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A Study on the Control of Hydrodynamic Forces
for Wave Energy Conversion Device Operating in
Constantly Varying Ocean Conditions
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M ! Mass of Wave Energy Conversion De-
vice

R :  Restoring Coefficient

S(t) : Switching Plance

u *  Input Torque of Control

X *  Position of Surge Direction

Xs ©  Design Position of Surge Direction

Y :  Position of Sway Direction

Ys © Design Position of Sway Direction

6 :  Angular Position of Yaw Direction

6: : Design Angular Position of Yaw Direc-
tion

£ . Heave Motion Amplitude of Device

A . Wave Length

(Additional Subscript)

i XY 0

& D XYe

Time Derivative

Abstract

Due to the constantly varying sea—states with
which any wave energy conversion device must
contend in order to extract energy efficiently, the
ability to control the device's position relative to
the incident waves is critical in achieving the
creation fo a truly functional and economical wave

energy device.

In this paper, the authors will propose metho-
dology based on the theory of a variable structure
system to utilize a three dimensional source dist-
ribution as a model to estimate anticipated surge,
sway and yaw of a wave energy conversion device
relative to varying angles and characteristics of
incident waves and therefrom derive a feedback
to a sliding mode controller which would reposi-
tion the device so as to maximize its ability to
extract energy from waves in constantly varying

ocean conditions.

1. Introduction

Previous attempt to efficiently extract energy
from ocean waves did not achieve the desired re-
sults due to the high degree of structural comple-
xity which must be incorporated into any wave
energy conversion device attempting to extract
energy from the non—linear hydrodynamic phe-
nomena that characterize ocean wave. Ocean wa-
ves may come from any direction of incidence
and have different characteristics of wave height,
length, etc. The combination of these two sources
of complexity make it extremely difficult to esti-
mate or promote extracted wave power, as pre-
viously demonstrated both theoretically and expe-
rimentally(Kim and Park, 1989), (Kudo, 1984).

Therefore, a three dimensional source distribu-
tion method is used to estimate the hydrodyna-
mic forces on a wave energy conversion device
and to calculate the hydrodynamic forces accor-
ding to the variations in length and direction of
incident waves(Kim and Park, 1989), (Kim and
Park and Kim, 1988). And the authors belive it
is possible to control the position of a wave ene-
rgy conversion device by using a “water column”
model's three dimensional source distribution.
The varlances in the model water column’s height
are then used to calculate the hydrodynamic for-
ces acting upon the wave conversion devices. The
controller capable of effecting an appropriate phy-
sical repositioning of the device commensulate
with varying ocean wave conditions as modeled
by the water column (See Fig.1).

At present, dynamic position control systems
require the forecasting of an exact wave exciting
force and their resultant distubance. This imprac-
tical prerequisite makes them far too costly to
implement (Harris and Billings, 1979), (Kang,
1990), (Yeung and Chen, 1988). In order to avoid
this pitfall, a control algorithm based on the



theory of variable structure systems has been de-
veloped. In this case, the variable structure sys-
tem has been designed in such a way that all tra-
jectories in the state space are directed toward

some swithching plane (Kang, 1990), (Yeung and *

Chen, 1988).

In this way, the previously described sliding
mode controller is able to control the position and
direction of the wave energy conversion device’s

surge, sway and yaw.
2. Hydrodynamic Forces

Due to the structural characteristic of wave
ehergy conversion devices, the three dimensional
source distribution method is a paticularly useful
way to calculate the hydrodynamic forces acting

upon them.

This is done by simulation the reaction of three
dimensional source water column model to vary-
ing wave conditions such as those to which a co-

nversion device is exposed. The logical next step,
of course, would be to utilize a water column on

the device itself to calculate and produce feed-
back to the device's controller.

The model proposed in this paper has a design
wave height of 2m and design wave length of 80
m. This floating room is of the proper dimension
to constrain the amplitude of heave, roll and pitch
(Kim and Park, 1989). A computer simulation for
‘heave motion is presented in Fig3. It demonstra-
tes that heave motion amplitude varies greatly
with changes to the angle of incidence of an on
—coming wave. And, motion amplitudes of roll ad
pitch are substantial indicators of incident wave

direction.

A comparision of Fig.3 with Fig4 through 6 co-
nfirms that motion amplitude is inversely propoti-
nal to the amplitude of the fluid in our water co-
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lumn model.

Control using Sliding Mode Method by variable
Structure System Theory.

Consider the second order dynamic equation

for surge, sway and yaw direction in device.

M«q+Dq+Rq=F+u ¢y

X
q= Y
(4]
M+Ax 0 0
M, = 0 M+Ay 0
0 0 M+A,
Dx 0 0
D= 0 Dy ¢
0 0 De
Rx 0 0
R = 0 Ry 0
0 0 Rq
Fx ux
F = Fy u [uy ]
FQ Uq

Let qq represent the desired position and chose
the switching planes ST = [Sx, Sy, Sel = O
S=C(q@—q) *+4q (2)
Where, C = diag[Cx, Cy, CoJl

Cx, Cy, Co> 0

The aim of the control is to force the motion of
the system to be along the intersection of the
switching planes S = 0. Differentiating (2) with

respect to time gives.

S=2Cq+ q (3)
Intersecting (1)

M\(S—Cq) +Dq+Rq=F+u (4)
MASZ(MAC"D) ir-Rq+F+u (5)
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We now derive a reaching condition for the swit-
ching planes using the stability theorem of Lya-
punov (Landau, 1979). Assume the form of MaS

to be
—Px, sgn (Sx)
MS = [—Py. sgn (Sy)
~Pqo sgn (So)
= — {Pisgn (Si) / Si} S (6)
where, Px, Py, Py 0
1S >0
sgn(S) = l:-l S C 0
0 S =0

For using asymptotically stable Lyapunov Func-
tion, define Lyapunov Function to be

V(S S = SM,S )

Since M, is positive definite, V (S, §) is a posi-
tive semi— definite function. Moreover V (S, )
vanish only for S = 0. Differentiating with res-

pect to time.

V (S, ) = S™™,S+S™,S+S™,$
= (MaS) 'S+S™™M,S+S™M,S  (8)

Intersecting (6) in the above equation

V(S, S) = -2diag[Pi sgn(Si) / Si] SST
+M,SS" (9

For using asymptotic stable Lyapunov function in
sliding mode, diag [(Pi sgn .(Si)/Si] —Ma/2
Should have done the positive definite matrix. so
that,

Pi sgn (S /Si> > Ma/2 (10)

J

From the coorelation between (5) and (6)

(MiC—D) q—Rq+F+u

3 -Px sgn (Sx)
h [Py sgn (Sy)] (1

-Pq sgn (Sg)

Let M\C—D=(M:C—D)° +8(M.C—D)
R=R°+6R

Where, M.°. R® mean values

Assume the following bounds for MxC—D, R, F
and M

M.C—=D=(M,C~D)°+5(MC—D)
 MiC~D)o+a(MC—D)
R=Re+8R { R°+aR
F{aF
M. < aMa . (12)

Intersecting the above relation equation in (5)
M,S=(M,C—D)°g+3(M\C—D)gq
—Rq+F+u
= (MAC——D)O(']-Roq_u:
+8(M:C~D)q—6Rq
+F+u'tu 13
Let the control law
u=—(M,C—D)eq+Req+w (14)
From (6) and (12)
8(M,C—D)q—-8Rg+F+u
_ [-Px sgn (S
| -Py sgn (Sy) (19
'PQ sgn (SQ)

combining (10) and (15)

sgn(SD) {D8(M,C—D)q—8Rq+F+u}

¢ - 1sil Y M2 (16)



Using (12), it is arranged (15) to be

w=—sgn(Si) {J a(Ms\C—D)q+aRq—aF}
. . j]
~Si ) M2 an
Intersecting the above equation (17) ‘in control
law (14), desired control law.

u=—(M,C—D)°q+R°q—SiQ) M\"2
—sgn(SD) {Za(MAC—D)q+aRi]-aF} (18)

The actual control u consists of a low— frequency
(average) component and a high— frequency(cha-
tter) component. sgn(Si) in above equation is di-
scontinuous sign function. So, this function is re-
placed by a proper continuous function as follows
{Hashimoto, Maruyama and Harashima 1987).

Si
I Sii+p:

Bi : Posiive Constant

sgn (S

finally control law is

u= -(MAc—D)°q+Roq—SiZ M./ 2
-Si/(ISil+8)

(> a(MsC—D)q+aRq—aF} (19)

3. Simulation for Control

Simulation of the actual use of such a control
system upon a wave energy conversion device is
the next step. To do this, we input the design da-
tum parameters of the device, namely, mass, ad-
ded mass coefficient, damping coefficient, restor-
ring coefficient and wave exciting force on each
direction surge, sway and yaw. Restoring coeffi-
cient is calculated as zero in consideration of ca-
ble line, drift force, etc. A coefficient is conside-
red in equation (12), namely, the values of the
boundary upper limits, already shown in the figu-

res.

o gAo)e vlXe fAHH AMoje] pY AF 5

In a real situation where in the system para-
meters are not exact values, this method has the

advantage that it is able to control with the va-

- lues of the boundary upper limit. The design po-

sition is then decided as a consideration of Lloyd’

s Register for platform support.

Figs. 7,10,13,16 and 19, we can see the variation
of position to time and the stable position when
reached at design position.

Figs. 8,11,14,17 and 20, show the variation of
the input torque to time. It is shown that the in-
put is stable when reached at design position ins-
pite of introducing random number(wave exciting
force disturbance) within the values of upper li-
mit.

Figs. 9,12,18 and 21, show the correlation bet-
ween position (X&Y) and velocity (X&Y), from
which it is found *hat the velocity very much de-
creases in the sliding lines. This also confirms
the stable of positioning control because the velo-
city does not vary at the design position.

The correlation between position (8) and
angular velocity (é) is shown in Fig.15 and there
is a small fluctuation in angular velocity at the

design position.

We are therefore able to determine that the
design position (X, Y. 64), design constant (C,
C,, Co) and values of the boundary upper limit
of wave exciting force directly influence the resu-
Its of simulation and can demonstrate this by ru-
nning the simulation using different values for

the variables.

Somewhat, even though it is added random va-
lues(less than boundary upper limits) to wave
exciting force in the course of simulation, it is co-
nfirmed that it is able to control the position.

4. Conclusions

A variation of position of the wave energy de-
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vice and effects of its position relative to the inci-
dent wave may be determined by utilizing the re-

sults obtained through the three dimensional

source distribution of hydrodynamic forces in the

water column of the device.

The variable structure system informed sliding
mode control is useful as a control method for st-
ructures in irregular regions such as the ocean.
Simulation of such a control upon a model device
in accordance with the variable structure system
theory produced a satisfactory result.
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Fig. 1 Coordinate and Wave Energy Conversion System
Disturbance Table 1. Dimension of Model
Cu, Cv.Cy (Wind, Current, etc)?
] ]/ Model odel Model
hvd
——-)[nmo. fsition ! SIiding Mxef->|  Wewe Energy # Length|80.0 M{V.C.G]4.0 H| Water Depth ; 0
Xe. Yo O} = ]‘ Comtrotler | frmwersion Bevie T" Breath 36,0 M|LC.GJ0.0 H| Wave Height | 10M

Fot Depth |10.0 M|T.C.GJ0.0 H|Water Area A;74.625 M?
x-Y. Draft | 40M|

Fig. 2 Block Diagram of Control System
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A/ L

Fig. 3 Heave Motion Amplitude for Model (Even Condition)
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Fig. 6 Distribution of a Fluid in Water Column (3/L=0.7 Incident wave Direction=90°)
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Fig. 8 Variation of Input Torque
according to Time in Surge

(A/L=0.7, Incident wave Direction=0°)

Fig. 10 Variation of Sway Position According to
Time
(A/L=0.7, Incident wave Direction=290°)
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Fig. 11 Variation of Input Torque
according to Time in Sway
(A/L=0.7, Incident wave Direction=90°)
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Fig. 12 Variation of Velocity in Sliding Plane
according to Sway Position
(W/L=0.7, Incident wave Direction=90°)
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(A/L=0.7, Incident wave Direction=45°)
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Fig. 16 Variation of Surge Position according to
Time
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Fig. 17 Variation of Input Torque
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