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ABSTRACT In this paper, in order to investigate the chaos control problem of direct-drive wave power
conversion system, the hydrodynamic model of Archimedes wave swing and the state equation of permanent
magnet linear synchronous motor are analyzed, and a decoupling mathematical model of the wave power
converter is built in combination with feedback decoupling system. The maximum Lyapunov exponent
spectrum is used to verify the chaotic phenomenon of the direct-drive wave power converter, and the dynamic
response of the converter when entering the chaotic state is explored. A composite sliding mode chaotic
controller is proposed. Based on the BP neural network, the global effect of the control parameters is
fitted, and the particle swarm optimization algorithm is adopted to optimize the parameters of sliding mode
control to determine the optimal control parameters. The Lyapunov criterion is used in stability analysis
to prove the effectiveness of the control strategy. The simulation reveals that the sliding mode control
strategy can disengage the wave power converter from the chaotic state to the stable state. With particle
swarm optimization, the strategy can shorten the response time, suppress the overshoot and enhance system
robustness.

INDEX TERMS Direct-drive wave power converter, chaos control, sliding mode control, particle swarm

optimization, parameter optimization.

I. INTRODUCTION

As one of the renewable clean energy sources, wave energy
exhibits high power density and enjoys large reserves, which
can satisfy 10% of global electricity demand through its effec-
tive utilization [1]. Wave energy converters (WEC),capable of
converting wave energy into electrical energy, primarily con-
sist of pendulum type, point suction type, oscillating water
column type, water valve type as well as direct drive type [2].
In Ref. [3], the structural characteristics of Archimedes wave
swing (AWS) and the process in wave energy conversion
were introduced. In Ref. [4], [5], the types of motors suitable
for AWS were explored. By analyzing the operating char-
acteristics, it was highlighted that, permanent magnet linear
synchronous motors (PMLSM) outperform rotating motors
in energy conversion. Besides, the mover of PMLSM can
follow the wave to move linearly. Therefore, when PMLSM
is adopted for WEC, the intermediate conversion device
can be omitted, thereby significantly enhancing conversion
efficiency [6], [7]. The direct-drive wave power system,
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consisting of AWS and PMLSM, is capable of efficiently
converting wave energy into electrical energy, which has
been extensively studied [8]-[10]. Based on the PID control
strategy, the stable control can be achieved for the direct drive
wave power system [11], [12]. In Ref. [13], a novel optimum
PI controller was introduced to control the current of the
generator, and the transient stability of the WEC system
coupled by AWS and PMLSM was enhanced. In Ref. [14],
a gravitational search algorithm was adopted to enhance the
stability of the WEC system by controlling the d and q axis
currents of the generator.

According to the study, in the case of specific parameters,
the current, the speed and the torque of the permanent magnet
synchronous motor will display short-time violent oscilla-
tion, irregular noise will be generated and the motor will
be hard to control. These phenomena are termed as chaotic
state [15]-[17]. In Ref. [18], it was verified that the system
is likely to appear chaotic state when there exist chaotic
attractors. Due to the unstable and unpredictable input of the
WEC and highly uncertain external environment, PMLSM,
a strongly coupled complex motor system, can be in the
chaotic state more easily [19]. When the motor is in a chaotic
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state, the normal operation of the entire wave power genera-
tion system and grid connection will be directly affected for
the severe instability of the motor. Accordingly, the chaotic
characteristics of WEC requires exploration and the method
to achieve WEC chaos detachment and stable control should
be developed.

At low speeds, the chaotic control of the PMLSM can
be achieved by optimizing the design of the stator core,
winding, rotor permanent magnet as well as other motor
structures [20]. In Ref. [21], a high-speed chaotic controller
was put forward, achieving chaotic control of the generator
system in accordance with the stability theory of the three-
diagonal structure matrix. Such controller is capable of short-
ening the transient time by increasing the value of the control
parameters. In Ref. [22], the PMLSM model was converted
into a Lorentz-like model and an active disturbance rejection
control (ADRC) strategy was adopted to suppress the chaotic
phenomenon of the motor and solve the problem of unknown
parameter. In Ref. [23], extended state observers were used
to optimize the effect of sliding mode control strategy, so that
the target system can reach stable in the case of unknown
partial states and upper limit of the nonlinear uncertainties.
In Ref. [24], the non-singular fast-terminal sliding mode
chaos control method was employed to suppress the chaotic
phenomenon of the PMLSM and reduce the dependence on
the speed sensor. In Ref. [25], an adaptive sliding mode con-
trol strategy was formulated to detach PMLSM from chaotic
state under uncertain parameters. Nevertheless, the change
of control parameters in sliding mode control will have a
great impact on the control effect. Thus, it has been a hot
spot to find the optimal control parameters to optimize the
control effect. In Ref. [26], to capture the maximum power
for wind turbines, the particle swarm optimization algorithm
was adopted to the sliding mode control to optimize control
parameters. When the chaotic system has multiple undeter-
mined parameters, the feasibility of the control strategy will
be reduced. The synchronization of chaotic systems with
unknown parameters can be achieved in a finite time by
adopting the sliding mode control strategy in accordance
with finite time stability theory and adaptive control prin-
ciple [27], [28]. However, the existing chaos researches pri-
marily focused on the motor, but did not consider the chaotic
characteristics and control strategy of the entire WEC system.

In this paper, the WEC chaotic mathematical model was
built, and the WEC chaotic characteristics were analyzed.
Based on the above analysis, the sliding mode control strategy
combined with artificial intelligence algorithm was designed
to achieve stable control and optimize the control effect. The
simulation on the MATLAB / Simulink platform reveals that
the designed optimal control strategy is capable of quickly
detaching the target system from chaotic state, achieving
stability and enhancing system robustness.

This paper is organized as follows. The AWS hydrody-
namic model and the PMLSM mathematical model were
built, and the state feedback decoupling was used to yield
the decoupling WEC mathematical model based on d-q axis
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FIGURE 1. The structure of WEC.

in Section II. The Lyapunov exponent spectrum was
employed to verify the chaotic phenomenon in WEC, and
the current and velocity response of WEC in chaotic state
were analyzed in Section III. In Section IV, a sliding mode
controller was proposed for WEC chaos detachment. BP
neural network was adopted to fit the global control effect
of different control parameters. Subsequently, the PSO algo-
rithm is used to optimize the control parameters to obtain the
optimal control parameters. The simulation verified the effect
of sliding mode controller in Section V. Lastly, a conclusion
was drawn in Section VI.

Il. MATHEMATICAL MODEL OF WEC

The structure of WEC is shown in Fig. 1. The WEC consists
of a wave energy capture device and a wave energy conver-
sion device. The AWS is moved by the external wave force
to drive the mover of PMLSM to reciprocate linearly, thus
cutting the magnetic induction line, and then generating an
induced potential in the stator winding.

A. THE HYDRODYNAMIC MODEL OF AWS

Assuming that the input wave is a sine wave, when the
AWS is subjected to wave forces, the displacement and veloc-
ity formula of the floater are expressed as follows:

x = Xsin (wt)

ey

dx Vsin (o)
v=— = Vsin(w
dt

where X and V are the displacement and velocity peak of
floater, respectively, and w is the wave frequency.

When the wave input acts on the floater, the floater will
oscillate and rotate with the wave motion. Since the linear
motor can only absorb the vertical motion, only the single-
degree-of-freedom force analysis is performed.

When the floater is in a static equilibrium state, the static
buoyancy Fj, is defined as:

Fp=—pgSx = —Ksx 2

where p is the density of seawater, g is the acceleration of
gravity, S is the cross-sectional area of the cylindrical surface,
and the equivalent elastic coefficient Ky = pgS.

90923



IEEE Access

J. Huang et al.: Optimal Sliding Mode Chaos Control of Direct-Drive Wave Power Converter

v 2. Secondary
\. Primary

FIGURE 2. The structure of PMLSM.

When the floater is subjected to a wave force, a vertical
wave force F; will be generated, which is expressed as:

Fqg = —pgSoKp(®w, h, d)C(w) 3

where S denotes the surface area of floater immersed in sea,
h is the depth of the sea surface, d is the distance from the
float to the sea level, C is the peak value of the ocean wave,
and K, is the pressure coefficient of the float, which is related
to the wave frequency, wave height and depth.

When the floater is subjected to a wave force, the floater
receives the radiation force F,, which is:

F, = —A% — Bx )

where A is the additional quality and B is the radiation damp-
ing coefficient.
The wave force acting on the floater is defined as:

Fuwave = Fp +Fq + F; (5)

In accordance with Newton’s second law, the motion equa-
tion is written as:

fo = Fyave + Fg (6)

where My denotes the quality of floater and Fy is the force
exerted by the linear motor to the floater.

B. THE CHAOTIC STATE EQUATION OF PMLSM
The structure of PMLSM is illustrated in Fig. 2. The Primary
of PMLSM is fixed, while the secondary can perform linear
motion. Unlike the rotating motor, the motion track of the
PMLSM mover is a straight line, and the permanent magnets
are alternately distributed on the moving path. When passing
through the three-phase sinusoidal alternating current, a trav-
eling wave magnetic field will be generated, in which the
direction is opposite to the moving direction of the mover.

To establish a mathematical model of PMLSM, suppose:

(1) The iron core of PMLSM is not saturated;

(2) Only the fundamental magnetic potential is considered;

(3) No damper winding is installed on the mover;

(4) Ignore the eddy current loss [29].

Given the edge effect of PMLSM, the chaotic mathematical
model of PMLSM is derived from Parker transformation and
radiation transformation [25]:

g = —ig +igv + g
iq = —ig + 8igv+yv+il (7
b=35(iq—v) — Fy
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where, uq, uy, iq, iy denote d-q axis voltage, current, v is
speed of linear motor mover, Fy is motor load resistance,

o= Ly L — L _ 2 _ 2BRst
Ug = prUd, Ug = gzl T = g Fr = j7Fg. k = 3Ly
vr

§ = —%, Y=—1,0= ﬁ,,—r,Ld, L, are d-q axis inductance,
T, is the linear motor pole pitch, R; is the primary phase
resistance, M is the quality of secondary, B is the viscosity
coefficient, and i is the motor flux.

Ignore the superscript in (7) and combine with the
equation (6), the simplified expression is:

ig = —ig +igv+ug
ig = —ig+ 8igv+yv+uy, ®)
v =0 (ig = v) = Ky (ME = Fuane)

C. DECOUPLING MATHEMATICAL MODEL OF WEC
According to equation (8), WEC is hard to control directly
because of the couple between d-q axis current, which makes
decoupling necessary. Using state feedback decoupling as
shown in Fig. 3, a decoupling matrix is established to achieve
decoupling of equation (8) [30].

I =AI +BJ
Y =CI )

L= (ca’B)”"

K = —AB™!
[-1 vV 10 C[rol i
= [0 o= [ e )= 1]

Uq
U= .
e
Combining equations (8) and (9), the chaotic decoupling
mathematical model of PMLSM is obtained.
i = 78
ig=yv+u} (10)
v=o0 (iq - v) - —K, (Mf)'c' — Fwave)
After the above changes, the system order changes from
3 to 2. Then, the d-q axis decoupling control of the WEC has
been completed.

Ill. CHAOTIC ANALYSIS OF WEC

A. CHAOTIC IDENTIFICATION OF WEC

Chaos recognition is a key step in chaos analysis. The Lya-
punov exponent has been the most commonly used method
for chaos criterion. For a chaotic system, in the case of a
slight change in the initial value, it is likely to cause the
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FIGURE 4. The maximum Lyapunov exponent of WEC.

two motion tracks to gradually exponentially grow apart and
enter a chaotic state. The Lyapunov exponent can accurately
reflect the average divergence index rate of the motion track
in the chaotic system due to the initial difference. Lyapunov
exponent of the system below O indicates that the system
phase volume is shrinking and inclined to be stable. In con-
trast, when the system Lyapunov exponent above 0, the sys-
tem phase volume will increase, and the motion track will
gradually separate and eventually reach the chaotic state.
Therefore, when the Lyapunov exponent of a chaotic system
exhibits at least one positive value, the system will be in the
chaotic state. The specific performance refers to the bounded-
ness and randomness of the system’s motion track in a certain
area [31], [32]. Through calculating the maximum Lyapunov
exponent of the system and determining the positive and
negative values, the system state can be judged.

The Wolf algorithm can track the distance change Ad of
the motion track of two points over time, if Ad increases with
time, the system will reach the chaotic state [33]. The Ad
calculation is define as:

L& d;
Adyay = lim — leln (d—0> (11)
1=

where X is the integral step size and dy is the initial distance
of the two points of motion.

B. CHAOTIC ANALYSIS OF WEC

Based on Matlab/Simulink, the simulation model is built
to explore the chaotic phenomenon of WEC basing on the
decoupling mathematical model. When the parameters o and
y take different values, the maximum Lyapunov exponent
will be calculated, and the simulation results are shown
in Fig. 4.

According to Fig. 4, with the value change of o and
y, the maximum Lyapunov exponent changes constantly.
Besides, the parameter ¢ has a larger impact on this value.
When parameter o gradually decreases to about 5, the maxi-
mum Lyapunov exponent gradually turns to a negative value
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and passes the zero plane, and the system is disengaged from
the chaotic state.

The PMLSM parameters are as follows:d and g-axis induc-
tance Ly and Lgare 0.07H, the primary phase resistance R; is
0.2 €2, the linear motor pole pitch 7, is 1m, the motor flux ¥
is 0.46Wb, the quality of floater My is 50kg and the quality of
secondary M is 40kg. Based on Matlab/Simulink, the d-q axis
current and speed of WEC under chaotic state are explored.
The result is shown in Fig. 5.

As shown in Fig. 5, it can be seen that the d-q current and
speed of WEC oscillate within a certain range.

IV. DESIGN AND OPTIMIZATION FOR SLIDING MODE
CONTROL OF WEC

A. CONTROLLER DESIGN

The sliding mode control aims to design the sliding surface
and control rate according to the target value of the target
system, then the motion track of the system will move to
the sliding surface designed by sliding mode controller. The
effect of sliding mode control is affected by system param-
eters, instead of by external fluctuations,which makes the
control robust.

According to equation (10), controlling the d and ¢ axis
voltages can control the d-axis current, the g-axis current, and
the speed, respectively. Set i; and v* as the target values of iy
and v, respectively. In order to reduce the WEC power loss,
the target value of iy is usually determined as 0, and the target
value of v is determined by the input wave.

Define target value error e; and e,, so the tracking error
equation is:

P
{e“ T (12)
ey =VvV—v
The derivative of equation (12) is:
. _ S — *k
{‘:’“ T M (13)
ey =VvV—V

Define u; = a(t) + A ,where A is external disturbance.
Design the sliding mode controller for e;:

Sd = é4 —creq = Uy —cieq (14)

where c; is the control parameter, and c; greater than zero.
And the derivative of equation (14) is:

Sa =iy —creg =a(t)+ A —ciu) (15)

Constructing a Lyapunov function for equation (15):

1 2
A= — 16
d 254 (16)
The derivative of equation (16) is:
ha = sasa = sq (a(®) + A — cpuy) (17)

Design the sliding control rate:
a(t) = —kisq —msgn (s) + ciuy (18)
where k; > 0,1 > 0.
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FIGURE 5. Chaotic state of WEC when o = 10 and y = 15.

Substituting equation (18) into (17), calculation shows
Ad = SqaSq < —n1lsq] — kls(zi < 0.Therefore, the control
rate of ug can control the d-axis current of the WEC.
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Define ¢, = v (t) + b (), where v (¢) is the function about
motor speed, which is influenced by input wave. Design the
sliding mode controller for e,:

Sy = ey, — Ca2ey (19)

where ¢ is the control parameter, and ¢, greater than zero.
The derivative of equation (19) is:

Sy=éy— ey =v(O) + b)) —cr (V—V*)  (20)

Constructing a Lyapunov function for equation (20):

1,
Ay = Es" 2D
The derivative of equation (21) is:
=5 (VO +b(0) —cr (v —7%)) (22)

According to equation (22), design the sliding control rate:
b () = —kasy, — masgn(s) —v () —cov+cpv* (23)

where kp > 0,172 > 0.

Substituting equations (23) into (22), calculation shows
)'LV =55 < —na sy — kgs% < 0.Therefore, the control rate
of v can control the speed and g-axis current of the WEC.

Above all, the sliding mode controller for WEC is
completed.

B. BP NEURAL NETWORK FITTING GLOBAL EFFECT OF
CONTROL PARAMETERS

According to equation (18) and (22), there are six changeable
parameters: c1,k1,11,c2,k2,m2. Based on the simulation calcu-
lation, n; and 7, have little influence on the control effect,
but the little changes of the other four parameters will affect
the response time and overshoot significantly.

BP neural network is an artificial intelligence technology
emerging in recent years. The structure of BP neural network
is shown in Fig. 6. Due to the strong learning approximation
ability of the BP neural network, fitting to any nonlinear func-
tion can be achieved. BP neural network is used to explore the
effect of response time and overshoot when control parame-
ters change. The process of fitting has three steps:
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FIGURE 7. Response time of WEC when ¢ = 10 and y = 15.

(1) Construct the BP network;

(2) Train the BP network;

(3) Use the trained network to predict the response time
and overshoot.

The result is illustrated in Fig. 7 and Fig. 8.

As shown in Fig. 7 and Fig. 8, the response time and
overshoot vary greatly in case of different control param-
eters, which leads to multiple local optimum values. The
conventional empirical method can be used to determine
the parameters with good control effect, whereas it can-
not determine the parameters with the optimal control
effect.

C. PSO OPTIMIZES SLIDING MODE CONTROL
PARAMETERS

Particle Swarm Optimization (PSO) is a bionic algorithm that
simulates population foraging. It exhibits a fast search speed
and can find the optimal solution promptly. Thus it has been
widely used in the optimization problem of industrial control
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FIGURE 8. Overshoot of WEC when o0 = 10 and y = 15.

field [34]. The PSO position and speed update are expressed
as follows:

Vitl = 0vi + car (Poest — Xi) + Cp1 (8hesr — Xi)

(24)
Xitl = Xi + Vi1

where 6 denotes the inertia weight, ¢, and ¢, are the learning
rates, r is a random number between 0 and 1, x; is the position
of i-th particle , v; is the motion velocity of i-th particle , and
Pbest and gpesr refer to the particle history optimal position
and the particle group history optimal position, respectively.
The PSO workflow is shown in Fig. 9.

The purpose of optimization is to shorten the response time
and suppress the overshoot.

According to equation (10), PMLSM system has achieved
d-q axis decoupling. Accordingly, the control for the d-axis
and the g-axis has been separated and independent on each
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other. Therefore, the fitness function is set as follows:

Ja=Tq+ Oy

25
fw=Ty+ 04+ T, +0, (23)

where Ty, T,, Ty, O4, Oy, O, are the response time and
overshoot of the d-axis current, the g-axis current, and the
speed v, respectively.

V. SIMULATION AND ANALYSIS

The adaptive fitness curve of sliding mode control
parameters using PSO is shown in Fig. 10. After opti-
mization, enter the optimal control parameters into the
sliding mode control strategy and the results are shown
in Fig. 11.

According to Fig. 11, the sliding mode control rate
designed in this paper can disengage the WEC from the
chaotic state of a given target value. Following the sliding
mode control strategy with PSO optimizing control param-
eter, WEC takes less time to disengage from chaotic state
and reach steady state, the overshoot is suppressed, and the
control effect is improved.
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VI. CONCLUSION

By building the decoupling mathematical model, it is veri-
fied that the WEC may appear chaotic phenomenon during
operation. A sliding mode controller is proposed to disen-
gage the WEC from the chaotic state. BP neural network is
adopted to fit the global control effect under different sliding
mode control parameters. The PSO algorithm is employed
to optimize the sliding mode control strategy and determine
the optimal control parameters. The simulation indicates that
the sliding mode control strategy can achieve the WEC chaos
detachment and stability control. The sliding mode control
strategy with PSO optimization can reduce the response
time, suppress the overshoot, and improve the control effect
and system robustness. In the subsequent work, more com-
plex and actual marine environment, accurate WEC model,
the chaotic characteristic of the entire wave energy generation
system, how to suppress the sliding mode chattering and
design improved control strategies may be considered.
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