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Robust Control for the Vibration Attenuation of
Superstructures
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Summary

A robust control methodology applied for active vibration reduction on superstructures using the Ha
synthesis is presented. Based on this technique, the control law may be calculated according to the
- required objective. The designed control system will automatically meet the performance and robust-
ness properties, which are given in the specifications. Finally, the superstructure of a cargo ship subject
to wind gust and foundation oscillation is investigated. The results show that the active vibration
control system designed by this scheme has an effective vibration attenuation for both excitations. In
addition, this controller will maintain high performance even when there is a large perturbation in the

system parameter.

1. Introduction

Ship vibration has been an interesting subject to
engineers, builders and owners more than a century.
Particularly, vibration at the superstructure has attract-
ed more attention because of its immediate effect on the
comfort of passengers and crew. Since the superstruc-
ture is directly attach on the hull, the hull vibration
becomes a dominant excitation source. Unfortunately,
this excitation source has become more severe recently
because the high screw propeller and long stroke diesel
engine have become more widely used?.

In order to eliminate the vibration of the superstruc-

tures, several methods have been developed by pioneers
in the field. One of the major methods is to decrease the
intensity of the excitation sources, such as using engine
isolators or absorbers to reduce the engine generating
force and moment?. The other way is to design the
passive type neutralizer®? or the active type
absorber®® to take the vibration energy away from the
hull. Then the excitation transferred from the hull will
be eliminated. This method can offer a good operation
environment for the crew as well as lower failure rates
in the structures. However, the complex configuration
and high power capacity required for the actuator
system is its primary disadvantage and the efficiency of
this method is very limited for reducing the fore-aft
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vibration of the superstructure, which is one of the most
dominant vibration types.

For these reasons, several devices have been devel-
oped and installed on the superstructure to directly
attenuate the motion of the superstructure, including
the classical passive type, the adjustable passive
type™®? and the active type absorbers!®12, Of these
devices, the active type absorber has become more
important because it can offer higher efficiency in vibra-
tion reduction. When the active absorber system is
selected, the vibration of the superstructures can be
attenuated by a suitable active force, which is calcu-
lated by the controller according to the behavior of the
structure. Thus the efficiency of the active system is
dependent on the control law of the controller. In most
of the previous applications, the LQR method are the
most widely used on the active absorber for superstruc-
tures. By the LQR method, the control law is calculated
by the minimization of a performance function, which is
the function of the weighting matrices with respect to
the motion of the superstructure and the movement of
the actuator. However, the determination of the
weighting matrices according to the required perfor-
mance is difficult work. Recently, an H. synthesis
based on a singular value theorem has been proposed
for the automatic control engineering!®14:19, Through
this scheme, the control law can be calculated based on
the sensitivity and robustness functions, which are
assigned directly according to the required specification
of the dynamic system. Thus the designer can easily
obtain a suitable control law to meet the requirements
of the disturbance rejection ability and the robustness
property based on this scheme. In this paper the H.
synthesis is used to design the control law for the active
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vibration reduction of the superstructure. In order to
understand the efficiency of this methodology, the ex-
citation of the wind gust and base oscillation is consid-
ered in the numerical simulation. In addition, the
parameter variation of the system is also analyzed to
understand the robustness property of this scheme.

2. Theory

2.1 Structure Dynamics

The structure model for the vibration analysis of the
superstructure of ships is modeled as a one degree of
freedom dynamic system shown in Fig. 1. Let m; be the
generalized mass of the superstructure, which is
attached to the main hull by a linear spring and damper
with constant stiffness and damping coefficients 4s and
bs. The external excitations including wind gust and
support oscillation, caused by motion of the hull, are
considered. If a pair of tendons with actuators are
connected between the top of the superstructure and the
hull!®®  an active force fu(#) generated by the
actuators is acting on the superstructure. The equation
of the motion for the superstructure is given by

Ms dzg‘;gt) +bs di/;;‘t(t) +ksgs(t)=fw(t)+fa(t)

(1)
where 7s() is the relative generalized displacement of
the superstructure with respect to the supported hulls.
fu(t) is the generalized excitation force of the wind
gust. In general, the active force generated by the
actuator has a time lag response after the command.
Thus, the action of the actuator can be represented by
a first order differential equation such as

£ty + e = 1) (2)

where va(t) is the input command signal for the control-
ler and ¢ and 4. are the lag time constant and gain
constant of the actuator. Taking the Laplace transfor-
mation of the Egs.(1)and (2), the frequency domain
of the dynamic system may be written
Yi(s)=Gs(s)Fa(s)+D(s) (3)
D(s)=Gs(s)Fu(s)+ Gals) Yu(s) (4)
where s is a complex variable. Ys(s), Ya(s), D(s), Fu(s)
and Fa(s) are the Laplace transformation of ys(¢), yx(¢),
d(t), fo(t) and fu(t). yu(t) is the absolute displacement
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Fig.1 Dynamic model of the superstructure

of the foundation of the superstructure. d({) is the total
excitations caused by wind gust and support oscillation.
Gs(s) and Gx(s) are the transfer function of the super-
structure displacement with respect to the wind gust
load and excitation due to the hull vibration given by

o ka

Gsls)= ms(s+1/0)(s*+28wss + w?) (4)
Ny (2&wsstof)

Gh(‘s)— (SZ+2CswsS+w§‘) ( >

where & and ws are the generalized damping ratio and
natural frequency of the superstructure defined by

N
Ws=1/=, (6)
|
S 2 msks

2.2 Controller Design
The objective of this problem is to find a control law,

which is used to generate a suitable active force to
attenuate the vibration approaching the required level.
Assume a feedback control loop is considered for the
dynamic system shown in Fig. 2. The transfer function
from disturbance input D(s) to the output Ys(s) is just
equal to the transfer function from input command R(s)
to the error E(s), called the sensitivity function matrix,
S(s), defined by

S(s)=({T+Fc(s)Gs(s))! (7)
So the singular value of the sensitivity function may be
used to determine the performance of the disturbance
attenuation. From the singular value theory, the rela-
tionships between the disturbance attenuation and the
sensitivity function are given by

o(SGw)) <| Wi (jw)| (8)
where ¢ is the greatest singular value, | Wi '(jw)| is the
disturbance attenuation factor. In addition, the comple-
mentary value of the sensitivity function is just equal to
the transfer function from input command R(s) to the
output Yi(s), called the complementary sensitivity,
C(s), expressed by

C(s)=F(s)Gs(s)(I + Fe(s)Gs(s))™" (9)
This complementary sensitivity function can be used to
determine the stability margin for the multiplicative
uncertainty of the system. From the robust theorem,

¢ ).(S)
G}.(S)
E(s)
G(s)
R(s) + _E(s) Fa(s)
F(s)

Fig.2 Flow chart of the structure with acitve control
system
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the relationships between the stability margin and the
complementary sensitivity function is given by

o(Cliw)) <| Wi '(jw)| (10)
where | Wi '(jw)| is the sizes of the largest anticipated
perturbation of the system. Equations (8 )and(10)can
be combined into a single form by the infinity norm
specification

[l a

where | [« is the least upper bound of the frequency
dependent singular values, called the H. norm. If the
error and the output of the closed loop system are
multiplied by the functions of Wi and W, the block
diagram of the system can be rearranged into a special
form including the augmented plant P(s) and controller
F(s) as shown in Fig. 3. Thus the condition of Eq.(11)
can be expressed by the constraint of the closed loop
transfer function of the new system
[Triol=<1 (12)

where T'v,u, is the transfer function from the input Ui to
the output Y:i. Thus, determining the controller which
can achieve results under the constraint condition of
Egs.(8)and(10)is the same as determining the control-
ler which satisfies the condition of Eq. (12). Under this
new equation and block diagram, the vibration reduc-
tion problem becomes a typical Hw small gain problem,
which can be solved by an H. optimal control synthesis.

3. Simulation and Results

In order to understand the performance of the active
vibration control system utilizing the robust controller
designed in this paper, a superstructure of a cargo ship
is considered for numerical analysis. For simplification,
only the dominant fore-aft vibration mode is consid-
ered. With respect to this mode, the natural frequency
is 3.0 Hz and the damping ratio is 19%. The generalized
mass with respect to this vibration mode is 200 ton. The
gain constant and the lag time constant of the actuator

Wi(s) >
! Yi(s)
Uss) !

Z(S ) : G, (s) _L_) Wz( S) — —

{ Yi(s) !
| i Y. 2(3)
: 1 S

: augmented plant P(s) :

Fig.3 Block diagram for H. formulation of the
dynamic system

are 7.1 ton/mV and 0.02 sec. The H. method is used to
design the controller for the vibration attenuation of the
superstructure. The design objective is to achieve at
least 10: 1 reduction in position error with respect to
the open loop performance in the presence of distur-
bances over the frequency range of 0 to 5 Hz. More-
over, this control system requires a 20 dB per decade
roll-off above 50 Hz to achieve the required robustness.
To form the augmented plant for analysis, the weight-
ing functions Wi(s) and Wa(s) should be assigned firstly
to meet the required specification. According to the
specification described above, the weighting functions
Wi=0.1(s +300)*(s +30)7%,  We=10(s+100)(s +3 000)~"
are selected. Then, the control law can be obtained by
the He. synthesis.

The wind gust is first considered as the excitation
source in these numerical studies. Fig.4 is the fre-
quency response of the superstructure caused by gener-
alized wind load. The peak value of the displacement
is reduced from 7 mm/ton to 0.6 mm/ton by the active
system. The maximum value of the active force gener-
ated by the actuator is less than 1.1 ton/ton. When the
support oscillation is considered as the excitation, Fig.
5 represent the peak response of the original structure is
50 mm/mm which will be decreased more than by 909%
by the active system. In this case, the required active
force is less than 8 ton/mm. Fig. 6 is the time domain
response based on the sinusoidal wind gust load, which
is the combination of three 1 ton amplitude with
different frequency, 1.1 Hz, 3Hz and 5.4 Hz. We see
that the acceleration of the superstructure will be
magnified to 0.25 g amplitude in the original structure.
This high acceleration response may be reduced to 0.01 g
if the active system is used. The maximum value of
the active force required is nearly 3 ton. In the case of
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Fig.4 Transfer function of the structure subject to
wind gust (a) displacement (b) active force
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Fig.5 Transfer function of the structure subject to
support oscillation (a) displacement (b)
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Fig.6 Time response by a sinusoidal wind gust
(@) acceleration (b) active force

hull induced vibration, three combined motion of hull,
which has 1 mm amplitude and the same frequencies as
the wind load studied in previous case is considered.
Fig. 7 shows that high acceleration will be induced if no
vibration attenuation system have been installed.
However, this high value acceleration can be reduced
909 by the active system with the designed controller.
The amplitude of the active force generated is near 20
ton. From Fig. 4 to 7, we see that the vibration of the
superstructure caused by support oscillation may be
more dominant than the wind load. Since the robust
characteristic is a very important property of the Hw
controller, the results under some parameter variation

Time (sec)

(b) active force

Fig.7 Time response by a sinusoidal support oscilla-
tion (a) acceleration (b) active force

are considered in the following simulations. If the lag
time constant of the actuator is changed from 0.02 sec
to 0.1 sec, Figs. 8 shows that the responses of the system
with a changed time constant for the excitations of
wind gust and support oscillation are nearly the same as
those without a changed parameter. Fig.9 is the
response for the excitations of wind gust and support
oscillation if the natural frequency of the superstructure
used for the controller design has a 309 error or less
with respect to that of the true structure. From the
results, we find that this controller perform well in term
of the vibration attenuation of the structure.
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Fig.8 Transfer function of the displacement for chan-
ging r to 0.1 sec subject to (2) wind gust (b)
support oscillation '
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4. Conclusions

A robust control design for the active vibration
attenuation of the superstructure of ship using Hw
control synthesis has been investigated. The excita-
tions of the wind gust and hull vibration are considered
in the numerical analysis to understand the perfor-
mance of the control law design under this scheme. The
results of the frequency and time domain analysis show
that the effect of support oscillation is more severe than
the wind gust for generating the superstructure vibra-
tion. However, the vibration induced by both excita-
tions may be attenuated very effectively by the active

control system with the designed controller. In addi--

tion, the performance of the active control system is
analyzed under the conditions of system variations,
including estimated error in the natural frequency of
the structure and variation in time constant of the
actuator. The results show that this designed system
has maintains nearly the same efficiency even under
large variations of the system parameters and the
controller has superior performance in term of robust
characteristic.
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