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ABSTRACT

Doubly curved stiffened shells are essential parts of many large-scale engineering structures, such as aerospace,
automotive and marine structures. Optimisation of active vibration reduction has not been properly investigated
for this important group of structures. This study develops a placement methodology for such structures under
motion base and external force excitations to optimise the locations of discrete piezoelectric sensor/actuator
pairs and feedback gain using genetic algorithms for active vibration control. In this study, fitness and objective
functions are proposed based on the maximization of sensor output voltage to optimise the locations of discrete
sensors collected with actuators to attenuate several vibrations modes. The optimal control feedback gain is
determined then based on the minimization of the linear quadratic index. A doubly curved composite shell
stiffened by beams and bonded with discrete piezoelectric sensor/actuator pairs is modelled in this paper by
first-order shear deformation theory using finite element method and Hamilton’s principle. The proposed
methodology is implemented first to investigate a cantilever composite shell to optimise four sensor/actuator
pairs to attenuate the first six modes of vibration. The placement methodology is applied next to study a complex

stiffened composite shell to optimise four sensor/actuator pairs to test the methodology effectiveness. The
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results of optimal sensor/actuator distribution are validated by convergence study in genetic algorithm program,

ANSYS package and vibration reduction using optimal linear quadratic control scheme.

Keywords, sensor, composite, stiffened shell, base excitation, genetic algorithms, vibration
control

1. INTRODUCTION
High specific strength plates and shells stiffened by beams have been intensively used in

aerospace, hydrospace and automotive structures to optimise loading capacity, energy
consumption and material cost. These structures are flexible with low damping and may
operate under external disturbance at resonance frequencies that may cause undesirable
severe vibrations, lose energy and eventually damage the structures. These vibrations are
mostly reduced passively by adding masses and dampers or actively by integrating a smart
lightweight piezoelectric material with the main structure. Active vibration control offers
great potential for an aerospace application using the lightweight piezoelectric material as
sensors and actuators that can detect and efficiently reduce low energy structural vibration.
The first study to formulate the dynamic equation for piezoelectric electro-elasticity was
proposed by Allik and Hughes using finite element and variational methods [1]. Active
vibration control of flexible structures bonded with full coverage of piezoelectric
sensor/actuator pairs was modelled and investigated thoroughly in [2]-[7]. Active vibration
control of composite shells was examined by Kulkarni and Bajoria who found that the optimal
damping was obtained at a coverage of 50% of the structure by a piezoelectric material and
it declined when the coverage was above 60% [4]. Lim studied vibration control of clamped
plates and reported that the using of segmented piezoelectric sensor/actuator patches in
specific positions could achieve higher control effects, less power and lighter in weight than
a structure with full coverage of piezoelectric layer [8]. Meirovitch reported that misallocated
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sensors and actuators might cause problems such as a lack of observability, controllability and
spillover [9]. Tzou and Fu also showed that a structure bonded with full coverage of sensors
and actuators could not control some modes of vibration because of the lack of observability
and controllability [10].

Intensive studies have been carried out on the importance of the placement and sizing
of piezoelectric sensors and actuators to suppress vibration amplitude and minimize
controller energy. Piezoelectric placement and sizing are directly determined to attenuate
vibration of a single mode, while it becomes much more complicated, and optimization
techniques are required for vibration control of multiple modes. Active vibration reduction
was investigated for plates by optimally placed actuators collected with sensors using genetic
algorithms[11]-[13] based on maximization of modal and grammian controllability, [14] based
on maximization of linear quadratic regulator index, and [15] based on closed-loop control
and optimal linear quadratic regulator as objective functions. Roy and Chakraborty
investigated a composite shell by optimally placed of actuators collected with sensors using
genetic algorithms based on maximization of controllability [16] and linear quadratic
regulator[17] as objective functions. Active vibration control of large-scale structures was
investigated by Gawronski [18] whose placement strategy was to select a sub-search space
from the overall search space on the basis of engineering experience, technical requirements
and physical constraints. The optimal number was finally determined by reducing the sub-
search space step by step according to the fitness value of the required numbers of sensors
or actuators. This placement methodology investigated parts of a structure to reduce
computation effort.

Active vibration control was investigated for plate stiffened by beams bonded with

continues piezoelectric sensor and actuator either distributed by full coverage structure or
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arbitrarily located of discrete sensors and actuators [19]-[21]. Stiffened plate by beams
bonded with optimally placed sensor/actuator pairs was investigated by Daraji and Hale using
genetic algorithms based on minimisation of linear quadratic regulator index to locate
actuators as an objective function [22], effective vibration reduction obtained for all modes
of vibration required to be attenuated. Balamurugan and Narayanan studied active vibration
control of composite cylindrical shell stiffened by beams bonded by a full coverage
sensor/actuator pair and arbitrarily located, but full coverage is not effective in sensing and
controlling all modes of vibration [21].

To the authors’ best knowledge, the doubly curved shell stiffened by beams has been
not properly investigated by optimally placed of discrete piezoelectric sensors and actuators.
In this paper, a placement methodology, fitness and objective functions are proposed to
optimise the location of number of sensors collected with actuators and control feedback gain
for a flexible structure under base motion, and external force excitations with applications to
both small and large-scale structures. The method was implemented for a doubly curved
composite cantilever shell and a doubly curved composite shell stiffened by beams using
genetic algorithms. The optimization results were validated using convergence study, ANSYS

package and structural vibration reduction using optimal linear quadratic control scheme.

2. MODELLING
2.1 Finite element modelling

The composite shell, stiffener and piezoelectric are modelled based on the first-order
shear deformation theory using nine nodes isoparametric shell element. The composite shell
and stiffener laminates are assumed to be equivalent to a solid homogenous composite
structure, and the structural mass, stiffness, damping and piezoelectric coefficients are

assumed to be time-invariant and linear elastic. A doubly curved composite shell element
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stiffened by beams and bonded with macro fibre composite sensor/actuator pairs is shown
in Figure 1. The displacements of the shell element u, v, w are related to mid-surface element
nodal displacements ug;, vo;, Woi, Oy and 6y, by the shape function N;(s,7) according to
equations (1) and (2) below, where the node numberi =1 —9. The shape function

represents the element geometry and the natural coordinates s and r varying between -1 and

ulx,y,zt) =u,(x,y,t) + z60,(x,y,t),
v(ny'Z't) :vo(x’y’t)-l_zey(x’y’t)’ (1)

w(x,y,z,t) =w, (x,y,t)

U, 9 Upi P 9 o
{:;;} = Z N;(s,1) {Uoi} , {ei} = ; N;(s, 1) {93} (2)

Woi

The strains induced in the shell element as a result of bending, membrane and shear effects

are described by the following equations:

{e} = {ep} + {en} + {13 (3)

36,
dx 0
26,
{ep} = z dy = ZBbi‘si = By6 (4)
96, 90, zdu, zdv, =1
e dx R,0y R,0x
0 0 0 zON;/dx 0
B, = 0 0 0 0 zaNL/ay (5)
—z0N;/R, 0y —zON;/Ry0x 0 29N;/dy zdN;/dx
du, w )
dx R,

av, 4 w >
{gm} =9 dy Ry r = ;Bmiai = B,,6 (6)

du, dv, 2w

+—+
\dy = 0x Ry
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aNi/ax 0 Ni/Rx 0 0
B, =| O oN;/dy Ni/Ry 0 0 )
0
{Hx _ow N U | Vo \ .
0 R, ny
{Y} = = Z Bp;6; = Bgp6 (8)

Ni/Ry Ni/Ryy, —0N;/ox N; 0]

By =
o [Ni/ny N;/Ry, —0N;/dy 0 N; (9)

6 = {81 82 . 69}T ) 6,: = {uOi vOi WOi le Byi}T (10)

Here B, ,B,, and By, are bending, membrane and shear differential matrices that relate

element strains to element nodal displacements.

2.2 Piezoelectric constitutive equation

Piezoelectric materials produce electric voltage when subjected to mechanical strain and
vice versa. It is a smart, light weight, large bandwidth and essential part in a control system
for sensing and actuating vibration in smart structures. However, monolithic piezoceramic
(PZT) imposes certain restrictions for its practical use in real-world applications. Piezoceramic
is a brittle material and requires extra attention during the handling and bonding procedures.
Furthermore, the adaptability to the curved surface is extremely poor requiring extra
treatment of the surfaces and additional manufacturing capabilities. These restrictions are
solved by using a composite monolithic piezoelectric layer in manufacturing of a developed
transducer called macro fibre composite sensor and actuator (MFC). Since MFC sensors and
actuators are more flexible and adaptable to the curved surface than monolith piezoceramic,
they are used in this study. The linear constitutive equations of piezoelectric materials relate
stresses, 0, and electric displacement, D, to the strains, g, and electric field, E; , vectors

according to equation (11).
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=15 ) .
D, " |e pu°|lEf
where C, e, and u are elasticity, piezoelectric and permittivity matrices. Superscripts £ and o

denote that the measurements are taken under constant electrical displacement and stress,

respectively.

2.3 Hamilton’s principle

Hamilton’s principle is used to model the stiffened shell element bonded with

sensor/actuator pairs, and is as below[2]:

t2
(AT — AU + AW)dt = 0 (12)
t1

where T, U and W are the time-dependent kinetic energy, strain energy including
piezoelectric energy and external applied work. The kinetic energy induced in the shell, sensor

and stiffener is:
T = 0.5pf(ag + 02 + W2 + 2262 + 2%02)dv = 0.56Tmé (13)
or T = 0.58"[my + m,, + my |6 = 0.56"Mé (14)

where subscripts sl , pz and st refer to shell, piezoelectric and stiffener, respectively. The
total strain energy U induced in a shell with stiffeners and piezoelectric sensors, including the

electrical energy, can be described by the following equation:

1 1
U= EfvsTa dv — Efv E/"D.dv (15)
The distribution of the electrical field, Ef, in the z-direction, E,, varies linearly across the

thickness of a piezoelectric element h,,, , and the voltage difference across its thickness is

constant over its whole area. Hence,
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0
E,=— ) Ef:{ 0 }¢=B¢¢ (16)
1/hy,

where ¢ has a single voltage degree of freedom induced over the top centre surface of the

piezoelectric.

U=058" f {(BLDB, + BL,DB,, + BL. DB, + B{DB,,, + B},GBy, + BjeB,
v

(17)
+ BgeB,,)8 — (B} e"By+BY e"By — BjuBy)d}dv
U=05("K6 - 8"K;3¢p — p"K;,6 — 9" Ko — 8" Kiyp — ¢TKG,6 — TKGy) (18)
The work done by the mechanical and electric forces is given by:
AW = A8TF, + A8"MIi — APTF,, (19)

where F,,, Fg and 7 refer to mechanical force, piezoelectric charge and base motion
excitation, respectively. By substituting equations (14), (18) and (19) into equation (12) the

following equations are obtained:

t2
(—A8™ME — ASTKS + ASTK b + AP K 5,8 + AP K yyp + ASTF,, + ASTMIF

” (20)
— AP Fy)dt =0

Mé+ K& =F, + MIi' — K&y, 21)

K3,6 + Kgp ¢pa = Fy (22)

Equations (21), (22) and (23) represent the dynamic equilibrium equations for a stiffened shell
bonded with piezoelectric sensors and actuators. Equation (21) could be improved by adding

the structural damping force CdS as follows:

M8+ C48 + K8 = Fy + MIF¥ — K%y, (21)
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2.4 Modal coordinate

Conversion of the above dynamic equations from physical to modal coordinates
decouples the equation system so that each mode can be investigated individually and the
computational cost can be significantly reduced. The relationships between the physical and

modal displacements are represented by the following equations:

s=@n , b=¢n , b=0i (24)
T — T — T —

¢ Mp=1 , 9 Ko=2, ¢ Ch9=2%w (25)

where @ is an open-loop mass-normalised modal matrix obtained by solving the undamped

eigenvalue problem and 7 is a single vector of the modal coordinates. The mass, stiffness,

structural damping factor and damping ratio of the system are denoted by M, K, C; and ¢,

respectively. By substituting equations (24) and (25) into equations (21) and (23), the

following equations are obtained after adding structural damping:

il + 2§wi) + w?>n =@ "F, + @"MI¥ — ¢"K23¢, (26)
bs = -0 K5y Kgun (27)
Introducing the state variables X and X below into equations (26) and (27) yields the

following state space equations:

ol -0 @

. 0 W 0 0 0
e SR L e L P e B 29
X =AX+ B¢, + B,F; + Br , ¢$,=CX (30)
0 w; 0
A= =] ]
! [—wi —2§w; N B (6 (31)
0 0
R (32)
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_ -1 .
Ci=[-9"w K3y K3y 0] Xi= {wm 1n,}" (33)
where A4; , B1;, B2;, B3;, C; and X; are individual modal state, input actuator, external
mechanical force excitation, external base motion excitation, output sensor matrices and

state vector, respectively. The state, sensor and actuator matrices for n,, modes and r,

sensor and actuator patches are given by:

A, - 0
A(anXan) =1 . : (34)
Anm
(Bl)l (Bl)ra
Bl(anxra) = 5 : (35)
B)nm ++ (Bir,
(C)l (C)nm
C(raXan) = : : (36)
(C)ra (C)ra
Xon,xn) =@M M1 = Op Nay N 3T (37)

3. CONTROL SCHEME

Optimal linear quadratic control scheme was used to attenuate structural vibration. The
determination of optimal feedback control gain was based on the minimisation of the

performance index J:

— * T T
J= jo (XTQX + ¢ Rpy)dt (38)

The matrices Q of dimensions 2n,, X 2n,, and R of dimensions 1, X 7, are diagonal,
positive definite and real symmetrical matrices. Matrix Q is directly proportional to the
vibration reduction and external controller energy. The minimisation of optimal linear

guadratic index leads to the following Riccati equation:

ATP+PA—-PBR 'B'TP+Q =0 (39)

K=RBTP, ¢, = KX (40)
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The matrices 4, B, C, and K refer to the structure state space, piezoelectric actuators, sensors
matrices determined by equations (34-36), and control gain matrices shown in the Simulink

Figure 2.

For a given control system, all the parameters of the Reduced Riccati equation (39) are
known, from which matrix P can be solved. The control system is stable or the closed loop
control is stable if the trace of matrix P is positive definite. Controller gain is obtained after
substitution of matrix P in equation (40). In this study, the optimal actuator matrix B was
determined by pairing actuators with optimal sensor locations to get optimal controller
feedback gain K and actuator feedback voltage ¢, from equation (40). The Simulink diagram
shown in Figure 2 is based on the optimal linear quadratic control scheme to test the

effectiveness of the optimal locations of the sensor/actuator pairs for the stiffened shell.

In this study, the actuators were located in paired with optimal sensors locations to
prevent the effect of spillover phenomena at the dominant structure frequencies, however
in real life application, the spillover phenomena and delay due actuator time constant arises

during excitation of higher modes.

4. OBJECTIVE FUNCTION

In this study, an objective function is developed for optimal placement of sensor/actuator
pairs based on the maximisation of sensor output voltage for a structure subjected to either
motion base excitation or external force excitation. Consider the state space equation (30),
which describes the dynamic motion of a structure under external actuator voltage ¢,

force F,, and base motion 7 excitations:

X=AX+ B¢, + B,F; + Br (41)
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Firstly, the optimal sensor placement is investigated for a structure under base motion
excitation r to find the optimal sensor location. Taking the Laplace transforms of both sides
of equation (41), after eliminating the effects of the external actuator excitation voltage ¢,

and the external excitation force F,,, yields:

sX(s) = AX(s) + B3r(s) (42)
X(s) =B3r(s) (s—A)71 (43)
¢s = CX (44)

Taking the Laplace transform of equation (44) results in:

¢s(s) = CX(s) (45)

From equations (45) and (42):

$s(s) = C(s—A)"" B3r(s) (46)

The output sensor voltage in the frequency domain at a single mode of vibration is:

¢ =C(jwl — A)"1B5r (47)

The output voltage of sensor n; as a results of applying external base motion excitation r at

multiple modes of vibration m,, is:

¢s(ng,ny) = Cwl —A) "Bz T (48)
Secondly, the optimal sensor placement is considered for the structure under external force
excitation, in the same way, the sensor voltage calculated as a results of applying external

force excitation at multiple modes of vibration m,, is:

¢s(ng,ny) = Cwl — A)_lBZFu (49)

The total voltage V;(x,y) of the sensors under multiple modes of vibration are the fitness

function, i.e.,
Ny Ng (50)
HEy) =Y > sl
=1 =1
J(x,y) = max(Vs(x,¥)), 1/K(x, y)) (51)
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Equation (51) represents an objective function under the condition of x and y € structural
dimensions to find the optimal sensor location. The optimal feedback gain K(x,y) is

determined based on the equations (39) and (40) after finding the optimal sensor locations.

5. PLACEMENT METHODOLOGY USING GENETIC ALGORITHMS

Genetic algorithm is a superior guided random method based on the principle of survival
of the fittest or natural evolution theory, which is invented by Holland in 1975. It has been
continuously improved and become a powerful method for searching optimal solutions. The
search space in an optimisation problem normally consists of a large number of candidate
solutions directly proportional to the number of, e.g., optimised piezoelectric elements and
number of possible locations on a structure. Population individuals are the fundamental unit
of genetic algorithms, each of which is defined by chromosome containing a number of genes.
Each of these individuals is marked by a fitness value depending on definition of fitness
function for the optimisation problem and the optimal solution is the fittest one. The
members of the populations with the highest fitness values are allowed to breed to form the
next generation, and the process continues until convergence is achieved. The chromosome
contains a number of genes coded by integer numbers, each of which represents a sensor or
an actuator with its location properties. The string length of a chromosome is equal to the

number of sensors or actuators required to be optimised.

In this study, an optimisation placement methodology was developed and programmed using
MATLAB m-code to determine optimal locations of a given number of discrete piezoelectric

sensor/actuator pairs. There are the following main steps.

1. Use afinite element model to determine the mass normalised free vibration mode shapes and

the associated natural frequencies for a selected number,n,,, of modes of vibration.
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10.

11.
12.

Formulate the state space matrix A of dimension (2n,,,2n,,) for the selected number of
modes of vibration (see equation 34).

Formulate excitation matrices B2 for external force excitation, or B3 for base motion
excitation to drive the structure at the resonance modes (see equation 32).

Choose a suitably large number of chromosomes randomly from the search space to form the
initial population.

Calculate the output sensor matrix € for each chromosome and for the n,, modes of vibration
(see equation 36).

Calculate the fitness value for each member of the population based on the fitness function
(see equation 50).

Rank the chromosomes by their fitness values and select the largest fitness chromosomes to
form the breeding population. The selected are called parents, and the remaining less fit
chromosomes are discarded (see equation 51).

Pair up the members of the breeding populations in the order of fitness and apply a selected
percentage crossover to each pair. The crossover points are selected randomly and are
different for each parents. This gives two new offspring (child) chromosomes with new
properties.

Apply a small percentage mutation rate to the child chromosomes.

Identify any repeated genes from the new chromosomes. Any detected is replaced with a
gene from the search space.

Calculate the output sensor matrix C for each child chromosome.

Repeat the steps from step 7 for a required number of generations.

6. RESULTS AND DISCUSSION

The proposed sensor placement methodology using genetic algorithms is applied in this

Section to find the optimal placement of four sensor/actuator pairs for both doubly curved

composite shell and the doubly curved composite shell stiffened by four curved beams

located symmetrically as shown in Figures 3 and 4. These optimisation problems create search

spaces of 3.92 x 10° candidate solutions for the cantilever shell and 1.04 x 108 candidate

solutions for the stiffened shell, while only one candidate solutions is the global optimal
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solution for each case. The composite cantilever shell and stiffened composite shell are made

of laminated carbon fibre composites (T300/5208) with a section profile of [04/454/904].

6.1 Research problem description
6.1.1 Doubly curved composite shell

The cantilever composite shell shown in Figure 3 represents an optimisation problem of
moderate complexity. The shell dimensions are 500x500x3 mm with radii of curvature 1500
mm. The shell surface was discretised into one hundred sub-areas representing 10 X 10
locations, as shown in Figure 3, where piezoelectric sensor segment of 40x40x0.3 mm were
bonded. Table 1 shows the properties of the shell and the piezoelectric sensors. The smart
shell was subjected to external sinusoidal force excitation at structural natural frequencies to
excite structure resonance. The proposed placement methodology explained in Sections 4
and 5 were applied to get the optimal distribution of four sensor/actuator pairs and feedback
gain based on the maximization of sensor output voltages and minimisation of optimal linear
guadratic index. The importance of this placement methodology based on the external
excitation force is more effective than other methodologies in the literatures when the

location of the external excitation vibration force is known.

6.1.2 Doubly curved stiffened composite shell

The stiffened composite shell represents an optimisation problem of larger-scale structure
and significant complexity. The stiffened shell has dimensions of 1500x1500x3 mm with radii
of curvature 6500 mm and is stiffened by four curved beams located symmetrically as shown
in Figure 4. The surface of the shell was discretised into 225 sub-areas representing 15x15
individual locations. The stiffened shell was mounted rigidly along all the edges and subjected
to base motion excitation of sinusoidal displacement at all mounted edges in the z-direction.

Optimal placement of four macro fibre composite sensor/actuator pairs and feedback gain

DS-17-1479 DARAJI 15
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was optimised using the proposed methodology, and the genetic algorithms explained in
Sections 4 and 5.

6.2 Natural frequency

The doubly curved composite shell and the stiffened composite shell are modelled by
ANSYS package to determine the first six natural frequencies. Table 2 shows the first six
natural frequencies of the two composite shells with and without sensors in the optimal
locations. Adding the mass and the stiffness of the macro fibre composite sensors to the main
structure reduces and increases the natural frequencies, respectively. The results of natural
frequencies for both shells shown in Table 2 are all slightly increased. Thus increasing in
natural frequencies demonstrates the effect of the sensor stiffness on the natural frequencies

is larger than mass effect.

6.3 Optimal placement for a cantilever shell

The optimal placement of four sensor/actuator pairs and feedback gain is investigated
for the unstiffened shell using the genetic algorithms placement methodology explained in
Sections 4 and 5. The shell is subjected to a sinusoidal external excitation force of 2.0 N at the
free end. In this study, a Matlab m-file program is written based on the modelling and
placement methodology to find the optimal sensor/actuator locations. Figure 5 shows three
steps of the progressive convergence of the population around the circle with radius r which
represents the fitness value to be maximized. The first generation of the population is very
close to the centre with representative of high and low fitness and a range in between. After
ten generations, the population is much less diverse and have moved away from the centre,

made up of individuals of high, though not yet optimised fitness. After 50 generations the
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population has converted to a level of fitness higher than any individual in the first or ten

generations.

The convergence to the optimal solution is shown in another form in Figure 6. Each point
represents a location of s/a pairs for one of individual of a particular generation. In the first
generation, these locations are widely spread, having been selected at random. After 10
generations, they have begun to cluster in a few locations, and after 50 generations the
clustering is completed with all individual chromosomes coding for sensors at the four most

efficient locations distributed at the root of the cantilever shell.

The genetic algorithms program was repeatedly run to test the effectiveness of the
placement methodology and repeatability of the optimised s/a locations. The results shown
in Figure 7 give an indication of the progress of each run by plotting the fitness of the fittest
member of the breeding population at each generation. It can be seen that the final fitness
value is almost the same, though the path by which it is reached is different for each run. This
indicates that the process is robust in finding the optimal solution repeatedly and is a

powerful method to find the global optimal solution for a complex optimisation problem.

The procedure is further applied to optimise the locations of four sensor/actuator pairs
for the stiffened composite shell mounted rigidly along its four side edges. The shell is
subjected to sinusoidal base motion excitation of 1Imm amplitude. Again, the first six natural
frequencies are considered. The progression results of the optimal placement are shown in
Figures 8-10.

6.4 Results validation
To validate the optimal s/a locations and the importance of discrete s/a pairs, two

stiffened composite shells are considered. The first stiffened composite shell is bonded with
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a full coverage of a single sensor layer of dimension 1500x1500%x0.3 mm and the second
stiffened shell is bonded with 225 discrete sensors of dimension 90x90x0.3 mm each. Both
stiffened shells are mounted rigidly from all edges and subjected to base sinusoidal motion
excitation of 1 mm amplitude at shell’s natural frequencies. Both shells are modelled by
ANSYS to investigate the distribution of the voltage generated by the sensors and to validate
the optimal locations of the sensor/actuator pairs obtained in the previous Section using the
genetic algorithm, and to investigate the importance of locating sensors and actuators
optimally compared to the full coverage of single s/a pairs for stiffened structures
investigated in the literature.

Figures 11 and 12 shows ANSYS result of the electric field distribution and sensor voltage
generation when the stiffened shell bonded with a full coverage of a single sensor layer is
forced to vibrate at its first and third natural frequencies. It can be observed from Figure 11
that the electric field is distributed symmetrically about the horizontal axis and anti-
symmetrically about the vertical axis. This distribution agrees with the results of the optimal
four sensors locations obtained in the previous Section using the genetic algorithms (Figure
9). The anti-symmetric distribution of the electric field results in cancellation of any voltage
generated by the sensor, thus a total output voltage close to zero as shown in Figure 12. The
voltage cancellation was also observed for the forced vibration at other natural frequencies.
Figures 11 and 12 approve that there is no sensing and actuating for a composite shell
stiffened by beams bonded with full coverage of single s/a pair.

Figure 13 shows sensors voltage distribution ranging between the high and low voltage at
the first and third modes of vibration for the composite shell stiffened by beams bonded with
full coverage of 225 discrete independent sensors. The figure also shows that the location of

maximum sensor voltage distribution agrees well with the optimal four sensor locations

DS-17-1479 DARAJI 18



ASMA Journal of Dynamic Systems, Measurement and Control

obtained at the previous Section using genetic algorithms (Figure 9). It can be observed from
Figure 13 that the sensors voltage is much higher (2.18 V for sensor size 90x90 mm) than the
voltage generated by a single sensor (0.031 V for sensor size 1500x1500 mm) shown in Figure
12. The study in this Section exhibits the important of using discrete sensors and actuators at
optimally location for active vibration control.

6.5 Active vibration reduction

Stiffened composite shells bonded with optimally placed and non-optimised four s/a pairs
are investigated as shown in Figure (14). A sinusoidal excitation voltage of 100sin w;t was
applied on the actuator located at the position 05 for both case study shown in Figure (14),
to actuate the stiffened shell at the 15t, 24, 31 4th 5th 3nd 6t modes, respectively. A Matlab
m-file and a Simulink model for active vibration reduction were designed based on the model
explained in Sections 3 and 4 using optimal linear quadratic control. The controller weighting
matrices are diagonal and manually tuned by setting R to unity and increasing Q matrix
gradually to get an effective vibration attenuation with low feedback voltage which found at
Q equal 108. The optimisation of vibration reduction at low feedback voltage and high

response were achieved based optimal location of piezoelectric sensors and actuators.

A comparison of sensor voltage generation based on vibration detection was made for
the two cases study under the same sinusoidal voltage excitation applied on actuator location
05. Table 3 shows the output sensor voltage for the optimised and non-optimised sensor
location. It can be shown from Table 3 that the output sensor voltage for the optimised case
is much higher than non-optimised case for the same excitation voltage. The lower sensors

voltage demonstrates that the non-optimised case is unobservable and uncontrollable at
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most modes of vibration. This results highlighted the important of discrete sensor, actuator

and their locations than non-optimised and full coverage of single sensor/actuator pair.

Active vibration reduction of the above stiffened composite shells bonded with optimally
placed four sensor/actuator pairs (casel) is studied using the optimal linear quadratic control
scheme. Figures (15-17) show the results of the transient and steady state time responses of
the open loop sensor voltage (OLSV), closed loop sensor voltage (CLSV), actuator feedback
voltage (CLAV) and external disturbance excitation voltage (EV) of 100sin w;t at the first, third

and fifth natural modes of vibration, respectively.

A large percentage vibration reduction was found by comparing the CLSV with the OLSV
and a reduction up to 96.6%, 95%, 99.3%, 98.8%, 97.5% and 99% can be achieved,
respectively, at the first six modes. These results demonstrate the effectiveness of the optimal

sensor/actuator pairs and placement method for simple and complex structures.

Figures (15-17) show a high speed response of vibration detection by sensors and
attenuation by actuators at the transient response zone. It can be observed from the Figures
that the vibration sensing and attenuation started at lower than 0.001 seconds after the
external disturbance was applied. This indicates that the optimal locations of the
sensor/actuator pairs on the stiffened composite shell determined by this study are highly

effective for vibration sensing and suppression.

7. CONCLUSION

In this study, an objective function for active vibration control using genetic algorithm
was developed based on generating a maximum voltage of the piezoelectric sensor bonded
on a structure that vibrates under an external force or base motion excitation. The placement

method is very efficient for a structure under external force excitation, and the placement
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under base motion excitation could be used for a general simple and complex structures in
geometry. The placement method was tested using doubly curved shells stiffened with beams
and bonded with macro fibre composite sensor/actuator pairs. Optimal linear quadratic
control scheme was used to find optimal feedback control gain and attenuate structural

vibration.

The genetic algorithm optimal placement method was applied for a cantilever composite
doubly curved shell of dimensions to optimise the locations of four sensor/actuator pairs to
attenuate the first six modes of vibration; then the method was implemented for a larger
composite shell stiffened by four curved beams located symmetrically. The optimal
sensor/actuator pairs was found to be distributed symmetrically about the shell axis of
symmetry. The optimal locations was validated by running the genetic algorithms computer
program repeatedly multiple times, giving same optimal sensor locations with different
routes to reach the same optimal fitness at each time. The optimal location was also tested
in ANSYS package by covering the whole structure surface by a single piezoelectric sensor to
find the sensor voltage distribution over the surface. The sensor voltage distribution was
found to be similar to the optimal sensor locations determined in genetic algorithms. Also,
the ANSYS test shows the drawback-effect of using single sensor covering the whole structure
area resulting in cancellation of the sensor voltage output due to the effects of the summation

of the negative and the positive voltage values.

The optimised sensor/actuator locations on the stiffened shell were tested for active
vibration reduction using optimal linear quadratic control and compared with the non-
optimised location. The non-optimised case was unobservable and uncontrollable since the

output sensor voltage was found to be much lower than the optimised case. Large vibration
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reduction was obtained within the high response and low feedback actuator voltage at steady

state for the first six modes of vibration.
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Figure Captions List
Fig.1. Doubly curved shell stiffened by beams and bonded with sensor/actuator pair

Fig. 2. Simulink design based on the optimal linear quadratic control scheme

Fig. 3. Doubly curved composite shell
Fig. 4. Doubly curved composite shell stiffened by four beams located symmetrically

Fig.5. Population fitness progression over 50 generations. Each individual is represented as
one of the points distributed around the circle, with its fitness values, obtained from its
chromosome, defining its distance from the centre with large radius indication high fitness

Fig. 6. Sensor/actuator placement for the cantilever composite shell. Each dot shows the
location of a s/a pair in one of the 100 breeding individuals in each generation. Initially they
are randomly distributed. After 10 generations, they have begun to group in efficient
locations. After 50 generations, they have completely converged on four optimal sites at the
root of the cantilever shell.

Fig. 7. Fitness value for the best individual in each generation repeated for seven times for
the cantilever composite shell

Fig.8. Population fitness progression over 100 generations for the composite stiffened shell.
Each individual is represented as one of the points distributed around the circle, with its
fitness values, obtained from its chromosome, defining its distance from the centre.

Fig. 9. Sensor/actuator placement for the stiffened composite shell mounted rigidly from
the four side edges. Each dot shows the location of a s/a pair in one of the 100 breeding
individuals in each generation. Initially, they are randomly distributed. After 20 generations,
they have begun to group in efficient locations. After 100 generations, they have completely
converged on four optimal sites.

Fig. 10. Fitness value for the best individual in each generation repeated for seven times
for the stiffened composite shell

Fig. 11. Electric field distribution at the first and third modes for the stiffened composite
shell bonded with full coverage of single sensor

Fig. 12. Sensor voltage distribution at the first and third mode for the stiffened composite
shell bonded with full coverage of single sensor

Fig. 13. Sensor voltage distribution at the first and third mode for the stiffened composite
shell bonded with full coverage discrete 225 sensors

Fig. 14. Cas1 and 2 are optimised and non-optimised, respectively, a location of an actuator
(05) excited by an external sinusoidal voltage disturbance at first six modes of the stiffened
composite shell

Fig. 15. Transient and steady state voltage time responses of the s/a at the optimal location
01 as a result of applied external sinusoidal voltage on actuator at location 05 at the 15t
mode for the stiffened shell
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Fig. 16. Transient and steady state voltage time responses of the s/a at the optimal location01
as a result of applied an external sinusoidal voltage on actuator at location 05 at the 3™ mode
for the stiffened shell

Fig. 17. Transient and steady state voltage time responses of the s/a at the optimal location
01 as a result of applied an external sinusoidal voltage on actuator at location 05 at the 5t
mode for the stiffened shell

Table Captions List
Table 1 Composite shell, stiffener and macro fibre composite sensor/actuator properties

Table 2 Natural frequencies

Table 3 sensor output voltage comparison for optimised and non-optimised
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Fig.1. Doubly curved shell stiffened by beams and bonded with sensor/actuator pair
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Fig. 2. Simulink design based on the optimal linear quadratic control scheme

DARAJI

27



ASMA Journal of Dynamic Systems, Measurement and Control

Fig. 3. Doubly curved composite shell

DS-17-1479 DARAJI 28



ASMA Journal of Dynamic Systems, Measurement and Control

Fig. 4. Doubly curved composite shell stiffened by four beams located
symmetrically
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First generation 10 generations 100 generations

Fig.5. Population fitness progression over 50 generations. Each individual is represented as
one of the points distributed around the circle, with its fitness values, obtained from its
chromosome, defining its distance from the centre with large radius indication high fitness
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Fig. 6. Sensor/actuator placement for the cantilever composite shell. Each dot shows
the location of a s/a pair in one of the 100 breeding individuals in each generation.
Initially they are randomly distributed. After 10 generations, they have begun to
group in efficient locations. After 50 generations, they have completely converged on
four optimal sites at the root of the cantilever shell.
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Fig. 7. Fitness value for the best individual in each generation
repeated for seven times for the cantilever composite shell
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First generation 20 generations 100 generations

Fig.8. Population fitness progression over 100 generations for the composite stiffened
shell. Each individual is represented as one of the points distributed around the circle, with
its fitness values, obtained from its chromosome, defining its distance from the centre.
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Fig. 9. Sensor/actuator placement for the stiffened composite shell mounted rigidly from the four

side edges. Each dot shows the location of a s/a pair in one of the 100 breeding individuals in each
generation. Initially they are randomly distributed. After 20 generations, they have begun to group
in efficient locations. After 100 generations, they have completely converged on four optimal sites.
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Fig. 11. Electric field distribution at the first and third modes for the
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stiffened composite shell bonded with full coverage of single sensor
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Fig. 15. Transient and steady state voltage time responses of the s/a at the optimal location 01 as a
result of applied external sinusoidal voltage on actuator at location 05 at the 1% mode for the
stiffened shell
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Fig. 16. Transient and steady state voltage time responses of the s/a at
the optimal location01 as a result of applied an external sinusoidal
voltage on actuator at location 05 at the 3™ mode for the stiffened shell

DS-17-1479

DARAJI

41



ASMA Journal of Dynamic Systems, Measurement and Control

25 / T
20
15
> g0t Fifth Mode
3
i
& of CREREH M x| {11011l h
e
& 5p
S
S-or EV (100 V)
L CLAV
B —osv
20 F cLsv
25 :
-4 -3 -2 -1 0 1
10 10 102 iors 10 10 10
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optimal location 01 as a result of applied an external sinusoidal voltage on
actuator at location 05 at the 5™ mode for the stiffened shell
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Table 1 Composite shell, stiffener and macro fibre composite sensor/actuator properties

Properties Shell Stiffened shell  stiffeners MFC type d31
Ey, Ey , E; (6pa) 51.76,46.54,9.68 same same -
Gxy, Gyz, Gyz (GPa) 4.945,4.945,14.27 same same -
Hxyr Uyz Uxz 0.475, 0155, 0.153 same same -
Density (kg/m’) 1540 same same 7000
R, Ry (mm) 1500 6500 6495 6503
Dimensions (mm)2 500%x500x%3 1500x1500%3  1500x10x5 40x40x0.3
€31, €32,€33 (C/m)
-------------------------- -7.12,-4.53,12.1
Cfv sz' C1E3' Cs}.;s (GPa)

-------------------------- 39.4,12.9,8.3,5.5

a
M3z /) 1.27x10°8
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Table 2 Natural frequencies

Case

Fundamental frequencies Hz

w1 w2 w3 w4 ws We
Cantilever composite shell 16.70 17.34 61.92 67.41 99.42 137.23
Cantilever composite shell 17.05  17.81 63.43 68.09 10005 140.24
bonded with four s/a pairs
Stiffened composite shell 7297  78.92 83.38 8503 9350 9399
stiffened composite shell 7310  79.13 83.27 8558 9330 9427

bonded with fours s/a pairs
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Table 3 sensor output voltage comparison for optimised and non-optimised

Case Steady state sensor voltage output (V)

1st 2nd 3rd 4th 5th 6th
Casel optimised 6.0 2.8 12.5 10.2 6.7 16.0
Case2 non-optimised 0.15 0.13 3.0 0.14 20 04
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