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Adaptive Collective Control using Consensus
Estimation in Arrays of Wave Energy

Converters
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Abstract—The adaptive Collective Control using Con-
sensus Estimation is proposed in this paper. The perfor-
mance of the Wave Energy Converters (WEC) array is
optimized by the Collective Control (CC) in terms of the en-
ergy extraction. The physical limitation is also considered
in deriving the control. The Continuous-Discrete Kalman
Consensus Filter (CDKCF) is implemented to estimate
the required information for the controller. The proposed
estimator utilize the communication in the hydrodynamic
coupled WEC array to improve the estimation and deploy
the estimation in a distributed fashion. The unforced WEC
array is first simulated. The results show CDKCF has a
good performance in estimating the system behavior and
the wave field. Additionally, the CDKCF is compared with
the regular Kalman Filter (KF). The results indicate the
CDKCF improves the estimation both in the estimation
error and the disagreement. Second, the simulation is
conducted on the forced WEC array. The performance
shows the adaptive CC can optimize the energy production
of the WEC array with satisfying the constraints. The
extracted energy is around 95% of the energy produced by
the CC with perfect knowledge of the wave field. We can
conclude the proposed control has a good performance in
terms of energy production and the Consensus estimation
guarantees the controller is adaptive to the constantly-
changing sea condition.

Index Terms—Wave Energy Conversion, Wave Energy
Converters Array, Collective Control, Consensus Estima-
tion, Adaptive Control

I. INTRODUCTION

Among different sustainable energy resources, the
wave energy is considered to be more reliable and
has higher energy density. In 1970s’, the wave energy
conversion is studied by some pioneers in references
[1]-[4] regarding the hydrodynamics and control. The
force oscillation hydrodynamic model is widely ap-
plied in the community which provides the conve-
nience for the control design. The complex conjugate
control is developed in reference [5], in which the wave
energy conversion is analyzed in the frequency domain
and the theoretical maximum energy production is
predicted. Many controllers are developed for single
point absorber. Reference [6] developed the singular
arc control which is shown to be comparable with the
complex conjugate control. By considering the physical
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constraints, reference [7] introduced the Model Predic-
tive Control which can exactly include the constraints
into control design. Alternatively, reference [8], [9] pro-
posed the Pseudo-spectral approach which implements
the constraints in the numerical optimization.

The research on the wave energy conversion is fur-
ther extended to the WEC array. The hydrodynamics
of the WEC array is studied in references [10]-[12].
Nowadays, the Boundary Element Methods (BEM) ap-
proach are widely applied in solving the hydrodynam-
ics. Numerous software are developed on that purpose
such as WAMIT [13], ANSYS® AQWA and Nemoh
[14]. In this paper, WAMIT is applied to solve the
hydrodynamics of the WEC array. The layout of the
WEC array has a significant impact on the performance
of the array. As shown in reference [15], [16], the
triangular shape is desired. Hence, in this paper, the
three floaters in the array will be placed in a triangle.
The constructive effect of interaction in the WEC array
motivates the researchers to study the control of the
WEC array. Reference [17] investigated the coordinated
control and found the coordinated control is signifi-
cantly better than the independent control regarding
energy extraction. Additionally, the global control is
studied in reference [18] which is found to offset the
destructive interaction in the array. References [19], [20]
proposed the Model Predictive Control of the WEC
array by considering the state and force constraints.
In this paper, the Collective Control developed in
reference [21] is applied and optimized to maximize the
energy absorption and satisfy the physical limitation.

The proposed control requires the current and fu-
ture information of the wave field and states. Hence,
an estimator is required to estimate and predict that
information. Although there are many wave estimators
are developed in references [22]-[25] for a single WEC.
In the WEC array, the hydrodynamics of each buoy is
strongly coupled, but each buoy will only collect local
measurement and estimate the wave field and system
behavior of the entire array. Consequently, a consensus
estimator is desired for this objective which can fuse
the data in a distributed fashion and is believed to have
a more accurate estimation. The Kalman-Consensus
Filter (KCF) is proposed in references [26], [27]. Ref-
erence [28] further extended the KCF to CDKCF for
engineering application. The CDKCEF is applied in this
paper to estimate the wave field and WEC array’s
behavior. The estimated quantities will be fed into
the control prediction horizon to calculate the current
control which is accordingly adaptive to the changing
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Fig. 1: The layout of the WEC array

sea condition.

This paper presents a novel adaptive CC using con-
sensus estimator. The contribution of this work is: first,
the CC is improved to be adaptive by applying the
Consensus estimation. Second, the Consensus estima-
tion provides an accurate estimation which guarantees
the optimality of the controller. The derivation of the
hydrodynamics, control, and consensus estimation are
introduced in Section. II. The numerical simulation is
presented in Section. III. Section. IV draws the conclu-
sions.

II. MATHEMATICAL DERIVATIONS

In this section, we will present the mathematical
modeling of the hydrodynamics of the WEC array. The
CDKCF and CC will also be derived. As shown in
Fig. 1, there are three buoys in the triangular WEC
array with the coordinates (0, 5), (5, 0) and (0, —5).
Each buoy in the WEC array has a radius of 2m and
a rigid body mass of 1.7174 x 10%kg. Additionally,
the wave direction in the array is along the positive
x direction (8 = 0°) and only the heave motion is
considered.

A. The hydrodynamics
The hydrodynamics of the WEC array can be de-
scribed based on the Cummins’ Equation [29] as:
7=M"YF. +i—KZ—C,7,)
Z, = A, 7, + B, 7 1)

where 7 and ¥ represent the displacement and velocity
of the buoys in the array. Z, is the radiation states vec-

tor. M is the total mass matrix which can be computed
as M = m,. + m,, where:

m, = diag([m.,11, My,22, My,33]) 2)
Moo,11 Moo,12 Meo,13

Moo = |Moo21 Moo22  Moo,23 ®)
Moo,31 Mo,32 Mo,33

The K is the hydrostatic restoring force coeffi-

cient matrix which can be expressed as K =
diag([K11, K22, K33]). Moreover, the F, is the excita-
tion force vector where the ith element can be com-
puted as:

N,

Foi = R(Feco(wn)ne(wn)e Fnmimentton)y ()
where ¢ = 1,2,3. The N, is the total number of
frequencies of the ocean wave. F, ¢ is the excitation
force coefficients at the origin of the WEC array which
can be extracted from WAMIT [13]. 7. is the frequency
dependent wave elevation. w, is the frequency and ¢,
is the random time domain phase shift. k 1s the wave

number which can be expressed as k, = ==. The A,,
B, and C, in the equation of motion (Eq. (1)) are the
radiation matrices which can be calculated based on
the radiation damping and added mass obtained from
WAMIT. The 4 is the control force. The hydrodynamics
can be written in a state space format as:

[904, s, x6)"
“YE +7-K7-C,7)
= Arxr + Br[x47 X5, xﬁ]T (5)

[561, Zo, !B3]

[:1;47 1‘5, ]

where 1 2 3 = 21,2 3 is the displacement of buoy 1,2, 3,
Za56 = U1,2,3 is the velocity of buoy 1,2,3. The state
vector is defined as ¥ = [z1, 72, 73, T4, T5, T6, Tr|T.

B. The Collective Control

To optimize the energy extraction of the WEC array,
the CC is applied in this paper. The detailed derivation
can be found in reference [21]. The CC applies the
Proportional-derivative (PD) feedback control law:

i = —Ky[z1, 2, v3]7 — Kg[za, 5, 26]" (6)
where:
K, = diag([Kp11, Kp22, Kp3s]) )
Ko Kai2 Kgais
Kqg= |Ki21 Ka22 Kapos 8)
Kaz1 Kasze Kagss

The K, and K, are optimized such that the WEC
array can produce the maximum energy within the
constraints. Hence the objective function can be de-
scribed as:
13

2
J=-E+ 379 ;(max(o,gi))
Kaii > Kag, 1 # J, 4] =

where E = Y, [(—u;v;)dt is the energy extraction of
the array. g; =| 2; | —2Zmao 18 the inequality constraints

Min :

1,23 ©)
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on the displacement of ith buoy. Additionally, the con-
trol force cannot exceed the maximum control capacity
| w; |< Umaq, SO the control force will be saturated by
Umaz- The cost function will be minimized by applying
Matlab® fmincon function. During the optimization,
the state vector & will be propagated using Eq. (5).
The weight of the penalty function r, will be tuned
to guarantee the performance of the WEC array satisfy
the constraints without losing optimality.

C. The Continuous-Discrete Kalman Consensus Filter

To evaluate the CC control, the information of the
displacement, velocity, radiation states and excitation
force field are required. Hence the CDKCF is developed
in this section to estimate those quantities. The details
of the derivation and initialization of CDKCF can be
found in reference [28]. The excitation force field in
the dynamics can be approximated as:

2

N,
R Z cos(knri — wnt) + by, sin(k,r; — wpt)
¢><n, 0, b)" (10)

where ¢(r;,t) = [cos(8;), sin(f;)] and 6; = kr; — &t. The
dynamics of the estimator can be expressed as:

i
b—10 (11)
where
¢(T1, t)
o7 t) = | P(r2,t) (12)
¢(7ﬁ37 t)

=

The estimated state  vector is T =
(21, &9, &3, &4, &5, &, Tp, @, b|T. From the dynamics,
we can tell the coefficients of the excitation force
approximation @ and b are not updating in the
propagation. However they are not fixed during the
estimation, the coefficients will be adjusted based on
the measurements. The estimated states are the same
for all the buoys in the WEC array which means each

buoy will estimate the information of the entire array:

B
K

i=1,23 (13)

P =

Accordingly, the estimated state is a consensus among
different agents in the WEC array. Further, the dynam-
ics of the estimator can be rewritten in the form of:

#; =F%; +Td (14)

where
ONaxNa  [NaxNag ONaxNr  gNax2N,
MK NaxNa 7M71Cr Mil(b
F= | gV-xNa B, A, oN-x2N,
ONWXNQ ONWXNQ ONWXN,,. ONszN“’
ONWXNQ O]\_/WXNQ ONwXNr ()]\_/w><2]\_/w
(15)
and
01\/,,,><N{L
Mfl
| 0N1'><Na (16)
ONwXNa.
ONWXNQ

where in those two matrices. IV, represents the number
of buoys in the array, NN, is the number of radiation
states. Nw is the number of frequencies in the estima-
tion. Since the true number of frequencies of the wave
field (V,,) is not measurable. Hence we assume we
have no knowledge of the wave frequency distribution,
except we can predict a peak frequency based on the
long term observation of the wave field. So, for the
estimation, we can select a certain number of fre-
quencies (N,,) distributed around the peak frequency.
Typically, to guarantee the efficiency of the estimation,
the N, will be much smaller than N, but the wave
characteristic still will be captured by the estimation
with less number of frequencies. The measurements of
each buoy are the displacement and velocity. Hence,
the measurement model can be expressed as:

i = i + 0 (17)

where 7; = [Z;, ;)7 contains the displacement and ve-
locity measurements of the ith buoy. The measurement
model H; is described as:

H. — 02X (2Na+N,+2N,)
H;(1,i) =1 H;(2,N,+i) =1 (18)

Furthermore, ¥ ~ (0, R;) represents the measurement
noise and R; is the covariance matrix for the measure-
ment noise of ith buoy. The process of the consensus
estimation is summarized in Algorithm. 1.

In this algorithm, P; is the error covariance matrix
of ith buoy. K ; is the Kalman Gain of ith buoy at
kth stage. v is the consensus gain. Y; is the process
noise gain matrix and Q is the process noise covariance
matrix.

D. The Collective Control with Consensus Estimation

Since, the Consensus estimator has collected the
required information of the control, the control force
can be evaluated as:

= K, [#1, 2, 23]7 — Ka[Z4, 5, T6)" (19)

where the estimated states are extracted from the
average est1mat1on Z which can be computed as:

= N Z Z;. The control coefficients are optimized
w1th1r1 the prediction horizon based on the objective
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Algorithm 1 Continuous-Discrete Kalman-Consensus
Filter: a Continuous-Discrete observer with a consen-
sus term

1: Initialization: P; = Pi,()vfi = f@o
2: while new data exists do
3:  Compute the Kalman Gain
K= P;;ng,i(Rk',i + Hk-JP];ng’i)fl
4:  Update the current estimation based on consen-
fL = Ty, o+ Kp,i(Gki — Higid ;) +
VP;Z,Z- ENi (flzj - fl;z)
P/, = (I- Ky H )P,
5. Propagate the estimation
#; = Fz; + T
P;(t) = F(t)P;i(t) + P;(t)FT (1) + X (1) Q1) XT (2)
6: end while

function defined in Eq. (9). The initial guess of the
coefficients can be described as:

K, 0 = diag([0.9(M(1, 1)w§ —K(1,1)) x 1NaxD)])

4x10° 4x10% 4 x10%
Kgo= |4x10* 4x10° 4x10* (20)
4x10* 4x10* 4x10°

where w? ~ maz(\ @ + b2) which is computed cor-
responding to the maximum estimated excitation force
magnitude. The excitation force field predicted over the
horizon is constructed as:

ﬁe,i = (b(riv (t ~1+ Th))[é’” :']T (21)

The logic of the adaptive CC with CDKCF is de-
scribed in Fig. 2. As shown in the figure, the mea-
surement will be fed into the consensus estimator to
adjust the estimation. The estimation will be inputted
to the collective control to optimize the K, and Ky
in the prediction horizon which has a length of Tj,.
To improve the efficiency of the controller, the control
coefficients will not be optimized at each sampling
time, a jump time Tj, < T}, is defined such that the
control coefficients will be optimized at t = NTj,
where N = 1, 2, 3..., at the other time, the existing
coefficients will be applied to compute the control
force.

III. SIMULATION RESULTS

In this section, we will present the simulation results
of the CDKCF and CC of the WEC array. The wave
applied in the simulation has a Bretschneider spectrum
with a significant height of 1m and a peak period of
11s. The disagreement shown in this section can be
computed as:

a(@) = (> Y a2t @)

i

a0 ()
Plant
Average
Collective | estimation —
Sonio) Measurements

Optimize K, K4 @

Excitation force

prediction
i Average
iestimation

Prediction
Horizon

-~
..+..
s

Fig. 2: The logic of the Collective Control with
Consensus estimation

where M is the number of elements in 5; 5; = :%’Z — 7
Additionally, the average estimation error of the exci-
tation force is computed as:

N, ~
R0 = (23)
The simulation is first conducted on the CDKCEF esti-
mation of the coupled, unforced WEC array. Then the
performance of the CC is numerically examined with
the array information estimated by the CDKCE.

A. The coupled unforced WEC array

In this case, the WEC array is allowed to have a
free motion (without control). The motion of all the
buoys in the array and the wave field will be estimated
by CDKCE. The true wave field has 300 frequencies,
and we apply 40 frequencies in the estimation. The
consensus gain v = 3x107°. The details of the standard
deviation of the process noise and the measurement
noise are:

0,.7=0.02 0.5=0.04 (24)

The average estimation of the displacement of buoy
1,2, 3 are presented in Fig. 3, 4 and 5. From the figures,
we can tell the CDKCF has a good estimation of the
motion of the buoys and the estimation converges
around 10s. The excitation force field estimation is
shown in Fig. 6, 7 and 8. The proposed estimator
is able to catch the wave characteristic in the WEC
array with less number of frequencies in the estimation.
The percentage estimation error of the excitation force
with CDKCF is compared with KF (shown in Fig. 9,
10 and 11). In the figures, the estimation error of
CDKCF is computed based on the average estima-

tion (ET and 5), however the estimation error of KF
is computed based on individual estimation (@; and

b;). The regular KF implemented in each buoy esti-

mates T = %1, &2, &3, &4, &5, &6, Tr, a, b]. The KF only
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Fig. 3: The estimation of the displacement of buoy 1
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Fig. 4: The estimation of the displacement of buoy 2

adjusts the estimation based on local measurement
without communicating the estimation of the other
buoys. As shown in the figures, the estimation error
of the KF is slightly better than CDKCF on buoy 1 and
3, while the CDKCF is significantly better than KF on
buoy 2. Consequently, the bad estimation on buoy 2
will impact the performance of the control. In reality,
the estimation performance of the agents in the array is
unpredictable. However, with CDKCEF, the estimation
reaches consensus soon, the error in the estimation is
"averaged’ and it will converge to 0. Additionally, as
discussed before less number of frequencies is applied
to estimate the wave field. However, as indicated in
reference [28], with more number of frequencies, the
performance of CDKCF will be improved more. Fig. 12
shows the CDKCF is significantly better than the KF in
terms of disagreement.

B. The coupled forced WEC array

In this section, the performance of the CC with
CDKCF is presented. The physical limitation on the
control force is u,;,qr; = 50KN which is in the same
level as the excitation force and on the displacement is
Zmaz = 0.8m. The energy extraction of the WEC array

—Real
— Estimated

e
o

Displacement 3(m)
S
o o

0 20 40 60 80
Time(s)

100

Fig. 5: The estimation of the displacement of buoy 3

4 x10°
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—Estimated|,
05¢
z
= of
@
L
-0.5¢
-1 : : : :
0 20 40 60 80 100

Time(s)

Fig. 6: The estimation of the Excitation force at buoy 1

%10°

——Real
—— Estimated

0 20 40 60 80 100
Time(s)

Fig. 7: The estimation of the Excitation force at buoy 2

is presented in Fig. 13. The average power over 100s is
around 12.1kW compared to 12.8kW extracted by the
ideal CC [21] which assumes perfect knowledge of the
excitation force field. The control profile is shown in
Fig. 14. The control force is saturated by the maximum
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%10°
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o
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Fig. 8: The estimation of the Excitation force at buoy 3
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Fig. 9: The percentage estimation error of the
excitation force

=
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Time(s)

Fig. 10: The percentage estimation error of the
excitation force

control capacity as shown in the figure. Fig. 15 shows
the displacements of three buoys. From the figure, we
can tell the displacements are all within the constraints.

30 ‘
—KF
* — CDKCF
)
S 20
v
(«}]
LL
| .
o
=10
T,

Time(s)

Fig. 11: The percentage estimation error of the
excitation force
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Time(s)
Fig. 12: The disagreement of the buoys in the array

Additionally, the motion of buoy 1 and 3 are almost
identical which differs from the motion of buoy 2. The
reason is the wave direction is 0° (along the x-axis).
Since buoy 1 and 3 have the same x-coordinate, they
are expected to have identical motion. The average es-
timation error of the excitation force is shown in Fig. 16
for the coupled, forced WEC array. The estimation
error converges towards 0%. Finally, the disagreement
among different buoys in the array is shown in Fig. 17.
The buoys in the array reach consensus within 20s.

IV. CONCLUSION

This paper introduces a novel adaptive Collective
Control using the Continuous-Discrete Kalman Con-
sensus Filter for the Wave Energy Converter array. The
CC is implemented to maximize the energy extraction
of the WEC array by considering the physical limi-
tation on the control and displacement. To evaluate
the control, the CDKCF is developed to estimate the
required information. Since the hydrodynamics of the
buoys are coupled in the array, the communication
is desired to improve the estimation. The numerical
simulations are conducted on the unforced and forced
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Fig. 13: The energy production of the WEC array
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Fig. 14: The control force of three buoys

Displacement(m)
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Time(s)
Fig. 15: The displacement of three buoys

WEC array. The simulation results of the estimation
for the unforced WEC array indicates the CDKCF has
an accurate estimation. Moreover, the CDKCEF is better
than regular KF both in terms of the estimation error
and the disagreement. The performance of the adaptive

[ o]
W

e ]
W o

Error Fex (%)
=

0 i 1
0 20 40 60 80 100
Time(s)

Fig. 16: The average percentage estimation error of
the excitation force field

x10*

N

Disagreement

0 20 40 60 80 100
Time(s)
Fig. 17: The disagreement of the buoys in the array

CC is also simulated, the results indicate the proposed
controller can optimize the energy extraction of the
array and can extract 95% of the power produced by
the ideal CC with CDKCE. In the future, the proposed
control can be examined for an array with more buoys
and the control law can be further improved both
concerning energy production and computational ef-
ficiency.
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