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Abstract: This paper presents a coordinated control based on the advection consensus control
algorithm to implement power dispatch for each wave-energy converter (WEC) in a WEC array.
Under unbalanced conditions, the proposed algorithm is applied in order to control each WEC
to output power coordinately, to enable the total output power of the WEC array to satisfy the
time-varying load requirements. The purpose of the additional energy storage unit on each WEC
is to smooth the power output of each WEC and to obtain more margin. Case studies include the
demonstration of some simulations and experiments, and the results show that the WEC array
under the proposed control method can accurately respond to the demand for power supply under
unbalanced initial conditions.

Keywords: advection algorithm; coordinated control; wave-energy converters array; power dispatch

1. Introduction

An array composed of multiple wave-energy convertes (WECs) enables wave-energy harvesting
at multiple ocean wave points and cooperative control during power generation. Therefore, the WEC
array has higher acquisition efficiency and higher power output quality than a single WEC. The array
of WECs is not only required to strictly respond to the total power supply requirements of the load,
but also to dispatch adequate power to each WEC according to the current conditions of wave-energy
harvesting. However, the prediction of the ocean wave power conditions is challenging because of
intermittence and random wave motion [1]. Consequently, it is challenging to design a coordinated
control algorithm for an array of WECs. Since both the power demand of the load and the conditions
of the ocean wave change in real time, it is necessary to eliminate the influence of these factors on the
quality of power supply of the WEC array by the designed controller. Additionally, there has been little
work reported on the coordinated control that takes into account both power requirement response
and energy capture constraints of each WEC.

To improve wave-energy extraction, many researchers have focused on studying the maximum
power point tracking (MPPT) control strategy of WECs under real-time ocean conditions. In [2],
a hill-climbing MPPT method was applied to design the control strategy for a direct-drive WEC, and
the steady-state performance of the MPPT was improved through a window function-based mean
value filtering. An MPPT experimental device was designed to demonstrate the feasibility of the MPPT
technique for ocean wave-energy conversion [3]. A speed sensorless control method of the linear
permanent magnet synchronous generator (LPMSG) was introduced to extract the maximum power
from the ocean wave, and the translator velocity was estimated by the unscented Kalman filter [4].
The MPPT was considered to be an optimal controller which was implemented by a model predictive
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control (MPC), to guarantee feasible optimal solutions and safe operation in [5]. Because the optimal
harvesting condition of a WEC is a region defined by the amount of capture width information available,
the MPPT control was modified to be the maximum capture width tracking (MCWT) control to ensure
robust during the rapidly changing in ocean wave in [6]. In [7], a robust model-free collaborative
learning approach was presented for a latchable WEC array. Furthermore, the machine-learning
algorithm with a shallow artificial neural network (ANN) was applied to obtain the optimal latching
times and absorb more power [8]. However, the papers mainly concentrated on the MPPT control
problem of WEC for maximum extraction of wave energy. Local power smoothing and energy
management are necessary to deal with the stationarity of voltage and current output, as well as the
tracking performance of real-time load power demand for each WEC [9]. An energy management law
was adopted to smooth the power fluctuation to guarantee a limited voltage range [10]. In[11], a power
smoothing strategy based on a voltage controller was proposed to manage the supercapacitors’ state of
charge and generate a power profile capable of smoothing the varying power of renewable sources.

An array of WECs was connected to the bus to supply the electric power for the target load,
and the whole system formed a DC microgrid. Hierarchical control methods are usually applied for
the microgrid (MG) to satisfy the power requirement of the load [12]. The controller on the primary
level regulates DC bus voltage and share current between sources in the MG, and the controller on
the secondary level is a consensus-based distributed voltage regulator for power flow dispatch [13].
The consensus algorithm is not only able to ensure reactive power-sharing of the MG, but also restore the
frequency and voltage [14]. The methods were also defined as a multiagent system (MAS) framework
in which each participant in MG is assigned to an agent connected with its adjacent agents [15]. To
ensure better system reliability in a hybrid power source, a distributed energy management solution
based on the paradigm of MASs was proposed through a bottom-up approach [16]. However, the
MAS framework only performed the coordinated control of the participant of MG rather than the
tracking control of the total power requirement [17].

In this paper, a distributed advection-based coordinated control method is proposed as the
secondary control strategy to implement the coordinated power outputs of an array of WECs and
to satisfy the sum of the power output, which is matched with the load requirement. The advection
algorithm of MAS is the modified consensus method inspired by the distribution process, which is
actively transported by a flow field [18,19]. In this control framework, each WEC unit has its local
control and energy management, known as the primary control, which coordinates the power outputs
of the energy storage (ES) and the wave-harvesting device (WHD) according to the current rest energy
in ES and the local ocean wave conditions. To guarantee that the total output of the WECs array
satisfies the load requirement, an advection-based consensus algorithm is applied as the coordinated
control law that dispatches appropriate power desired to each WEC unit by its local controller.

The main contributions of this paper are two-fold. First, a distributed control method based
on the advection consensus algorithm is proposed as a coordinated control law of the WEC array in
order that its total output power strictly matches the load power requirements, and the output power
of each WEC satisfies the constraints of the energy condition of the ocean and the ES. Secondly, the
experimental platform of a WEC array is designed and built to validate the control algorithm and
system performance.

The remainder of this paper is organized as follows: Section 2 introduces the basic knowledge
implemented in this paper. Section 3 elaborately describes the hierarchical system structure of the WEC
array, including the primary control of WEC and the secondary control of the advection algorithm.
In Section 4, the simulation examples are applied to verify the validity of the proposed control methods,
and experimental tests are implemented and analyzed. Section 5 mainly discusses the limitations of
this paper and the direction of future research. Finally, Section 6 summarizes the main research work
and conclusions of this paper.
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2. Preliminary

2.1. Graph Theory

The communication network in the WEC array is modeled as a digraph consisting of a set of
nodes V = {v1,vy,...,v,4} and a set of edges E = V X V as shown in Figure 1. In graph G, a node, and
an edge represent a WEC unit and the communication linkage between two WEC units, respectively.
The G can be described as the adjacency matrix A(G) = a;j,

)

0 otherwise

- :{ 1 if(j,i) € E(G)

where 4;; represents the information flow from the WEC j to the WEC i by the communication linkage
(j,1) € E. If a;j = 1, the WEC i can obtain the state information of the WEC j. Otherwise, then the WEC
i cannot obtain the state information of the WEC j.

WEC2

WECI1

WEC3

Figure 1. Graph of a cycle network.

The out-degree weight and in-degree weight of WEC i are denoted as d; = Y. (;x)epk and
di=7Y (j,i)eedij, respectively. The out-degree matrix Doyt (G) is a diagonal matrix with the diagonal
elements d;, expressed as:

[Dom<c>}i].—{ Do 1= (h)eE

@)

Similarly, the in-degree matrix is a diagonal matrix with the diagonal elements d;. The graph
G is described by the Laplacian matrix L(G), and it is redefined as the out-degree Laplace matrix
Lout(G) = Dout(G) — A(G) and the in-degree Laplace matrix L;,(G) = D;,,(G) — A(G), respectively.
The out-degree Laplace matrix is shown as:

[Lout (G)];;

_{ Yag i=j, (i,k) €E ®)

—ajj i# ]

Identically, the in-degree Laplace matrix is obtained. According to graph theory, the topology
structure of the communication network of the array of the WECs is exclusively represented by
the Laplace matrix, and its eigenvalues are directly related to the dynamic response of the WECs
array system.

2.2. Advection Algorithm

The dynamics describing the advection process of a fluid field is formulated as the discrete
equation as follows [18]:

%i(t) ==X (ikeriXi(t) + L (ji)eeaijxj(t)

= —d,-xi(t) + dix]-(t) )
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where x;(t) is the state of the node 7 at time . According to (2), the advection dynamics (4) can be
reformulated as:

x(t) = —Lout (G)x(t) )

where x(t) = [x1(t), ..., x,(t)]", and the all final values of x;(t),i = 1,...,n converge to the common
value (1/n)L " x;(0), as well as satisfy 7 | x;(t) = 2. ;x;(0), known as the advection conservation,
for all time t.

Let us define a specific graph used for the following contents.

Definition 1. A graph G is a rooted out-branching if it does not contain a directed cycle, and contains a node v,
(root) such that there is a directed path from v, to every other node v € G.

Theorem 1 [18]. If a graph G is a rooted out-branching, the Jordan decomposition of the out-degree Laplacian is
formulated as Loy (G) = PJ (A)P~Y, where P is an invertible matrix, then satisfies:

limx(t) = lime Lowt(Gix(0
t—o0 () t—o0 ( ) (6)

= pq"x(0)

where p,q" are the first column of P and the first row of P~1, respectively. Since P"'P = I, pTq = 1 is known.
p, q are the right and left eigenvectors associated with the zero eigenvalues of Loyt (G), respectively.

The detailed proof of the process described in Theorem 1 can be found in [18].

3. Structure of Distributed WEC Array

Figure 2 illustrates the structure diagram of the WEC array. Three WEC units are connected to the
universal DC bus. A single WEC is composed of a WHD and an ES. To eliminate the output power
fluctuation of the WHD, the ES is connected to the WHD in parallel to form a WEC unit for smoothing
its power output. The desired output power of each WEC is dispatched by the distributed secondary
control layer, according to the energy conditions of the ocean wave and the state of charging (SOC) of
the ES.

__________ ﬂr___________lr___________l
Buoy wWEC1|| .- WEC2|| - WEC 3 |
_.r’a’nslator | l _—‘/ l l _—‘/ l
s i |
e | | |
T 1 I T 1 I T :
L [y
| |
\K} H K} \ﬁ} H \K} K} :
| A IR | R A R § I L
! ! ! ! ! !
DC bus
Load

Figure 2. Structure of the WECs array.
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3.1. Primary Control of WEC

3.1.1. WHD Primary Control

The primary control structure of the WHD is shown in Figure 3. The WHD is connected to the
DC bus by the WHD converter, including an AC/DC converter and a boost converter. The AC/DC
converter is used to convert AC power generated by WHD to DC power, and the boost converter
is applied for boosting the rectified voltage to the desired value. The WHD converter tracks the
reference power P,.¢_g from the coordinated controller through the primary control module, including
an internal current control loop and an external power control loop. The reference output current I,,r_¢
is calculated by the reference power Py, divided by the current terminal voltage V¢ of the WHD and
the current error is obtained by comparing the actual current with the reference current. Furthermore,
according to the current error, the proportional-integral (PI) controller is designed to obtain the pulse
width modulation (PWM) signal of boost converter. Therefore, the PI controller signal AP is as follows:

AP = kpg(Pres-c/ Vo —Ic) + kIGf(Pref—G/VG —Ig)dt @)

where kpg and kj¢ are the proportional and integral parameters, respectively. V¢, I, are the WHD
voltage and current, respectively.

WHD Primary control

—_—— e — e — — — o —— — —

WHD Converterll
|
|

— 1 |
|
)

N\

DC
bus

Figure 3. Primary control structure of WHD.

3.1.2. ES Primary Control

The primary control structure of ES is shown in Figure 4. The ES is connected to the DC bus by
the ES converter based on a boost/buck converter, which is a bidirectional converter for boosting or
bucking the rectified voltage to the desired value.

Similar to the WHD converter, the ES converter has a dual closed-loop control circuit composed
of an internal current control loop and an external voltage control loop. The reference voltage signal
is set based on the bus reference voltage, and the error between setting and feedback values is the
input of the PI controller for compensating the internal current control loop. Then the ES current is
measured and compared with the desired current given by the voltage control loop. The charge mode
and the discharge mode are switched according to the positive and negative of the error value. If the
error value is positive, the bidirectional converter is switched to the boost mode, which is ES discharge.
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Otherwise, the bidirectional converter runs in the buck mode. The voltage loop control value AV is
calculated as follows:

AV = kPV(Vref Ve — Rsc) + klvf(vref - VBus - Rsc)df, ®)
where kpy and kjy are the proportional and integral parameters, and Ry is the reference of ES power

allocation calculated by the compensation controller. V,,r, Vs are the bus reference voltage and bus
actual voltage, respectively.

~ ] N
ES Primary control Rsc

-
A 4 A
T M SI-I 5 bus
ES
Converter2
Figure 4. Primary control structure of ES.
The current loop control law is formulated as:
Al = kPC(Iref - ISC) + kICf(Iref - Isc)dt )

where kpc and kjc are the proportional and integral parameters, and [, 1, 1sc are the reference ES current
calculated by the voltage loop and the ES actual current, respectively.

3.1.3. Compensation Control

When the primary control ensures the equalization of the current distribution of each WEC, it
causes the DC bus voltage to decrease. By employing a compensation controller, the DC bus voltage is
quickly recovered to the reference value.

As shown in Figure 5, the expected voltage of the bus is compared with the actual bus voltage, and
then the error is as the input of the PI controller for the voltage compensation. Finally, V.. replaces
Ve to be the new reference voltage in order that the voltage is recovered to the reference value. The
voltage compensation control AV and new reference voltage V.. are followed as:

AV = kp(vref - VBUS) + kif(vref - VBus)dt (10a)

Viefe = AV + Vyop (10b)

where kj and k; are the proportional and integral parameters in the compensation controller, respectively.
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4 ) 4
Primary control R Vs
+
i @
| Compensation
N Y, \_ control )

Figure 5. Structure of the compensation control.

3.2. Power Dispatch Based on Advection Algorithm

To satisfy the power supply requirements, the sum power of the WECs array is the same as the
load power. The initial power command can be dispatched as follows:

PTE
P (0) = —L1 1)

where P,,¢(0), Py.s and 1 are the initial power assignment command for each WEC, the total reference
power, and the WECs number, respectively. Moreover, the vector 1 is defined as 1 = [1,1,...,1]. In the
following sections, Py,f,(t) represents the component of Py,¢(t).

Hence P,(t) is equal to x(t), and g = [L,1,..., 1]T in Equation (6), then Equation (6) can be

rewritten as:
HmP,,(t) = lime Lor(C)P, 0(0)

t— o0 t— o0

= quPref(O)

__ P n .

= iy 21 P reffrz(o) (12)
_ P n re

= Tl &i=1

Al
= —7P
Slpl et

where p = p/llplly, p = [P1, Py - - .,ﬁn]T, and Loyt (G)p = 0. - Iy, || denote the 1 norm and absolute value,
respectively. From Equation (12), it can be known that the final power dispatch of each WEC is based
on the right zero space of Loy (G).

The state unbalance degree ¢; depicts the imbalance state of the i-th WEC,i = 1,2,...,n, including
the SOC of ES and the power-harvesting level of WHD. The state unbalance degree ¢; can be written as:

(13a)

F(Vi) = Sg,i + Ssc,i (13b)

where F(V;) is the energy condition of the WEC i, and S¢ , Ssc ; denote the current power-harvesting
level of WHD and the SOC of ES in WEC i, respectively. g is the unbalance gain parameters. The larger
gain value leads to the larger power dispatch rate.

The diagonal matrix E is established through the state unbalance degree, as:

e 0 -+ 0

o a4
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Letp = Ep, then we have Ly,(G)Ep = 0, and p can be written as:

p =E" [@,ﬁz,-;-,;nf
22,5 (15)
= [F(V1)%By, F(V2)$Fy, -, E(Vi)$,] "

Bl

52,...,‘5,”

Let P,,(t) be equal to x;(t) in Equation (4), according to Equation (15), then the dynamic power
dispatch procedure of WEC i of the WECs array can be formulated as:

: Prefi(t) Prefj(t)
Pri(t) = K| - el ——— + i Nepllii———— 16
ref,z( ) Z (i,k)eE%ki F(Vi)g Z (j.i)eEHij F(V]-)g (16)
According to Equation (12), Equation (15) can be derived as:
th_{rolopref(t) = }LI?OE_LGL‘t(G)EtPref(O)
= ﬁqTPref(O) 17
= ﬁﬂll Pref,i(o) (17)
_ [FV)S (V) B FOVR
T (V) ref

From Equation (17), it can be seen that each WEC obtained the reference output power
dispatched through the distributed power dispatch algorithm as Equation (16), according to the
current power-harvesting level of WHD and the SOC of ES.

The system framework of the WEC array is illustrated in Figure 6. The WEC array includes the
physical layer, the control layer, and the cyber layer. The physical layer is composed of the actual
physical device including multiple WEC units, the bus, and the load, etc. The control layer consists
of the primary control and coordinated control. The coordinated control is the upper control in
order that each WEC can cooperatively provide electrical supply through the information network
topology of the WECs array. Based on the state information transmitted from neighboring WECs
and local state measurements, each WEC can obtain its current reference output power. The primary
control is the underlying control, which ensures the WEC output power to track the reference output.
The in-node power distributor is the interface between coordinated control and lower layer control,
which assign P, ; to WEC i according to a specific conversion relationship and ratio. The cyber layer is
the communication network topology of the WECs array for exchanging the state information among
all WECs.



Energies 2019, 12, 3567

Communication network

Cyber Layer —>|

<%

» le
>

WEC2

WEC
Energy State

In-node Power
Distributor

hysical Layer—»r¢—— Control Layer

DC bus

|<—P

Figure 6. System framework of WECs array.

The power dispatch procedure of the WECs array is shown in Figure 7.

Primary

control

Unbalance state
calculation

Power dispatch

Figure 7. Power dispatch procedure of WECs array.
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4. Simulation and Experiment Analysis

To validate the proposed control algorithm, several test cases are analyzed via simulations
and experiment.

4.1. Simulation Setup

MATLAB/Simulink simulation is designed and performed to evaluate the proposed control
method based on a DC microgrid formed by an array of three WECs. Based on the system structure
illustrated in Figure 2, Ly, (G) is specified as

1 0 -1
Lot(G)=] -1 1 0
0 -1 1

Five tests are implemented to verify the effect of the mentioned methods. The common parameters of
simulation tests are indicated in Table 1. Specific parameters of each test are shown in Tables 2—4. At
the beginning of the several simulations, the buoy motion and the energy conversion are demonstrated.
The performance of the compensation controller is shown in Test 1. Then, from Tests 2—4, the situation of
different initial WHDs or ESs states are applied to demonstrate the control effects of each WEC’s energy
through the advection-based algorithm. In Test 5, the convergence rate of the system is considered
and analyzed.

Table 1. Simulation parameters setup.

Parameters Values Parameters Values
ES rated voltage (V) 12 kpy 3
Bus rated voltage (V) 24 kry 0.2
Load power (W) 35-55 kpc 1
K 20 ki 10
G 3 ky 0.1
kpg 2 k; 30
kig 150

4.2. Simulation Results

First, Each WEC energy-harvesting process from wave energy to electrical energy is simulated.
The linear permanent magnet generator (LPMG) model proposed in [20] is applied to simulate buoy
motion and power harvesting. The position and speed of the translator are the input of the LPMG
(WHD) harvesting energy and transporting energy to the converter. In this paper, the buoy motion
speed is equal to the speed of the WHD translator because the buoy and the translator are assumed to
be inelastic and invisibly connected. The broken line of Figure 8a indicates the motion position z of the
buoy and translator and the solid line demonstrates the motion speed y of the buoy and translator.
Figure 8b shows the terminal voltage output of the WHD without the load, including the change of the
three-phase UVW voltage and output voltage Voutput after treatment of rectification. The amplitude
and frequency of the three-phase voltage with the speed of the buoy can be seen.
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Figure 8. (a) Buoy movement; (b) Terminal voltage waveforms of WHD.

4.2.1. WECs with Compensation Controller

In this test, the compensation controller is applied to improve the control performance of WEC.
The initial parameters of each WEC are shown in Table 2. Moreover, the compensation controller is
mainly used to track precisely the expected bus voltage and power. In the first case, the compensation
controller is not employed to the WEC in the simulation. The output power of the WEC array and
actual power demand of the load are shown in Figure 9a, and the results show the load demand can
always be satisfied at 3 s. Figure 9b illustrates that the deviation between the supplied voltage and the
reference load voltage is not eliminated. In the second case, the compensation controller is used at
1 s. Figure 9c shows that the WECs array system power increases due to the increase of each WEC
output voltage by the effect of the compensation controller. It can be seen that the compensation
controller improves the performance of the WEC array. As shown in Figure 9d, the voltage deviation is
eliminated immediately.

Table 2. Initial parameters of Tests 1 and 2.

Parameter WEC1 WEC 2 WEC 3
ES initial voltage (V) 8 7.7 7.4
ES initial SOC (%) 65 62.5 60

WHD voltage (V) 13.3-15.3 13.3-15.3 13.3-15.3
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Figure 9. Performance of load power and voltage of WEC array: (a) Output power of WEC array
without compensation controller; (b) Output voltage of WEC array without compensation controller;
(c) Output power of WEC array with compensation controller; (d) Output voltage of WEC array with
compensation controller.

4.2.2. WECs with Different Initial SOC

In this test, each WEC has the same WHD output and different initial SOC of ES, and its initial
parameters are shown in Table 2. The bus power and voltage are illustrated in Figure 9. The performance
of each WEC with different initial SOC is depicted in Figure 10. In Figure 10a, the reference output
powers (broken lines) calculated by the coordinated controller can be tracked by the actual output
powers (solid lines) of each WEC. When the load requirement suddenly increases at 3 s, the reference
power changes accordingly. Figure 10b,c show that the larger output power is dispatched to the ES
with higher SOC, and the power distribution ratio and SOC of each ES in each WEC converge to the
same value at 9 s simultaneously. In Figure 10d, the WEC integral energy states trend to consistent at
about 9 s.
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Figure 10. Performance of WECs with different initial SOC: (a) Reference output powers and actual
output powers of each WEC; (b) Power distribution ratio of each ES in each WEC; (c) SOC curve; (d)
WEC integral energy state F(V;),i =1,2,3.

4.2.3. WECs with Different Initial WHD Output

In this test, each WEC has a different WHD output and has the same initial SOC of ES. The initial
parameters are given in Table 3. In Figure 11a, the performance of each WEC tracking the reference
output powers is maintained in the WECs array. Figure 11b shows that the output voltage of each
WHD keeps periodical variation, and reveals the steady diversity at the peak position. Figure 11c
shows that the SOC values of the 3 ESs decrease and diverge simultaneously. Figure 11d illustrates

that the WEC integral energy states trend to consistent at about 9 s.

Table 3. Initial parameters of Test 3.

Parameter WEC1 WEC 2 WEC 3
ES initial voltage (V) 7.7 77 7.7
ES initial SOC (%) 62.5 62.5 62.5
WHD voltage (V) 13.4-15.5 13.3-154 13.2-15.3
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Figure 11. Performance of WECs with different initial WHD output: (a) Reference output power of
each WEC; (b) Voltage of each WHD; (c) SOC curve; (d) WEC integral energy state F(V;) of each WEC.

4.2.4. WECs with Different Initial WHD Output and SOC

In this test, both WHD output and initial SOC of ES are different in each WEC. Table 4 shows
the initial parameters of each WEC. As shown in Figure 12a—c, WEC 1 has the most significant initial
output. As a result, the SOC of ES in WEC1 falls with the fastest rate. Figure 12b shows that the three

SOC curves intersect and then separate, and F(V;) in Figure 12c is consistent finally.

Table 4. Initial parameters of Test 4.

Parameter WEC 2 WEC 3
ES initial voltage (V) 77 7.6
ES initial SOC (%) 62.5 61.5
WHD voltage (V) 13.3-154 13.2-15.3
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Figure 12. Performance of WECs with different initial WHD output and SOC: (a) Reference output
powers and actual output powers of each WEC; (b) SOC curve; (c) WEC integral energy state (F(V;)).

4.2.5. Convergence Rate

In this test, the parameters K, g are adjusted to analyze the effect on the convergence rate of the
WECSs array. The initial parameters are same as Test 2 except K or g. In Figure 13b,c the reference
outputs become consistent before 9 s, and the results shows that the larger the parameter g value,
the faster the convergence rate in Figure 13a. Figure 13d illustrates that K does not influence the
convergence rate.
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Figure 13. Performance of convergence rate: (a) g =2; (b) g =3; (c) g =4; (d) K=10.
4.3. Experimental Setup

To further validate the system structure and the proposed control strategy of the WEC array,
the experiment scenarios are implemented on the experimental platform, as shown in Figure 14a.
The experimental platform is composed of a WEC array test bed, three power conversion devices,
and a real-time controller. The WEC array test bed is a vertical mechanical frame hoisting multiple
WECs, which is towed by three rotating motors to simulate the movement of buoys. Each power
conversion device is composed of two AC/DC converters, which are used to convert the three-phase
AC of the WEC into the DC power supply of the bus. The DSP28069 deploys the secondary control for
dispatching the appropriate desired power to each WEC unit, and the primary control for steering the
power conversion devices of the WEC to precisely track the power command. The coordinated control
algorithm is programmed and verified in the MATLAB/Simulink environment, and then is built on
the digital signal processing (DSP) board by the code generation manner. The voltage and current
generated by WECs are measured and processed through the electrical parameter sampling sensor
board in the power conversion devices for feeding back the WECs states to DSP controller. The rated
bus voltage is maintained at 10 V, satisfying the requirement of a load of user terminal simulated the
electronic load with constant resistance mode.
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Figure 14. (a) Hardware structure: 1. Control board; 2. Computer. 3. Electronic load; 4. DC power;
5. Energy storage; 6. Rectifier; 7. Bidirectional converter; 8. Signal adapter board; 9. DC power;
10. DSP; 11. Rotating motor; 12. Translator; 13. Driver; 14. DC power; (b) Frame diagram of the
experimental platform.

The frame diagram of the platform is shown in Figure 14b. The setup of the experiment is same as
the simulation Test 2, in which each WEC has the different initial SOC value of ES. The experimental
parameters are listed in Table 5.
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Table 5. Experimental initial parameters.

Parameters WEC1 WEC 2 WEC 3
ES rated voltage (V) 10.8 10.8 10.8
ES initial voltage (V) 10.6 10.2 9.8
ES initial SOC (%) 95 89 82
WHD voltage (V) 9.7-10.9 9.7-10.9 9.7-10.9
K 20 20 20
g 3 3 3

4.4. Experimental Results

Figure 15a shows the output powers of three WECs converging to the same value 1.35 W, and the
sum of three output powers meeting the requirement, the total power 4 W. As shown in Figure 15a,
the WEC with higher SOC value is allocated to undertake the output power for the load. Figure 15b
shows that the error between the bus and the reference voltage falls to approximately 0.2 V. In Figure 15c,
the curve of SOC value of each ES synchronously tends to the same SOC value 78% at 25 s, i.e., the
amount of energy stored in each ES becomes to be equal. Likewise, the WEC integral energy status
F(V;) trend to consistent at about 25 s, as shown in Figure 15d.
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Figure 15. Performance of WECs with different initial SOC: (a) Power curve; (b) Bus voltage. (c) SOC
curve; (d) WEC integral energy state (F(V;)). Figure 15 illustrates the performance of WECs with
different initial SOC.
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5. Discussions

To facilitate the simulation of the buoy motion in the laboratory environment, the complex
irregular wave-energy condition is simplified to be regular. The buoy motion is assumed to be a
reciprocating motion with sinusoidal waveform variation. Figure 8 illustrates the buoy movement
and terminal voltage waveforms of WHD. However, the simplifying assumption is reasonable due to
only focusing on the energy dispatch after harvesting wave energy in this paper. When an integrated
wave-to-wires experiment is developed, the complexity of the real ocean environment cannot be
ignored. Considering and simulating the real wave conditions reserves is a future study to be pursued.

In this paper, F(V) is applied to evaluate the energy condition of each WEC. However, the energy
condition of each WEC is determined by two independent energy sources—WHD and ES. Although
F(V) can accurately evaluate the energy level of each WEC, the scale ignores the error information
of WHD and ES energy conditions. Therefore, the lack of information about the energy condition
error of two energy sources may lead to the reduction of the sensitivity of the WECs array to the real
wave-energy conditions. Furthermore, in the proposed algorithm, F(V) is segmented and considered
to be time-invariant for each period of time. In fact, the energy condition of each WEC is a continuous
variable with the power outputs. This fact also implies that the optimal power dispatch is also an
important research direction for the WECs array.

According to the experimental results, as shown in Figure 15, the SOC of each ES tends to be
consistent, and the WEC with higher SOC is required to take on more power output. However,
the specific power demand means that each WEC is assigned to output the specified amount of electric
power, rather than maximized output according to wave-energy conditions. Therefore, the MPPT
control of WEC is necessary to consider in order to capture the wave energy more efficiently.

6. Conclusions

This paper develops a control framework of a WEC array consisting of hierarchical control
architecture. In the system framework, each WEC has its local control and energy management, known
as the primary control, which coordinates the power outputs of the ES and the WHD according to
the current rest energy in ES and the local ocean wave conditions. An advection-based distributed
coordinated algorithm—a modified consensus method inspired by diffusion of matters in a flow
field—is applied to the secondary control strategy of the system to regulate the power outputs of each
WEC to guarantee the load power supply in a coordinated manner. Furthermore, through the digital
simulation and physical experiment of the WEC array, the validity of the control algorithm and the
system performance are examined. The results demonstrate that the WEC array using the proposed
control method accurately responds to the demand for power supply under conditions of unbalanced
wave energy.

In the future, more realistic ocean wave conditions will be further considered, and the integrated
control strategies from waves to wires will be developed to improve the performance of the WEC array.
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Abbreviations

The abbreviations used by this manuscript is listed as follows:

ES Energy storage

LPMG Linear permanent magnet generator

MAS Multiagent system

MG Microgrid

MPPT Maximum Power Point Tracking

SOC State of charging

WEC Wave-energy converter

WHD Wave-harvesting device
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