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WHY DTAC ?

 Increasing the availability: intelligent maintenance

 Need for a solution to:

➢ Assess the current damage intensity

➢ Infer the remaining useful life (RUL)

Time

Damage

intensity

Intelligent maintenance

Failure

Current intensity Remaining useful life

SHM
Structural Health 

Monitoring

Solution

PHM
Pronostic and Health Management
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WHY DTAC ?

 Vibrations … 
➢ are recurring problems in means of land and air transport. ....…

 Damages …

 Aging and fatigue  …

Accidental

Corrosion

Impacts

Cost reduction
Lightweight 
structures

Vibrations
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 A question:

Without compromising safety, could we make our structures:

➢ Better available?

➢ Lighter weight?

➢ More cost efficient?

➢ More reliable?

➢ More sustainable ?

WHY DTAC ?
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DTAC

 A response is : Smart structures …
➢ which is the integration of sensing and possibly also actuation devices seeking  to 

satisfy several characteristics of a biological system as sensing, actuation, 
adaptability and self-repair ...

 … with SHM (Structural Health Monitoring) ….

➢ which is the integration of smart devices allowing the loading and damaging 
conditions of a structure to be recorded, analyzed, localized and predicted in a way 
that non-destructive testing becomes an integral part of the structure …

 … and Active Control capabilities

➢ …. that will permit to reduce noises and to minimize mechanical vibrations of
structures preventing from prejudicial damage provoked by excessive strain or by
fatigue

Damage Tolerant Active Control
(Contrôle Actif Tolérant aux Dommages)
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DTAC

 Damage Tolerant Active Control – DTAC
➢ A new paradigm that we have proposed (Mechbal and Nobrega, 2012) to design

fault tolerant controllers, specifically dedicated to face structural damages.

➢ DTAC makes use of a widely multidisciplinary context, which applies knowledge

from different fields, such as mechanical structures modeling, signal processing, control

theory, fracture mechanics, modal analysis and artificial intelligence, …

 Four principal topics:

1. SHM

2. Active Control

3. Damage Monitoring

4. Structural Tolerant Control
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DTAC STRATEGIES

 DTAC architectures:

➢ DTAC combines the functions of SHM and active control.

➢ DTAC encompasses two main fields: damage monitoring and damage tolerant

control
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DTAC - NUMERICAL SIMULATION

 Numerical Simulations

➢ Smart Structures with PZT

➢ and damages

Crack

Impact

 

 

 

Shell volume model 

Patch glue 

SDT software 

Damage acts as a source in healthy-damaged signal
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DTAC TOPICS - SHM
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DTAC TOPICS - SHM

 SHM methods

 SHM sequential levels

~ Passive Methods~
Use a large number of  sensors

Ambient or damaging  impacts excitations

Example: acoustic emission in a loaded 

structure, output only vibration based approaches 

~ Active Methods~
Possibility to use actuators

Controlled excitations

Example: acoustic emission emitters and detectors 

– Lamb waves, …

Measurements

Estimation Level - 3

Prediction Level - 4
Data acquisition

Excitation

Detection

Level - 1

No
Localisation Level  - 2

Ok

(Rytter, 1993)



15

FOCUS: BAYESIAN FRAMEWORK FOR SHM

Lamb waves-based damage localization :
➢ Time of flight (Tof) based 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑙𝑒: 

▪ Ellipse method: time of arrival (ToA) : 

▪ Hyperbola method: time difference of  arrival (TDoAs)

➢

𝑑𝑎−𝐷 + 𝑑𝐷−𝐶 = 𝑽𝒈 𝑇𝑜𝐹 (𝑠𝑐𝑎𝑡𝑡. 𝑠𝑖𝑔𝑛𝑎𝑙)

UNCERTAINTIES
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FOCUS: BAYESIAN FRAMEWORK FOR SHM

Lamb waves-based damage localization :
➢ Time of flight (Tof) based 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑙𝑒: 

▪ Ellipse method: time of arrival (ToA) : 

▪ Hyperbola method: time difference of  arrival (TDoAs)

 Approach: Bayesian estimation 
➢ Bayesian formulation of the 𝑇𝑜𝑓:

𝑑𝑎−𝐷 + 𝑑𝐷−𝐶 = 𝑽𝒈 𝑇𝑜𝐹 (𝑠𝑐𝑎𝑡𝑡. 𝑠𝑖𝑔𝑛𝑎𝑙)

UNCERTAINTIES

𝑇𝑜𝑓𝑚 = 𝑇𝑜𝑓𝑐(𝜽) + 𝜀

𝜀~𝒩(0, 𝜎𝜀
2) =

1

𝜎𝜀 2𝜋
exp

(𝑇𝑜𝑓𝑚 − 𝑇𝑜𝑓𝑐(𝜽))
2

2𝜎𝜀
2

𝜽 = [𝑥𝑑 , 𝑦𝑑 , 𝑉𝑔(𝑓, 𝛼𝑎), 𝑉𝑔(𝑓, 𝛼𝑠)]
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DTAC TOPICS - DAMAGE MONITORING
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DTAC TOPICS - ACTIVE CONTROL

 Minimize mechanical vibrations of structures preventing from

prejudicial damage provoked by excessive strain or by fatigue.

 Control techniques: feedback and feedforward

➢ Modal control avoiding spillover phenomena (Balas, 1978; Inman, 2006)

➢ Conventional PID control (Sutton et al., 1999)

➢ LQR (Petersen & Pota, 2003) and H2/H (Anthonis et al., 1999),

➢ Distributed controller (Bhattacharya et al., 2002);

➢ Model predictive controller (Wills et al., 2008),

➢ Nonlinear controller (Gaudiller et al., 2007);

➢ Modal:  𝐻∞ controller (Genari et al., 2014, 2017)

➢ A Hybrid controller :  𝐻∞ controller and an adaptive controller (Vergé et al., 2001)

➢ Modal 𝐻∞ controller (Genari et al., 2014, 2017)
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FOCUS : ROBUST 𝐻∞ APPROACH

 Robust approaches to disturbance rejection: 

 

 

Output signal 

Control signal 

(s) 

OL

OLCL

CL
 

Piézos 1 

Pièzo 2 

Piézo 3  

Robust 𝑯∞ approach
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DTAC TOPICS - DAMAGE MONITORING
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DTAC TOPICS - DAMAGE MONITORING

 Damage monitoring

➢ Monitoring of already detected and localized damage.

➢ The goal is to supervise the evolving of the damage and to provide prognosis about

its in-service lifetime.

➢ It is mainly based on methods described in the SHM area as for example, Lamb

wave based approaches and mechanical/materials analysis.

➢ Need to use models based on fracture mechanics, fatigue life analysis, or structural

design assessment.

➢ It’s a transversal area:

▪ book on prognosis in SHM (Inman et al., 2005)

▪ book on durability and aging of structures (Pochiraju et al., 2012).

✓ Durability of  smart structures 

✓ Aging Monitoring with PZT

✓ kinetics of  damages.  
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DTAC TOPICS - STC
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DTAC TOPICS - STC

 Structural tolerant control (STC)

➢ Deals with the vibration suppression control problem against potential damage.

➢ Provides satisfactory performances in terms of vibration rejection under the possible

presence of damages

➢ Simultaneously achieve high performance and structural durability.

➢ Approaches: robust control and reconfigurable control (similar to FTC).

➢ STC could also be used to monitor or to detain the evolving of damage

➢ However, this subject has seldom been discussed and in the literature, only few works

are referred to it (sometimes unwittingly):

▪ The first addressed STC problem: Ahmad et al. (2000) -  synthesis and H controllers

▪ Caplin et al. (2001): simultaneously achieve high performance and structural durability.

▪ More recently, a damage tolerant LQG modal controller has been applied to a printed

circuit board (PCB) with PZT by (Chomette et al., 2008, 2010).
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DTAC STRATEGIES

 DTAC strategies:
➢ Depending on the objectives and how "smart" is the structure (number, position

and type of sensors and actuators), we proposed different ways to perform DTAC:

1. Strictly Tolerant Active Controller - STAC

2. Preventive Active Controller - PAC

3. Evolving Active Controller - EAC

4. Adaptive Tolerant Active Control - ATAC
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DTAC STRATEGIES

 Strictly Tolerant Active Controller (STAC)

➢ Fixed and robust enough to guarantee a minimal acceptable performance to some

future damage level.

➢ The compromise between robustness and performance may conduct to a poor controller

behavior for a not damaged structure

 Preventive Active Controller (PAC)

➢ Avoid or delay the occurrence of damages

➢ This is the aim of several recent works. (Chomette et al., 2010).

 Evolving Active Controller (EAC)

➢ Protect the structure avoiding the evolution of the damage.

➢ Achieve vibration reduction and perform damage prognosis

 Adaptive Tolerant Active Control (ATAC)

➢ Accommodate a detected damage.

➢ Include an SHM module

➢ Different system configurations are possible:
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DTAC STRATEGIES

 Adaptive Tolerant Active Control (ATAC)

➢ Accommodate a detected damage.

➢ Include an SHM module

➢ Different system configurations are possible:

switching controllers
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DTAC – ISSUES AND PROBLEMS

 The goals:  
➢ To control the vibration in predefined regions of the structure,

➢ To perform self diagnosis and to accommodate for damages

➢ To adapt automatically the control spatially when a damage occurs

➢ To pay attention to the number of active elements

 Problems: 
➢ The spatial dimension  

 what’s about vibration reduction over the entire structure ?

➢ The curse of dimensionality ! Model reduction problems

➢ The interaction between the SHM and the control systems  is not straightforward 

 Stability issues

➢ It’s a Singular Perturbation control problem – two dynamics !

➢ Numerical simulations and experimentations
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DTAC – APPROACHES

 To deal with such problems: 
➢ Robust control

➢ Adaptive control

➢ Distributed and decentralized approach

➢ FTC methods 

 Two approaches:

➢ Adaptive Modal 𝐻∞ control & Subspace metric for damage monitoring  (Genari, 
et al., 2015, 2017)

➢ Spatial 𝐻2/𝐻∞ control  (Mechbal and Nobrega, 2014, 2015)
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FOCUS: MODAL 𝐻∞ CONTROLLER - STAC

 Modal 𝑯∞ Control Problem
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FOCUS: MODAL 𝐻∞ CONTROLLER - STAC

 Modal 𝑯∞ Control problem
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FOCUS: MODAL 𝐻∞ CONTROLLER - STAC

 Experiment results
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FOCUS: MODAL 𝐻∞ CONTROLLER - STAC

 Experiment results
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FOCUS: MODAL 𝐻∞ CONTROLLER - STAC

 Experiment results
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FOCUS: MODAL DOUBLE-LOOP - PAC

 Modal Double-Loop Framework
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FOCUS: MODAL DOUBLE-LOOP - PAC

 Reconfiguration mechanism
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FOCUS: MODAL DOUBLE-LOOP - PAC

 FE Simulations:
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FOCUS: MODAL DOUBLE-LOOP - PAC

 Results: Healthy structure
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FOCUS: MODAL DOUBLE-LOOP - PAC

 Results: Damage Controller
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FOCUS: A SPATIAL 𝑯∞ CONTROL APPROACH

 𝑯∞ controller

➢ Time dependence formulation:

➢ Controller 𝐾,

➢ Criterion
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FOCUS: A SPATIAL 𝑯∞ CONTROL APPROACH

 𝑯∞ controller

➢ Time dependence formulation:

➢ Controller 𝐾,

➢ Criterion
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FOCUS: A SPATIAL 𝑯∞ CONTROL APPROACH

 Spatial 𝑯∞ controller:

➢ Use spatial norms:

➢ which guarantees average reduction of vibration throughout the entire structure

➢ For specific region Ω where we want to minimize the 𝐻
∞

spatial norm, a space

dependent weighing matrix 𝑸(𝒓), where r is the spatial vector, is introduced:

➢ New performance index output vector with space dependence is driven:

≪ 𝐺 𝑠, 𝑟 ≫∞
2 = sup 𝜆𝑚𝑎𝑥(න

Ω

𝐺∗ 𝑗𝑤, 𝑟 𝐺 𝑗𝑤, 𝑟 𝑑𝑟)

𝐽∞ =
0
∞
Ω 𝑧 𝑡, 𝑟 𝑇𝑸(𝒓)𝑧(𝑡, 𝑟)𝑑𝑟 𝑑𝑡

0
∞

)𝑤(𝑡 𝑇𝑤(𝑡)𝑑𝑡

𝑧 𝑡, 𝒓 = 𝐶𝑧(𝒓)𝑥𝑝 𝑡 + 𝐷𝑧𝑤(𝒓)𝑤 𝑡 + 𝐷𝑧𝑢(𝒓)𝑢 𝑡
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DTAC – AN EXAMPLE

 An example: Cantilevered active composite structure

Plate like-beam: 4 epoxy/carbon layers with orientation 

[0°/−45°/+45°/0°]. 
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DTAC – AN EXAMPLE

 An example: Cantilevered active composite structure

➢ Robust controller

➢ Reconfigurable controller

➢ Evolving controller
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 The spatial 𝐻∞ control of the healthy structure
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Robust controller: Small damage (Barely Visible Impact Damage - BVID)
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Robust controller - small damage (BVID)
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Reconfigurable controller – Severe damage

➢ Damage localization approach: Lamb waves-based damage localization
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Reconfigurable controller – Severe damage

Burst signal  and its spectrum at central 

frequency 
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Evolving controller – Crack damage
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Evolving controller – Spatial weighting functions
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DTAC: A SPATIAL 𝑯∞ CONTROL APPROACH

 Evolving controller – Spatial weighting functions

First controller – Healthy structure

First controller – Damaged structure

Second controller – Gaussian weighing function
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CONCLUSION

 A new paradigm to design fault tolerant controllers, specifically
dedicated to face structural damages, was here examined, and called
damage tolerant active control, or DTAC.

 Calls for FTC, SHM and active control of vibrations considering their
interfaces with the introduced area of DTAC.

 Several techniques used in these areas are possible to be used to DTAC
purpose, and main objectives and architectures to be adopted were
discussed.

 On going works: theoretical investigation and experimental
applications of the concepts and controller configurations are expected
to be thoroughly studied to confirm the raised expectations

 New improvements: fatigue and stress mitigation controllers ….
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DTAC NEW CONCEPT ? 

FTC 

Reconfiguration of 

the control 

 DTAC and FTC interactions
SHM

Detect and diagnosis 

damage

DTAC

reduce vibration and 

monitor the damage

FDD

Detect and 

diagnosis faults

Damage

Aircraft with smart structure
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