−1∆Aẍ. (8)

The effect of the fault onΦ(x, t) can be obtained by integrating the added termD−1∆Aẍ, which gives
D−1∆Aẋ. In other words, a damping term is added to the restoring force, which simulates a fault in the
damping of the base-isolation system.
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3.2 Disturbance observer design

In this section, a disturbance observer,f̂(t), is presented. The disturbance observer will be used in the
healthymodel instead of the unknown signalf(t).

The disturbance observer assumes that position (x), velocity (ẋ), and force (Φ(x, t)) can be measured. In
addition, since there is no prior information about the derivative of the disturbancef , it is reasonable to
suppose thaṫf = 0, which implies that the disturbance varies slowly relative to the observer dynamics. In
fact, inChenet al. (2000, 1999) it is shown, by simulation and experiment, that an observer designed under
the previous assumption can also track some fast time-varying disturbances. Thus, the hypothesisḟ = 0 is
not a very restrictive assumption.

Theorem 1 Consider the system

˙̂y =
(

k1(ẋ− ŷ)− Φ− cẋ+ f̂
)

/m, k1 > 0, (9)

ż = −k2z − ŷ + (k2c− k22m)ẋ− k2x+ k2Φ, k2 > 0, (10)

wherek1, k2 are design parameters and

f̂ = z + x+ k2mẋ. (11)

Assume thaṫf = 0, then

i) f̂ is an observer of the disturbancef .

ii) ŷ is an estimation oḟx.

iii) ˙̂y is an estimation of̈x.

Proof 1 Consider the Lyapunov function

V1 =
1

2
(f − f̂)2 +

m

2
(ẋ− ŷ)2.

Differentiating the positive definite functionV1 along the system trajectory, and taking into account that
ḟ(t) = 0, yields

V̇1 = (f − f̂)(−
˙̂
f + ẋ− ŷ)− k1(ẋ− ŷ)2.

Clearly, taking
˙̂
f = ẋ− ŷ + k2(f − f̂) (12)

then
V̇1 = −k2(f − f̂)2 − k1(ẋ− ŷ)2,

and, thus,V̇1 is negative semi-definite. To complete the proof ofi) and ii) it only remains to see that the
equation12 corresponds to equations10 and 11. For this purpose, replacef in 12 by the equation1 to
obtain

˙̂
f = ẋ− ŷ + k2(mẍ+ cẋ+Φ(x, t)− f̂),

and arranging terms yields

−k2mẍ− ẋ+
˙̂
f = −ŷ + k2(cẋ+Φ(x, t)− f̂).
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Defining the right hand side of the previous equation asż and integrating leads to

f̂ = z + x+ k2mẋ.

Notice that using the previous equation,ż can be written as

ż = −k2z − ŷ + (k2c− k22m)ẋ− k2x+ k2Φ.

This completes the proof of statementsi) andii).

Finally, to prove that˙̂y is an estimation of̈x, we note that becausêy is an estimation oḟx then the equation
9 converges to equation1.

Remark 1 The disturbance observer stated in Theorem1 differs from the disturbance observer proposed
in Liu & Svoboda(2006) because it also takes into account position measurements. This fact gives more
information about the system state in order to reproduce the disturbance estimation. Moreover, when sim-
ulations are carried out, the proposed disturbance observer displays similar performance to the one in
Liu & Svoboda(2006), but with lower observer gains, which is beneficial to avoid internal system satura-
tion in the real electronic realization.

3.3 Healthymodel

The healthy model is developed in order to simulate the behavior of the system in the absence of a fault. For
that purpose, the observer̂f of the seismic disturbance is used. The system is modeled as

ẋh = yh, (13)

ẏh =
f̂

m
−

c

m
yh −

α0κ

m
xh −

(1− α0)Dκ

m
ωh(t) + v, (14)

ω̇h = D−1(Aẋh − β0|ẋh||ωh|
n−1ωh − λẋh|ω|

n

h), (15)

wherev is a control law to be chosen in order to ensure thate1 := x − xh ande2 := y − yh are uniformly
ultimately bounded. Recall thate3 := ω − ωh is bounded because both variables are internal variables of a
Bouc–Wen model, and thus, they are already bounded.

Loosely speaking, we would like to find state feedback control for the system13-15 that guarantees that
every response of the system is uniformly ultimately bounded within a set containing the zero state. Let’s
take the Lyapunov functionV2 =

α0κ

2m
e2
1
+ 1

2
e2
2
, then the derivative ofV2 along the system trajectory yields

V̇2 =
α0κ

m
e1ė1 + e2ė2 =

α0κ

m
e1(ẋ− ẋh) + e2(ẏ − ẏh)

=
α0κ

m
e1e2 + e2

[

f − f̂ −
c

m
(y − yh)−

α0κ

m
(x− xh)−

(1− α0)Dκ

m
(ω − ωh)− v

]

= (f − f̂)e2 −
c

m
e22 −

(1− α0)Dκ

m
e2e3 − ve2.

Takingv = −
(1− α0)Dκ

m
e3,

V̇2 = (f − f̂)e2 −
c

m
e22,

and therefore,V̇2 ≤ 0 when|e2| ≥ |f − f̂ |m
c

. It can be concluded that the solution is uniformly ultimately
bounded with the ultimate bound

|e2| < |f − f̂ |
m

c
.
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Note that the size of the ultimate bound depends on the performance of the disturbance observer. As the
performance off̂ improves, the ultimate bound decreases. In general, if the disturbancef could be used
instead off̂ then the Lyapunov function would be negative semi-definite, and this would imply thate2 → 0
as time goes on and thate1 remains bounded.

To summarize, our healthy model13-15 is completed using the control law

v = −
(1− α0)Dκ

m
e3 = −

(1− α0)Dκ

m
(ω − ωh),

which, taking into account equation2, can be written in terms of the estimated measurementsΦ andx as,

v = −
(Φ− α0κx)

m
+

(1− α0)Dκ

m
ωh.

3.4 Residual signal design

In the field of fault detection and identification, a residual signal should be defined to detect and identify
fault signals. A first trial for the residual signal was a weighted function of the difference betweenω andωh.
However, this residual signal would stabilize after the fault vanishes, but it would not return to zero. This is
because the internal variable of the Bouc–Wen model does not return to zero after the earthquake (or after a
fault) passes away but rather stabilizes to a different value (because of the memory effect of hysteresis). In
order to circumvent this issue, the following residual signal is used

r(t) = K( ˙̂ω − ω̇h) (16)

whereK is the weight, anḋ̂ω is an estimation oḟω obtained by numerical differentiation ofω. Note that
using the measurements ofx andΦ, the variableω can be estimated from equation2. Several numerical
differentiation procedures can be used. Here, differentiation of the cubic spline approximation is used.

When the residual signal is close to zero, the system is healthy, otherwise the residual signal not only
indicates the presence of a fault but also gives a measure of the severity of that fault. Because the system
under consideration is subject to unknown disturbances (the exciting force given by the earthquake ground
acceleration), to achieve effective fault detection, the effect of the disturbance is decoupled from the residual
signal to avoid false alarms. This fact is known in the literature as robust fault detection or fault detection
using unknown input observers (see,Patton(1997)).

4 Numerical simulation

In order to investigate the efficiency of the proposed health monitoring scheme, the El Centro earthquake
is used (see Figure2). The parameters used in the simulations have the following nominal values:m =
156 × 103 Kg, c = 2 × 104 Ns/m, κ = 6 × 106 N/m, α0 = 0.6, D = 0.6 m, A = 1, β0 = 0.1, λ = 0.5,
andn = 3 as inIkhouaneet al. (2005) andAcho & Pozo(2009).

4.1 Stiffness and damping faults

The parameter∆A in equation7 varies with time, thus simulating a fault in the base-isolated system. Design
parametersk1 andk2 in equations9 and10 are set equal to400, and the constantK in equation16 is set
equal to45. Simulation results are shown in Figure3.

The first row in Figure3 shows the real earthquakef(t) versus the disturbance observerf̂ (left) and the
absolute error among these quantities (right). The second row shows the real (but in practical applications
unknown)ω versus the internal variable given by thehealthymodel,ωh, (left) and the absolute error among
these quantities (right). Note that, when the fault vanishes, the absolute errorω−ωh stabilizes to a constant
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Figure 2: El Centro earthquake, ground acceleration.

value that is usually not zero. This is because the internal variable of the Bouc–Wen model does not return
to zero after the earthquake (or after a fault) passes away but stabilizes to a different value (because of
the memory effect of hysteresis). The third row in Figure3 shows the residual signal (left) and the faulty
increment,∆A, used in the simulations (right). As desired, the residual signal is close to zero in the absence
of a fault and is significantly affected in the presence of faults. In fact, it provides a direct estimate of the
size and severity of the fault. As expected, the residual signal returns to its original no-fault detection stage
when the fault vanishes. It is noteworthy that even small variations in the system stiffness (∆A = −0.2) are
clearly detected by the fault detection method.

In order to model the damping fault, the parameter∆A in equation8 varies with time and, therefore, sim-
ulates a fault in the base-isolated system. Simulation results are shown in Figure4. Note that the seismic
observer,f̂ , is a different approximation off than the one obtained in the stiffness fault simulation. This
is because the seismic observer uses the real plant measurements of position, velocity and force that are
affected by the fault. As different faults are simulated, different approximations are obtained. Again, when
the fault vanishes (∆A = 0), the absolute errorω−ωh stabilizes to a constant value that is usually not zero,
and the residual signal is close to zero in the absence of a fault and is significantly affected in the presence
of faults.

5 Conclusions

This paper proposes a novel Lyapunov-based seismic observer that allows the design of arobust fault de-
tection method. To the authors’ knowledge, disturbance observers have not been proposed for structural
control. Here, a novel disturbance observer is contributed and applied to observe seismic disturbance in
hysteretic base-isolation systems. This observer, besides estimating seismic perturbation, also gives filtered
estimations of the base velocity and acceleration; this opens a new perspective for the research of active and
passive controllers for base-isolation systems.

The fault detection goal is fulfilled because a residual signal is designed that is close to zero in the absence
of a fault and is significantly affected in the presence of a fault. As expected, the residual signal returns to
its original no-fault detection stage when the fault vanishes, but also provides a direct estimate of the size
and severity of the fault, which can be important in many civil engineering applications.

Finally, numerical simulations have demonstrated the performance and robustness of the proposed fault
detection method in hysteretic base-isolation systems.
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