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Abstract This paper presents design, implementation and
experimental results of active vibration control of a truss
structure using a pair of piezoelectric ceramic stack actu-
ators. To reduce the vibrations caused by an impulse force,
two active strut members are installed along a vertical of
the base bay of the truss. The active strut element consists
of a piezoelectric ceramic actuator stack, a force transducer
and mechanical interfaces. A self-organizing fuzzy con-
troller (SOFC) is designed to suppress vibration of the
truss. The SOFC, which uses the input and output history in
its fuzzy rules, is designed to maximize modal damping of
a constructed truss structure. Experimental results illustrate
that the active piezoceramic strut actuators and the SOFC
can effectively reduce vibration of the truss.
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organizing fuzzy controller (SOFC) - Smart truss structure -
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g Nonlinear function of the input—output history
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i,j Rule index

k Sampled time

p,q Lower and upper limits of the net control range
Laplace variable

Control signal

Control voltage
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1 Introduction

A truss structure is one of the most commonly used
structures in aerospace and civil engineering [16]. Because
it is desirable to use the minimum amount of material for
construction, trusses are becoming lighter and more flexi-
ble which means they are more susceptible to vibration.
Passive damping is not a preferred vibration control solu-
tion because it adds weight to the system, so it is of interest
to study the active control of such a structure. One prom-
ising method for this problem is to use the technology of
smart structures, which employs embedded actuators and
sensors [5].

Piezoelectric materials are commonly used as actuators
in smart structures since they have advantages such as high
stiffness, high bandwidth, high efficiency, light weight, no
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moving parts and easy implementation. One piezoceramic
material in common use is lead zirconate titanate (PZT),
which has a strong piezoeffect. This material can be fab-
ricated into different shapes to meet specific geometric
requirements. It is also often used as both a sensor and an
actuator, which can be easily integrated into a structure. A
common way to use PZT is in a stack. In this design, the
active part of the positioning element consists of a stack of
ceramic discs separated by thin metallic electrodes. Each
ceramic disc lies between two electrode surfaces, one of
which is connected to the control voltage and the other to
the ground. The maximum operating voltage is propor-
tional to the thickness of the discs. The individual discs and
electrodes are connected to each other with epoxy cement
and are hermetically sealed on the outside with highly
insulating materials. Stack elements can withstand high
pressure and show the highest stiffness of all the piezoac-
tuator designs. These features make them attractive for
structural control applications. The use of an active PZT
strut for vibration suppression has already been demon-
strated for a number of specific space applications [11-13,
15].

Research on the damping of truss structures began in
the late 80s. Fanson et al. [10], Chen et al. [8] and
Anderson et al. [4] designed active members made of
piezoelectric transducers. Preumont et al. [13] used a local
control strategy to suppress the low frequency vibrations
of a truss structure using piezoelectric actuators. Their
strategy involved the application of integrated force
feedback using two force gages each collocated with the
piezoelectric stack actuators, which were fitted into dif-
ferent beam elements in the structure. Carvalhal et al. [7]
used an efficient modal control strategy for the active
vibration control of a truss structure. In their approach, a
feedback force is applied to each node to be controlled
according to a weighting factor that is determined by
assessing how much each mode is excited by the primary
source. Zheng et al. [17] developed an adaptive truss
structure with a self-organizing active vibration control
system. In that work, an experimental set-up of a two-bay
truss structure with active members was constructed, and
the fuzzy neural network controller was applied to sup-
press the vibration of the truss. The controller first sensed
the output of the accelerometer as an error to activate the
adaptation of the weights of the controller, and then a
control command signal was calculated based on the
fuzzy inference mechanism to drive the active members.
Experimental results demonstrated that the active fuzzy
neural network controller can effectively reduce the truss
vibration. Abreu et al. [1] used a standard H., robust
controller design framework to suppress undesirable
structural vibrations in a truss structure containing pie-
zoelectric actuators and collocated force transducers.
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Abreu and Lopes Jr. [2] used an active modal damping
controller together with integral control to suppress the
vibrations of a truss structure using a pair of piezoelectric
stack actuators collinear with force transducers. In that
paper, the integral controller, obtained using the root locus
technique, was designed to maximize modal damping of
the truss structure. The numerical simulation results
demonstrated that the active members of the structure and
the integral controller can effectively reduce truss vibra-
tions. Abreu' et al. [3] verified numerically the application
of a self-organizing fuzzy controller (SOFC) to suppress
the vibrations of a truss structure using a pair of piez-
oceramic stack actuators. In that study, a finite element
model of the truss structure was constructed using three-
dimensional frame elements subjected to axial, bending
and torsional loads considering electro-mechanical cou-
pling between the host structure and piezoelectric stack
actuators. Numerical simulations were carried out to
evaluate the performance of the SOFC and illustrate the
effectiveness of the active vibration control strategy. Li
and Huang [11] developed a linear-quadratic-Gaussian
(LQG) model for vibration control for an adaptive truss.
Numerical examples and the vibration control experiments
were used to validate the efficiency of the proposed
method.

This paper presents the design, implementation and
experimental results of active vibration control of a par-
ticular truss structure using a pair of PZT stack actuators.
The truss consists of 20 cubic bays mounted on to a base
plate. The structure is approximately 2.12 m in tall and the
bare truss weighs 6.15 kg. To simulate the effects of a
disturbance on the truss, an impulse force is applied to the
structure to excite the vibrational modes of the truss. For
active suppression of the vibrations caused by the impul-
sive excitation, a pair of active strut members is installed
along a vertical of the base bay of the truss. This location
has the highest modal strain energy according to the finite
element model [3]. The active strut elements consist of low
cost, commercially available piezoelectric ceramic stack
actuators, force transducers and mechanical interfaces.
They replace truss members and act as load-carrying
members as well as active members. Using the force
transducer as a sensor and the PZT stack as an actuator, a
SOFC is designed to suppress the vibration of the truss.
The control system consists of independent single-input
single-output (SISO) loops, i.e., decentralized active
damping with local SOFCs connecting each actuator to its
collocated force transducer. A dSPACE digital data
acquisition and real-time control system along with Mat-
lab/Simulink® is used to implement the control design in
real time. Experimental results show that the active strut
member with a PZT stack actuator can effectively suppress
truss vibration using the SOFC.
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2 The truss structure

The truss structure (Fig. 1) is composed of 20 cubic bays
assembled from a combination of 244 elements that begin
and terminate in an aluminum node ball. There are a total
of 84 node balls constituting the truss and the nodes at the
bottom are clamped. The passive members are made of
steel with a diameter of 5 mm. The structure is approxi-
mately 75 mm in length, 75 mm wide and 2.12 m tall
(from the base plate).

The experimental set-up for the truss is displayed in
Fig. 1. To excite the vibration of the truss, an impact
hammer (model PCB 086C04) was used. To achieve the
maximum excitation effect, the truss was excited at its free
end by the impact hammer. To achieve active suppression
of the vibration of the truss, a pair of active members
(Fig. 1) which consists of a force transducer (model PCB
208C03) and a PZT stack actuator was installed as vertical
active members in the bay next to the base. Each active
member replaces a regular strut member. A more detailed
description of the truss and its finite element model and the
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Fig. 1 The truss structure with incorporated active elements

positions of PZT actuator/force sensor can be found in
reference Abreu' et al. [3].

In this experiment, the PZT stack actuator (model
PPA20 M) manufactured by Cedrat was used. This pre-
loaded PZT actuator is a high resolution linear translator
for static and dynamic applications. It provides sub milli-
second response and sub nanometric resolution. The
translators are equipped with high reliability multilayer
PZT ceramic stacks protected by an internally spring-pre-
loaded non-magnetic stainless steel case. The actuator
provides a displacement up to 20 um, a push force and a
pulling force up to 800 and 400 N, respectively, and an
operating voltage range of —20 to 150 V. The voltage
amplifier (model Cedrat LA75B) and the charge amplifier
(model PCB 482C15 with gain of 20 V/V) shown in Fig. 1
were used to power the PZT stack actuator and to condition
the signal from the force transducers, respectively. The
truss response was measured by the force sensors collo-
cated with the PZT stack actuators. The dSPACE system
along with Matlab/Simulink® was used for digital data
acquisition and real-time control.
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-~" members
-7

_- Force
Transducer

_.- Pzr
Actuator

@ Springer



444

J Braz. Soc. Mech. Sci. Eng. (2015) 37:441-450

3 Active vibration control of the truss structure
3.1 Frequency response identification

Prior to designing the active controller, it was necessary to
identify the frequency response of the truss system [3],
whose input was the force of the impact hammer that
excited at free end of the truss and whose output is each
force sensor. The frequency response functions of the
impact hammer-sensor systems were obtained using the
Matlab/Simulink® software together with a PC and the
dSPACE 1103 board. The frequency responses (calculated
from 15 averages) of the system (in terms of the impact
force applied by the hammer and the voltage measured
from the force transducer) from 0 to 500 Hz are displayed
in Fig. 2a.

By examining the frequency response plots, the fre-
quency of the dominant mode below 20 Hz is determined
to be at 16.89 (Fig. 2a) and 16.92 Hz (Fig. 2b). The
strategy is to control simultaneously the first two modes
(w=106.12 rad/s and w, = 106.31 rad/s) using two active
members (PZT struts) positioned in the elements shown in
Fig. 1, and two decentralized SOFCs connecting each
actuator to its collocated force transducer.

4 Controller design

In this section, a decentralized active damping controller is
considered with a local SOFC connecting each actuator to
its collocated force transducer (y).

The control voltage (V) applied to each actuator is
defined as [3]:

Force transducer 1

60

Amplitude (dB)

Frequency (Hz)
(a)

Fig. 2 Frequency response of the force transducers 1 (a) and 2 (b)
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u
s+ ¢

V(s) (1)

where s is the Laplace variable, u is the output of the SOFC
and the constant ¢ is to avoid voltage saturation and it must
be lower than the first natural frequency of the structure.
Therefore, in this work, the constant ¢ is set as: ¢ = /2 =
53 rad/s. The integral term 1/s introduces a 90° phase shift
in the feedback path and thus adds damping to the system.
It also introduces a —20 dB/decade slope in the open-loop
frequency response, and thus reduces the risks of spillover
instability [14].

Based on the steps in designing a conventional fuzzy
logic controller (FLC), the SOFC design consists of six
steps: (1) the definition of input/output variables; (2) defi-
nition of the control rules; (3) fuzzification procedure; (4)
inference logic procedure, (5) defuzzification procedure,
and (6) the self-organization of the rule base.

5 Definition of input/output variables

In general, the output of a system can be described with a
function or a mapping of the plant input—output history. For
a SISO discrete time systems, the mapping can be written
in the form of a nonlinear function as follows

Vit = 8(Vk> Yk—1s -+ oy Upes Uk—1, - - -) (2)

where y, and u, are, respectively, the output and input
variables at the k-th sampling step.

The objective of the control problem is to find a control
input sequence which will drive the system to an arbitrary
reference point y..r. Rearranging Eq. (2) for control pur-
poses, the value of the input u at the k-th sampling step that
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is required to yield the reference output y..r can be written
as follows

U = h(Vrefs Vs Yk—1s - + o Up—1, Up—2, - - ) (3)

which can be viewed as an inverse mapping of Eq. (2).

While a typical conventional FLC uses the error and the
error rate as the inputs, the proposed controller uses the
input and output history as the input terms: Vier, Vi, Vk—1,
we o Ug—1,Ug—2,.... This implies that u; is the input to be
applied when the desired output is y. as indicated
explicitly in Eq. (3).

6 Definition of the control rules

In this work, the key idea behind the SOFC is not to use rules
pre-constructed by experts, but form rules with input and
output history at every sampling step. Therefore, a new rule
R, with the input and output history can be defined as follows

RY . IFy, is Ayj,..,Ykns1 is Ay AND w_ is Byj,. ..,
Ui—m IS Byj THEN uyisC; 4)

where n and m are the number of output and input vari-
ables, Ayj, Ayj, ..., A,y and By, By, ..., B,,; are the ante-
cedent linguistic values for the jth rule and C; is the
consequent linguistic values for the jth rule.

7 Fuzzification procedure

In a conventional FLC, an expert usually determines the
linguistic values Ayj, Ayj, ..., A,; and By, By, ..., B,;and C;
by partitioning each universe of discourse. In this paper,
however, these linguistic values are determined from the
crisp values of the input and output history at every sam-
pling step and a fuzzification procedure for fuzzy values is
developed to determine Ay, Ay, ..., A1) and Byj, By, ...,
ij and Cj from the criSp Vi, Vi—1,Vk—2, - s Yk—ntls
Uj—1, Ug—2, - - -, Up—p and uy respectively. The fuzzification
is done with its base on assumed input or output ranges.
When the assumed input or output range is [a,b], the
membership function for crisp y; is determined as a trian-
gular shape

TSt T
(b—a
ta, =9 (=) (5)

1

ify;<y<b, for i=1,2,....n

(b—a)

Note that all linguistic values overlap on the entire range
[a, b], and furthermore, every crisp value uniquely defines
the membership function with the unity center or vertex

value and identical slopes: — ﬁ and ﬁ for the right
and left lines, respectively (see Fig. 3).

Figure 3 shows the fuzzification procedure for crisp
variables y; and y,, where A, and A, are the corresponding
linguistic values (fuzzy sets) with membership functions
defined in the range [a,b]. Thus, this fuzzification proce-
dure requires only the minimal information in forming the

membership functions.

8 Inference logic procedure

To attain the output fuzzy set, it is necessary to determine
the membership degree (w;) of the input fuzzy set with
respect to each rule. If input fuzzy variables are considered
as fuzzy singletons, the membership degree of the input
fuzzy variables for each rule may be calculated using a
specific operator (AND). As with the conventional FLC, the
operator used here is the min operator described for the ith
rule

Wi = min[<Ali /\YI)» BRRY (A(I‘Hrl)i /\y(n+1))7 (Bli A Ml)> ERRE]
(Bumi A )] (6)

where (A) is the AND operation.

This mechanism considers the minimum intersection
degree between input fuzzy variables and the antecedent
linguistic values for the example: ith and jth rules, as
shown in Fig. 4.

The membership degrees w; and w; thus defined reflect
the contribution of all input variables in the ith and jth
rules. The evaluation of the membership degree value w
with three fuzzy input variables, yy, yx_1 and uy_1, is shown
in Fig. 4, where the ith rule is closer to the input variables
than the jth rule and thus w; > w;.

The consequent linguistic value or the net linguistic
control action, C, is calculated for taking the a-cut of C,,
where o = max [u(C,)]. To find the control range for the
example shown in Fig. 4, each operation forms the con-
sequent fuzzy set, and the range with its membership
degree is deduced as a control range for each rule, i.e.,
[a,b] for the ith rule, and [c,d] for the jth rule as the
respective ranges. As a result of this inference, the net
control range (NCR), which is the intersection of all con-
trol ranges, is determined, i.e., [c,b] as shown in Fig. 5,
where C; and C; are the consequent fuzzy sets for the ith
and jth rules, respectively.

9 Defuzzification procedure
Defuzzification is the procedure to determine a crisp value

from a consequent fuzzy set. Methods often used to do this
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Fig. 3 Fuzzification procedure
fOI'Alj, Azj, ey Anj, Blj, sz, ey
ij or Cj

Y1, Y2: crisp inputs

Aj: linguistic values for y;

> A,: linguistic values for y,

Fig. 4 Inference mechanism

U are the center of area and the mean of maxima [9]. Here,
the purpose of defuzzification is to determine a crisp value
————— - from the NCR resulting from the inference. Any value
within the NCR has the potential to be a control value, but
some control values may cause overshoot while others may
be too slow. This problem can be avoided by adding a
predictive capability in the defuzzification. A method is
presented which modifies the NCR to compute a crisp
value using the prediction of the output response. The
series of the last outputs is extrapolated in the time domain
to estimate y;,; by the Newton backward-difference for-
mula [6]. If the extrapolation order is n, using the binomial-
} coefficient notation, the estimate y,,; is calculated as
lkl B follows
|
|
|

sia =31 (5 )7 ™)

i=0

\J

where

Fig. 5 The net control range (NCR) with two rules V"ykéV(V"’lyk), where Vykéyk — YVik—1 fori>2 (8)
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(Case 1)

(Case 2)

k

Fig. 6 The defuzzification procedure

Defuzzification is performed by comparing the two
values, the estimate y;,; and the reference output y,.s or the
temporary target y, 1, generated by the following reference
model

Vi1 = Yk + (Veet — Vi) 9)

where y.,; is the reference output or the temporary target
and « is the target ratio (0 < o < 1). The value o describes
the rate with which the present output y, approaches the
reference output value (for the present work, y.r is equal to
zero). The value o is chosen by the user to obtain a
desirable response.

When the estimate exceeds the reference output, the
control has to slow down. On the other hand, when the
estimate has not reached the reference, the control should
speed up. Two possible cases will, therefore, be consid-
ered: Case 1) y;, | <y, and Case 2) Y| > yi,-

To modify the control range, the sign of u; — u;.; is
assumed to be the same as the sign of y; | — y;.. Thus,
for case 1 the sign of yi, | — ¥, hence the sign of u; —
U1, 1s positive, implying that u; has to be increased from
the previous input u;_;.

The final crisp control value u, is then selected as one of
the midpoints of the modified NCR as shown in Fig. 6.

(Mk—127+6]) for Casel
U, = 10
‘ @Jrziﬂ) for Case2 1o

where p and ¢ are the respective lower and upper limits of
the NCR resulting from the inference mechanism.

10 Self-organization of the rule base

The rules of the SOFC are generated at every sampling
time. If every rule is stored in the rule base, two problems
will occur: (1) the memory will be exhausted, and (2) the
rules which are performed improperly during the initial
stages also affect the later inference.

For this reason, the fuzzy rule space is partitioned into a
finite number of domains of different sizes and only one
rule is stored in each domain [3].

i-0 NiStOY: Yy, Yiets oes Vienets Uity Up2s ves Ui

i

Construction the rules of the self-organizing fuzzy controller

Is there a stored
rule in the same
domain?

No

s they, smalle
for a new rule
than for the old
rule?

Store the new rule for

h Replace the stored rule with the new one
the domain

Fig. 7 The self-organization of the rule base

o
. Refience Yy —] u y
1 Model Defuzzify ~
NCR Memory T
)
\—\ )
L Fuzzify
RuleBase |
—
Construction

Fig. 8 The self-organizing fuzzy logic control system architecture

Figure 7 shows the rule base updating procedure. If there
are two rules in the same domain, the selection of a rule is
based on comparison of y; in both rules. That is, if there is a
new rule which has an output smaller than the existing
output in a given domain (old rule), the old rule is replaced
by the new one. This updating procedure of the rule base
makes the proposed fuzzy logic controller capable of
learning the object plant and self-organizing the rule base.
The number of rules increases as new input—output data are
generated. It converges to a finite number in the steady state,
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Ape _’>—>>—>
Volts - Newton
Sensor 1
Ape _’>—>>—>
Sensor 2 Volts - Newton
Fig. 9 Simulink® block diagram of the SOFC
Force Transducer 1
400 ‘ ‘ ‘ ‘ ‘ |
——=— Open-loop

300 Closed-loop

200

" \ L

Amplitude (N)

-200

-300 “

J

-400

Time (s)

Fig. 10 Uncontrolled and controlled time responses at the force
transducer 1

however, and never exceeds the maximum number of
domains partitioned in the rule space.

Figure 8 shows the architecture of the proposed FLC
system. Initially, since there is no control rule in the rule
base, the control input u; for the first step is the median
value of the entire input range. As time increases, the
defuzzification procedure begins to determine whether the
input has to be increased or decreased depending on the
trend of the output. The sign of Vu; and the magnitude of
u; are determined in the defuzzification procedure. The
self-organization of the rule base, in other words the
learning of the system, is performed at each sampling
time k.

11 Experimental results

In the experimental tests, yx, yxk—1, and uy_1, ux_» were used
as input variables to the SOFC (Eq. 1, where ¢ = 53 rad/s)

@ Springer
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Fig. 11 Uncontrolled and controlled time responses at the force
transducer 2

and the variables y; and y,_; were divided into 5 segments
to partition the rule space [3]. The second-order extrapo-
lation (Eq. 7) was performed to estimate y,,; as follows

(11)

In both controllers, the output range (y) is —1 to 1 N,
input range () is —1 to 6 V applied to the voltage amplifier
(with gain of 20 V/V), resulting in maximum operating
voltage range of —20 to 120 V applied to the actuator, the
target ratio a was 0.65 (determined by trial and error to
obtain a faster desirable response), v, is zero and the
sampling time is set to 0.001 s.

The SOFC was implemented using Matlab/Simulink®™
software together with a PC and the dSPACE 1103 board.
Figure 9 shows a Simulink® block diagram of the
controller.

To verify the controller performance experimentally,
open-loop and closed-loop tests were conducted and the
results are presented. The truss structure was excited at the

}7k+1 =2y — Yk-1



J Braz. Soc. Mech. Sci. Eng. (2015) 37:441-450

449

Force transducer 1
60

50

}ﬂ
40 3
30 J/’ \

a9 \

-«

20

=]

Amplitude (dB)

-20

-30 H :
— Open-loop
Closed-loop
5oL LTITL \ :

10 10

Frequency (Hz)

Fig. 12 Uncontrolled and controlled frequency responses at the force
transducer 1

Force transducer 2
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Fig. 13 Uncontrolled and controlled frequency responses at the force
transducer 2

top using the impact hammer shown in Fig. 1. The
uncontrolled and controlled responses of the force trans-
ducers 1 and 2 in the time domain for impulsive excitation
are shown in Figs. 10 and 11.

The degree of control effectiveness is evaluated by the
reduction (in dB) of the frequency response of the con-
trolled versus uncontrolled response. The frequency
response comparison for each force transducer is displayed
in Figs. 12 and 13, respectively.

From the results it can be observed that the time and
frequency responses are reduced greatly (approximately

Actuz;dom
Actuador 2
10 ”
!
5 -
oo
= \‘ 1 (o Hi i [t . u W 4
< L
o s \ ]
g M
S \‘
= -10 B
\
-15 4
-20 L . . L - . - L .

Time (s)

Fig. 14 Feedback control voltages applied by the voltage amplifier

30

25} :

20+ B

Number of generated rules
o
1

Time (s)

Fig. 15 Number of generated rules of SOFCs 1 and 2

9 dB for both two first modes). Figure 14 presents the
corresponding control voltages.

In Fig. 15, the proposed control algorithm starts with no
initial rule and the number of generated rules is increased
monotonically to 26 rules (each rule can be represented by
Eq. 4).

12 Conclusions

A self-organizing fuzzy controller (SOFC) has been
developed to control the vibrations of the truss structure
containing a pair of piezoelectric linear actuators collinear
with force transducers. The control system consists of a
decentralized active damping with local SOFCs connecting
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each actuator to its collocated force transducer. The control
strategy mimics the human learning process, requiring only
minimal information on the environment. A simple de-
fuzzification method was developed and an updating pro-
cedure of the rule was developed which makes the
proposed fuzzy logic controller capable of learning the
system and self-organizing the controller. Experimental
tests were performed, which illustrated the effectiveness of
the controller in reducing the vibrations of a truss structure.
The experimental results have shown that piezoceramic
stack actuators control efficiently the vibrations of the truss
structure. It was also shown that the fuzzy control strategy
can effectively reduce truss vibration.

Acknowledgments The first author would like to thank the FA-
PESP (N° 2008/05129-3) for the financial support of the reported
research. The authors acknowledge the financial support of CNPg
Brazilian Research Agency and FAPEMIG through INCT-EIE.

References

1. Abreu GLCM, Lopes Jr V, Brennan MJ (2010) Robust control of
an intelligent truss structure, 10th International Conference on
Recent Advances in Structural Dynamics, Southampton Univer-
sity, United Kingdom UK

2. Abreu GLCM and Lopes Jr V (2010) Active modal damping of
truss structure using integral control strategy, XVIII Congresso
Brasileiro de Automatica, 12 a 16 de setembro

3. Abreu' GLCM, Lopes Jr V, Brennan MJ (2010) A self-organizing
fuzzy controller for the active vibration control of a smart truss
structure. In: M Lallart (ed.) Vibration control, Sciyo, pp. 215—
234, ISBN: 978-953-307-117-6

4. Anderson EH, Moore DM, Fanson JL (1990) Development of an
active truss element for control of precision structures. Opt Eng
29(11):1333-1341

@ Springer

10.

11.

12.

13.

15.

16.

17.

. Anthony DK, Elliot SJ (2005) On reducing vibration transmission

in a two-dimensional cantilever truss structure using geometric
optimization and active vibration control techniques. J Acoust
Soc Am 110:1191-1194

. Burden RL, Faires JD (1989) Numerical analysis, PWS-KENT
. Carvalhal R, Lopes V Jr, Brennan MJ (2007) An efficient modal

control strategy for the active vibration control of a truss struc-
ture. Shock Vib 14:393-406

. Chen GS, Lurie BJ, Wada BK (1989) Experimental studies of

adaptive structures for precision performance, SDM Conference,
pp. 1462-1472

. Driankov D, Hellendoorn H, Reinfrank M (1996) An introduction

to fuzzy control, 2nd edn. Springer, NY, ISBN: 0-387-56362-8
Fanson JL, Blackwood GH, Chu CC (1989) Active member
control of precision structures, SDM Conference, pp. 1480-1494
Li WP, Huang H (2013) Integrated optimization of actuator
placement and vibration control for piezoelectric adaptive trusses.
J Sound Vib 332:17-32

McClelland R, Lim TW, Bosse AB, Fisher S (1996) Implemen-
tation and feedback controllers for vibration suppression of a
truss using active struts, Proceedings of the International Society
of Optical Engineering Conference on Smart Structures and
Materials, San Diego, pp. 452-461

Preumont A, Dufour JP, Malekian C (1992) Active damping by a
local force feedback with piezoelectric actuators. J Guid Control
Dyn 15:390-395

. Preumont A (2002) Vibration control of active structures: an

introduction. Kluwer, Brussels, Belgium, ISBN: 1-4020-0496-6
Song G, Vlattas J, Johnson SE, Agrawal BN (1999) Truss active
vibration control of a space truss using PZT stack actuator, Am
Soc Mech Eng, vol. 59, Aerospace Division

Yan YJ, Yam LH (2002) A synthetic analysis of optimum control
for an optimized intelligent structure. J Sound Vib 249:775-784
Zheng K, Zhang Y, Yang Y, Yan S, Dou L, Chen J (2008) Active
vibration control of adaptive truss structure using fuzzy neural
network Chinese Control and Decision Conference



	Active modal damping control of a smart truss structure using a self-organizing fuzzy controller
	Abstract
	Introduction
	The truss structure
	Active vibration control of the truss structure
	Frequency response identification

	Controller design
	Definition of input/output variables
	Definition of the control rules
	Fuzzification procedure
	Inference logic procedure
	Defuzzification procedure
	Self-organization of the rule base
	Experimental results
	Conclusions
	Acknowledgments
	References


