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1. Introduction

Very long and flexible offshore structural
systems have been focused such as deepsea
manganese nodules mining system and drilling
system. Slender structures are used for deep
ocean drilling, offshore oil development, ocean
mining and other offshore applications. These
structures which link the sea bottom and water
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surface become very long and inevitably flexible.
Installation operations become increasingly diffi-
cult and new technology which can handle the
dynamic response of flexible structures must be
devised. Remotely operated installation of
flexible slender structure is one of targets of
technological innovation.

The riser is a very long pipe hanged from the
floating body and reaching down the sea bottom
in order to raise the desired underwater material.



Dong-Ho Nam

One of the major problems regarding the deepsea
riser is reentry. In the reentry operation, the
lower end of riser must be accurately positioned
on the target point of the seabed and keep the
position. Required positioning accuracy is high”
and elastic deformation must be controlled for
securing structural integrity.

But the very long riser shows complex
3-dimensional coupled nonlinear response due to
flexibility and nonlinearity of the riser dynamics.
Fig. 1 shows an example of the response of a
real riser calculated by the nonlinear FEM? for
period of 300sec and amplitude of 10m. Phase
delay of 320 degree between top and bottom end
of the riser is observed in the calculation resulit.

The guideline reentry usually performed in
shallow water is not possible anymore and
automatic reentry by active control is essential

for a deepsea riser.
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Fig. 1 Response of real riser calculated by
FEM.(Oscillation amplitude is 10m and
period is 300sec. Time interval of
displayed lines is 30sec.)
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In previous papers™, the author presented a

basic research on automatic reentry by optimal

and adaptive control. An adaptive control is
adopted in order to deal with hydrodynamic force
terms like added mass and drag coefficient. The
partial differential equations of coupled motion of
floating~ body and riser “are “derived using
Hamilton’s principle and effectiveness of optimal
and adaptive control system is demonstrated by
time domain simulation and basin experiment in
terms of 2-dimensional responses.

However, experimental results were not so
satisfactory because of the effect of electrical
noise of the thruster used in the experiment. In
particular, experimental results by optimal control
were so bad and it is necessary to perform the
experiment over again. This paper is an updated
experimental version of the previous work®.

In the present study, the riser reentry systems
formulated by optimal and adaptive control are
tested by a basin experiment with 1/2000 scale
model and computer simulation to obtain the
more effective control strategy. The advantage of
adaptive control is found through the simulation
result with the wrong initial parameter value.

2. Control Method and Adaptive Controller

Optimal control is used to control the coupled
dynamic responses of the floating body and the
riser. The equations of coupled motion of the
floating body and the riser’ are rewritten as

X=AX+BU v

where X state vector whose elements are
displacement of the floating body, deflection of
the riser and their time derivatives. U = control
force vector. Objective function of the control is
L- [ 1 X"QX+ UTRUla %)
where Q and R = weighting matrices on X and
U. Using the solution P of Riccati equation,
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control force U is given by

U= -R'BTPX )
where Riccati equation is

P+ ATP+PA+Q-PBR'BTP=0

Moreover, hierarchical control, LAC/HAC(Low
Authority Control/High Authority Control)®,
which is originally developed for vibration
control of LFSS(Large Flexible Space
Structure)”, is adopted to control deflection of a
very long and flexible riser. The role of LAC is
to augment damping of whole system. DVFB
(Direct Velocity Feedback control)”, which
collocate actuators and velocity sensors, is used
because the dynamic system is made energy
dissipative and, consequently, robust against
parameter variations”. After the system is made
insensitive to disturbances, several significant
modes are controlled by IMSC(Independent
Modal Space Control)®® as HAC. When selected
significant modes are controlled, infinite residual
modes are left uncontrolled and the system
instability(spillover) may possibly be caused by
the interaction between controlled modes and
uncontrolled modes. Damping introduced by the
LAC prevents this type of instability. Fig. 2
shows block diagram of control system by
LAC/HAC.

By the way, estimation error of system
parameter and nonlinear hydrodynamic force may
make the result of conventional optimal control
inaccurate or unstable in water. The nonlinear
hydrodynamic term like drag coefficient is easily
varying according to operation condition and
environment. An adaptive control is adopted in
order to deal with hydrodynamic force terms like
added mass and drag coefficient. PE(Persistently
Exciting) inputm) is an external input with many
different frequencies and forces the system

parameter estimates to converge to the true
parameter values. In adaptive control, it is
necessary for perfect identification of system
parameters. But to use a PE input is not
practical and it may do damage to a very flexible
structure like a riser.
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Fig. 2 Block diagram of control system by
LAC/HAC

Therefore, an adaptive control algorithm, which
does not require a persistently exciting input,
derived for MIMO{(multi-input multi- output)
linear discrete-time system by Ossman and
Kamen"), is selected as an adaptive controller in

45)

the previous™ and present study.

2.1 System Definitions and Assumptions

The assumptions made on the unknown plant
are: 1) an upper bound on the system order is
known, 2) the system parameters belong to
known bounded intervals, and 3) the plant is
stabilizable for all possible values of the
unknown system parameters ranging over the

known intervals.
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The system to be regulated is the MIMO
linear discrete time system described by

HB)=— ,ZI,AW—J) 2Bk ®

In eqn.(5), y(k) is output vector and u(k) is
control input vector. The system described by
eqn.(5) can rewritten in the following form
convenient for parameter estimation:

HE)=DTgp(k—1)

wheve, DT =[— A, ~A, ByB,]
$T(k—1) =[3(k=1)-wk—n) tlh—1)u(k—n)]

(6)

In certain applications, some of the entries in
the system matrix D will be known a priori.
Since it is not necessary to estimate known
parameters, a scheme for separating the known
parameters from the unknown parameters is
advantageous. This is accomplished by rewriting
eqn.(6) in the following form:

VB =0Tp,(k—1)+ ¢T¢,(k—1) @
The matrix 8 contains all of the unknown entries
in D while the matrix ¢ contains only those
entries of D which are known a priori. The
vectors ¢,(k—1) and ¢,(k—1) are regression
vectors whose components come from ¢(k—1).

2.2 Parameter Estimation

Consider the linear discrete time system
described by ARMA (Auto-Regressive Moving
Average) model like eqn.(7) and the parameter
estimation algorithm is given by

k) = 6(k—1)~ P(k— DA k—1)) +
Pr—1D¢a(k—1)

Di1+ 85 (k— 1) P(k—1)$,(k~1)
x[yT(B) — oI (k— 1) ¢~ ¢T(k—1) 0 k—1)]

= prp 1y Pe=1g (k= 1) ¢ (k~ D) P(k—1)
PRy = Re= D = e D Pe— D (h—1)
0< P(0)=PT(0) <21

O(k—1)— 65, when 8 (k~1)> 6™

flk—1)= {0,-,»(1:— D= 685", when 8 k—1<8T

0, when 0 (k—1)e[85", 671

1,
max (1, § . (k—1D 1),

when the determinant of P(k)) e,

77k—1={

where & is any small positive number.

otherwise.
8

2.3 Adaptive Regulator

The state-space observer form realization for
the system described by eqn.(1) is given by

x(k+1) = Fx(k) + Gu(k), (k)= Hx(k) (9)
where,
_Al I Bl
""Az I Bz
F= : W oLG=| ¢ {H=[I0 .. 0]
-4 n-1 I§ Bu—l
—-A, 0 B,

The control force is given by

u( k) (10)
LB =[GCTARGR+ N 'GCTRHRF(E

— L(R)x(k)

Ru1 =Q+LT(AL(A+
(F(B)— G(BL(R) TR F(B) — GRL(E)

where L is feedback gain, Q is weighting matrix,
R is the solution to the Riccati difference
equation.

The estimation algorithm has no need to
calculate
requires the solution of only one iteration of the

inverse matrix and the regulator

Riccati difference equation at each point in time.
This adaptive controller has the great practical
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merit of computational simplicity.

3. Model Experiment

Simulation results for experimental model and
real system by optimal and adaptive control are

%45 Table 1 shows specifi-

very satisfactory
cations of the experimental model and real
system. However, the equations of motion used
in the simulation are linearized ones. Moreover,
the effect of unmodeled dynamics and nonlinearity
and uncertainty of hydrodynamic parameter
which cannot be considered in the simulation
also exist. The basin experiment is carried out to
confirm the function of control system.
Experimental setup and model are not presented
here, as they were demonstrated in the previous
papers“ﬁ), to which details are referred. Block
diagram of control system is shown in Fig. 3.

Table 1 Specifications of the experimental model
and real system.

Floating body Model Real system
Mass(kg) 14.083 15%10’
Riser Model Real system
Length(m) 177 4000
Outer diameter(m) 0.064 0.406
Young's modulus(N/m%) 63x10° 21x 10"
Moment of inertia of section(m”) | 4667x10% | 554110
Weight in air(N) 254 30x10°
Weight in water(N) 113 15%16°

3.1 Experimental Result by Optimal Control

In the experiment, the control starts in the
current with displaced position of the floating
body and initial inclination of the riser. Defor-
mation and inclination of the riser are suppressed
and the lower end of the riser is brought right
over the target on the basin floor and then the
position is kept by the control.

Experimental Model

i Floating bod; 1
i | Thruster oanng Doy U f t i | Ultrasonic
| Elastic pipe | Transmitier Receiver
Y
Thruster i ; DIO
\ Lo Optimal/Adaptive
Driver D/A_T*1 Control Algorithm |~ | Digital Filter

Computer (80486)

Fig. 3 Block diagram of control system{experiment)

Displacement of the floating body is shown in
Fig. 4. Solid line shows the case in which both
the floating body and the riser are controlled.
Broken line shows the case without control of
the riser. Control accuracy is 5mm which is
0.25% of the water depth 2m.

Fig. 5 shows displacement of the lower end of
riser from the target. Solid line shows the case
in which both the floating body and the riser are
controlled and the lower end of riser is kept
right under the floating body. Broken line shows
the case in which only the floating body is
controlled. By controlling the riser, displacement
of the lower end of the riser from the target,
which is induced by current, is decreased from
67mm to almost zero. Fluctuation amplitude of
the
displacement is 11lmm for controlled case but

lower end of the riser about mean

22mm for uncontrolled case.

Motion of out of plane of the floating body is
independently controlled by conventional PID
control and it makes the experiment purely
2-dimensional problem. The control performance
shown in Fig. 6 is also satisfactory. Average
control force required for the position keeping of
the floating body is 15gf and the required control
forces at midpoint and lower end of the riser are
1.5¢f.

In the present study, moreover, the attempt is



Dong-Ho Nam

Floatirig Body is Controlled,
04 Riser: Contralicd |
3 e Uncontrofled
2 02
i
£ 0
]
5
8 g2l
04
0 10 20 30 40 50 60
Time(sec)
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Fig. 6 Displacement of out of plane of floating body.
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Fig. 7 Deflection of riser at midpoint by HAC
and LAC/HAC.
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Fig. 8 Displacement of lower end of riser
for real system.

made to adopt LAC/HAC for control of the riser
deflection in the experiment. Optimal control and
DVFB are used as HAC and LAC, respectively.
Fig. 7 shows deflection of the riser at midpoint
when the model is controlled by only HAC and
by LAC/HAC. Due to hydrodynamic damping,
the riser model does not show higher mode
response in the experiment, and it can be known
that optimal control alone can function well
Experimental results by adaptive control were
demonstrated in the previous papers45), to which
details are referred.
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3.2 Discussion

Control accuracies for displacement of the
floating body by both the optimal and adaptive
control are very satisfactory. Control accuracy
for position keeping of the lower end of riser by
optimal control is also satisfactory. But the
accuracy for position keeping of the lower end of
riser by adaptive control was not satisfactory,
though the displacement was reduced by 50%
compared with uncontrolled case.

Nevertheless we can think that meaningful
results were obtained for realization of the
automatic reentry system by adaptive control.
Adaptive control is well known to be very
difficult to implement because unknown system
parameters must be estimated on real time'”.

Simulation calculation is carried out for the
comparison of performance of optimal and
adaptive control. The simulation is computed for
real system with the initial system parameters
deviated from the true values by 30%( C,,=1.4,
C4=0.6). Inertia coefficient C,,, drag coefficient
C, which are uncertain hydrodynamic param-
eters, depend on KC number(= UT/D, where U
and T are the velocity amplitude and period of
the wave, D is the diameter.) and Reynolds
numberm), and it is assumed to be C,=2.0,
C,s=1.0 as the true values in this study.

Fig. 8 shows displacement of the lower end of
the riser for real system shown in Table 1.
Initial displacement of the floating body and
inclination of the riser are 1000m and O0.lrad,
respectively. Current velocity is - 2.0knots
(1.0m/sec) at the surface of the sea and zero at
water depth 1000m. Up to 12th deflection modes
of the riser are considered in the calculation.
Solid line shows the result by adaptive control
and broken line shows the case by optimal
control. The result by adaptive control shows
better transient response and smaller overshoot

than that by optimal control. The stationary
positioning error, which is the net effect of
current, remains. This value can be canceled out
by feedforward control or position shifting of the
floating body.

4. Conclusion

In the present study, the optimal and adaptive
control theories are applied for the riser reentry
system. An adaptive control is adopted in order
to deal with uncertain hydrodynamic terms like
added mass and drag coefficient. And those two
algorithms are compared through the model
experiment and computer sirmulation to obtain the
more effective control technique for the offshore
structural system. Through the present work, the
main conclusions can be drawn as follows:

1) For known system parameter case, the
coupled responses of the floating body and riser
are actively controlled by optimal control.
Deformation of the riser is well suppressed and
the position of the lower end of the riser is kept
right over the target. T his‘paper is an updated
experimental version of the previous work®,

2) Adaptive control system is formulated for
uncertain system parameter case. Controlled
responses of riser are compared with optimal
control with gains derived for nominal values of
parameters. Adaptive control shows better result
when parameter deviation exceeds by 30% from
nominal values.

3) Promising results are obtained for the
synthesis of a 2-dimensional control system for
position and elastic response of a very long and
flexible structural in the
previous and present study. The research result

offshore system

obtained from the present study can be extended



Dong-Ho Nam

to a 3-dimensional real system through further
study. If the effect of twisting response is
insignificant, the same control system can be
applied to another 2-D plane which is perpen-

dicular to the present 2-D plane. Otherwise, the

twisting effect must be considered for formu-
lation of 3-D control system. The author has a
plan to do research on 3-D problem continucusly.
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