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Abstract. On marine vessels, delicate instruments such as navigation radars are normally mounted on
ship masts. However the vibrations at the top of mast where the radar is mounted often cause serious
deterioration in radar-tracking resolution. The most serious problem is caused by the rotational vibrations
at the top of mast that may be due to wind loading, inertial loading from ship rolling and base excitations
induced by the running propeller. This paper presents a method of semi-active vibration control using
magneto-rheological (MR) dampers to reduce the rotational vibration of the mast. In the study, the
classical optimal control algorithm, the independent modal space control algorithm and the double input —
single output fuzzy control algorithm are employed for the vibration control. As the phenomenological
model of an MR damper is highly nonlinear, which is difficult to analyse, a back-propagation neural
network is trained to emulate the inverse dynamic characteristics of the MR damper in the analysis. The
trained neural network gives the required voltage for each MR damper based on the displacement,
velocity and control force of the MR damper quickly. Numerical simulations show that the proposed
control methods can effectively suppress the rotational vibrations at the top of mast.
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1. Introduction

Slender masts are commonly used for mounting instruments such as navigation radars on ships
due to their lightness and stiffness. However, the mast vibrations caused by wind loading, ship
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rolling and base excitation induced by the running propellers often cause serious deterioration in
radar-tracking resolution. To ensure satisfactory performance of the radar, the rotational vibrations
particularly at the top of mast must be controlled within an allowable range stipulated by the
relevant design standards. The vibration amplitudes of the mast with respect to the base may be
reduced by stiffening the mast. This normally increases the weight of the mast on one hand, while it
also increases the natural frequencies of the mast on the other hand, giving rise to higher
accelerations and inertial forces. The inertial force cannot be eliminated easily either, since damping
does not increase accordingly. Therefore more efficient vibration control methods are desirable.
Such control methods will then be applicable not only to ship masts but also to masts with precision
instruments installed on flexible structures like long-span bridges.

Hsueh and Lee (1992) employed an active control strategy to reduce the vibration of a ship mast.
In their studies, the vibration control of the mast under wind loading and ship rolling were
considered and good control effects were reported. However, apart from being expensive, an active
control system relies greatly on external power and it may even destabilize the structural system.

Among various control systems investigated, namely passive control, active control, hybrid control
and semi-active systems, the semi-active control system appears to be particularly promising
Housner et al. (1997). A semi-active system does not inject mechanical energy into the controlled
structural system that comprises the structure and the control devices, but it can be controlled to
optimally reduce the dynamic response of the system. Hence in contrast to active control devices,
semi-active control devices do not have the risk of destabilizing the structural system. It consumes
less power and is fail-safe. In addition, studies have shown that a proper semi-active control system
can perform significantly better than passive devices. It also has the potential to achieve most of the
performance objectives of fully active systems, possibly providing effective response reduction
under wind loading.

Friction dampers, viscoelastic dampers, viscous fluid dampers, tuned mass dampers, tuned liquid
dampers and so on are primary energy dissipation devices applied to vibration control of
engineering structures. Among these dampers, magneto-rheological (MR) dampers have obvious
advantages over other dampers. MR dampers typically consist of a hydraulic cylinder containing
micron-sized, magnetically polarizable particles suspended in a fluid that is usually a kind of oil.
The behaviour of an MR fluid can be controlled by subjecting it to a magnetic field. The MR fluid
flows freely in the absence of any magnetic field, but it behaves as a semi-solid under a magnetic
field. Compared with other dampers, MR dampers consume less power. They are also relatively
inexpensive, reliable and fail-safe.

Spencer et al. (1996) put forward a phenomenological model for MR dampers based on the Bouc-
Wen hysteresis model to emulate their dynamic behaviour. Taking displacement, velocity and
voltage as input, the model can predict the damper forces quite accurately. Unfortunately, because of
the nonlinear characteristics of MR dampers, a similar model for the inverse dynamics appears
difficult to obtain.

An alternative representation of MR dampers using neural networks was developed by Chang and
Roschke (1999). A multi-layer perceptron neural network with six input neurons, one output neuron
and twelve neurons in the hidden layer was used to simulate the dynamic behaviour of an MR
damper. In some control applications, it is desirable for the damper to produce control forces based
on some optimal control algorithms. In such cases, it is desirable to develop an inverse dynamic
model that estimates the required input voltage for the damper to produce the necessary damper
force. Chang and Zhou (2002) described the use of neural network to emulate the inverse dynamics
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of MR dampers.

MR dampers have also been employed for seismic response control Dyke ef al. 1996, Jansen and
Dyke (2000), Xu et al. (2000), Jung et al. (2003). However, the application of MR dampers to the
control of wind-induced structural vibrations has not been extensively elaborated by Zhu et al.
(2004) and Wang et al. (2005) and little work on vibration control of ship masts using MR
dampers has been reported.

The purpose of the study is to evaluate the effectiveness of MR dampers in reducing the adverse
effects of ship mast vibrations due to wind loading, ship rolling and base excitation simultaneously.
The control algorithms studied to provide desirable control forces by MR dampers include the
classical optimal control algorithm by Bryson and Ho (1975), independent modal space control
algorithm by Meirovitch (1985) and fuzzy control algorithm by Mamdani (1974) and Mohammed et
al. (2004). A neural network is trained to give the required input voltage to the damper. Numerical
simulations demonstrate that the proposed control method can effectively suppress the rotational
vibrations at the top of mast.

2. Computational model of a ship mast

Fig. 1 shows a schematic diagram of a ship mast with navigation radar equipment mounted at the
top. To facilitate vibration control using MR dampers, the mast is guyed by two pairs of cables
which comprise a pair in the transverse plane and the other in the longitudinal plane. Each cable has
one end connected to a stiff cross bar at the upper part of the mast and another end connected to
one end of the shaft of an MR damper through a roller as shown in Fig. 2. Within each plane, the
loop comprising the pair of cables and the shaft of the MR damper is pretensioned to an initial
tension P, and the loop is assumed to be light and inextensible. Imagine that for whatever loading
applied, the mast moves towards the right. The horizontal cable segment will move to the left
inducing a damping force of f towards the right. If the damper is close to the mast, considering
compatibility of the cable, one may conclude that the forces carried by the left and right cable
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Fig. 1 Schematic diagram of the ship mast Fig.2 Schematic diagram of the ship mast
model in a typical cable plane
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segments will be (Py+0.5) and (Py—0.5f) respectively. The imperfect fixity of the mast at deck
level is simulated by five springs to account for the flexibility of the deck, which comprise a
vertical spring, and a horizontal spring and a rotational spring in each of the cable planes.
Compared with the complete fixity assumption adopted by Hsueh and Lee (1992), the assumption
of elastic support at the mast base is more realistic as the deck is often not stiff enough to constrain
the mast base in a rigid manner. Several sensors are placed along the mast to measure acceleration
signals of the mast, which are further used to evaluate the desirable control forces based on the
control laws adopted.

3. Magneto-rheological dampers
3.1 Modelling of MR dampers

Magneto-rheological fluids have many attractive features, including high yield strength, low
viscosity and stable hysteretic behaviour over a broad temperature range. MR dampers with a
capacity of 20 tons have been designed and presumably tested by Carlson and Spencer (1996).
Moreover, MR fluids can operate at temperatures ranging from —40°C to 150°C with only slight
variations in the yield stress. Consequently, devices with MR fluids are expected to work well in
installations on marine vessels.

To evaluate the potential of MR dampers in structural control applications and to take full
advantage of the unique features of these devices, it is necessary to develop a model that can
accurately reproduce the behaviour of MR dampers. Spencer et al. (1996) proposed a
phenomenological model as shown in Fig. 3 to portray the behaviour of a prototype MR damper.
This model is based on a Bouc-Wen hysteresis model and is governed by the following seven
simultaneous equations:
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. 3 Simple mechanical model of an MR damper
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Cy =C1a+clbu (5)
a= o,+ou (6)
i =—nu-v) (7

where x is the displacement at the right end, f is the force generated, y is an internal pseudo
displacement, u is the output of a first-order filter, and v is the commanded voltage sent to the
current driver. In this model, 4; is the accumulator stiffness; ¢, and c¢; are the viscous damping
coefficients observed at high and low velocities, respectively; k is introduced to control the stiffness
at high velocities; x, is the initial displacement of spring k; associated with the nominal damper
force due to the accumulator; y, S, 4, and y are hysteresis parameters for the yield element; z is the
evolutionary variable and « is the evolutionary coefficient. A total of 14 model parameters are used
to characterize the prototype MR damper using experimental data. Yang et al. (2004) studied the
20-tons large-scale MR damper based on the Bouc-Wen hysteresis model, and confirmed the
validity of this dynamic modelling.

The hysteretic behaviour of the damper is portrayed by the evolutionary variable z in Eq. (3). By
adjusting the parameters y, [, and A, the linearity in the unloading and the smoothness of the
transient from the pre-yielding to the post-yielding regions can be controlled. Spencer (1986)
showed that the upper limit of the evolutionary variable is

2= ()" ®)

In common cases of vibration control, the stiffness contributions in Egs. (1) and (2) from the MR
damper can be numerically shown to be small compared to the damping effects and hence is
neglected in the following derivation. Substituting Eq. (8) into Eq. (2) and then Eq. (1), the upper
bound of the damper force f, can be approximated as

Cq
Co+Cy

= (azy+co)'c) 9

Under rheological equilibrium and a constant voltage condition, the steady-state solution of the
first-order filter represented by Eq. (7) is u=v. This steady-state solution can be substituted into
Egs. (4-6) and subsequently into Eq. (9), which results in the following expression

N CiatCyp

(CoatCra) +(Coptcyp)u
Noting the typical maximum and minimum v values of 2.25 V and 0 V respectively, the maximum
force F.x and minimum force F,,;, can be worked out accordingly.

[(aa+a’bu)z;l+ (COa+CObu)x] (10)

u

3.2 Inverse neural network model

To carry out vibration control using MR dampers, it is essential to estimate the required voltage
input to the MR damper so that a damper force as close to the optimal control force as possible can
be produced. It is basically a nonlinear mapping between the inputs, namely the damper
displacement, damper velocity and the perfect damper force estimated based on the control strategy
adopted, and the output that is the required voltage input to the MR damper. The nonlinear mapping
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can generally be written as
v =g(x,%,f) (11)

where v is the voltage required at time ¢, f'is the perfect damper force, and x and x are the damper
displacement and velocity respectively.

A neural network model is used to simulate the nonlinear relationship expressed by Eq. (11). By
trial and error, a neural network with two hidden layers is selected. The first hidden layer consists
of 6 neurons while the second hidden layer comprises 20 neurons. The input data for the neural
network are displacement, velocity and the optimal damper force while the output data is the
required voltage. The required displacement and velocity data for training and testing the neural
network are generated by superimposing a Gaussian white noise band limited between 0 Hz and 6
Hz on the displacement and velocity data obtained by solving the dynamic response of the ship
mast under various excitations and the optimal control forces. The voltage is generated using
uniformly distributed random numbers between O and 2.25. The damper force is generated by
solving the phenomenological model represented by Eqs. (1-7). In the study, these data are sampled
at 1/0.03 Hz for 105 s, resulting in 3500 sets of data. Out of these data, the first 1,500 data sets are
used as training data while the remaining 2,000 data sets are used as testing data. These data are
normalized before passing into the neural network for training and validating. As an example, the
ship mast described in Section 7 is adopted and the control forces are determined by the classical
optimal control algorithm. Part of the voltage time history of training and validation is shown in
Fig. 4, which demonstrates that in general the voltage time history predicted by the neural network
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Fig. 4 Time histories of voltages at training and testing of the neural network
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model follows the target voltage reasonably closely. The nearly prefect match indicates that the
neural network model is well trained. It also illustrates that the inverse dynamic relationship of the
prototype MR damper can be emulated by the neural network reasonably well.

4. Simulation of loading on the mast
4.1 Wind loading

Vibrations of the mast are elicited by the turbulent components of the wind. Wind turbulence in
the atmospheric boundary layer is typified by random fluctuations of velocity and pressure. For
structural design purposes, Davenport (1967) proposed the normalized one-sided power spectral
density function of wind velocity

2

Sv,(a),,)=4Kv%0( P )’;1 ez (i=1,2,...,mn=0,1,2,..,N-1) (12)
w,”27)(1 +x

where K is a coefficient representing surface roughness, x=1200w,/272v,o, @, is the frequency in
rad/s and v is the wind speed at height 10 m in m/s. The normalized power spectral density of
wind pressure is taken as

4w?
Swi(a)n) = 7Svi(a)n) (13)

where v;=(h/10)%,0 is the wind speed at height #; m and « is the roughness coefficient.
Taking the relationship between the wind velocity and pressure as w;= pv;/2, the wind load can be
further expressed as
F(t) = WA pup,  (i=1,2,...,m) (14)

where the shape coefficient z; is set to be 0.8 in the analysis, the recurrence interval coefficient g, is
taken to be 1.2, 4; is the windward area, and the surface roughness coefficient K is set to be 0.003.
As proposed by Shinozuka and Deodatis (1991), the wind pressure can be simulated by stochastic
processes as

N-1
W) =23 28, (0)Ao-cos(w,i+¢,), (n=0,1,2,..,N-1) (15)
where n=0
w,=nAow, (n=0,1,2,..,N-1) (16)
Aw = o,/N (17)
Swi(a)0)|a)0:0 = 0 (18)

@, is an independent random phase angle, and N is a large number. Note that @, represents an upper
cut-off frequency beyond which the power spectral density function S,,(®,) may be assumed to be
zero for either mathematical or physical reason. As @,=NA® is a fixed value, Aw tends to zero
when N approaches infinity. The following criterion is usually used to estimate the value of @,

[S. @) = (1~ S, (@)do (19)
0 0
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where ¢ (g« 1) is a parameter that reflects the accuracy of using @, to replace the infinite upper
limit. The independent random phase angles ¢, @), @,,...,9y_; in Eq. (15) are distributed
uniformly over the interval [0,27]. These random phase angles can be obtained by multiplying a
random number distributed uniformly over the interval [0,1] by 27.

The simulated stochastic process W) given by Eq. (15) is periodic with a period of Tp=27/Aw.
This indicates that the smaller the value of Aw is, or equivalently the larger N is under a specified
upper cut-off frequency value w,, the longer the period of the simulated stochastic process is.
Another very important point is that the simulated stochastic process W{(f) is asymptotically
Gaussian as N approaches infinity because of the multi-variable central limit theorem.

At this point, it should be noted that when generating sample functions of the simulated stochastic
process according to Eq. (15), the time step A separating the generated values of W(¢) in the time
domain has to obey the condition

At/ w, (20)

in order to avoid aliasing according to the sampling theorem as described by Bracewell (1999).

For the generation of sample functions of the stochastic process W(f), an upper cut-off frequency
®, must be specified. The value of @,=88.468 rad/sec is established by using the criterion
described in Eq. (19) with £=0.015. If the parameter N is chosen to be 8192, then the other
parameters are Ao =®,/N=0.0108 rad/sec and T,=27/Aw=581.77 sec. To avoid aliasing, Eq.
(20) also stipulates that Az7<0.0355 sec. Fig. 5 shows a simulated time history of wind loading on
the mast described in Section 7 at the node 27 m above the mast base.

4.2 Rolling

The ship rolling motion is assumed to be sinusoidal in the study. Fig. 6 depicts the rolling of the
ship schematically as well as the inertial force and gravity force acting on the mast. The roll angle &
at time ¢ can be expressed in terms of the rolling amplitude ® and the rolling period T as

0= 0Osin(2mt/T) (21)
The inertial force per unit length of the mast F; can be written as

Fi = m(y111)(ym+yn10)é (22)

where y,, is the distance above mast base and y,, is the distance between the mast base and the axis

500 f
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| | | | |
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Time(s)

Wind loading(N)

Fig. 5 Simulated time history of wind loading
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m(ym + ymO)e

Fig. 6 Schematic diagram of the ship rolling

of rotation. Substituting the second derivative of the roll angle & from Eq. (21) into Eq. (22), one
gets another expression for the inertial force per unit length of the mast F; as

Fy = —m(3,) W+ Vo) (27/T) Osin(2 7t/ T) (23)

The tangential component of gravity force at the roll angle & is
G, = m(y,,)gsind (24)

Noting the roll angle & given by Eq. (21) and that the sine of a small angle is approximately equal
to the angle itself in radian, one has

G, = m(y,)g®sin(27/T) (25)

Combining the inertial force and the tangential component of the gravity force, one can obtain the
total loading perpendicular to the mast as

F = m,) [~ + Vo) 27/T) +g]Osin(2 2/ T) (26)
4.3 Base excitation

The mast is excited by the running propeller through ship hull girder vibrations. The vibration of
the ship girder under the propeller excitations can be analyzed by the finite element method, and a
typical computational model is shown in Fig. 7. Once the displacement time history of the node to
which the mast base attaches is available, the acceleration at the mast base is obtained by repeated

Displacement-y

1 2 3 .. Rotation-z
Ship hull girder Mast Propeller
base excitation

Fig. 7 Schematic diagram of computational model for base excitation
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Fig. 8 Simulated time history of base excitation caused by the propeller

differentiation with respect to time. Fig. 8 depicts the acceleration time history at the mast base for
a typical set of parameters for the propeller and the ship hull girder.

5. Control algorithms

The finite element method is employed in the analysis to obtain the dynamic response of the mast
under wind loading, rolling, base excitation due to running propellers and control forces. The matrix
equation of motion of the mast of dimension » under external loading and control forces can be
written as

MX +CX+KX = GF,+HF, (27)

where X, X and X are the displacement, velocity and acceleration vectors respectively of
dimension #, the over dot denotes differentiation with respect to time 7, M, C and K are the mass,
damping and stiffness matrices of dimension nxn, F, is the external load vector of dimension #, F,
is the control force vector with dimension m, and G and H are the location matrices to apply the
external loading and control forces to the appropriate nodes respectively, #n is the total number of
degrees of freedom of the mast, and m is the number of control devices. In the study, Rayleigh
damping is assumed and therefore the damping matrix C can be represented as

C=aM+pK (28)

where the parameters ¢, and £, are normally obtained based on the first two sets of modal data.

The effectiveness of using the classical optimal control algorithm by Bryson and Ho (1975), the
independent modal space control algorithm by Meirovitch (1985) and the fuzzy control algorithm
by Mamdani (1974) for vibration control of the mast is then studied. It is assumed that the full state
vector of the mast is available for control force calculation.

5.1 The classical optimal control algorithm

The state vector is defined as

[}
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The equation of motion of the mast under external excitation and control forces, namely Eq. (27),
can therefore be further expressed in terms of the state vector as

Z = AZ+EF,+BF, (30)
where
0 I
A= [ 1 1 J (31)
-M 'K-M C
0
B = [ 1 J (32)
M 'H
0
E = [ 1 J (33)
M G

and 0 and I are zero and identity matrices of dimension nxn respectively.
In order to obtain the optimal control force vector F,, a quadratic function of the state and control
vectors is usually used, namely

J(1) = %O}(ZTQZ +FTRF,)dr (34)
0

where Q and R are weighting matrices of the state and control forces respectively and they are
usually symmetric. Minimization of Eq. (34) leads to the well known Riccati equation as follows

PA+A'"P-PBR'B'P+Q =0 (35)
Once the Riccati matrix P is available from Eq. (35), the optimal control force is given by
F,=-R 'B'PZ (36)
In the study, the weighting matrices Q and R are set to be
-
R=1 (38)

where the parameter 7 is a weighting coefficient.
5.2 Independent modal space control algorithm

Introducing a transformation using the normalized mode shapes, the displacement vector X can be
written as
X = @q(7) (39)

where @ is a matrix of dimension nxn containing the normalized mode shapes, and q is the modal
displacement vector. Eq. (27) can therefore be written in modal coordinates as

q+diag[2dw]q+diag[w?]q = U .+ U, (40)

where ¢; is the modal damping parameter, @; is the eigenvalue, and the corresponding load vectors
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in modal coordinates are
U, = ®'GF, (41)
U, = ®'GF, (42)

Eq. (40) actually represents n decoupled equations of motion in modal coordinates. Defining the
state vector in modal coordinates w; as
W= 43)

qi
the /" decoupled equations of motion in modal coordinates may be reformulated in the general state
space form as

Wi = Aiwi+EiUei+BiUL’i (44)
where 0 1
A = [ J (45)
~07 -2,
B, = m (46)
1
E = m (47)

and U, and U, are the i components of the vectors U, and U, respectively. The i modal control
force is given by
F; = -R{'BP;w; (48)

where the 2x2 Riccati matrix P; can be solved from the second-moment Riccati equation as follows

5.3 Fuzzy control

The study employs a fuzzy control scheme with a fuzzy controller consisting of three modules,
namely fuzzification, inference engine and defuzzification. The fuzzification module converts the
scaled crisp values to fuzzy numbers with singleton membership functions. In this study, the
implications of the fuzzy relations from “if-then” rules are realized by the method of Mamdani
(1974), and triangular membership functions are used for various fuzzy numbers. In the inference
engine module, approximate reasoning is conducted using the generalized modus ponens. In the
module of defuzzification, the fuzzy control force is transformed into a crisp number by the
appropriate methods such as the gravity centre approach.

In practice, measured inputs from a number of sensors, which may be in the form of crisp values,
are converted into linguistic values or the fuzzy membership functions through the fuzzification
process. The number of sensors used in the system is dependent on the number of input variables
used in the controller. Membership functions can be of any shapes as long as they represent a
mathematical function. Three of the most common are triangular, trapezoidal and Gaussian
functions. The first step is to define the universe of discourse and to choose the appropriate input
and output variables. The universe of discourse is a finite or infinite range of values which define
the range of input or output values. In the study, the controller is designed to use two input
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Fig. 9 Membership functions for the input and output variables

variables (i.e., displacement and velocity), and one output variable (i.e., control force). The input
variables are first mapped to the interval [-6, 6] with 13 discrete values. For each converted input
variable, one may obtain 7 fuzzy linguistic values with different membership function values
through 7 membership functions. The membership functions selected for the input variables for the
analysis are of triangular shape as illustrated in Fig. 9. The 7 fuzzy linguistic values are: NB
(Negative Big), NM (Negative Medium), NS (Negative Small), Z (Zero), PS (Positive Small), PM
(Positive Medium) and PB (Positive Big). Similarly, one may obtain 7 fuzzy linguistic values with
different membership function values for the output variable.

In general, the fuzzy logic controller uses fuzzy inference with rules based on engineering
experience. Therefore it is essential to establish the control rule base required to achieve the control
goal according to the experience and intuition of the experts. The more control rules there are in the
rule base, the more effective the control is. Fuzzy inference is carried out using the fuzzy rule base
developed, which performs various fuzzy logic operations to infer the control action for a given
fuzzy input. Fuzzy rules are verbose sentences which define the way that the input linguistic
variables are related to the output linguistic variables. The most widely used fuzzy rules are in the
form of “if-then” statements. The heuristic inference rules based on the structural displacement and
velocity are summarized in Table 1. Note that with two input variables and one output variable, the
fuzzy rule base matrix consists of 49 rules. The fuzzy inference surface in Fig. 10 shows the
nonlinear relationship between the input and output. The control chart shown in Table 2, which
combines two inputs to form an output, is used in the fuzzy control system described in this paper.

The final stage of the fuzzy control is known as defuzzification in which the inferred fuzzy
control action is converted into crisp control values required to implement real operational control.
Many effective defuzzification strategies, such as the gravity centre approach and the scheme based
on the maximum of the membership function, are available to obtain the output crisp values. In the

Table 1 Fuzzy inference rules

X

Fe NB NM NS zZ PS PM PB

NB PB PB PM PM PS PS z
NM PB PM PM PS PS Zz NS
NS PM PM PS PS V4 NS NS
x zZ PM PS PS V4 NS NS NM
PS PS PS V4 NS NS NM NM
PM PS V4 NS NS NM NM NB

PB V4 NS NS NM NM NB NB
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Fig. 10 Fuzzy inference surface

Table 2 Control chart used in fuzzy control system

F.
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

-6 5.4 53 54 43 4.0 4.0 4.0 3.0 2.0 2.0 2.0 1.0 0.0
-5 5.3 43 4.3 43 4.0 3.0 3.0 3.0 2.0 1.0 1.0 0.0 -1.0
-4 5.4 4.3 4.0 4.0 4.0 3.0 2.0 2.0 2.0 1.0 0.0 -1.0 2.0
-3 43 43 4.0 3.0 3.0 3.0 2.0 1.0 1.0 00 -10 -1.0 -2.0
2 4.0 4.0 4.0 3.0 2.0 2.0 2.0 1.0 00 -10 -20 -20 -2.0
-1 4.0 3.0 3.0 3.0 2.0 2.0 1.0 00 -10 -10 -20 -3.0 -3.0
0 4.0 3.0 2.0 2.0 2.0 1.0 0.0 -1.0 20 -20 20 -30 -40
1 3.0 3.0 2.0 1.0 1.0 0.0 -1.0 20 -20 -30 -3.0 -3.0 -4.0
2 2.0 2.0 2.0 1.0 0.0 -1.0 20 20 20 -30 -40 -40 -4.0
3 2.0 1.0 1.0 00 -10 -10 -20 -29 29 30 40 43 -43
4
5
6

2.0 10 00 -10 -20 -20 -20 -30 -40 -40 40 -43 -54
0o 00 -09 -10 -20 -30 -30 -30 -40 43 -43 -43 53
60 -09 -19 -19 -20 -30 -39 -39 40 43 -53 52 -54

analysis, the inference conclusion obtained through fuzzification is defuzzified into the crisp values
using the gravity centre approach.

6. Semi-active control system

The vibrations of the mast excited by wind, rolling and base excitation are controlled using MR
dampers. Fig. 11 illustrates the proposed control strategy to realize the objectives. There is basically
no restriction on the type of control algorithm to be used as long as it calculates a desirable control
force based on the response data picked up by sensors. The desirable control force and the response
of the mast are passed into an MR damper constraint filter. The filter will pass the control force and
the corresponding displacement and velocity to the inverse neural network to estimate the voltage if
the control force is within the maximum and minimum values that the MR damper can produce;
otherwise the filter instructs the controller to feed the highest or lowest voltage to the MR damper
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Fig. 11 Control block representation

directly depending on the control force being higher than the upper limit or less than the lower
limit, respectively.

7. Numerical example

Consider a 30m tall uniform axi-symmetrical mast as shown in Fig. 1 guyed by two identical
pairs of cables in the transverse and longitudinal planes. Each cable has one end connected to a stiff
cross bar at the upper part of the mast and another end connected to one end of the shaft of an MR
damper through a roller. The properties of the mast are as follows: total height #=30 m, flexural
rigidity £/=320 MNm?, mass per unit length p4=142.6 kg/m, height of cross bar from mast base
/=27 m, distance between the mast base and the axis of rotation due to rolling y,,c=12 m, distance
from tip of cross bar to centreline of mast d=1 m, and angle between guy cable and vertical
w=30°. The mast is modelled by 6 beam elements of length 3 m, 6 m, 6 m, 6 m, 6 m, and 3 m
starting from the base. The stiff cross bar 27 m above the base is taken to be rigid in the analysis.
Rayleigh damping with parameters ,=0.16413 and £.=0.001119 is assumed. The mass of the
radar is 500 kg. The rolling amplitude ® is 7712 rad while the rolling period 7T is 8 s. The spring
stiffnesses to model the imperfect fixity at the base of the mast are obtained from the finite element
analysis of the plated panel structure of deck on which the mast is mounted.

The wind loading is assumed to be spatially fully uncorrelated and simulated as follows. The
normalized one-sided power spectral density function of wind velocity is obtained from Eq. (12).
The normalized power spectral density of wind pressure is calculated from Eq. (13). The wind
pressure can be simulated by stochastic processes using Eq. (15). Eq. (14) then gives the wind load.
The wind loads acting on the 6m long segments of the 30m tall mast are then evaluated and applied
on the 5 intermediate nodes.

The simulation of vibration control comprises five modules, including those for finite element
modelling, actuator modelling with neural network, external loading, control algorithm and dynamic
structural response. The finite element model of the mast makes use of beam-column, mass and
spring elements. The time history of external loading has been calculated in advance and saved as
an array in the simulation system for subsequent application. The inverse neural network model is
stored in the system as a series of coefficients and two kinds of transfer functions.

The classical optimal control (COC) algorithm, the independent modal space control (IMSC)
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algorithm and the fuzzy control (FC) algorithm are employed to control the mast vibrations and
their respective effectiveness is evaluated. The wind loading, inertial force caused by ship rolling
and base excitation induced by the propeller are applied to the mast simultaneously. Wind loading
acts horizontally, and three different directions of wind loading are considered, namely ¢=0° 45°
and 90° where ¢ is the angle between the wind direction and the transverse plane.

To evaluate the effectiveness of various algorithms in reducing the rotations of the radar at mast
top, all rotations computed are normalized by the magnitude of maximum rotation without the MR
damper. To demonstrate the advantage of using an MR damper in a semi-active control system, the
case in which the MR damper acts as a passive damper with zero voltage input is also considered.
Figs. 12-14 show the time histories of the normalized rotations of the mast top with the MR damper
as in either semi-active or passive mode and without the MR damper. It is observed that the
rotations of the mast top are significantly reduced by using the MR damper as a semi-active control
device. However when it acts as a passive damper, the rotations are also reduced but not as
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Fig. 12 Time histories of rotation at top of mast under different loading with MR damper used in semi-active
or passive mode and without damper (¢=0°)
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Fig. 13 Time histories of rotation at top of mast under different loading with MR damper used in semi-active
or passive mode and without damper (p=45°)

significantly. The statistics of reduction in the peak and mean values of the normalized rotations are
shown in Table 3. Generally speaking, the three control algorithms have similar control efficiencies.
Both the COC and IMSC algorithms make use of the Riccati equation to determine the optimal
control force. Comparatively the IMSC algorithm is more convenient than the COC algorithm as the
computations required by the former are less complicated. However the fuzzy control algorithm is
the most attractive among the three algorithms evaluated because it uses only the displacement and
velocity of the position of the mast to which the guy cables with MR dampers are connected.

8. Conclusions

The application of MR dampers to vibration control of a ship mast subject to wind loading, ship
rolling and base excitation simultaneously is studied. The classical optimal control algorithm, the
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Fig. 14 Time histories of rotation at top of mast under different loading with MR damper used in semi-active

or passive mode and without damper (¢p=90°)

Table 3 Reduction of normalized mast-top rotations

COC algorithm IMSC algorithm

FC algorithm

Passive mode

¢ Peak Mean Peak Mean Peak Mean Peak Mean
0° 55.4% 52.1% 55.7% 55.2% 53.6% 56.5% 43.1% 23.7%
45° 62.5% 57.5% 64.0% 58.7% 64.8% 63.9% 45.0% 27.4%
90° 64.5% 62.9% 68.2% 63.6% 69.2% 64.3% 49.1% 25.5%

independent modal space control algorithm and the fuzzy control algorithm are respectively
examined in the study to carry out vibration control. The back-propagation neural network is also
capable of emulating the inverse dynamic characteristics of MR dampers. Numerical simulations
show that all three control algorithms combined with the force-output characteristics of the MR
damper can effectively suppress the rotational vibrations at the top of mast and generally speaking
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they have similar control efficiencies. From the practical point of view of control feasibility, the
fuzzy control algorithm is the most attractive as less input is required and the computation is less
intensive. The MR damper as used in a semi-active control system is therefore a reliable device
with low power consumption.
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