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Damage-Mitigating Control With
Overload Injection: Experimental
Validation of the Concept1
The goal of damage-mitigating control is to enhance structural durability of mechanical
systems (e.g., advanced aircraft, spacecraft, and power plants) while retaining high performance. So far the reported work in damage-mitigating control has focused on reduction of peak stresses to increase structural durability. This paper presents a novel concept
that takes advantage of the physical phenomenon of fatigue crack retardation. Overload
pulses are intermittently injected into the plant as a feedforward signal through the
actuator(s) in addition to robust feedback control. A feedforward sequence of limited
overload pulses and a robust feedback control law are designed based on state-space
models of fatigue-crack damage and plant dynamics. A series of experiments have been
conducted on a laboratory test apparatus to demonstrate feasibility of the overload injection concept for robust damage-mitigating control. 关S0022-0434共00兲01302-2兴
Keywords: Life Extending Control, Robust Control, Structural Integrity, Fatigue Crack
Retardation
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Introduction

The key idea of damage-mitigating control of mechanical structures is that substantial improvements in the service life of critical
components can be achieved by insignificant reduction in the system dynamic performance 共Ray et al. 关1兴兲. Further work on
damage-mitigating control has been reported by Dai and Ray 关2兴,
Kallappa et al. 关3兴, Kallappa and Ray 关4兴, Rozak and Ray 关5,6兴,
Holmes and Ray 关7兴, and Caplin 关8兴 for different applications in
rocket engines, fossil power plants, rotorcraft, and aircraft in the
framework of both feedforward and feedback control.
Zhang and Ray 关9兴 and Zhang et al. 关10兴 have demonstrated the
efficacy of damage-mitigating control on a laboratory test apparatus where peak stresses in a critical component are reduced to
increase its structural durability. The present paper introduces a
novel concept of damage-mitigating control in which a sequence
of overload pulses is intermittently injected into the plant as a
feedforward signal through the actuator共s兲 in addition to stress
reduction by robust feedback control. A series of experiments
have been conducted on the above laboratory test apparatus to
demonstrate feasibility of the overload injection concept for
damage-mitigating control. The main idea is to take advantage of
the physical phenomenon of fatigue crack retardation that is
briefly explained below.
While large cyclic loads of constant-amplitude are detrimental
to structural durability, researchers 共e.g., Schijve 关11兴兲 in the field
of fracture mechanics discovered that short-duration overloads on
small or medium cyclic loads of constant-amplitude could, in fact,
extend the fatigue life. This claim has been experimentally validated on fatigue testing machines 共e.g., McMillan and Pelloux
关12兴; Porter 关13兴; Schijve 关14兴兲. The rationale for this physical
phenomenon is that an overload enlarges the plastic zone at the
crack tip, which, in turn, causes compressive forces to act on the
plastic zone around the crack tip region. Thus, crack growth is
retarded due to an increase in the crack opening stress. Along this
line, Patankar, Ray and Lakhtakia 关15兴 and Patankar 关16兴 have
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formulated a state-space model of fatigue crack growth for
damage-mitigating controller analysis and design that accounts for
the impact of variable-amplitude loading on crack growth rate
共e.g., crack retardation and sequence effects兲. Patankar and Ray
关17兴 have also shown that the predicted structural durability 共and
hence the controller design兲 could be grossly inaccurate if the
fatigue crack damage model does not capture the effects of
variable-amplitude cyclic stress. In this context, the present paper
shows experimental evidence of how overload injection into the
control signal共s兲 at the actuator共s兲 could be beneficial for structural durability without any significant bearing on the closed loop
system performance.
The paper is organized in six sections including the Introduction. Section 2 presents an overview of the state-variable-based
model of fatigue crack growth and a discussion on the effects of
overload on crack growth retardation. Section 3 provides a brief
description of the test apparatus and an outline of experiments.
Section 4 presents the design of damage-mitigating controllers
with overload injection. Results of experimentation on the test
apparatus are presented and discussed in Section 5. Finally, the
paper is summarized and concluded in Section 6.

2

The Fatigue Crack Growth Model

Different aspects of fatigue crack damage have been reported
by many investigators as cited in research monographs 共e.g.,
Suresh 关18兴 and Anderson 关19兴兲 on fracture mechanics. In the
present paper, we have used the fatigue crack growth model of
Patankar 关16兴 in the state-space setting that has been validated
with the test data of McMillan and Pelloux 关12兴 and Porter 关13兴
along with explanations of the underlying physical phenomena.
The state-space model of fatigue crack growth is an extension of
the Fastran-II model 共Newman, 关20,21兴兲 which is based on the
concept of small cracks in homogeneous materials. The Fastran-II
model is represented by a nonlinear difference equation in which
the crack increment during the kth cycle is obtained as a function
of the maximum applied 共far-field兲 stress S max
and the crack openk
ing stress S ok for k⭓1 and a 0 ⬎0 as:
⌬a k ⬅a k ⫺a k⫺1 ⫽h 共 ⌬K eff
k 兲

with h 共 0 兲 ⫽0

max
o
max
o
⌬K eff
k ⬅ 冑 a k⫺1 F 共 a k⫺1 ,w 兲共 S k ⫺S k⫺1 兲 U 共 S k ⫺S k⫺1 兲

(1)

o
where a k⫺1 and S k⫺1
are the crack-length and the crack-opening
stress, respectively, during the kth cycle and change to a k and S ok
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at the expiry of the kth cycle; F(•,•) is a crack-length-dependent
correction factor compensating for finite geometry of the specimen with the width parameter w; the non-negative monotonically
increasing function h(•) can be represented either by a closed
form algebraic equation:
eff m
h 共 ⌬K eff
k 兲 ⫽C 1 共 ⌬K k 兲

with material constants C 1 and m,
(2)

or by table lookup 共Newman 关21兴兲; and U(x)⫽ 兵 10 ifif x⬍0
x⭓0 is the
Heaviside function.
We now present the structure of the difference equation that is
excited by the cyclic stress input to generate the crack opening
stress. To this end, we first consider the steady-state solution of
the difference equation under constant amplitude load. This issue
has been addressed by several investigators including Newman
关22兴 and Ibrahim et al. 关23兴. The steady-state crack-opening stress
S oss under a constant amplitude cyclic load is a function of the
minimum stress S min, the maximum stress S max, the constraint
factor ␣ 共which is 1 for plane stress and 3 for plane strain兲, the
specimen geometry, and the flow stress S flow 共which is the average
of the yield strength S y and the ultimate strength S ult兲. These
relationships are shown to be good for most ductile alloys by
Newman 关22兴. One such empirical relation has been used in the
FASTRAN-II model 共Newman 关21兴兲.
The objective is to construct the difference equation for 共nonnegative cycle-dependent兲 crack opening stress S ok such that, under different levels of constant-amplitude load, the forcing function S oss
k at the kth cycle matches the crack-opening stress derived
from the following empirical relation 共Newman 关22兴兲 that is valid
for non-zero peak stress 共i.e., S max⫽0兲:
oss max
S oss
,S min
k ⫽S 共 S k
k , ␣ k ,F 兲

⫽ 共 A 0k ⫹A 1k R k ⫹A 2k 共 R k 兲 2 ⫹A 3k 共 R k 兲 3 兲 S max
k
where

R k⫽

S min
k
S max
k

(3)

for all k⭓0;

冋 冉 冊册
冉 冊

A 0k ⫽ 共 0.825⫺0.34␣ k ⫹0.05共 ␣ k 兲 2 兲 cos
A 1k ⫽ 共 0.415⫺0.071␣ k 兲

 S max
k
2 S flow

(4)
1/␣ k

S max
k

S flow

(5)

(6)

A 2k ⫽ 共 1⫺A 0k ⫺A 1k ⫺A 3k 兲 U 共 R k 兲

(7)

A 3k ⫽ 共 2A 0k ⫹A 1k ⫺1 兲 U 共 R k 兲

(8)

The constraint factor ␣ k used in Eqs. 共5兲 and 共6兲 is obtained as
a function of the crack length increment ⌬a k in Eq. 共1兲. A procedure for evaluation of ␣ k is presented in the Fastran-II manual
共Newman 关21兴兲. Since ␣ k does not significantly change over
cycles, it can be approximated as piecewise constant for limited
ranges of crack length.
The following constitutive relation in the form of a nonlinear
first-order difference equation is proposed for recursive computation of the crack-opening stress S ok upon completion of the kth
cycle 共Patankar 关16兴兲:
S ok ⫽

冉 冊

冉 冊 冉 冊
冉 冊

1

1
o
So ⫹
S oss⫹
共 S oss
k ⫺S k⫺1 兲
1⫹  k⫺1
1⫹  k
1⫹ 

o
⫻U 共 S oss
k ⫺S k⫺1 兲 ⫹

1
oss – old
关 S oss
兴
k ⫺S k
1⫹ 

min
oss
o
⫻U 共 S k⫺1
⫺S min
k 兲关 1⫺U 共 S k ⫺S k⫺1 兲兴

tS y
⫽
2wE

(9)
(10)
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where the forcing function S oss
k in Eq. 共9兲 is calculated from Eq.
共3兲 as if a constant amplitude stress cycle (S max
,Smin
k
k ) is applied;
oss – old
similarly, S k
is given by Eq. 共3兲 as if a constant amplitude
min
,Sk⫺1
) is applied. For constant-amplitude loadstress cycle (S max
k
oss
ing, S is the steady-state solution of S ok . In general, the inputs
oss – old
to Eq. 共9兲 are different from the instantaneous
S oss
k and S k
crack-opening stress S ok under variable-amplitude loading. The
o
Heaviside function U(S oss
k ⫺S k⫺1 ) in the third term on the righthand side of Eq. 共9兲 allows fast rise and slow decay of S ok . The
last term on the right-hand side of Eq. 共9兲 accounts for the effects
of reverse plastic flow. Depletion of the normal plastic zone occurs when the minimum stress S min
decreases below its value
k
min
S k⫺1
in the previous cycle, which is incorporated via the Heavimin
side function U(S k⫺1
⫺Smin
k ). Note that the overload excitation
and reverse plastic flow are mutually exclusive.
The dimensionless parameter  in Eq. 共10兲 depends on the
component thickness t, half-width w, yield strength S y , and
Young’s modulus E. Alternatively, Eq. 共10兲 could be used to generate an estimate of  that can be fine-tuned by parameter identification using available test data. Following an overload cycle, the
duration of crack retardation is controlled by the transients of S ok
in the state-space model, and hence determined by the stressindependent parameter  in Eqs. 共9兲 and 共10兲. Physically, this
duration depends on the ductility of the material that is dependent
on many factors including the heat treatment of specimens
共Schijve 关14兴兲. Smaller yield strength produces a smaller value of
, resulting in longer duration of the overload effect. Smaller
specimen thickness has a similar effect 共Schijve 关14兴兲. Equations
共1兲–共10兲 describe the state-space model where the crack length a k
and crack opening stress S ok are the state variables.
The net effect of a single-cycle overload 共i.e., increased S max
k 兲 is
o
a jump in the effective stress range ⌬S k ⬅S max
⫺S
resulting
in an
k
k
increase in the crack growth increment in the present cycle.
Shortly after the expiration of the overload 共i.e., S max
returning to
k
the original lower value兲, S ok starts decreasing slowly from its
increased value. The result is a decrease in ⌬S k , which causes the
crack growth rate to diminish. Subsequently, after returning to the
original constant-amplitude stress, as S ok slowly relaxes back to its
original state, the crack growth rate resumes the original value. A
single overload initially increases crack growth rate for a few
cycles and then gradually decreases over a much higher number of
cycles until it reaches the original value. The crack growth is
therefore retarded due to the fast rise and slow decay of S ok .
The control system, presented later in Section 4, requires injection of a sequence of overload pulses. The interval 共i.e., the spacing between the consecutive overload injections兲 and the magnitude of the injected overload pulses that influence the crack
growth rate must be appropriately designed to achieve the beneficial effects of crack retardation in damage-mitigating control.
Both interval and magnitude of overload injection are critical for
damage-mitigating control systems design. The interval of overload injection could be largely determined from the transients of
o
the crack opening stress S ok . For example, if S k⫺1
is close to S max
,
k
fatigue damage in the stress cycle is insignificant due to small
⌬S k , and consequently, there is no appreciable benefit from overload injection. Similarly, the magnitude of overload injection
could be dominated by the current state of crack length a k . It is
natural to inject a small overload 共or no overload兲 if the current
state a k is relatively large for which the immediate penalty might
be unacceptably large. In the extreme case, immediate failure may
occur due to a large overload.

3

The Test Apparatus

The test apparatus is briefly described in this section. Zhang
and Ray 关9兴 have reported the details of mechanical design and
JUNE 2000, Vol. 122 Õ 337

instrumentation of the test apparatus including the dominant
modes of vibration. The test apparatus is designed and fabricated
as a three-degree-of-freedom 共DOF兲 mass-beam structure excited
by the oscillatory motion of two vibrators as shown in Fig. 1 and
the dimensions of the pertinent components are listed in Table 1.
Two out of the three DOFs are directly controlled by the two
actuators 共i.e., Vibrator#1 and Vibrator#2兲 and the remaining
DOF is observable via displacement measurements of the three
vibrating masses: Mass#1, Mass#2, and Mass#3. The inputs to the
multivariable mechanical structure are the forces exerted by the
two actuators; the output to be controlled is the displacement of
Mass#1. A failure site is introduced as a circular hole of radius
3.81 mm centered at a distance of 25.4 mm from Mass#3 in the
test specimen 共Beam#2兲 which represents a critical plant component subjected to fatigue crack damage.
The test apparatus is logically partitioned into two subsystems:
共i兲 the plant subsystem consisting of the mechanical structure including the test specimen to undergo fatigue damage, actuators,
and sensors; and 共ii兲 the control and instrumentation subsystem
consisting of computers, data acquisition and processing, and
communications hardware & software. The frequency of the
共square-wave兲 reference signal is 2.07 Hz that is one third of the
first modal frequency 共⬃6.21 Hz兲 of the test apparatus structure.
Hence, the third harmonic of the reference signal excites the structure at the resonance frequency of 6.21 Hz. Thus, the test specimen can be excited at different levels of cyclic stress via vibratory
motion of Mass#3 with no significant change in the external
power injection into the actuators.
The material of the test specimen is 6063-T6 aluminum alloy.
The model parameters in Eqs. 共1兲–共10兲 are evaluated from the
estimated mean of fatigue life based on an ensemble of experiments conducted on the test apparatus. Since the model of geometry factor F in Eq. 共1兲 under bending stress is not readily available in the literature, it is assumed to be structurally similar to that
for center-cracked specimens under uniaxial tension, i.e., F

⫽冑s(  a/2w) where w⫽5.55 mm is the half-width of the test
specimen. The initial crack length is set as the radius of the hole
on Beam#2, i.e., a 0 ⫽3.81 mm in Eq. 共1兲. Table 2 and Table 3 list
the material parameters of 6063-T6 共Kumar 关24兴兲 and the experimentally evaluated model parameters of the fatigue crack growth
Eqs. 共2兲 and 共10兲, respectively. The cyclic stress at the failure site
is the damage-causing variable that needs to be appropriately
regulated by the damage-mitigating controller for enhancement of
structural durability without any significant loss of the system
performance. The far-field cyclic stress S nom(t) at the free surface
of the failure site is obtained from a finite-element model of the
test apparatus structure and is validated with experimental data of
strain measurements to be within five percent accuracy. This
model generates S nom(t) in real time as an algebraic function of
the displacement measurements of the three vibrating masses:
Mass#1, Mass#2, and Mass#3:
3

S nom共 t 兲 ⫽

兺 ␤ y 共t兲

k⫽1

k k

with ␤ 1 ⫽1.5025; ␤ 2 ⫽⫺9.4095;

␤ 3 ⫽13.1437 in SI units

(11)

4 The Damage-Mitigating Control System With Overload Injection
We define the tracking ability of Mass#1 in Fig. 1 to follow the
square wave reference signal as a performance requirement for
damage-mitigating control 共DMC兲. A robust controller is designed
following a conventional setup consisting of a generalized plant
model that is derived with additional consideration of fatigue
damage for structural durability. In Fig. 2, G nom(s) is the nominal
plant model of the test apparatus and W del(s) is the model of
additive frequency-dependent uncertainties. Both G nom(s) and
W del(s) have been generated from experimental data using a
frequency-domain identification procedure 共Zhang and Ray 关9兴兲.
The frequency-dependent performance weighting matrix W p (s)
penalizes the tracking error, e, of Mass#1 displacement to achieve
a trade-off between performance and stability robustness. Synthesis of the damage-mitigating control law makes use of two additional weighting matrices:
• W pd (s) to penalize the displacement y 3 of Mass#3 that
strongly influences the damage-causing variable S nom in Eq.
共11兲; and
• W cont(s) to penalize the amplitude of the damage-causing frequency 共i.e., the resonance frequency of ⬃6.21 Hz兲 component in the control action.

Table 2 Properties of 6063-T6 aluminum alloy

Fig. 1 Schematic diagram of the test apparatus

Table 1 Structural dimensions of the test apparatus

Table 3 Experimentally evaluated model parameters
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A robust control law K DMC(s) is formulated by optimization of
the overall system performance in the following form 共Zhou et al.
关25兴兲:
min
k DMC
兵 储 F u 共 F l 共 P DMC共 s 兲 ,K DMC共 s 兲兲 ,⌬ 共 s 兲兲储 ⬁

⬍1 ᭙⌬ 共 s 兲

with 储 ⌬ 共 s 兲储 ⬁ ⭐1 其

(12)

where F u (","), F l (","), and ⌬(s) are upper and lower Linear Fractional Transform 共LFT兲 operators, respectively; ⌬(s) is the block
structure of modeling uncertainty represented by a matrix of compatible dimension; and P DMC(s) is the generalized plant model
obtained by augmenting the nominal plant model G nom(s) with
the uncertainty weight W del(s) and the performance weights
W p (s), W pd (s), and W cont(s) following Fig. 2. The H ⬁ -optimal
cost functional guarantees exact loop-shaping relative to the preset
weighting functions W del and W p , thereby achieving uncertainty
tolerance and disturbance rejection. The models of nominal plant
dynamics, and 共frequency-dependent兲 uncertainty and performance weights are presented in a previous publication 共Zhang and
Ray 关9兴兲.
Theme of Damage-Mitigating Control With Overload Injection. The objective here is to introduce and experimentally validate the concept of overload 共i.e., intermittent large peak stress兲
injection as an augmentation of the existing concept of damagemitigating control 共Zhang and Ray 关9兴; Holmes and Ray 关7兴兲 that
reduces instantaneous peak stresses by penalizing the damagecausing variable共s兲 in the H ⬁ setting. The concept of peak stress
reduction at the critical component共s兲 is retained in the present
control philosophy because it acts as a deterrent against large
fatigue damage that might result from exogenous disturbances.
Removal of this penalization in the control synthesis procedure
would defeat the purpose of damage mitigating control as the
structural durability of the plant might be endangered due to excessive peak stresses. On the other hand, solely relying on peak
stress reduction may not take advantage of the physical phenomenon of crack retardation for enhancement of structural durability
especially under transient operations 共Patankar and Ray 关17兴兲. The
theme of damage-mitigating control with overload injection is
briefly explained below in the context of experimental validation
on the test apparatus.
A sequence of overload pulses is injected into Vibrator#2 of the
test apparatus 共see Fig. 1兲. This sequence of pulses serves as a
feedforward input that is additively superimposed on the feedback
control signal as seen in Fig. 2. The key idea is that the feedback
controller attempts to maintain the stress amplitude at a safe level
for a relatively long period while the intermittently injected overload pulses produce the desired beneficial effects of crack retardation. The robust feedback controller views the feedforward signal as an exogenous input and consequently attempts to
compensate the effects of the overload pulses as disturbance re-

Fig. 2 Linear robust control system
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jection. This leads to mitigation of the long-term effects of the
injected overload pulses, which is highly advantageous in the
sense that a single-cycle overload injection is most beneficial for
crack retardation 共Schijve 关14兴; Patankar et al. 关15兴兲. The disturbance rejection property of the robust controller thus becomes
very important for reduction of the undesirable long-term effects
of the injected overload sequence to retain the specified performance upon overload injection. In essence, the feedforward signal
attempts to provide the beneficial effects of crack retardation, and
the feedback controller yields robust performance via disturbance
rejection. The experiments on the test apparatus investigate
whether the interactions of these two control signals enhance the
objective of damage-mitigating control, i.e., achieving structural
durability with no significant loss of dynamic performance. The
anticipated results are an increase the fatigue life of the test specimen with no appreciable change in performance 共i.e., the displacement profile of Mass#1 in Fig. 1兲.
Remark 1: The control problem at hand is different from that on
a standard fatigue testing machine, in which an actuator directly
applies an overload pulse to a test specimen in one cycle and the
original load cycle is resumed in the subsequent cycles. In contrast, an overload signal can only be indirectly applied to critical
components of mechanical systems such as an aircraft. It may take
a longer period of time to alter the stress profile at the failure site.
In essence, the actuator and plant dynamics serve as a 共fadingmemory兲 low-pass filter that spreads the effects of the injected
overload pulse for a longer duration. Therefore, a combination of
feedforward and robust feedback control is necessary to realize
the concept of damage-mitigating control with overload injection
in complex mechanical systems. The major objective of damagemitigating control is to achieve either the specified dynamic performance with minimum structural degradation, or maximum dynamic performance without exceeding the specified structural
degradation. In either case, the control system must focus on dynamic performance.
Remark 2: The crack retardation effects have been observed on
fatigue testing machines by superimposing short-time static overload on constant-amplitude cyclic load 共Porter 关13兴; Schjive 关14兴兲
where the sole purpose is destructive evaluation of specimen life.
The purpose of damage-mitigating control is different. Dynamic
performance of a damage-mitigating control system could be significantly degraded by injection of such a static overload at an
arbitrary instant. The instant of overload injection is critical for
retaining the high dynamic performance while achieving increased fatigue life of structural components. Therefore, the dynamics of the closed loop control system must determine the instant of overload injection as a feedforward signal. A possible
configuration of damage-mitigating control is a hierarchical structure 共Holmes and Ray 关7兴兲 where a supervisory controller in the
upper tier generates the feedforward signal of overload injection
into the robust feedback controller in the lower tier. It should be
noted that limitations on operating procedure, safety requirements,
and actuator saturation may not often allow much freedom for
variations in the amplitude of injected overload pulses in operating machinery. To this end, experiments presented in Section 5
are designed for a constant value of overload amplitude injected at
different intervals.
Generation of Overload Pulse Sequences. Timely injection
of overload pulses is critical for retention of the control system
performance as discussed above. For example, in the experiments
on the test apparatus, an overload pulse must increase the peak
value of the stress cycle in the specimen, whose magnitude and
the instant of occurrence must be accurately determined. An inspection of the mode shapes 共Zhang and Ray 关9兴兲 of the test apparatus structure reveals that the point of maximum bending stress
corresponds to the instant when the displacement of Mass#3 in
Fig. 1 is at its peak. The controller must be able to identify these
instants in the discrete-time domain, at least one sampling interval
prior to injection of the overload. This information is then used to
JUNE 2000, Vol. 122 Õ 339

inject the overload pulse as the state of maximum stress occurs
next.
In order to introduce the overload, one can either increase the
displacement of Mass#3 or reduce the displacement of Mass#2.
Either or both actions increase the maximum bending stress on the
specimen. Since the position of Mass#3 is not directly controlled
by any one of the two actuators, the overload is introduced
through Vibrator#2 that directly acts upon Mass#2. It follows
from Eqs. 共1兲 and 共9兲 that injection of a negative displacement
pulse on Mass#2 increases the bending stress on the specimen
leading to the overload effect. The desired magnitude of the overload pulse is injected as a feedforward signal to Vibrator#2 without exceeding its physical restrictions 共e.g., electrical and mechanical constraints of the actuator兲. The strategy of overload
injection on the test apparatus is summarized below.
The controller detects the point of maximum relative displacement between Mass#2 and Mass#3, one sampling period prior to
the application of the overload. This instant in the discrete-time
domain corresponds to the maximum of the cyclic stress in the
specimen. The above information is used to inject the overload by
applying a negative pulse as a feedforward signal to Vibrator#2.
Since an overload injection is an exogenous disturbance to the
robust feedback control system, it generates an input sequence to
Vibrator#1 so that the combined effects of this feedback control
signal and the injected overload would satisfy the performance
requirement. In other words, the overload injection should not
have any significant influence on the system performance, i.e., the
displacement profile of Mass#1.
Implementation of the Control System on the Test Apparatus. The feedback control system and overload sequences are
implemented on a Pentium PC along with necessary A/D and
D/A interface to the amplifiers serving the sensors and actuators
of the test apparatus. Overload signals are superimposed on the
feedback control signal at Vibrator#2 at the required interval as
discussed earlier in Section 2. Control signals are passed down to
the two power-amplifier-driven vibrators and three linear variable
differential transformers 共LVDTs兲 measure the displacements of
the three masses. The displacement of Mass#1 is the feedback
signal to the performance controller while the stress S nom(t) is
calculated on-line as a linear combination of the displacements of
all three masses as defined in Eq. 共11兲. This information is transmitted over the network to another computer where the crack
length and crack growth rate are simultaneously computed. At
present, the information on stress transients is used for off-line
generation of the overload sequence. In the follow-up research, a
supervisory controller will be designed for generation of overload
sequences in real time by using the information on stress
transients.

5

injected disturbance is seen in the bottom plate of Fig. 3 as a
negative signal that reduces the displacement of Vibrator#2 thus
causing Mass#2 to move downwards. At the same time, Mass#3
moves upward and is at its highest position thus causing the maximum bending stress on the specimen and hence the overload is
applied at this instant.
The plots in the top plate of Fig. 3 depict the effects of overload
on the control system performance. The sequence of overload
signals is injected as an input to Vibrator#2 that is directly
coupled to Mass#2 共see Fig. 1兲 and hence its impact on its position is prominent as seen in Fig. 3. The effects of overload are
also significant from the point of view of stress at the crack site
located on the test specimen that couples Mass#2 and Mass#3. In
contrast, due to the disturbance rejection feature of the control
system, the effects of the overload are insignificant from the perspectives of performance requirement, i.e., the motion of Mass#1
is practically unaffected by the overload injection as seen in the
top plate of Fig. 3. This is explained as follows. The control
system detects the disturbance injected through Vibrator#2 from
the sensor signal of Mass#2 displacement. In the subsequent
samples, the controller makes appropriate adjustments in the input
sequence to Vibrator#1 as seen in the bottom plate of Fig. 3. The
combined effects of the overload injection and the altered feedback control inputs to Vibrator#1 allows Mass#1 to closely follow
the specified trajectory. In other words, the robust feedback controller filters the effects of the injected overload pulse in such a
way that the performance 共i.e., the displacement profile of
Mass#1兲 is practically unaffected. The filtering action causes
small changes in the control signal to Vibrator#1 as seen in the
bottom part of Fig. 3.
The effects of overload injection on the specimen life have been
investigated under five different loading conditions with six specimens for each. The estimated mean of fatigue life is listed in
Table 4 and the estimated standard deviation for each load is
found to be about 6000 cycles. The first condition is a constantamplitude load excitation 共i.e., with no overload injection兲 with
S max⫽47 MPa and S min⫽11.2 MPa of the nominal cyclic stress
S nom(t) obtained as a function of the displacement measurements
in Eq. 共11兲. These values of S max and S min serve as a benchmark
for evaluation of the specimen life under the remaining four conditions of overload injection. The disturbance injected at Vibrator#2 superimposes an overload-underload pulse on the constant
amplitude load sequence to yield transient peak stresses of S max
⫽54 MPa and S min⫽9.8 MPa. These pulses are injected at constant intervals and the interval periods are different for the three
overload conditions listed in Table 4. Introducing the overload
sequence at an interval of 5100 cycles increases the specimen life,
calculated as an ensemble average of six test data points, from
36,667 cycles to 47,700 cycles 共i.e., an increase by ⬃30 percent兲.
Upon decreasing the overload injection interval from 5100 cycles

Experimental Results and Discussion

This section presents the experimental results describing the
effects of overload injection on the plant performance and structural durability, i.e., life of test specimens. Figure 3 shows displacements of the three masses in the test apparatus as well as the
input signals to the two vibrators. For a constant-amplitude load,
the motion of Mass#3 corresponds to the natural frequency
共⬃6.21 Hz兲 of the test apparatus structure undergoing three oscillations for each period of motion of Mass#1 and Mass#2 as depicted in the top plate of Fig. 3. Mass#1 closely follows the reference signal of square-wave motion 共at 2.07 Hz兲 with and
without overload injection. As stated earlier, the main objective of
damage-mitigating control is to enhance structural durability with
no significant loss of performance. Therefore, the proposed concept of damage mitigation must ensure disturbance rejection with
the goal of having the displacement profile of Mass#1 unaffected
by the overload injection. The constant amplitude of the stress
cycles at the failure site is interrupted by the overload induced
through the application of a disturbance signal at Vibrator#2. The
340 Õ Vol. 122, JUNE 2000

Fig. 3 Impact of overload injection on system performance
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Table 4 Estimated mean of fatigue life under overload
injection

low-cycle fatigue. Although the test apparatus allows smaller
stress amplitudes representing high-cycle fatigue, the experimentation time needed to break a specimen is relatively much larger.
Considering wear and tear of the test apparatus, only very few
such experiments were conducted and the savings in fatigue life
were found to be significantly higher due to relatively larger
amount of allowable injected overload. These results are not presented in this paper due to insufficiency of data.

6

to 2400 cycles, the average specimen life is found to increase to
49,200 cycles 共i.e., by an additional ⬃5 percent兲. A further decrease in the overload interval from 2400 cycles to 900 cycles, the
average specimen life is found to increase to 54,543 cycles, which
is an overall increase of ⬃50 percent over the case without any
overload injection. Although a gradual decrease from 900 cycles
did not conclusively increase the average specimen life, a significant decrease of the overload interval close to zero cycles showed
a reverse trend of decreasing average specimen life. A precise
value of the overload interval 共between 0 and 900 cycles兲 at which
the average specimen life is maximized could not be established
from these experiments and therefore is not reported.
The above observations support the hypothesis of the concept
reported in this paper—the injection of a stress overload can increase the fatigue life of a critical plant component. Furthermore,
as discussed earlier, the robust control system can be designed
such that the injected overload sequence has no significant influence on the dynamic performance and hence the concept of
damage-mitigating control with overload injection becomes feasible. However, since there is a penalty of instantaneous crack
increment associated with each overload, further reduction of the
interval beyond a certain point will no longer increase the fatigue
life. For example, with a short interval between consecutive overloads, the gain in life due to crack retardation may not be able to
compensate for the larger instantaneous crack growth induced by
the overload itself. Because of the cumulative penalty associated
with a large number of overloads, the specimen life will actually
decrease with very frequent injection of overload. The extreme
case of zero overload interval, i.e., application of overload at every cycle, is equivalent to having a constant-amplitude load with
S max⫽54 MPa and S min⫽9.8 MPa. The fatigue life is reduced to
25,200 cycles as compared with 36,667 cycles under the original
constant-amplitude load with S max⫽47 MPa and S min⫽11.2 MPa
共see Table 4兲. Therefore, excessive reduction of the overload interval will cause premature damage compared to constantamplitude loading with no overload injection.
The last column in Table 4 lists the model prediction of fatigue
life 共i.e., the number of cycles to break the specimen兲 for the
constant-amplitude base load, the three cases of overload injection, and the constant-amplitude overload. Equations 共1兲–共10兲 are
numerically solved for initial crack length a 0 ⫽4.76 mm 共radius of
the hole on Beam#2兲 and with 共far-field兲 stress data S nom(t) at the
failure site as the input. The model predictions are in close agreement with the experimental data of estimated mean of fatigue life.
Remark 3: The results in Table 4 are presented for a single
operating point in terms of fixed S max and S min. Limitations of the
test apparatus, due to actuator saturation and bandwidth, may not
permit experimentation with higher stress amplitudes representing
Journal of Dynamic Systems, Measurement, and Control

Summary and Conclusions

The goal of damage-mitigating control is to achieve high performance with increased reliability, availability, component durability, and maintainability in complex mechanical systems such as
advanced aircraft, spacecraft, and power plants. So far the reported work in damage-mitigating control has focused on reduction of peak stresses to increase structural durability. This paper
presents experimental validation of a novel concept of robust
damage-mitigating control with feedforward injection of overload
pulses. The feedback controller is designed based on the
H ⬁ -approach with due consideration to robust performance. Different overload sequences are generated based on state-space
models of damage and plant dynamics.
Experiments have been conducted on a test apparatus that is a
three degree-of-freedom vibrating structure equipped with computer control and instrumentation. Results demonstrate that fatigue life of test specimens can be substantially extended with no
noticeable degradation in the dynamic performance of the mechanical system by injecting overload at certain specified intervals
in addition to feedback control. The important conclusion drawn
from these experiments is that damage-mitigating control with
overload injection is potentially capable of yielding substantial
increase in structural durability of machinery components without
compromising the dynamic performance. However, since there is
a penalty of instantaneous crack increment associated with each
overload, reduction of the overload interval beyond a certain
range no longer increases the fatigue life. Because of the cumulative penalty associated with a large number of overloads, the fatigue life actually decreases with very frequent injection of
overload.
Full benefits of overload injection can be derived by varying the
interval and magnitude of injected overload pulses based on the
plant operating condition, damage states, and mission objectives.
This would require real-time information fusion of the plant dynamics and sensor data with the knowledge of damage states and
prescribed service life. A possible configuration of damagemitigating control is a hierarchical structure where a supervisory
controller in the upper tier generates the feedforward signals of
overload injection into the robust feedback controller in the lower
tier. This is a subject of current research.
The results generated in this paper convey a clear message that
damage-mitigating control with overload injection could have a
considerable beneficial effect for life extension of critical components of mechanical systems. If one is willing to pay the price of
additional instrumentation and 共possibly兲 small loss of performance, there is a strong potential for much larger gains in structural durability. Controller design with overload injection requires
a careful study of material properties. Specifically, it should be
recognized that the physics of fatigue damage in a laboratory test
apparatus is, in most cases, significantly different from that at
actual operating environment of a plant. Extensive analytical and
experimental research is necessary before implementation of
damage-mitigating control with overload injection in an operating
plant.
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