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Summary
Two significant drawbacks of current self-healing materials are that they are:
(1) Passive and as such do not guarantee a match between the healing and dam-
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of the healed material is not known without retrospective offline testing. As a
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consequence their application is currently limited in some sectors, such as the
aerospace sector where high performance needs to be guaranteed within strict
guidelines. This article proposes the first active self-healing material that inte-
grates with control and fault diagnosis to provide a system with a desired healing
response. A fault diagnosis algorithm using supervised regression is used to esti-
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mate the measure of damage. Then based on this estimate, adaptive feedback
control is used to ensure a match between the healing response and the damage
rate, while taking into account the nonlinear system dynamics and uncertainty.
The system is demonstrated in simulation using a self-healing material based
on piezoelectricity and electrolysis. This shows the ability of the integrated sub-
systems to tackle these two significant drawbacks of most current self-healing
systems and will benefit applications with strict performance requirements, or
systems operating under harsh conditions or that are remotely accessed.
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1 | INTRODUCTION

Scheduled and condition based maintenance are generally carried out with the aim of preventing catastrophic failure,
improving reliability and maximizing or extending the remaining useful life of engineering systems. These forms of main-
tenance are usually achieved using a range of fault detection, isolation and identification techniques, and have greatly
benefited many industries. However, this may prove insufficient for some systems experiencing failure, particularly those
with little or no access during operation. For example, the fragmentation and the loss of a wing panel of in-flight passen-
ger aircraft caused by human negligence and progressive crack respectively.’? Such systems can benefit from emerging
self-healing materials capable of recovering loss of material properties such as hardness, Young’s modulus and so forth.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. International Journal of Adaptive Control and Signal Processing published by John Wiley & Sons Ltd.
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Instances of aircraft fragmentation, building collapse, crane collapse, turbine blade cracks, pipeline leaks caused by incip-
ient faults associated with human negligence, wear and tear, corrosion, fatigue and so forth that raise safety concerns
can be minimized or avoided. Self-healing materials cannot generally by used for abrupt faults, apart from certain sys-
tems where the abrupt fault does not cause complete physical failure of the host system, such as for electronic circuits.?
Most current self-healing materials are at technological readiness levels 1 to 3, that is, basic concept to laboratory use, but
their development remains promising and has the potential to change the way materials are used.* Nonetheless, efforts
towards breaking beyond current technological readiness are evident. This includes self-healing composites which have
the filling properties and look of conventional dental materials, but with the added ability to self-heal cracks and prevent
bio-degradation.>1* Similarly, research in the construction industry involves cementitious composite materials which
can self-heal cracks and potentially reduce or prevent building collapse.!!~'¢ Other promising examples of self-healing
research can be found in References 17-19.

Self-healing materials are generally classified either as intrinsic or extrinsic. In intrinsic self-healing materials, healing
is achieved through chemical reactions such as hydrogen bonding, ionomeric coupling, thermally reversible reactions,
molecular diffusion, chain interlocking, piezo-electrolysis and so forth.* These reactions may require some form of energy
for example, heat to begin initiation. An illustration is the elastomer depleted by a fired bullet and mended through
reversible reaction initiated by the heat generated from the bullet.?’ Examples of reversible reactions requiring high ther-
mal energy trigger are Deils-Ader (DA) and retro-Deils-Alder (rDA).* Generally, intrinsic self-healing can be applied
numerous times but has limited applications because of its suitability for small damaged areas and high energy require-
ment.?! Extrinsic self-healing usually uses microcapsules or vascular tubes within the material to house the healing
agents. In microcapsule based self-healing, the crack causes the microcapsules to rupture, leading to openings for healing
agents (such as calcium lactate, rapeseed, fluorescent fluid) to flow into the area of interest.?>* The number of embed-
ded microcapsules places limitations on the number of times healing occur. In addition, the healing agents may be used
with a catalyst to quicken the healing process. Vasculares in the form of capillaries or hollow tubes store and act as a
pathway for healing agents in materials. Unlike the capsule based approach, this architecture allows increased dimen-
sionality and supply of healing agent. This also allows connection with an external source. While integrated sensing is not
restricted to vascular based self-healing, vascular based self-healing easily integrates with sensing. The author® intro-
duced fiber optic sensors to detect changes in pressure and initiate self-healing. Similarly, a vascular based self-healing
design with pressure sensors has been presented.?® A sensed pressure drop initiates the flow of healing agent from an
external source. A comprehensive review on intrinsic and extrinsic self-healing methods can be found in these selected
recent literatures.?’—° Regardless of the healing method used, the primary objective is to restore loss of material properties.
The restored materials should have gained mechanical properties necessary to maintain functionality. This introduces a
relatively satisfactory performance, but a key guide is to use a healing agent capable of restoring functionality to a level
equal or greater than the undamaged material properties.?” Such self-healing materials should be considered as distinct
from other self-healing systems which aim to mitigate the effect from, or reduce the propagation of a fault by effectively
re-configuring a system. This is usually achieved through some form of adaption to the existing control employed in the
system.3!-3 However, in-reality both or even a combination of both approaches is likely to be required to achieve the aim
of mitigating the impact of in-service faults on system performance.

However, current self-healing methods are predominantly passive. That is, the incipient cause of the fault is not con-
sidered and there is no controlled mechanism to counteract the onset of damage. This typically leads to a mismatch
between healing and damage rate. This was highlighted in a previous publication.?? As a solution to some of the chal-
lenges of passive self-healing, an active self-healing system was proposed. This combined the benefits of self-healing
and feedback control to achieve a desired healing response capable of matching the damage rate. An electromechanical
material whose self-healing mechanism uses piezoelectricity and electrolysis to drive the deposition of healing agent was
used to demonstrate active self-healing. The electromechanical material was chosen because of its integrated sensing and
actuation. The active control ensured that a desired healing response was achieved but assumed a known damage rate.
However, the damage rate is not necessarily known for a given system, it is also time dependent and a function of the
operational system parameters. A fault detection and diagnosis (FDD) system can be used to estimate the damage rate of
a material system in practice.

A FDD technique is presented in this article and integrated with active control and self-healing. In this work the
approach is applied to a model of a beam to ensure that an estimated damage rate that captures the effect of the fault
(crack) is used by the active control system to supply external energy needed to give a suitable healing response. The
results lead to a system that can potentially be applied in practice. A beam is chosen as it is generically representative of
structures commonly used in industrial applications, such as wind turbine blades, automotive suspension/chassis, and
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aircraft wing/fuselage. The purpose of this work is to demonstrate the concept in a relatively generic manner. In principle
the approach of integrated FDD and active self-healing can be applied to a wider range of applications, providing that a
suitable self-healing material/mechanism exists and the desired system performance can be monitored. For example, FDD
could be integrated with self-healing mechanisms appropriate for complex/large sections of fiber-reinforced polymer?®
used in aerospace and automotive applications or those for electrical wiring® used in a range of electrical and electronic
devices.

The article is organized as follows: Section 2 explains the concept of active self-healing, Section 3 models a cantilever
beam and its healing mechanism and Section 4 section integrates the model and control design. Section 5 presents the
FDD technique used, Section 6 completes the integration of the control design, plant, healing mechanism and FDD, and
the Section 7 presents the simulation results.

2 | ACTIVE SELF-HEALING ARCHITECTURE

Some of the limitations of the typical self-healing process in Figure 1 are: (Can the following four points be an itemised
lisas per the original manuscript, otherwise the following text does not make full sense)

1. Healing is initiated after the onset of failure. The detection of a fault prior to failure and the initiation of preemptive
healing to prevent failure does not occur.

2. Healing typically occurs in open loop. The process is unable regulate the healing rate to match a desired response, or
compensate for uncertainty/disturbance.

3. Healing occurs passively and is usually not directed to the region of failure. This can affect the effectiveness of the
healing at the fault location.

4. The healing process and healed system is not monitored, so that the current state of the healing process and recovered
system properties are not accurately known.

Despite these limitations, the ability of “passive” self-healing mechanisms to react to and heal a range of fault types, has
been investigated quite widely and has the potential to provide improved performance and safety for systems in a range of
application domains. This is usually without the need for operator input and external influence or monitoring. However,
active self-healing consisting of three integrated subsystems has the potential to tackle some of these limitations. The
three subsystems are self-healing system, control system and FDD system; and together, they form a closed loop system
shown in Figure 2. In this system the disturbance will include the input which generates the fault in the material. The
FDD subsystem monitors the self-healing material using the sensor measurements and through detection, isolation, and
identification of a fault, generates an estimate that measures the effect of damage. This allows the onset and propagation
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FIGURE 1 A flow chart of a typical passive self-healing process
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FIGURE 2 Generic concept of active self-healing integrates control, fault diagnosis, and self-healing.

of a fault to be monitored and self-healing appropriately initialized, with the aim of tackling the first limitation listed
above. By continuing to monitor the system during healing the effect of the healing on certain performance criteria can be
determined online. This tackles the fourth limitation. The estimated measure of damage produced by the FDD sub-system
is matched by the active control subsystem. That is, the control algorithm ensures a desired healing response is achieved
by applying an external input to regulate factors such as pH level, temperature, flow rate, release mechanism and so forth
affecting the reaction kinetics of a healing process. Recent work has indicated the potential of this approach to tackle the
second limitation.

The control subsystem also takes into account system uncertainties and disturbances during healing to ensure that
the healing rate matches the estimated damage rate. In the present work a passive self-healing process whose healing
mechanism is driven by piezoelectricity and electrolysis®*3> is adopted to demonstrate the advantages of such an active
self-healing system. In this system the disturbance input generates a piezo-induced voltage. However, since electrolysis
has an inherent deadzone, the self-healing processes will only activate once the voltage rises above a certain threshold. If
the voltage is sufficiently large then the system will operate in a passive mode driven only be the disturbance input, that
is, no external control energy is added to the system. Thus for small disturbance inputs a fault can still propagate and
even if the disturbance input is sufficiently large to overcome the deadzone, it is unlikely that the resulting healing rate
will match the failure rate. The introduction of the control algorithm matches the outcome of the FDD and supplies an
external voltage, while taking into account the insufficient passive piezo-induced voltage so as to overcome the inherent
deadzone. This ensures that the current flowing during electrolysis produces the desired healing response.

Overall, active self-healing ensures that a healing process is regulated and a proper match between the healing and
damage rate is achieved. This has the potential to break beyond current technological readiness levels of most self-healing
applications, reduce human negligence and improve reliability of engineering systems.

3 | SYSTEM MODEL

The approach taken is to develop a model of an integrated FDD and active self-healing system that is suitable to demon-
strate the general approach without focusing too closely on an application domain. As such the mechanical system is
chosen to be an idealized example of a structure commonly found in a range of engineering applications. The self-healing
mechanism is chosen for its general ease of use in an active form. Of particular focus is an input variable that can be eas-
ily controlled by a control system, without the need for additional actuation which adds further assumptions and model
complexity. Inputs to the system are chosen for demonstration purposes and to make the example even more tractable. In
principle the general approach can be extended to a wide range of applications, as long as relevant system variables can
be measured, an appropriate FDD algorithm developed and a suitable self-healing system integrated into the system and
actuated by a controllable voltage input. Addressing a more specific engineering application would potentially hide the
generality of the approach and require appropriate example specific issues to be addressed for the work to be applicable.

3.1 | Mechanical structure

The chosen structure is an idealized cantilever beam, which is an approximation to structures typically used in a wide
range of industrial systems, such as footbridges, wind turbine blades, cranes, balconies, airliner wings and so forth. For
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FIGURE 3 Uncracked and cracked cantilever beams. (A) A cantilever beam; (B) a cracked cantilever beam

design and analysis, Figure 3A shows a healthy cantilever beam of length L, width w and depth h. Euler-Bernoulli beam
theory is used to model the beam.3¢

The free vibration of a beam with density p, Young’s modulus E, cross sectional area A and second moment of inertia
I is expressed in (1):

o*y(x, t) %y(x, t)
EI + pA =0, 1
e PR @

where y(x, t) = Z‘:’:lYn(x) sin (wy,t) is the displacement at location x due to the mode shapes Y;,, with natural frequencies
w,, (rad/seconds).

Following from (1), an intact and undamped beam’s mode shapes Y, is given by (2), where 4, = \/w?pAL*/EL.>
Y, (x) = n; cosh (ﬂnE) + 1, sinh (i,ﬁ)
L L
X . x
+ #3 cOS </1,,z) + 14 Sin (AHI—). 2)

Following the application of the boundary conditions in Equation (3) at x = 0 and x = L, the unknowns #;_4 in (2)
can be determined. This gives (4).

Y,(0) = Y,(0) =0,

Y, (L)=Y,"(L)=0, 3)
1 0 1 0 m

cosh(4,) sinh(4,) —cos(4,) —sin(4y,)||#s
sinh(4,) cosh(4,) sin(4,) —cos(in) || 74

If a crack of depth a occurs at [; in the beam in Figure 3B, the beam can be divided into two sections. If Y; and Y; is the

modal deflection on the right and left of the crack respectively, the general equation for the two sections can be written
as (5) and (6).

Y, (x) = a; cosh (ﬂd,, %) + a; sinh (ﬂd”i)
x . x
+ as cos <Adnz> + ay sin (/ldnj—), (5)
x . x
Y, (%) = p cosh (ﬂdnz) + fysinh (idnz)

+ f3 cos (Adn%> + f4sin (/Li,%) . (6)
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An additional stiffness ® given by (7) is used to model the crack.?” v is the Poisson’s ratio.
EI 1
0= X , 7
6(1—vn ~ J(a h) @)
2 3 4
J(a,h) = 1.8224(%) - 3.95(%) + 16.375(%)
a\’ a\® a\’
- 37.226(—) 76.81(—) - 126.9(—)
n) " n h
a\8 a\? a\10
+172<E) _143<E> +66.56(E> . (8)
The additional boundary conditions introduced by the crack at [; are expressed in (9):37-38
Y, (h) =Yy, (h)
Ylln’(ll) =Y/ (L)
Yl/n/,(ll) =Y (L)
EI
6Yl:(ll) + Ylln(ll) =Y, (). )

By applying the boundary conditions (9) to (5)-(6), the unknowns a;_4 and p;_4 can be solved. This gives (10).

ac
[AA BB] =0,
Be
[ 1 0 1 0 |
0 0
24 23 22 q1
AA = <24 23 —22 —<1 ’
23 24 21 —22
Exz+z Eu+zs -Eun-22 En-u
0 0 0 0
0 0 0 0
[0 o o 0 |
0 0 0 0
—24 —<3 X2 <
- —Z V4 Z
BB = 24 3 2 1 ’
—Z3 -4 —Q1 22
fz; -Ez Ezu -Ez
Zs Z6 —Z7 —Z3
| <6 <5 < 27 |
oy st
a b2
A = fe= >
a3 ps
ay Pa

(10)

1y

(12)

13)

where z; =sin <Adnlzl) , Zo = COS (Adnlzl> , Z3 = sinh <)»d,,%) , Za = cosh (Adnlzl> , 25 = cosh(4q,), % = sinh(4q), z7 =

cos(4q,), zg = sin(4q,), and E = E?AI;
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The objective will be to determine the location and depth of crack, heal it and monitor the response of the healing
or healed system. As the objective of the present work is to investigate the concept of integrated fault diagnosis and
feedback controlled self-healing and demonstrate its potential in principle, the practical problem has been simplified to
make it more tractable. Only a single crack is assumed in the present work and damping is neglected. Future application
to practical systems would need to consider factors such as the onset of multiple cracks, different crack geometries and
loading conditions.

3.2 | Self-healing mechanism

The modeled self-healing mechanism is based on piezoelectricity and electrolysis.>*3> Electromechanical materials with
the selected healing mechanism can be used for sensing and actuating. Hence, a suitable choice for demonstrating inte-
grated self-healing, control, and fault diagnosis. Mechanical energy applied to an electromechanical material generates
electrical energy which in turn drives the transportation of healing agent for example, copper, nickel and so forth to a
damaged area through electrolysis. The self-healing model used is based on previous mathematical formulations.?>3° The
voltage V generated when a force f(t) is applied to an electromechanical material can be expressed using a state-space
model equations expressed by (14) and (15).

k dszk . 1

X 0 Y I X Y
x|=| 1 0 0 [|x|+]| o [fe, (14)
dy3zk 1
1%4 == 0 ||V 0
y=o 0 1f|x (15)

The terms used in (14) and (15) include the capacitance C, Resistance R, piezoelectric stiffness k = E;l’—A, relative stack

P
displacement x, number of piezoelectric layers z, piezoelectric Young’s modulus E,, piezoelectric stack height h, and
piezoelectric coupling coefficient dss.
The voltage generated in (15) results in a current flow Q, given in (16) to drive the electrolysis process.

Q,(t) = mV(t) + AI(b), (16)

a7
-mV(t)  for V(1) < Ey,

—-mE for V(t) > Eep,

AT - { - (1) > Ere

(16) contains the term AI used to depict the inherent nonlinearity (deadzone) of an electrolytic process. Suffi-

cient voltage is required to overcome several barriers including the reversible potential of the electrolyte, over-potential

of the electrodes and the ohmic and membrane resistance coupled all together as E,,. m is a positive slope
and E,,, > 0.

4 | INTEGRATION OF SYSTEM MODEL WITH CONTROL DESIGN

The purpose of introducing control is to match the damage rate by applying sufficient external energy and to overcome
the inherent deadzone in the self-healing mechanism. Adaptive sliding mode control is used as it is known to handle the
non-linearity associated with this system. Unlike fixed gain control, adaptive control compensates for system changes
by adjusting the control gains at every time instant. Thus, used to control the self-healing system. The adaptive control
design is based on a previous formulation.***

First, the modeled self-healing mechanism (16) is redefined to include the adaptive control output U(¢) to give (18).
The input voltage to the polymer electrolyte is now the sum of the voltage V(¢) created by the piezoelectric effect in
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response to the disturbance force and the additional adaptive feedback control voltage U(t).
Qu(t) = m(V (1) + U(t)) + AI(2). (18)

The design of an adaptive sliding mode controller involves choosing a surface s and designing a controller that ensures
that the surface s = 0. By driving all the system trajectories to the surface s = 0, a proper tracking of the estimated damage
rate Q,ef is guaranteed. The surface s is expressed in (19).

s() = A.Q(), (19)
3(6) = Aem (V(6) + UD) + Ae (AI() = Qur(D)) - (20)

The term A, is strictly positive, Q(f) = Qu(t) — Qrer (1) and the derivative of the surface s introduces the adaptive control
law U(). The tracking error is Q(f) = Q,(t) — Qu(0).
During the control design, the following assumptions hold:

The slope m is unknown but bounded, that is, m € [Myin Mmax]-

The term V is unknown.

E,., is also unknown but bounded, that is, E,y, € [Erevmin Erevmax]-

The term AI(t) is unknown but bounded. That is, |AI(t)| < p. and p. = MmaxErevmax-
The reference model Qref is known.

wk wh e

Parameters such as V and ¢ = 1/m are not known and are estimated as V and ¢ respectively, such that V =V — v
and ¢ = ¢ — ¢. To ensure that the trajectories of the system move to the surface, the control law expressed in (21) satisfies

1d

3 asz < —n|s|. That is, the squared distance of all system trajectories to the surface must be non-increasing. The terms Ky

and # are both positive constant.

U(t) = —Kas(t) = V(1) - % (AI(t) = Quef (1)) — msgn(s(1)). (1)

The sign function in (21) could have an adverse effect on the control law. This phenomenon is known as chattering
and can be eliminated by using a tuning error s, instead.

s€=s—esat(§>, (22)
€

1 for z <1,
sat(z) =4z for —1<z<1, (23)

-1 for z < —1.

AI(t) is also unknown but bounded by p. = MpmaxErevmax, that is, AI(t) < p.. Hence, the designed control law is
expressed in (24).

U(t) = —Kas(t) = V + $Qup(t) — K*sat (g) , (24)
where k* > p./mmpin and k*sat(s/¢) introduces robustness that compensates for AI(¢).
It is essential that the changing adaptive gains V and ¢ in (25) and (26) do not drive the system into instability. This

is ensured by evaluating the adaptive gains using Lyapunov stability theory. A comprehensive formulation can be found
in References 33,39.

b = =7 2:Qus (D)se (25)

V = ATs,. (26)
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5 | FAULT DETECTION AND DIAGNOSIS (FDD)

Previous work has observed that the curvature of a beam is more sensitive to damage than its mode shape.***? As
such, the radius of curvature k expressed in (27) is used for this analysis. M(x) represents the bending moment and
the product EI the flexural stiffness of the beam. Changes in the curvature are used as an indicator of abnormal-
ity, For example, damage at location x which introduces a reduced flexural stiffness, increases the curvature. It is
noted that there are other approaches which could be used to determine fault location based on changes in flexural
stiffness.31:32

_ MW

K(x) = I (27)

The radius of curvature (27) can be approximated from the beam deflection at the ith node of ¢ number of elements,
using the central difference in (28). [ is the element length.

Yig —2Y,+ Y

v === 28)
This gives an approximate radius of curvature (29), for the nth mode shape.
yred = [Y,;; YY e Y,;;_l] . (29)
Y,aq in (30) is formed from the curvature of r number of mode shapes.
yrad
Yiad =| : (30)

rad
r

rx(q—2)

A proper orthogonal decomposition (POD) is used to extract the features that will be used for detection and diagnosis.
It is employed to separate components that do not change in the signal Y,,4 in (30), from those that do. Y,,4 is optimally
approximated as the sum of linear weightings expressed in (31).4%* ¢, are the POD mode (spatial basis function). They
are fixed and must be orthonormal (32) and satisfy (33). The amplitude c; changes and is the signal used for detection
and diagnosis.

,
Yiad & ch(Pk, (31)
k=1
1 for i =},
/(Pi(dex == o (32)
0 for i #j,

min <|

The POD is determined in the following manner:

Yyad — ickaHz) . (33)
k=1

1. Calculate the correlation matrix C = YradYrE &
2. Calculate the spatial basis functions as the eigenvectors of the eigenvalue problem Coy = Ax@k.
3. Use the spatial basis functions ¢y to calculate the amplitudes ¢; = (ngmd .

The amplitudes ¢y are evaluated for both undamaged (c*) and damaged (c?) systems, based on the undamaged signal
(Yrbt‘l d) and damaged signal (YSI d). The amplitude for the undamaged system c* remains fixed, while the amplitude c¢¢ for
the damaged system changes as the fault evolves. The amplitudes can be calculated in real time and the current state of
the system is evaluated using the monitoring index given in (34) and (35). 6 is the limited used to indicate the detection
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of a damaged system and is determined by investigation.

w0 = [l1e!ll = e (34)
0, if ¢ <6 (no fault),
index(t) = ! ( ) (35)
1, otherwise (fault detected).

The location Il and depth a.; of the crack as it changes over time is determined using the error E(x,t)
defined in (36)

E(x, t) = |c*(x) — c¢(x, 1)]. (36)

Using the expression in (37), the error signal E(x, f) is transformed into its equivalent wavelet function W;. Wavelet
analysis has been shown to be a useful tool which can be used to detect small cracks.** This makes it suitable for this
analysis of small cracks and cracks which are healing and have a decreasing depth.

Wi (s, b) = % / " B <x%b> dx. 37)
SJ -0

The wavelet transform Wy requires a mother wavelet V. In this case, a Morlet wavelet selected from literature is used.*0
The transformation Wy is a function of the scale parameter s and the translation parameter b, which relate to the scale
and location of the crack. The Holder exponent defines a signal f(x) approximated by a polynomial Z(x) at a local point
Xp, such that the coefficient N and Hdélder exponent a exist (38). This is used to examine changes in signal by operating
on the modulus maxima of the wavelet transform in (37) and is expressed in (39).47-°

[f(x) = Z(x)| < Nlx —xol% (38)
|W(s, b)] < Ns". (39)

The plot of the logarithm of (39) can be used to determine the coefficients N and a. Since the crack depth at a given
location does not affect the Holder exponent «, the coefficient N can be used as a measure of the depth of a crack at
that location. The measure lpﬁ (p is a positive term) can be introduced to represent the normalized crack depth at a given

location. While this formulation gives a measure of how deep a crack is at a given location, its actual depth is unknown.

The actual crack depth is estimated using a supervised regression algorithm (40). The weights ¢, are obtained from
prior knowledge of crack depths at relevant given locations.

et X (40)
lest
Xc= [xc xcz‘ xg]lxq»’ (41)
N . N
(N) _ g omin(g) )
lp_ - N . N ’
est / normalized ~ MaX (lp_) — min <IP_>
=) ke o] . @3)
est / normalized 1xj
T
ful _fd1
Af = (44)
fu” _‘fd" 1xn
c=la e g (43)
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k-fold cross validation®! is used to determine r, the polynomial order used to estimate the crack depth. x” is the r times
element wise multiplication of x,. x. in (43) is determined from (42) and Af is the deviation in the modal frequencies at a
given crack location. The frequency for any ith mode of the intact beam is f,,,, while fy, is the frequency of a cracked beam.
The frequencies are defined for n modes, with j = 2 + n. For the purpose of this research, the minimum and maximum
values of lpﬁ are defined over all values in the range from 1 to 3 mm.

est

6 | INTEGRATION OF SYSTEM MODEL AND CONTROL WITH FDD

The integrated model is based on previous experimental work*> on adaptive polymer composites. In that work two bars
constructed of a laminate of a PVDF-HFP piezoelectric polymer electrolyte and carbon-fiber were bolted together using
a zinc-coated steel bolt. Under a sustained tensile load the polymer electrolyte deposited copper near the conductive bolt.
Tests showed that this increased both the material hardness near the bolt and the tensile load carrying capacity of the
bolted laminate bars. This design is modified and several assumptions are made for the purposes of this work. Figure 4
shows a cantilever beam consisting of two sections of carbon-fiber/PVDF-HFP composite connected together with four
zinc-coated steel bolts. In contrast to the previous work we consider out-off plane bending of the beam, but the work
is readily extendable to in-plane tensile loading. We also consider a sinusoidal external load, which is more relevant to
normal operating considerations for a wide-range of engineering applications, when compared to a sustained fixed load.
The fault considered is a cut on the surface of the bolt, or in the immediately adjacent laminate. This is analyzed by the
proposed fault diagnosis from Section 5 to estimate the crack depth and location. For the purposes of this work the fault
is considered as on-setting suddenly, but such that the system does not exhibit total system failure. The method is also
applicable to faults which gradually onset and in such a case might also be used to minimize the propagation of the fault.

The voltage demand from the control system activates the required electrodes, which for this system are the bolts
across the beam. Each of the r, electrodes which have individual locations b;, (io € [1 r,]), has an activation status (0 for
not active and 1 for active), so that s,., in (46) defines the location and activation status of the full set of electrodes:

by by, b; .. b,
Sact = l ' 2 ’ u] (46)
o 0 o .. o0
2Xr,

o

Which electrodes need activating is determined from the estimated fault location l,. That is:

1 if Ly = bjp,
Saat(2,10) = wrm (47)
0 otherwise.

The estimated crack depth is then used as an input to a reference model, which is used to calculate the control input,
with the objective to match the healing and damage rate. The reference model is expressed in (48) with a gain g and
% ~ [0,1] is the term that captures the crack. No crack is indicated by % = 0 and the maximum crack depth by % =1.

Aese ()

. (48)

Qref(t) =8

The shape formed when a crack occurs is assumed to be an equilateral triangle as shown in Figure 3B. This shape has
been chosen simply to demonstrate the concept of active self-healing and may not necessary represent the actual crack

FIGURE 4 A composite cantilever beam with a crack
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shape. (49) is the volume to be filled at the occurrence of a crack.

3
ersl = %aest(tf)zw- (49)

The term a.q(ff) is the estimated crack depth at the fault time #, w, and h are the cantilever beam width and
height respectively. Therefore, the estimated crack volume Vjy and the square of the estimated crack depth a2, are
directly proportional, since the beam width is constant. Similarly, the estimated mass M, required to fill the crack is
defined as (50).

V3 :
Meest = T/’Shaest(tf) w. (50)

During self-healing it is assumed that the fault is healed in a manner such that it recovers the original macro
material properties of interest, which in this case is the mass and stiffness of the bar in the region of the crack. In
practice, the self-healing process might not recover the original material properties and might act more to mask the
effect of the fault. Previous experimental work has shown that the macro properties of interest are recovered by the
self-healing process adopted here.>*3> However, details on how and to what extent the original macro material proper-
ties can be recovered for different host structures, would require further experimental investigation with the potential
self-healing processes. Complete recovery of the macro material properties is assumed here, since the actual recovered
values are not known and its adoption does not affect the investigation of the general concept, which is the main focus
in this work. For simplicity and the purpose of demonstrating the proposed concept, it is also assumed that the heal-
ing agent evenly coats the internal surface of the crack, so that the crack shape is retained. The healing agent may not
evenly deposit in the crack, so this may not necessarily represent the actual healing process. For example the coating
might be more uneven.>*3> The validity of these assumptions can be determined experimentally and would be asso-
ciated with the material and chemical dynamics of the healing process, which is not the focus of the current work.
They are also dependent on the self-healing processes used. The healing process is thus as follows. From the fault
time f up to the healed time #;, a total mass ft;“Mh(t)dt of healing agent with density pg,, is deposited, The healed
time t; is considered as the time when the total depth filled ag,(t;) by the healing agent reaches the estimate of the
crack depth ae() at the onset of the crack. It should be noted that pg, (the density of the healing agent), does not
necessary need to be the same as p (the density of the material to be healed). To achieve ag(fn) = aex(tf), (51) must
hold. The fault monitoring index in (35) is redefined as (52) during self-healing. The second row of (46) is also reset
to zero.

ty
/ My(tydt = M., (51)
I

0, if ["M,(Hdt= M. (faulthealed),
index(t) = { /lf w(®) o € ) (52)

1, otherwise (fault mode).

7 | SIMULATION RESULTS

A carbon-fiber/PVDF-HFP laminate composite beam is used as the basis for the model of the self-healing system. The
beam has a clamped boundary condition at one end, creating a cantilever arrangement. It has dimensions 820 mm
X 20 mm X 10 mm and is modeled using 25 elements. This makes the cross-section and spacing between the bolts
comparable to the previous experimental work.>® Table 1 gives the parameters of the carbon-fiber/PVDF-HFP laminate
composite that are used for the model. Other system and control parameters include m = 0.1291, E,, = 9.3 mV,K* =
2.5,Ac = 5,Kg =50,y = 0.5, My, = 0.01,e =0.01, g =1 and § = 8.4 x 10", The copper nanoparticles deposited by the
healing process®**>) have density pg, =8950 kg/m3. The system model and its associated parameters have been selected
to allow the conceptual idea of integrated self-healing, control, and fault diagnosis to be demonstrated in simulation.
The parameter values for the carbon-fiber/PVDF-HFP composite are chosen to provide load-voltage characteristics sim-
ilar to those of the previous experimental work.> The electrical properties of the PVDF-HFP piezoelectric polymer
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TABLE 1 Parameters of the composite self-healing beam 33355253

Properties Matrix Carbon-fiber PVDF-HFP
Young’s modulus E 3.43 GPa 275.6 GPa 44 GPa
Poisson ratio v 0.35 0.2 0.33
Density p 1250 kg/m?3 1900 kg/m? 1780 kg/m?
Volume fraction 17 45 38
Piezoelectric coupling ds3 - - —24 pC/N
Number of layers z - - 130
Resistance R - - 23.4kQ/m
Capacitance C - - 1.94 pF/m

electrolyte are modeled as a lumped cell between each electrode to reduce model complexity at this stage of the work. Their
values are given in terms of unit length of the beam. However, it is noted that a distributed parameter model would give
a more accurate representation of the copper deposition within the system and is likely to be adopted in future work.
Matlab/Simulink is used to complete all simulations and analysis.

The deflections and radius of curvatures of four modes of the uncracked beam and cracked beam with a 3 mm
crack at location 295.2 mm are shown in Figure 5. As expected and when compared to the deflections, the radius
of curvatures give an obvious distinction between the uncracked and cracked beam. Table 2 also shows that the fre-
quency of the modes of the cracked cantilever beam change. The distinct features associated with the two beam states
is determined by applying the POD algorithm to the curvature. Figure 6A shows that the point of maximum differ-
ence between the features extracted by applying the POD to the two beam states, indicates the correct location of the
crack.

Using the cross-validation shown in Figure 6B, the polynomial order in (40) is selected as » = 10. This minimizes the
chances of over fitting. The crack diagnosis performance, subject to different depths of crack and associated locations, is
shown in Table 2 and Figure 7. A comparison of the proposed fault diagnosis to one using a genetic algorithm, can be
found in Appendix A (Table A1).

The response of the open loop passive self-healing system is investigated by introducing a crack of 3 mm at 10 s. The
crack is located at 295.2 mm, which corresponds to the location of the second electrode. Forces representative of normal
operating characteristics on a full scale structure are introduced. They are harmonic with a frequency of 100 rad/s and a
magnitude of 1 and 0.6 N. They are applied at 10 and 150 s respectively and last for the remaining duration of the test.
They are representative of forces which occur due to, for example, rotating machinery, footfall, and aerodynamic effects
such as turbulence. As a result, the piezoelectric effect of the electromechanical material generates equivalent voltages
of 1.86 and 1.11 mV respectively, which are then rectified to drive the electrolytic process. The work assumes perfect
rectification at this stage.

Figure 8 shows the results and highlights the inherent drawback of this passive healing process. The piezo-induced
voltages are less than E,,. This results in no current flowing to deposit the healing agent, that is, copper nanoparti-
cles (see Figure 8A-C) and as a result no healing occurs. Amplifying the voltages using a gain of 6 results in a current
flowing (see Figure 8D,E). This results in an open-loop type response, as opposed to purely passive self-healing. To
do this, the piezoelectric and electrolytic components of the self-healing material are considered as separate elements.
For this open-loop response, the amplified voltage drops as the crack is healed. When it drops below E,,, at 150 s
(see black dashes in Figure 8D), the system experiences a dead-zone and the healing stops. Between 10 and 150 s,
the chemical kinetic produced deposits a mass. This leads to a reduction in the crack depth (see Figure 8F). How-
ever, due to the duration of the applied stress and the inherent dead-zone of the self-healing mechanism, the crack
depth does not reduce to zero and as a result the beam is not fully healed. The amplified (open-loop) healing system
also does not guarantee a desired healing response. Fundamentally, the issue with this design is that the piezoelec-
tric and electrolyte are mixed as part of the self-healing material and can not be considered as separate elements to
allow amplification of the voltage. Nonetheless, the analysis shows the effect of amplification from a conceptual point
of view.
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line is the undamaged beam and the red line is a beam with a 3 mm deep cracked located at 295.2 mm.
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TABLE 2 Results from the FDD for a cracked cantilever beam: Estimate of the crack location and depth and the associated modal

frequencies

Crack location (mm) Crack depth (mm) Modal frequency (Hz)

Actual Estimated Actual Estimated % Error h 5 L fa

- - - - - 15.51 97.21 272.20 533.40
98.40 98.40 1.00 1.00 0.28 15.49 97.18 272.19 533.34
98.40 98.40 1.50 1.50 0.05 15.46 97.13 272.19 533.28
98.40 98.40 2.00 2.00 —0.24 15.43 97.07 272.18 533.19
98.40 98.40 2.50 2.49 0.22 15.38 97.00 272.17 533.07
98.40 98.40 3.00 2.99 0.48 15.32 96.90 272.16 532.92
196.80 196.80 1.00 1.00 0.04 15.50 97.21 272.03 532.95
196.80 196.80 1.50 1.50 0.00 15.48 97.21 271.83 532.42
196.80 196.80 2.00 2.00 0.04 15.46 97.21 271.55 531.70
196.80 196.80 2.50 2.49 0.21 15.43 97.20 271.19 530.76
196.80 196.80 3.00 3.02 -0.78 15.39 97.20 270.73 529.57
295.20 295.20 1.00 1.00 0.12 15.50 97.16 272.00 533.40
295.20 295.20 1.50 1.50 0.01 15.49 97.11 271.77 533.39
295.20 295.20 2.00 2.00 —0.13 15.48 97.03 271.45 533.39
295.20 295.20 2.50 2.50 —0.04 15.46 96.92 271.03 533.39
295.20 295.20 3.00 2.97 1.11 15.44 96.79 270.50 533.39
393.60 393.60 1.00 1.01 -0.73 15.51 97.11 272.19 532.88
393.60 393.60 1.50 1.50 0.06 15.50 97.00 272.19 532.27
393.60 393.60 2.00 2.00 —-0.01 15.50 96.84 272.18 531.44
393.60 393.60 2.50 2.50 —0.01 15.49 96.63 272.17 530.34
393.60 393.60 3.00 3.01 -0.36 15.48 96.37 272.16 528.95
492.00 492.00 1.00 1.01 —0.67 15.51 97.12 272.04 533.29
492.00 492.00 1.50 1.50 0.11 15.51 97.01 271.86 533.16
492.00 492.00 2.00 2.00 0.06 15.51 96.86 271.62 532.99
492.00 492.00 2.50 2.50 0.10 15.50 96.66 271.29 532.76
492.00 492.00 3.00 3.01 —0.47 15.50 96.41 270.88 532.46
590.40 590.40 1.00 1.01 -0.79 15.51 97.17 271.88 533.06
590.40 590.40 1.50 1.50 —0.05 15.51 97.11 271.51 532.68
590.40 590.40 2.00 2.00 0.15 15.51 97.03 271.00 532.15
590.40 590.40 2.50 2.50 —0.00 15.51 96.93 270.32 531.45
590.40 590.40 3.00 2.96 1.17 15.51 96.80 269.46 530.57
688.80 688.80 1.00 0.99 0.85 15.51 97.20 272.08 53291
688.80 688.80 1.50 1.50 -0.23 15.51 97.19 271.94 532.33
688.80 688.80 2.00 2.00 0.03 15.51 97.18 271.74 531.53
688.80 688.80 2.50 2.50 —0.11 15.51 97.16 271.48 530.48

688.80 688.80 3.00 2.96 1.31 15.51 97.13 271.14 529.11
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FIGURE 6 (A)Difference between the uncracked and cracked approximate radius of curvature using POD and (36) (B) normalized
root mean square (NRMSE) model error plotted against polynomial order
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FIGURE 7 Comparison between estimated and actual crack sizes, plotted for different crack depths and locations.

In comparison, Figure 9-11 presents an example of real time monitoring of the self-healing system in the presence of
uncertainties or disturbances to demonstrate the concept of unified sensing, diagnosis and active self-healing. In Figure 9
an electrolytic self-healing process is driven by the control input. Initially, a healthy system indicated by the monitor-
ing index indicates (the blue dash-dotted line in Figure 9A). A crack is introduced at 10 s and the system detects it
onset (indicated by the blue line in Figure 9A). It estimates its location as 295.2 mm and the control system activates
the second electrode based on (46) and (47). The crack depth is estimated as 2.97 mm by the resulting fault diagnosis, a
deviation of 1.11% from the actual 3 mm crack depth. An external stimuli (black line of Figure 9B) which aims to min-
imize the error between the damage and healing rate (see red dashed line and blue line in Figure 9A) is induced by the
adaptive controller using the information from the fault diagnosis algorithm. The resulting healing leads to a gradual
reduction in the crack depth (see red dotted line in Figure 9C) and the deposited mass tends to the estimated required
mass (Figure 9D). However, when the crack depth becomes small, the error in the estimate of its depth increases (see the
red dotted line of Figure 9C from about 40 s). The result is that the controller supplies the incorrect voltage to the system
(see black line of Figure 9B. This is also seen in in Figure 9A, where the measure of damage and the matching response
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FIGURE 8 Open loop self-healing performance. The fault is a 3 mm deep crack located at 295.2 mm, which onsets at 10 s. Panels
(A-C) show how the piezo induced voltage, mass deposited and crack depth change over time. Since the induced voltage is less than E,,,, no
mass is deposited and as a result no healing occurs. Panels (D-F) show that E,,, can be overcome by amplifying the induced voltage, which
leads to healing in the form of a reduction in the crack depth.
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FIGURE 9 Performance of the integrated sensing, diagnostic, and active self-healing system. The fault is a 3 mm deep crack located at
295.2 mm, which onsets at 10 s. In this example the piezoelectric is not included. The electrolytic process is only activated by the feedback
control loop, which regulates the voltage to ensure that the crack depth is reduced, that is, the system is healed.

abruptly jump to zero. As a result, the monitoring index indicates that the fault has been healed (blue dotted line in
Figure 9A).

The current flow that the control system is able to drive in the electrolysis achieves the required mass estimated by
the system. However, its the effectiveness of the feedback controlled self-healing process depends on the accuracy of the
fault diagnosis, in-particular the estimate of the smaller crack depths. To improve the estimate of the crack depths down
to zero, the weightings Equation (45) are adapted as the crack depth reduces. This is expressed in Equation (53).
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FIGURE 12 The time response of the estimated crack depth shown in terms of the location on the beam. The different time intervals
associated with the integrated fault diagnosis and feedback controlled healing system are labeled.

Figure 10 shows the effect of using the adaptive weightings to estimate the crack depth. This results in better estimation
of smaller crack depths and as a consequence the external input from the control leads to better healing. Comparing
Figure 10 with the equivalent passive and open-loop self-healing in Figure 8D-F, shows that the integrated fault diagnosis
and feedback controlled self-healing system achieves a crack depth that is close to zero, while the open-loop self-healing
system only reduces the crack depth by less than a quarter of its initial depth. This general trend is observed by running
simulations at different crack depths and locations. Figure 11 demonstrates that even in the presence of uncertainties, a
composite self-healing material whose healing mechanism is driven by piezoelectricity and adaptive feedback controlled
electrolysis, is able to match the estimated damage and healing rate. Figure 12 shows the gradual decrease of the crack
depth during the self-healing process. The depth of the crack, which occurs at 10 s, begins to decrease as the healing agent
(copper nanoparticles) is deposited.

These simulations demonstrate some of the potential advantages that the unified sensing, diagnosis, and active
self-healing system has over equivalent passive or open-loop systems. However, the complexity and cost of the self-healing
system is increased by the inclusion of secondary systems, sensors, and actuators. The control system also needs to be
correctly designed to ensure stability of the controlled system.

8 | CONCLUSION

To tackle the mismatch between the healing and damage rate common with passive self-healing, the concept of inte-
grated self-healing, control, and fault diagnosis is presented and validated in simulation. A self-healing mechanism that
takes advantage of the properties of an electromechanical material to drive mass deposition is considered. A self-healing
composite material was modeled as a cantilever beam to represent a range of applications in engineering systems like foot-
bridges, airliner wings, turbine blades and so forth. The system integrates with a developed fault diagnosis and adaptive
control system. The proposed fault diagnosis system combines the beam curvature, proportional orthogonal decompo-
sition, wavelet transform, Holder exponent and supervised regression to estimate the crack depth at different locations.
The output of this diagnosis is presented to the adaptive control system as a reference signal. This ensures a match
with the diagnosed output for healing. The adaptive control also takes into account the deadzone resulting from insuffi-
cient piezo-induced voltage and system uncertainties. Simulations show that the healing and damage rate are effectively
matched, as well as showing the effectiveness of the proposed system to changing environments. Simulation results also
show the importance of fault diagnosis to accurately estimate the crack depth, particularly at lower depths. Overall, this
work has successfully demonstrated that integrated self-healing, control, and fault diagnosis could be pivotal to successful
application of self-healing in industrial applications. Active self-healing ensures a proper match that can cancel the effect
of damage, improves reliability and can potentially save cost. In this work the FDD and control systems have been chosen
based on the dynamics of the operational structure (i.e., cantilever beam) and self-healing mechanism (i.e., piezoelectric
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and polymer electrolyte). Other combinations of operational structure and self-healing mechanism will require appropri-
ate FDD and control systems designs to be investigated and implemented. This successfully presented concept requires
experimental validation, which will be the focus of future work along with the application of the proposed technique to
internal cracks in composite laminates. Future work is likely to require a more empirical based approach to capture real
world dynamics of both the fault states of the system and the operation of the self-healing mechanism. Important areas
that future work will focus on include the robustness, reliability, and effectiveness of the fault detection and healing in
practice. The trade-off between passive self-healing and the added complexity of active self-healing will also need to be
investigated and justified in terms of specific applications. Integrated self-healing, control, and fault diagnosis to repair
the physical effects of a fault complements alternative work, such as that which re-configures a system to mitigate the
effect of a fault and to limit its growth. Future systems might use a combination of both approaches together, with the
system re-configuring to maintain performance during operation and to minimize fault propagation, while the approach
presented in this manuscript is used to repair the fault.
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APPENDIX A. COMPARISON OF CRACK DIAGNOSIS ALGORITHM WITH A GENETIC

ALGORITHM

TABLE Al Proposed crack diagnosis applied and compared with genetic algorithm (GE) results obtained in tab. 5 of Reference 37

using the same beam parameters.

Crack location (mm)

Crack depth (mm)

Actual Estimated Error (%) Estimated (GE) Error (%) (GE) Actual Estimated Error (%) Estimated (GE)

98.4

98.4

98.4

196.8
196.8
196.8
295.2
295.2
295.2
393.6
393.6
393.6
492.0
492.0
492.0
590.4
590.4
590.4
688.8
688.8
688.8

98.4

98.4

98.4

196.8
196.8
196.8
295.2
295.2
295.2
393.6
393.6
393.6
492.0
492.0
492.0
590.4
590.4
590.4
688.8
688.8
688.8

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

99.12

97.74

99.93

193.8

194.75
198.52
298.56
289.79
294.13
400.74
394.99
395.08
489.62
492.16
49241
589.42
590.48
588.1

681.99
692.98
686.83

0.73
—0.67
1.55
—1.53
-1.04
0.88
1.14
—1.83
—0.36
1.81
0.35
0.38
—0.48
0.03
0.08
-0.17
0.01
—0.39
-0.99
0.61
-0.29

1.0000
2.0000
3.0000
1.0000
2.0000
3.0000
1.0000
2.0000
3.0000
1.0000
2.0000
3.0000
1.0000
2.0000
3.0000
1.0000
2.0000
3.0000
1.0000
2.0000
3.0000

1.0005
2.0010
2.9997
1.0026
2.0003
3.0042
0.9998
1.9999
2.9997
0.9966
1.9998
2.9999
0.9978
2.0012
3.0006
0.9926
1.9999
3.0000
0.9957
1.9995
3.0004

—0.0516
—0.0479
0.0091
—0.2606
—0.0168
—0.1413
0.0217
0.0031
0.0092
0.3397
0.0091
0.0021
0.2174
—0.0605
—0.0197
0.7424
0.0036
0.0003
0.4282
0.0232
—0.0129

0.98
2.01
2.97
0.97
1.99
3.02
1.02
1.98
2.98
0.99
1.99
2.99
0.99
1.97
2.98
0.99
2

3.02
0.98
2.04
2.96

Error (%) (GE)
-2.00
0.45
—-0.93
—2.60
—0.55
0.70
2.10
-1.25
-0.77
—-1.20
—-0.45
—0.50
-0.70
—1.55
—0.53
—1.00
0.10
0.80
-1.90
2.00
-1.27
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