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Integrated Vibration Control for the Apparatus
Cabin of CZ-3A Launch Vehicle
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Xi’an Jiaotong University, 710049 Xi’an, Shaanxi Province, People’s Republic of China

and

Z.M.Li*
China Academy of Launch Vehicle Technology, 100076 Beijing, People’s Republic of China

The vibration control of the apparatus cabin of CZ-3A launch vehicle is investigated. A kind of bar-type vis-
coelastic damper is designed to control passively the low-frequency vibrations of the whole cabin structure. Three
strategies are employed to control the high-frequency vibrations of the honeycomb plate at different frequencies:
passive control with the constrained damping layer, integrated control combining the constrained damping layer
with the piezoelectric actuator designed by authors, and controllable constrained damping layer, respectively. The
experimental results show that the present integrated techniques can effectively suppress the vibrations of the
apparatus cabin within a fairly broad frequency band.

Nomenclature
Cyr = correctionfunction
D = average diameter of viscoelastic damper
d, = effective piezoelectriccoefficient
f = frequency
G = shear modulus
h = thickness of viscoelasticlayer
k* = complex stiffness
kq = dissipationstiffness
kqr = storage stiffness
k), = -corrected storage stiffness
IEL, = effective dynamic stiffness
k* = effective electromechanicaldynamic stiffness
[ = length of viscoelastic damper
m = mass
p = external load in the axial direction
Vv = control voltage
X = displacementin the axial direction
VA = effective impedance
o = ratio of length to average diameter
n = loss factor
w = angular frequency

Introduction

HE apparatus cabin of CZ-3A launch vehicle is a large flex-

ible space structure made up of bars, beams, a metallic plat-
form, honeycomb plates, and honeycomb conic shell. It connects
the rocket engine with the telemetric instruments and the gyro-
scope, which are installed on the honeycomb plates and the metallic
platform, respectively. External excitations greatly influence the ac-
curacy and reliability of these control devices because vibrational
energy can be transferred from the apparatus cabin to them. There-
fore, the vibrations of the apparatus cabin within the bandwidth
(8-1000 Hz) of control instruments must be suppressed effectively
for the safety of flight. Unfortunately, such large space structures
are characterizedby broad bandwidth, light damping, dense modes,
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and multimodes to be controlled.! In addition, light structure, low-
energy consumption,and high economic efficiency must be consid-
ered in the control design of large space structures.

The pastseveral decadeshave witnessed the developmentsof pas-
sive and active vibration control techniques. The passive technique
is commonly used in structural vibration control due to advantages
such as simple structure, high reliability, and low cost. However, it
lacks flexibility to various control specifications. Active control can
overcome the inherent shortcomings of passive control, but suffers
fromdisadvantagessuchas low reliability,high cost, and the require-
ment of external power. Therefore, it seems that passive techniques
and active techniques should not be considered independently in
vibration control of large space structures. This has led to the devel-
opment of integrated techniquesin recent years,”~> which combine
passive control with active control and may, consequently,improve
performance, reliability, and control cost simultaneously.

This paper presents an investigationinto the vibration control of
the apparatus cabin of the CZ-3A launch vehicle. The integrated
technique is employed. Model analyses of the whole cabin struc-
ture and the importantcomponents,including the honeycombplates
and the metallic platform are carried out experimentally,and lay the
foundation of control design. The global modes and local modes
are defined according to the structural deformations and motions,
which may not be strict but provide guidance of the selection of
the control manner. A kind of bar-type viscoelastic damper is de-
signed to control the global modes passively. Three strategies are
employed to perform integrated control of the local modes at differ-
ent frequencies. Experimental results are discussed and conclusions
are presented at the end of the paper.

Experimental Modal Analysis

Figure 1 shows a photograph of the apparatus cabin of CZ-3A
launch vehicle. It consists of five types of components: 1) metal-
lic bars and beams; 2) metallic platform A; 3) seven honeycomb
plates B;,i =1, ..., 7;4) honeycomb conic shell; and 5) viscoelas-
tic damping pads. The maximum diameter of the cabin structure is
about 3 m. The metallic platform and honeycomb plates lie on the
top of the cabin and are supported by the metallic bars and beams.

The vibrations of the cabin structure subjected to external excita-
tions can be transmitted to the control instruments that are installed
on the metallic platform and honeycomb plates. To reveal the ef-
fects of vibrations of the apparatus cabin on these instruments and
to perform control thereafter, modal analysis of the whole structure
is carried out experimentally. The honeycomb plates and metallic
platform are also individually tested in situ. The apparatus cabin
is set on three evenly placed cushions, which simulates a free-free
state. In the case of impulse excitations, the modal frequencies and
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Table 1 Elastic modes of the
whole structure (5-500 Hz)

Frequency, Damping

Mode Hz %

1 10.66 4.20
2 17.77 4.40
3 31.19 3.50
4 56.94 2.70
5 77.55 2.74
6 87.47 2.52
7 95.77 1.16
8 112.56 2.12
9 221.64 1.15
10 345.21 1.86
11 378.92 0.95
12 436.24 0.52
13 465.45 1.14

honeycomb plate
metallic platform A

bar

honeycomb conic
shell

Fig. 1 Photograph of the apparatus cabin.
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Fig. 2 Distribution of measurement points in the whole structure.

damping coefficients are computed by a Hewlett-Packard 3562 dy-
namic analyzer using the half-power point method.

Modal Analysis of the Whole Structure

The distribution of the measurement points in the modal analysis
of the whole structureis shown in Fig. 2. The displacementsof every
point in both the radial and z directions are measured. The testing
frequency ranges from 0.5 to 500 Hz.

The frequencies (in hertz) of the rigid-body motion are 1.4 in
x(¥), 2.9 in the rotation around x(y), 2.35 in the rotation around z,
and 2.75 in z. The elastic modes of the whole structure are given
in Table 1. The maximum rigid modal frequency (2.9 Hz) is only
one-third of the first elastic modal frequency (10.66 Hz). Therefore,
the coupling between the rigid vibrations and the elastic vibrations
can be neglected.

For the elasticmodes below 100 Hz, the componentssuch as bars,
beams, platform, honeycomb plates, and honeycomb conic shell all
vibrate with large amplitudes. However, the elastic deformations of
the honeycomb plates and platform are much smaller than those of
other components. Therefore, the motions of the honeycomb plates
and platform are assumed to be rigid, which means that they are
mainly caused by the vibrationsof other components. This is shown
in Fig. 3, where the first elastic modal shape is given.

——

x y
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Fig. 6 Distribution of measurement points in platform A.

For the elastic modes above 100 Hz, the vibrations of the hon-
eycomb plates and metallic platform are dominant due to the larger
elastic deformations. In addition, the higher the frequency, the more
apparent this dominance becomes, as seen in Fig. 4, where the
13th elastic modal shape is shown. This recommends individual
modal analysis of the honeycomb plates and the platform in the
high-frequency domain.

Modal Analysis of the Components

One of the honeycomb plates, B, and metallic platform A are
tested in situ, respectively. The correspondingdistributions of mea-
surement points are shown in Figs. 5 and 6, respectively. Only the
displacementin the z direction of every pointis measured. The test-
ing frequenciesrange from 100 to 700 Hz for honeycomb plate B,
and from 100 to 1000 Hz for platform A.

The results of the modal analyses are given in Tables 2 and 3.
The modal shape of honeycomb plate B, at 235.02 Hz, and that of
platform A at 106.31 Hz are shown in Figs. 7 and 8, respectively,
from which it is seen that the two components deform significantly.
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Table2 Modes of honeycomb 1

plate By (100-700 Hz) / 1\
Frequency, Damping / 5

105.14 0.93

108.38 0.79 11

113.69 1.11

135.01 0.86 12/ \15

152.73 0.34 /’

176.29 0.28 o g 13

22495 35 iy

: : SN 13,

235.02 1.16 R

252.99 1.78 = 17

268.15 1.71 Fig. 8 Modal shape of platform A; f =106.31 Hz.

273.98 0.41

308.84 1.90

344.03 2.12 Global Modes and Local Modes

361.23 L75 From the results of modal analyses shown earlier, it is seen that

374.69 112 the vibrations of honeycomb plate B; and metallic platform A are

402.45 1.65 . .

433.16 0.68 caused by two factors, the motions and deformations of other com-

448.53 1.98 ponents and the elastic deformations themselves. For honeycomb

463.11 1.17 plate B, and metallic platform A, the vibrations at frequencies less

487.30 1.14 than 100 Hz result mainly from the former factor, and those at fre-

550.82 2.31 quencies greater than 100 Hz mainly from the latter. Therefore,

629.01 1.67 the cabin structure influences the operations of the control instru-

682.40 1.46 ments primarily in two forms, namely, global vibrations in the low-
frequency domain and local vibrations in the high-frequency do-
main.

Table3 Modes of metallic For clarity, we define the low-frequency modes (<100 Hz) of the
platform A (100-1000 Hz) whole structure as the global modes and the high-frequency modes

(>100 Hz) of honeycomb plate B, and metallic platform A as the

Frequency, Damping, local modes. These definitions are not strictbut do provide guidance

Hz % for the selection of control manner as seen in the following sections.

103.24 0.62 To suppress effectively the vibrations of the apparatus cabin struc-

106.31 0.80 ture, it is obvious that the global modes and local modes all should

108.26 0.91 be considered as control objects.

134.73 0.87

149.12 041 Control of the Global Modes

}si% 822 The vibrations of components such as bars and beams should be

178.80 0.18 suppressed greatly because of their dominancein the global modes.

186.60 0.57 Research in recent years has shown that passive control with bar-

210.04 1.12 type viscoelastic dampers is a promising method for structures that

225.21 1.54 are made up of bars or beams.® In this section, a kind of bar-type vis-

235.30 0.76 coelastic damper is designed to control the global modes passively

259.00 0.54 by attenuating the vibrations of the bars and beams.

2717.87 0.84

294.54 0.45 . . .

304.04 0.92 Des1gn of Bar-Type Viscoelastic Damper '

348.70 1.59 Figure 9 shows the configuration and dynamic model of the

380.11 0.54 bar-type viscoelastic damper, where k* is expressed as

437.26 1.16

468.22 1.92 k* = kar + jky (1)

538.34 1.19

592.66 1.07 The loss factor 1 is defined as

649.63 1.57

671.96 0.75 —

698.77 0.66 n = Kaifka @

gggg? (1)32 The equation of motion can be written as

mx +kqr(1+ jn)x =P (3)

Itis shown from Eq. (3) thatstoragestiffnessk g and loss factorn can
characterize the viscoelastic damper. They depend on factors such
as viscoelasticmaterial property,configurationand dimensionof the
damper, vibrational frequency, and environmental temperature. The
following assumptions are made to approximate the storage stiff-
ness: 1) The centric bar and crust of the viscoelasticdamper are rigid
bodies. 2) The external excitations are in the axial direction. 3) The
shear deformations in the radial direction are linear with the radial
positions.4) The environmentaltemperatureis 25°C. Therefore, we
have

Fig. 7 Modal shape of honeycomb plate By ; f = 235.02 Hz. kgg = maD*G/h 4)
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Fig. 9 Configuration of viscoelastic damper.
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Fig. 10 Predicted and experimental values of storage stiffness: —,

experimental value, and - - -, predicted value.

where G is the shear modulus depending on the vibrational fre-
quency. In practice, storage stiffness k4g, computed from Eq. (4),
may deviate from the measured value. Here a correction factor,
C4r(f), is introduced to Eq. (4), that is,

Kip = Car(f)maD*G [h (5)

where Cyr(f) is a quadratic polynomial of frequency f and can
be obtained by fitting the experimental data. Figure 10 shows the
predicted values from Egs. (4) and (5) and the experimental values
of the storage stiffness for four bar-type viscoelastic dampers with
different dimensions. It is obvious that the corrected values agree
well with experimental ones. Therefore, the actual dimension of the
bar-type viscoelastic damper can be determined from Eq. (5) when
the storage stiffnessis given.

Passive Control with Viscoelastic Dampers

Two bar-type viscoelasticdampers are designed based on Eq. (5)
and thereafter placed at the rim of the cabin structure. In Fig. 2, one
damper serves as the link between measurement points 33 and 15
and the other damper as the link between measurement points 32
and 10, where the vibrations of the bars and beams are remarkable
for most of the global modes.

Figure 11 shows the frequency responses of measurement point
33 from 5 to 105 Hz for the controlled and uncontrolled cases when
a sinusoidal swept excitation is applied on measurement point 6
in the z direction. It is seen from Fig. 11 that the global modes at
10.66, 31.19, 56.94, and 95.77 Hz are all suppressed effectively.
Especially, the amplitude of the mode at 31.19 Hz is reduced by
68.87%. This indicates the effectiveness of passive control with the
bar-type viscoelastic dampers for the global modes.

Control of the Local Modes

The local modes involve significant local deformations of hon-
eycomb plate B; and platform A and are, therefore, controllable

Table4 Local modes for the uncontrolled and controlled cases
(100-200 Hz)

Frequency, Hz Damping, % Frequency, Hz ~ Damping,%
(uncontrolled) (uncontrolled) (controlled) (controlled)
105.14 0.93 105.64 1.33
108.38 0.79 109.27 1.05
113.69 1.11 115.05 1.59
135.01 0.86 136.58 1.47
152.73 0.34 154.42 0.68
176.29 0.28 178.38 1.08
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Fig. 11 Experimental frequency response under passive control with
dampers.
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Fig. 12 Experimental fre-
quency response under pas-
sive control with constrained
damping layer.

from the locations of these components. This section investigates
the controlof the local modes forhoneycombplate B, in which three
strategies are presented for different frequenciesand the integration
of passive and active techniques is emphasized.

Passive Control with Constrained Damping Layer

A constraineddamping layeris used to control passively the local
modes of honeycomb plate B,. Seven honeycomb plates are all
covered with the constrained damping layer. The damping layer is
made from ZN-1 viscoelastic material and is 0.001 m in thickness,
whereas the constraining layer is made from stainless steel and is
0.0005 m in thickness. The frequencies and damping coefficients
of the local modes for honeycomb plate B; in the controlled and
uncontrolledcasesare givenin Table4. Itis seenfrom Table 4 thatthe
damping coefficients of the local modes ranging from 100 to 200 Hz
all increase to some extent under passive control. In addition, the
higher the frequency, the more significantly the damping coefficient
increases, which means that the constrained damping layer is more
effective for the local modes at higher frequencies.

A sinusoid swept excitation is applied in the z direction at mea-
surement point 12 (Fig. 5). The corresponding acceleration fre-
quency response in the same direction at measurement point 13
is given in Fig. 12. It is shown that the amplitude of the 115.05-Hz
mode, which is in the lower frequency domain, is much larger than
those of the rest of the local modes. To suppress the 115.05-Hzlocal
mode further, active control is introduced in the following sections.

Integrated Control with Piezoelectric Actuator
The local modal vibrations in the lower frequency domain are
partly caused by the motions of the bars and beams in spite of the
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Fig. 14 Time response under integrated control with piezoelectric
stack actuator.

dominance of elastic deformation of honeycomb plate B,. There-
fore, the control of the motions of the bars and beams may resultin
further attenuation of the 115.05-Hz local mode. The piezoelectric
stack actuator is commonly used to control actively the structures
that are made up of bars or beams because of the advantages of
small displacement and great output force.”:3 In this subsection,
a piezoelectric stack actuator is designed and thereafter combined
with the constrained damping layer to perform integrated control
for the 115.05-Hz local mode.

Design of Piezoelectric Actuator

Figure 13 shows the configuration of piezoelectricstack actuator,
which consists of piezoelectric stack, positioning spring, precom-
pressedspring, centric bar, and shell. Its electromechanicaldynamic
characteristic can be described by

x=P/k +dyV (6)

where V is the control voltage applied on the piezoelectricstack and

the effective electromechanicaldynamic stiffness I;; can be written
as

ki=k /(1 - jok,d*Z) @)

where &, is the effectivedynamic stiffness of the actuator depending
on the effective dynamic stiffness of the piezoelectricstack and the
stiffness of elastic componentsin series with it and 7 is the effective
impedancedetermined by the resistancein parallel with the actuator
and the effective dynamic capacitance of the actuator. The capabil-
ity of the piezoelectric stack actuator can be characterized by the
dynamic displacement gain and dynamic force gain, which are ob-
tained from Eq. (6) when the boundary conditions of the actuator
are free-free and fixed-free, respectively.

Control Experiment

The major performanceindices of the piezoelectricstack actuator
are as follows: the maximum working voltage is 40 V, the maximum
displacement gain and the maximum force gain are 103.89 nm/V
and 1.64 N/V, respectively, and the working frequency ranges from
5 to 1000 Hz. It serves as the link between measurement points 3
and 24 (Fig. 2), where honeycomb plate B, is located. A propor-
tional feedback strategy is employed in the active control, which is
implemented on a digital processor (CPU 166 MHz).

Figure 14 shows the time history of the displacement of mea-
surement point 13 (Fig. 5) in the z direction when the 115.05-Hz
sinusoid excitationin the same directionis applied on measurement
point 12 (Fig. 5). The control voltage applied on the piezoelectric
actuator is 10 V. Figure 14 shows that the vibrational amplitude of
measurement point 13 at 115.05 Hz is reduced by 20% under inte-
grated control. However, the control performance improves a little

with the increase in control voltage, which indicates the limited ca-
pability of the integrated control with the piezoelectric actuator to
suppress the local modal vibrationsin the lower frequency domain.

Integrated Control with Controllable Constrained Damping Layer

The controllable constrained damping layer is a new integration
method developed in recent years.”!? Figure 15 shows the configu-
ration of the controllableconstraineddamping layer, which is made
up of piezoelectric patches, constrained layer, viscoelastic damp-
ing layer, and the structure under control. The controlled structure
is covered with the viscoelastic damping layer and the constrained
layer. The piezoelectric patches made from Pmn piezocrystal ce-
ramics are adhered to the constrained layer and act as actuators that
increase the shear deformation of the viscoelasticlayer by deform-
ing the constrained layer and thereby can damp the structure under
control. In comparison with active constrainedlayer damping,'! '3
the controllable constrained damping layer demands piezoelectric
actuators of smaller area and lower cost. Therefore, it provides a
preferable integration method for vibration control of the structures
that have been covered with the constrained damping layer.

In this subsection, the controllable constrained damping layer is
used to control the 115.05-Hzlocal mode. The 115.05-Hz mode in-
volvessignificantlocal bending of honeycombplate B, as seen from
Fig. 16, where the corresponding modal shape is given. Therefore,
10 piezoelectric patches are placed in the middle of honeycomb
plate B;, as shown in Fig. 16, where the large surface strain occurs.
Each piezoelectric patch is 0.02 m in width, 0.03 m in length and
0.00075 m in thickness. A B&K4370 accelerometer is placed be-
tween measurementpoints 12 and 13 and acts as the sensing device.
A proportional feedback scheme is used in the active control.

Figure 17 shows the time history of displacementof measurement
point 13 (Fig. 5) in the z direction when the 115.05-Hz sinusoid

piezoelectric patches

constrained layer

viscoelastic damping layer
¥> controlled structure

Fig. 15 Configuration of the controllable constrained damping layer.

piezoelectric patches

accelerometer

Fig. 16 Modal shape of honeycomb plate B, ; f = 115.05 Hz.

— integrated control

response level/V

time/s

Fig. 17 Time response under integrated control with controllable con-
strained damping layer.
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Fig. 18 Experimental frequency responses under the passive and
integrated control.

excitationin the same directionis applied on measurement point 12
(Fig. 5). It can be seen that the vibrational amplitude of measure-
ment point 13 at 115.05 Hz is reduced by 90% under the integrated
control with the control voltage of 89 V. In addition, the acceleration
frequency response from 100 to 150 Hz of measurement point 13
in the same experimental condition is given in Fig. 18. It is shown
that the local modes from 100 to 150 Hz are all suppressed effec-
tively;in particular, the amplitude of the 115.05-Hzmode is reduced
by 80%.

Conclusions

The vibrations of the apparatus cabin of CZ-3A launch vehicle
in the wider frequency band have been suppressed effectively. It is
accomplished in two ways, namely, passive control of the global
modes and integrated control of the local modes.

The dominance of global vibrations for the global modes recom-
mends that the motions and elastic deformations of the bars and
beams should be attenuated greatly. The experimental results val-
idate the efficiency of passive control with bar-type viscoelastic
dampers for the global modes.

The passive control with constrained damping layer can signifi-
cantly suppress the high-frequency local modes but has less effect
on the low-frequency local modes, which suggests the employment
of the integrated technique. The integrated control, combining the
constrained damping layer with the piezoelectric actuator, exhibits
limited capability, probably due to smaller deformations of the bars
and beams involved in the low-frequency local modes. In contrast,
the controllable constrained damping layer can suppress the low-
frequency local modes effectively.
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