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Abstract

 

-

 

Substantial progress has been made in analyzing the integrity of composite structures 
when macro or nano sensors and actuators are embedded into it. The

 

resulting structure in a 
dynamic environment is said to be “intelligent” if it performs a certain functional requirements 
related to vibrations, health, shape, etc. In health, after the damage has been detected, the 
subject of damage mitigation becomes important, so that in prognosis context (Farrar and 
Lieven, 2007), the remaining life of the structure is extended. The damage is said to be mitigated 
if the sensor data of the damaged structure matches with the sensor data of the healthy 
structure. This is done by applying an actuator loading. In this paper, Model Reference Adaptive 
Control (Slotine and Li, 1991) is applied for structural damage mitigation. A known finite element 
model resulting from the structural health monitoring and assessment techniques

 

is adopted to 
determine the control parameters that mitigate the damage. An example is illustrated using a 
spring-mass-damper model that depicts a structural model with modal coordinates.
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Adaptive Control for Structural Damage 
Mitigation 

Chimpalthradi R. Ashokkumar α, B. DattaguruΩ, N.G.R. Iyengarβ 

Abstract  Substantial progress has been made in analyzing 
the integrity of composite structures when macro or nano 
sensors and actuators are embedded into it. The resulting 
structure in a dynamic environment is said to be “intelligent” if 
it performs a certain functional requirements related to 
vibrations, health, shape, etc. In health, after the damage has 
been detected, the subject of damage mitigation becomes 
important, so that in prognosis context (Farrar and Lieven, 
2007), the remaining life of the structure is extended. The 
damage is said to be mitigated if the sensor data of the 
damaged structure matches with the sensor data of the 
healthy structure. This is done by applying an actuator loading. 
In this paper, Model Reference Adaptive Control (Slotine and 
Li, 1991) is applied for structural damage mitigation. A known 
finite element model resulting from the structural health 
monitoring and assessment techniques is adopted to 
determine the control parameters that mitigate the damage. 
An example is illustrated using a spring-mass-damper model 
that depicts a structural model with modal coordinates. 

I. INTRODUCTION 

n the last several years, many developments have 
taken place in the areas of structural health 
monitoring (SHM). Majority of them not only 

determine the presence of damage in a structure but 
also attempt to find the status of the structure through 
an accurate dynamic model that is uncertain when 
structural damage identification is divided into high- and 
low-frequency based excitation methods. Stiffness, 
damping and mode shape parameter changes are 
modeled for a relatively broad inspection zone (Yan, 
Yam, Cheng, and Yu, 2006., Ma and Lui, 2005., Tee, 
Koh, and Quek, 2005., Meng, Lin, Dong and Wei, 2006) 
but it applies to a specific frequency range. The 
bandwidth of the sensor technologies such as fiber-
optic sensor (Shivakumar and Bhargava, 2005) and 
piezoelectric sensors (Ghasemi-Nejhad, 2005) usually 
limits this frequency-range, model size as well as the 
damage size. When size and location of the damage 
through SHM and assessment are known, damage 
prognosis (Papazian, et al., 2009) and structural health 
management (Xiaomo, 2010) studies assume a given 
sensor technology and attempt to determine the 
remaining life of the material. In this effort, the dynamic 
loading  is  assumed  to  be  external  and  the  actuator  
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loading is completely ignored. Through the actuator  
loads, Model Reference Adaptive Control (MRAC) can 
be used such that the sensor data from the damaged 
structure can mimic the healthy structure. Although, 
damage prognosis study using similar sensor data for 
healthy and damaged structures is difficult to 
distinguish, the damage with such actuator loads is then 
said to be mitigated (Maryam and Luciana, 2010). In this 
paper, MRAC in state feedback format is investigated 
for structural damage mitigation (SDM). Some of the 
attributes of the MRAC are illustrated using the second 
order spring-mass-damper model that represents a 
finite element model of structural material in modal 
coordinate form. 

MRAC has been recently investigated for Civil 
engineering structures (Tu, Jiang, and Stoten, 2010., 
Chu, Lo, and Chang, 2010), where the response of the 
structure in real-time is minimized under an earthquake 
excitations. To extend similar applications of MRAC for 
other aeronautical and mechanical structures, the SDM 
problem proposed in this paper assumes integrity of the 
composite material when macro (Case and Carman, 
1994., Mall, 2002., Trease and Kota, 2009) or nano 
(Chunyu, Thostenson and Tsu-Wei, 2008) sensors and 
actuators are embedded into it. 

The paper is organized with the problem 
formulation in Section II. In Section III, adaptation law is 
explained. In Section IV, a procedure to acquire damage 
and compute control parameters is briefed. In Section V, 
an example with spring mass-damper system is 
illustrated. In Section VI, conclusions are presented. 

II. PROBLEM FORMULATION 

Consider a single input healthy material in 
control canonical form as follows: 
 
 
 
 

Where

 

r

 

(t) is an exogenous input. The n

 

th

 

order 
differentiation with respect to time variable t is

 

denoted 
by y

 

(n )
m

 

. Let,
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Where

 

                                               Without 
loss of generality, the open loop structure with an

 

excitation   load   r

 

(t )   can   be

   

studied

  

by

  

assuming

                                                                        

                              . Let the finite element

 

model 
of a material with damage be,

 
 
 
 
 

The parameters                               are to be 
acquired using a structural damage assessment

 

technique [18]. The state variables                              are 

 

 

 

  

 

 
  

 

 

 
 

  
 

III.

 

ADAPTATION LAW

 

Let the Laplace variable be s. Given a Hurwitz 

polynomial                                                  

 

,the

 

control law û (

 is given by (Slotine and Li, 1991),

 
 
 
 
 

Where, v

 

T

 

refers the transpose of v and

 
 
 
 

 
 
 
 
 

Let                          

 

.Then the adaptation law is given by,

 
 
 
 
 
 

Where,

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P, the symmetric positive definite constant matrix, is the 
solution matrix to the Lyapunov

 

equation given by,

 
 
 

Q is any positive definite matrix. Γ

 

is a positive definite 
diagonal matrix whose entries refer to

 

an adaptation 
mechanism with slow or fast parameter convergence 
depending upon the diagonal

 

values one would like to 
choose. From Eq. (6), it is further observed that, upon 
an appropriate

 

numerical integration scheme, the 

sensor data                                       

 

and the vector a~ 
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measurable. The SDM problem is posed as follows: 
Find a control law uˆ(t) in Eq. (4) such that the sensor 

data                               mimics the sensor data of the 

healthy material                        .In the process, acquire 

 0,,,1 aaa 2-n1-n,a the parameters                                     when applying 

uˆ(t) to the damaged material. MRAC is particularly
attractive to address this problem. However, to separate 
control parameters defining the control law û (t ) from 
that of the system parameters a, a state and parameter 
estimation technique such as an extended Kalman filter 
(EKF) (Bauer and Andrisani, 1990., Speyer and Crues, 
1987) is required. Currently, all the state variables are 
assumed to be available as the sensor data. Within this 
framework, the SDM problem is addressed using two 
design steps. First, adaptation parameters in MRAC are 
selected such that the damaged response to an 
excitation load tracks the healthy response of the 
material. Next, the adaptation parameters are fixed and 
this damaged response is utilized as sensor data to find 
a procedure that acquires damage and determines
control parameters. Finally, the control parameters are 
verified to check if the damaged response is indeed 
tracking the healthy response.

0
1

1   

 n

n

n ss )

)(ˆ)(ˆˆˆ)(ˆ 0
)1(

1 ttyayazatu n

nn avT 

  , (5)

t

eeytz n

n

n

m 0
)1(

1
)()(   

  ,

)()()( tytyte m ,

 011 ˆ,ˆ,,ˆ,ˆˆ aaaa nn a ,

 Tn yyytz ,,,),( )1( v .

aaa -ˆ~ 

abvAxx ~T ,
xce , (6a)

Pxvb-Γa T~ (6b)

 )1()1(,,)(   n

m

n

mm yyyyyyt Tx ,































1210

10000
....
....
.100
0010

n 









A ;  





























1
0
.
.
0
0

b

 00..01c .

QPAPA  T

 )1(,,, nyyy  are

Clearly, the adaptation parameters in Γ
adjusted in such a way that,
obtained. are

)()( tyty m , )1()1(,),()(   n

m

n

m yytyty  . 

The response    is coupled with the control 
parameters   and system parameters a. In fact, when a 
is time invariant, Eq. (6b) modifies to,

a~
â

Pxvb-Γa T̂ .
In this paper, an EKF algorithm is applied to 

separate the control parameters   from the system
parameters a appearing in a , where  can be 
recalled as given by                 . It is interesting to
observe that the MRAC is sensitive to initial conditions 

  (0) ,   (0) and a (0) . Accordingly, the time histories of 
â (t ) and a(t ) vary with time. However, û (t ) in Eq. (5) is 
guaranteed to track                                                      . 

â~ a~

a-aa ˆ~ 

a~ â
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This attribute of MRAC is utilized to acquire

 

damage, where an appropriate initial condition for a(t ) is 
selected such that lim        a (t ) 

 

converges to a damaged 
model which is assumed to be known through a 
damage assessment

 

techniques. This process is 
refereed 

 

as 

 

the 

 

damage

  

acquisition 

 

for   SDM. Given 

 

                         
a   formulation   to   compute   by 

acquiring a is presented in the next section.

 

IV.

 

COMPUTATION OF CONTROL 
PARAMETERS THROUGH DAMAGE 

ACQUISITION

 

Given                                       obtained by integrating 

from  the  previous  section,  EKF  is

 

applied to 
separate   and a appearing in a~ . The state equations 
compatible to the EKF will be

 

of the

 

form,

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Where                                                         is a vector with 

3n+1 components,                            is the

 

measurement 

vector available at discrete time instants

 

and F(t,δ) is a system

 

dynamic vector presented below. 
Note that the sensor measurements for the EKF are the

 

response of the damaged material computed in the 
previous section using the adaptation

 

parameters 
specified in the matrix Γ

 

.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Eq. (7) completely specifies the required 
formulation

  

to 

 

apply 

 

an 

 

EKF algorithm [19, 20 ]. When

 

                                      Or when                                 

    

 

,

     
 

 
 

 
 

The computed system ( a ) and control (  ) 
parameters are used back again in Eq. (4) and the

 

response of the system is simulated to check if it 

matches with the sensor data 

 

for a given exogenous input r (t ).If it matches, as 
adopted by Maryam and Luciana, 2010, the

 

resulting 
structure with damage is said to be mitigated under an 
applied load from the actuator

 

that is adaptive to the 
dynamic loads r(t) appearing in the control input û (t ) . 
Further, it is

 

inferred that the MRAC adopts a certain 
trajectory for the system parameters a to compute the

 

control parameters   such that the response of the 
damaged model in Eq. (4) tracks the reference

 

model in 
Eq. (3). Yet, the problem of finding a finite element 
model with parameters a, remains

 

a fundamental 
problem in composite materials whenever damage is 
present (Reddy, 2004). It is

 

observed that the finite 
element model by MRAC is given in transfer function 
framework. In the

 

next section, an example is illustrated 
using a second order spring-mass-damper system.

 

V.

 

EXAMPLE

 

Consider a second order spring-mass-damper 
system representing a structure in modal

 

coordinates. 
The undamaged model is taken with the parameters 1.4 

                      

And            . The

 

exogenous input is

  Let   the   damaged   model   be

                                   . 
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for the control parameters can be selected as aˆ(0)      
0. However, for a, one has to select the initial conditions 
a (0) to match the model of the damaged structure as 
stated in damage acquisition.

the initial condition 

â

 )1(,,, n

mmm yyy  for a

â

Assume steady state values

              as                         and                    . 

4.11  10 

)sin ()( ttr  . 

)(ˆ01 tuyayay  

2.1)(1 a 8.0)(0 a

The objective in SDM is to find an initial
condition for the                               system parameters 

and determine the control parameters
such    that    the    control    law û  (  )    given    by 

)]0()0(1[ 01 aaTa
]ˆ,ˆ,ˆ[ˆ 012 aaaT a

yayazatu 012 ˆˆˆ)(ˆ   mitigates damage by the tracking 

Performance and , where 

In the first design step, the tracking 
performance is achieved through the adaptation
parameters which were found out to be Γ diag (10,1, 
30) . Integrating Eq. (6), with an initial condition for a~ 

as                                                                the responses 

t

)()( tyty m )()( tyty m
 

y m (t) and y m (t) are the response of the undamaged 
material due to exogenous input r ( t ). Further a (t ) 
converges to                           . Here z (t ) is selected 

that with 
           

and
           Note that the control law is adaptive to the exogenous

r (t ) through the     term.

]8.02.11[)( Ta
such eeytz m 22)(   21 2.0

input 
my



 2.03.01)0(~ Ta
damaged and undamaged material is shown in 
which suggest that                  and               . 
These responses of y( t ) and y( t ) are used as 

of the

Fig. 1,
)()( tyty m )()( tyty m

 


measurements in EKF that is used to compute control



 
 

 
 

  
     

 
 

  

 
  

  

 

  
 

 

and system parameters with damage acquisition in 
the responses of a . In Fig. 2, the error

 

responses of 
position and speed contained   in 
x(t ) are compared

 

with

 

the Kalman filter estimates x̂  ( t ) . 
In Fig. 3, the parameters response            and          are

 

provided. We observe that the steady state values of 
these parameters represent the damaged

 

state of the 
material.  In   Fig.  4,   the   control   parameters, namely, 

                                

                  and                 are
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)()( tyty m )()( tyty m
 

)(1 ta )(0 ta

)(ˆ2 ta , )(ˆ1 ta )(ˆ0 ta
verify that these parameters indeed performs SDM, the 
control law with these parameters in Eq. (4) are used to 
get the responses ys ( t ) and ys ( t ). The error responses
ys (t )   ym (t ) and ys (t )   ym (t ) are shown in Fig. 5. Clearly 
SDM is performed; however, the error build up in certain 
time intervals are due to the choice of initial condition 

  (0) that also governs the slow and fast adaptation 
rates.

presented. In order to 


  

~a

Engineering Fracture Mechanics, Vol. 75, No. 5, 
March 2009, pp. 620-632.

12. Reddy, J.N., Mechanics of Laminated Composite 
Plates and Shells, CRC Press, 2004; Second 
Edition.

13. Shivakumar, Kunigal., and Bhargava, Anil., Fatigue 
Mechanisms of a Composite Laminate Embedded 
with a Fiber Optic Sensor, Journal of Composite 
Materials, Vol. 39, No. 9, May 2005, pp. 777-798.

14. Slotine, Jean-Jacques E., and Li, Weiping, Applied 
Nonlinear Control, Chapter 8: Adaptive Control, 
Prentice Hall, New Jersey, USA, 1991.

15. Speyer, Jason L., and Crues, Edwin Z., On-Line 
Aircraft State and Stability Derivative Estimation 
Using the Modified Gain Extended Kalman Filter, 
Journal of Guidance, Control, and Dynamics, Vol. 
10, No. 3, 1987, pp. 262-268.

16. Tee, K.F., Koh, C.G., and Quek, S.T., Substructural 
First- and Second-Order Model Identification for 
Structural Damage Assessment, Earthquake 
Engineering and Structural Dynamics, Vol. 34, No. 
15, December 2005, pp. 1755-1775.

Presently, damage prognosis and structural 
health management schemes assume a given sensor
technology and attempt to diagnose the data to predict 
the remaining life of the structure when an exogenous 
input load in a damaged structure is present. Structural 
damage mitigation proposed in this paper considers 
both sensor and actuator technologies embedded in a 
structure and modifies the actuator loading such that the 
sensor data from the damaged structure mimics the
sensor data from the healthy structure. Model Reference 
Adaptive Control is recognized to fulfill this objective. A 
damaged finite element model for the material is 
assumed through a structural damage assessment 
techniques and a technique to mitigate the effects of 
damage in an uncertain environment is proposed. A 
second order spring-mass-damper model that 
represents a finiteelement structural model in modal 
coordinates is considered to illustrate the foundations of 
SDM using MRAC.

D

1.



 
 

 
 

 
 

 
 

 
 

 

 

17.

 

Trease, B., and Kota, S., Design of Adaptive and 
Controllable Compliant Systems with Embedded 
Actuators and Sensors, Journal of Mechanical 
Design, Vol. 131, No. 11, November 2009, pp. 
111001-111012.

 

18.

 

Tu, J.W., Jiang, S.J., and Stoten, D.P., The Seismic 
Response Reduction by using Model Reference 
Adaptive Control Algorithm, 2010 International 

Wuhan, China.

 

19.

 

Yan, Y.J, Yam, L.H, Cheng, L. and Yu, L., FEM 
Modeling Method of Damage

 

Structures for 
Structural Damage Detection, Composite 
Structures, Vol. 72, No. 2,

 

February 2006, pp. 193-
199.

 

20.

 

Xiaomo, Jiang., Recent Developments in Structural 
Damage Diagnosis and Prognosis. In

 

Recent 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
    

 
 
 

 
 
 

Adaptive Control for Structural Damage Mitigation

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

V
ol
um

e 
 X

I 
 I
ss
ue

 vv 
  

V
er
si
on

 I
 

  
  
  

  
  

  
  

  
  

17

20
11

V
 

(
)

A
ug

us
t 

D

Conference on Mechanic Automation and Control 
Engineering, 26-28 June 2010, pp. 1215-1218, 

Patents on Engineering, Vol. 4, No. 2, June 2010, 
pp. 102-121.

Figure 1 : An Adaptation Law for Structural Damage Mitigation with Healthy and Damaged
Responses a) y(t ) and ym (t ) and b) y (t) and ym (t ) 
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Figure 3

 

:

 

System Parameters Computed by EKF a)        and b)     
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Figure 5

 

:

 

Simulated Errors a)                 and b)
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