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ABSTRACT Faced with wave irregularity, the corrosion of the mechanical sensor in wave power generation
systems, hazardous working conditions, and the inaccuracy of conventional control methods in the shifting
system, a new type of irregular wave maximum wave energy capture strategy are proposed. The motivation
behind the strategy is speed sensorless power optimal control of a direct drive wave power system by an
extended Kalman filter (EKF) and self-tuning fuzzy proportional integral (PI) control. In our strategy, a fast
Fourier transform (FFT) is utilized to analyze the spectrum of the irregular wave excitation force, and
the maximum superposition control condition of the wave energy extraction is constructed by the vector
superposition principle. Taking the voltage and current parameters of the generator as the input, based on
two stages of prediction and update, an EKF observer system is established to estimate the speed and position
of the power generation system. The fuzzy parameters are used to dynamically adjust the PI parameters so as
to achieve optimal power state tracking control. The simulation results show that the FFT can meet the power
optimal tracking requirements of unknown irregular waves. The proposed speed sensorless control scheme
has good dynamic characteristics, small degree and position observation errors, and strong robustness, and
allows the system to follow a given value.

INDEX TERMS Fast Fourier transform, wave power generation, linear permanent magnet synchronous

generator, parameter self-tuning fuzzy PI, extended Kalman filter, optimal power.

I. INTRODUCTION

With the development of science and technology and the
advancement of society, the demand for electricity is increas-
ing, and the amount of nonrenewable energy is also increas-
ing. The resulting environmental problems and lack of
resources have gradually attracted the attention of the soci-
ety.Therefore, new energy sources have gradually gained
people’s attention, and solar energy, wind power, and tidal
energy have become an integral part of the world’s power
resources. As a green energy source with abundant content,
a wide distribution and a high energy density [1], wave energy
is highly developed in the world, with various applications in
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different fields, and the current research focuses on
power generation and operation [2]. At present, wave
power research mainly focuses on wave energy con-
verter modeling [3], [4], wave energy extraction power
optimization control [5], [6] and grid-connected operation
control [7], [8].

Wave power generation systems with different structures
are suitable for different sea conditions. Wave generators are
available with both rotary and linear motors. According to
the different forms of wave energy utilization, wave energy
conversion devices can be divided into the pendulum type,
over wave type, duck type, oscillating water column type, and
fixed point suction type. This paper studies a direct-drive-
type wave power generation device. The direct drive wave
power generation system uses a linear permanent magnet
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synchronous generator (LPMSG) as the power generation
carrier. The linear generator energy conversion device is inte-
grated with the mover and generates electric energy by the
relative displacement of the moving magnetic flux and the
stator winding in the up and down direction of the wave.
LPMSG requires only one level of energy conversion, is small
in size, high in efficiency, and does not require frequent
maintenance. It is more suitable for wave power generation
than other rotating generators.The wave device is provided
with a fixed mass and structure. When its natural frequency
resonates with the wave frequency, the wave extraction power
is theoretically the highest at this time. Reference [29] pro-
posed a method to change the mass of the float to reach
the resonance condition, but the mass change was a slow
mechanical process, inconsistent with the timeliness of the
motor control, and it was difficult to achieve maximum wave
energy extraction. In [7], [8], the maximum power capture
of irregular waves was analyzed. It was difficult to achieve
maximum power capture by giving the excitation force of the
known different frequencies and using the frequency of the
dominant component for analysis control. In [9], the hydro-
dynamic equation of the wave device was equivalent to the
circuit diagram. By using the principle of circuit resonance
and controlling the anti-electromagnetic force parameters to
achieve optimal power tracking, good results were obtained,
but the control strategy was for a single known sine wave
excitation force. For analysis, it did not apply to irregular
waves.

Generator control requires detailed information on the
position of the stator. However, the strong corrosiveness
and complexity of the ocean presents a severe test for the
maintenance of the mechanical speed sensors. Therefore,
speed sensorless technology has unparalleled advantages in
wave power applications. The currently widely used obser-
vation methods are: a sliding mode observer [10], [11],
the model reference adaptive technique [12], high-frequency
signal injection rotor position estimation [13], the Kalman
filter observation method [14], and other new sensorless posi-
tion control systems [15]. In order to overcome the limitations
of the natural chattering of the sliding mode observer, [16]
combined phase-locked loop technology and fuzzy control to
improve the sliding mode, improve the observer robustness
and reduce the chattering. Reference [17] used the adap-
tive gain algorithm to enhance the control precision of tra-
ditional sliding mode observers. Reference [18] used back
electromotive (EM) force estimation, and [19] utilized the
finite-state model of a predictive current control scheme to
achieve position estimation. However, both were suitable for
high-speed operation of the motor, the counter EM force
generated in the long-term low-speed operation of the wave
power system was very small, and the estimation error was
large. References [20]-[22] proposed to use a Hall sensor
with a low cost and small volume to detect the position of
the rotor of the motor, but the limited number of sensors led
to a low detection accuracy. At present, the EKF has been
widely used in the speedless control strategies of permanent
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magnet synchronous linear motors [23], [24], achieving good
tracking performance.

The classic proportional integral (PI) control technology
is widely used in wave power system control due to its
simplicity and reliability [8], [25]. However, a linear PI con-
troller cannot achieve static tracking of sinusoidal signals,
so it is difficult to meet the control requirements of a power
generation system. Reference [26] used neural network (NN)
adaptive dynamic surface control to reduce the tracking error.
Reference [27] proposed a recursive wavelet fuzzy neural
network and a robust adaptive backstepping sliding mode
to control the speed, compensating for parameters and load
disturbances. However, a neural network is the result of
training iterations, so the iterative effect is sometimes good
and sometimes poor. Reference [28] combined sliding mode
variable structure control to realize motor control; tracking
and adjustment of the speed were realized by the robustness
and rapidity of the sliding mode variable structure, but the
chattering of the sliding mode itself could not guarantee
accurate tracking of the given signal.

In this paper, an FFT is used to obtain the optimal power
capture conditions of an irregular wave excitation force
through model mechanics analysis and the superposition
principle. A simulation model of speed sensorless technology
for a direct drive wave power generation system based on
fuzzy PI control and an EKF observer is established. The
LPMSG velocity is estimated by combining the stator voltage
and current information, and the PI controller parameters are
setinreal time using a fuzzy algorithm. The simulation results
show that the proposed optimal power strategy can satisfy the
maximum efficiency of the wave energy conversion device
for an irregular wave and obtain the maximum active power
output. The speed sensorless control signal has a low signal
velocity and a low position estimation error, robustness and a
high following accuracy.

The body of this paper is organized as follows.
In Section II, the principle of the maximum power capture
strategy and the mathematical model of the LPMSG are
analyzed to build a direct drive wave power system. The
model’s speed sensorless control technique is described in
detail in Section III, which uses an EKF and a parametric
self-tuning fuzzy PI controller. In order to verify the superi-
ority of the method, the simulation results are explained and
compared in Section IV. Finally, a conclusion is drawn in
Section V.

Il. DIRECT DRIVE WAVE POWER SYSTEM
A. REGULAR WAVE MAXIMUM POWER CAPTURE
STRATEGY
A typical direct drive wave power system is shown
in Fig. 1.

In view of the force of the float of the direct drive wave
power system, the hydrodynamic equation of the wave energy
capture device can be expressed as [7]:

mX + Ppx + kex + Fo = Fy, (1)
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FIGURE 1. Schematic diagram of the direct drive wave power generation
system.

Spring
Mass block

X|

Damper

FIGURE 2. Mechanical model of the wave loading device.

where x is the velocity of the movement of the float
and generator mover, x is the vertical displacement of the
movement of the float, m; is the total mass of the moving
part, including the additional mass produced by seawater,
is the hydrodynamic damping coefficient of the converter, kg
is the elastic coefficient, F,, is the excitation force of the wave
acting on the converter, and F, is the electromagnetic force
generated by the LPMSG.
The electromagnetic force can be written as:

Fp = Rex @

where R, is the damping coefficient of the active power
generated by the motor.
Therefore, equation 1 can be written as:

mX + (Bn + Ro)x + ksx = Fy, 3)

The equation is analyzed for the excitation force

of a single-frequency sinusoidal waveform. Assum-
ing F, = Fosin(wt), equation 3 can be written
as:

mX + cx + kx = Fysin(wt) @)

where m = my, and ¢ = B + Rg, k = ky, w is the wave
angular velocity.

As shown in Fig. 2, the mathematical model can be equiva-
lent to a linear combination of a linear spring, mass, and linear
damper.
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FIGURE 3. Motion displacement amplitude of the float.

FIGURE 4. The phase of the motion displacement hysteresis of the float.

By solving equation 4, the motion displacement and phase
of the mass can be obtained as:

x = Asin(wt — @)

Vk — ma?)? + (co)? ®)
— arctan—=2
LA A —

Equation 5 can be converted into:

AJA = _
[k’ — 'u2)2 + M2 (6)
28w/ wo
¢ = arctan————
1 — (0/wp)?

where A’ = mFy/c?, k' = km/c?, u = mw/c, wy = J/k/m,
and &€ = ¢/(2+/mk).

According to equation 6, the motion displacement ampli-
tude and the lag phase diagram are shown in Fig. 3 and Fig. 4,
as can be seen from Fig. 3, the excitation energies of different
periods correspond to different maximum amplitudes. It can
be clearly seen from Fig. 4 that the maximum amplitude
position corresponds to the k value k = mw?, which is
w/wyg = 1; at this time, the phase corresponding to the
displacement phase lags behind the excitation force by 90°.
Therefore, when the switching device and the wave resonate,
the speed remains in phase with the exciting force.

In a three-phase stationary coordinate system, the instanta-
neous power of the wave generation system is expressed as:

P = uqiq + upip + ucic @)

where ugy, up, Uc; ig, ip, ic are the voltage and current of the
abc three phases of the generator, respectively.
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If the internal loss of the generator is neglected, the instan-
taneous power can be replaced by P = F.x. When the mass
achieves the resonance condition, k = mw?. Then,

mwkF mwkFp)?
0y2 +( 2o)
2kn 4k=n

In summary, the conditions for capturing the maximum
power in the wave are: k; = mw? and R, = n.

P=(Rgi) * X = —naw?sin*(wt)(A —

®)

B. IRREGULAR WAVE MAXIMUM POWER CAPTURE
STRATEGY
In the actual ocean, the excitation force is superimposed by
unequal-length sine and cosine signals, and there is external
interference. The abovementioned proposed power optimal
scheme is based on a known excitation frequency. Therefore,
by combining digital signal processing ideas and considering
data as discrete signals, we propose the use of a discrete
FFT method to analyze the signal spectrum and extract the
frequency component of the irregular excitation force.

The discrete Fourier transform of an N-point sequence x(n)
is:

N—1
x(k) =Y xmWy' 9)
n=0

where k =0,1,...,N — 1, and Wk" = ¢=/27/N,

The spectrum of a finite-length order excitation signal
can be discretized into a finite-length sequence by the dis-
crete Fourier transform (DFT), but the calculation of the
DFT increases exponentially with an increase in the num-
ber of signal collection points, which makes it difficult to
realize real-time processing. Finally, the FFT algorithm was
introduced. The FFT takes advantage of the symmetry and
periodicity of Wy and decomposes the long sequence of
the DFT into several short sequences, which greatly reduces
the amount of computation. Taking the base 2-FFT as an
example, X (k) is divided into two subsequences X;(k) and
Xo(k).

X1(k) =[X(0), X(2),...,X(N —2)]

(10)

X1(k) =[X(1),X@3),.... XN — 1]

where k =0,1,...,(N — 1)/2.
Equation 9 can be converted into:
N/2-1 N/2-1
x(k)y = > ximWy, + Wy Y Wy,
n=0 n=0
= X1(k) + WrXa(k) (11)

According to the idea of the FFT, an unknown frequency
excitation force is decomposed into several frequency sinu-
soidal waveforms and a noise superposition, and the main
frequency content of the wave is analyzed to obtain a sine
wave at a series of frequencies:

Fw=F.+F:+F)+---+F" (12)
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According to Equation 3, it can be decomposed into the
following:

miX1 + (Bn + Rp%1 + kixi = F),

miky + (By + R2)ky + k2xy = F 13)

myk, + (Bp + Rg)).cn + kgxn = ng

The control conditions for constructing the maximum
power capture by the superposition principle are:

Femar = Ryf1 + Rgo + Ryis + - + Ryt (14)

Since the electromagnetic force is directly related, the cur-
rent can be controlled to meet the requirement of generating
the maximum active power.

C. MATHEMATICAL MODEL OF THE LPMSG

Regardless of the magnetic circuit saturation problem of the
generator, ignoring the end effect of the linear motor, and
not counting losses such as hysteresis and the eddy current,
the mathematical model of the d-q axis of the LPMSG can be
obtained as follows:

. dg 7 .
ug = Rsig + L‘IE — ?Vquq

r (15)
wy = Ryiy + Ly =3 4+ Zorgiy + Zvw
q slq P T T f

where ug, ug, i4, iy, Ly and L, are the stator voltages, currents
and inductances in the d-q coordinate system, respectively, R;
is the stator resistance, v is the speed, 7 is the pole distance,
and Wy is the permanent magnet flux linkage.

The electromagnetic force equation of the generator is:

3 . ..
F, = Enp(qlflq — (Ly — La)iaiy) (16)

where n,, is the pole logarithm.

The direct-drive-type wave power system generator mover
and the wave converter float are integrated, so the converter
mathematical equation 3 is also the mechanical motion equa-
tion of the generator.

For the sake of simple control, the mathematical model of
the generator is decoupled by the method of feed-forward
voltage compensation. The mathematical model of the
LPMSG after decoupling is:

T . ) dig
Ugo = ug + ?qulq = Rig + Lda

oL — Eow — R 4 1, 3
ugo = ug — —vLgig — —vWy = Ryi —
q0 97 7 dld T S stq 94z

a7

Ill. SPEED SENSORLESS CONTROL TECHNOLOGY

A. EXTENDED KALMAN FILTER OBSERVER

The traditional estimation algorithm is generally suitable for
high-speed operation systems. It has low detection accuracy
of rotor position and speed at zero speed and low speed
operation, and most of them are offline calculations, and are
not real-time. The EKF optimal estimation filtering algorithm
has a wide operating speed range. The speed estimation can
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be completed in the high-performance servo system and the
low-speed direct-drive wave power generation system, and
the algorithm calculation can be performed in the data acqui-
sition process, and the system state can be estimated online
to realize real-time control.The algorithm has good dynamic
performance, fast convergence speed and high prediction
accuracy, while other improved EKF implementations are
more complicated.

If a rotating coordinate system is used, the speed sensorless
algorithm and the stator voltage and current measurements
need to be converted to synchronous rotating coordinates; the
transformation matrix will contain sine and cosine functions,
which increase the nonlinearity of the mathematical model
and increases the calculation time. A static coordinate system
can avoid these problems. Therefore, this paper uses a math-
ematical model of the generator in a stationary coordinate
system. The following equations of state can be obtained from
equations 3 and 17:

dx _ B
o )+ Bu (18)
y=Cx

R
——iy + d#sin@e
Ly Ths

a'Y

——ig — decosee
_ L Ths
o= 3w . . kT
[—d — Yy (igcost, — iysinb,) — nx — —0,]
m I 2T . T
—X
- g -
(19)
. an,Fy ]’
where x = [la ig x OE]T, u= |uy ug mI:rw] ,y =
/Ly, 0 O
. .qT _ 0 1/Ls O 11000
lia is] B=] o 1’a“dc—[0100]
0 0 O

The state estimation of the EKF consists of two phases:
prediction and update. In the first stage, the state of the
next moment is estimated mainly by the state estimation of
the current moment. The second phase is mainly to update
the estimated value based on the current observations. The
specific steps are:

(1) Predict the state of the vector;

Predict the state vector value at time (k+1) by inputting u(k)
and the value of the last state estimate. The equation is:

X(k + 1) = X(k) + Ts[f (X(k)) + Bu(k)] (20)

where T is the sampling period, ”” indicates the state estima-
tion, and "~ indicates the predicted value.

(2) Calculate the output corresponding to the predicted
amount at this time;

Yk+1)=Cx(k+1) 2D
(3) Calculate the error covariance matrix;
P(k + 1) = P(k) + TJF(K)P(k) + PUOFT ()] +Q  (22)
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where
af (x)
Fx) = Th:ﬁ(k)
— R R lI/ n R .
S 0 Hsindk) ZLik)coshe(k)
Ly y 7L,
R \Ilf N TC\IJf A oA
_ 0 ——  ——=cosB,(k) x(k)sinbe(k)
- L, L n TLs
nsinfe(k) —ncosfo(k) ~ —— y (k)
m;
| 0 0 1 0 i
(23)
~ ~ A . s A k;
y (k) = nig(k)cosb,(k) + nig(k)sinb,(k) — ;Y (24)
t
3712”[2’\11 75
= ZmZ‘L'Z f ( )

(4) Calculate the gain matrix;
K(k+1) =Pk + DCT[CP(k + DCT +RI™' (26)

(5) Update the state variables;
Xk+ 1) =Xk +1D+Kk+ Dlytk + 1) =¥k+1D] (27)

This step is the corrected state estimation, which is filter-
ing.
(6) Update the covariance matrix;

Pk+1)=Pk+1)=Kk+1DCPk+1)  (28)

B. SELF-TUNING FUZZY PI CONTROLLER DESIGN

1) DESIGN CONTROLLER

It can be seen from Equation (14) that the ultimate control
objective of the maximum power capture control strategy of
the direct drive wave power generation system is to make the
Q-axis current meet the given value under the current condi-
tions, with a fast response speed and strong anti-interference
ability. Accordingly, the electromagnetic force of the gener-
ator satisfies the resonance requirement of the wave device,
because the waves are randomly changing, given a current
time-varying target. It is difficult for a fixed PI controller to
achieve no dead tracking. By using fuzzy reasoning to realize
dynamic online self-tuning of the PI parameters, the con-
troller can be automatically corrected in a random environ-
ment, with good dynamic and static performance, a small
calculation and easy real-time control.
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The self-tuning fuzzy PI control principle is shown
in Fig. 5. The main goal of the current loop is to make
the actual output current of the generator quickly follow
the current expected value obtained by the FFT-based max-
imum power capture control strategy analysis. That is to say,
the main performance indicator is the current tracking error.
Therefore, the fuzzy controller takes the current error e and
the error rate of change de/dt as inputs, uses the dynamic
adjustment of the PI parameter AK), and AK; as the output
variable, and combines the PI controller to form the parameter
self-tuning fuzzy PI controller, which outputs the power gen-
eration. The machine expects current. The SVPWM control
strategy is used to control the switch-on of the machine-side
converter, thereby outputting the maximum active power of
the direct drive wave power system.

2) FUZZY RULE SELECTION

In general, the number of elements in the domain is more
than twice the total number of fuzzy subsets, to ensure
the coverage of the fuzzy subsets and to avoid runaway.
Taking into account the accuracy of the algorithm and the
amount of calculation, the three levels of ““large, medium and
small” are used for blurring. Each fuzzy domain uses seven
fuzzy subsets to describe the input and output variable sizes:
negative big (NB), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM)
and positive big (PB). Among them, NB adopts a Z-type
membership function, PB adopts an S-type membership func-
tion, and the other subsets adopt a triangle membership
function.

In order to adjust the PI parameters and perform fuzzy
adjustment near the PI setting parameters, the domains of the
fuzzy variables are set to: e = [—0.6, —0.4, —0.2, 0, 0.2, 0.4,
0.6]; de = [—1.5¢",—1e’, —0.5¢7,0,0.5¢", 1e’, 1.5¢7];
AK, = [-6,—4,-2,0,2,4, 6]; and AK; = [-300, —200,
—100, 0, 100, 200, 300]. Taking AK, as an example,
the membership function curve is shown in Fig. 6. The
membership values of each subset are:

’NB’: ’zmf’, [—6, —2];

'NM’: “trimf’, [—6, —4, 0];

’NS’: ’trimf’, [—6, =2, 2];

7 ’trimf’, [—4, 0, 4];

PS’: ’trimf”’, [—2, 2, 6];

"PM’: ’trimf’, [0, 4, 6]; and

PB’: ’smf’, [2, 6].

The ranges of the other variables are chosen by analogy.

The proportional coefficient K, can increase the dynamic
response of the system, and the integral coefficient K; can be
used to eliminate the steady-state error. Therefore, the param-
eters AK),,AK; are set as follows:

(1) When the current error |e,-dq| is large, in order to avoid
overshoot and speed up the response, a larger AK), and a
smaller AK; or AK; =0 should be taken.

(2) When the current error |e,-dq] is small, in order to make
the system have a good steady-state performance, take larger
values of AK), and AK;.

VOLUME 7, 2019
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FIGURE 6. Membership function curve.

TABLE 1. Fuzzy PI control rule table.

‘e:Kp,Ki;de‘ NB ‘ M ‘ NS ‘ /A PS PM ‘ PB ‘

NB PB NB | PB,NB | PM,NM | PM,NM PSNS 7,7 2,7

NM PBNB | PB,NB |PM,NM | PSNS PSNS ZZ | NSZ
NS PM,NB | PM,NM | PM,NS | PSNS ~ ZZ  NSPS | NS,P§
Z PM,NM |PM,NM | PS,NS | Z,Z  NSPS NMPM|NMPM
PS PSNM | PSNS | ZZ | NS,PS NSPS NMPM|NM,PB
PM PSZ | 7,7 | NS,PS | NM,PS NMPM NMPB| NB,PB
PB 2,7 2,7 | NM,PS | NM,PM NM,PM NB,PB | NB,PB

(3) When the current error |eidq| and the error rate of
change |de,-dq| are medium values and are the same number,
it means that the controlled quantity develops away from
the expected value, so a larger AK), and an appropriate AK;
should be chosen. Otherwise, the values of AK, and AK;
should be gradually reduced.

According to the above control law and expert experience,
the general operator’s practice shows the control rule table of
AK), and AK;, as shown in Table 1.

The Mamdani type of Equation 29 is used as the fuzzy
inference, and the weighted average of Equation 30 is used
as the anti-fuzzification algorithm.

If eis Aand deis B, then AK, is C, AK;isD (29)
wo = Yoo uipki(ui)

Yoo miluq)
where u is the clear output, u; is the output variable value,
and p;(u;) is the corresponding membership.

(30)

IV. SIMULATION RESULTS ANALYSIS

In order to verify the validity and feasibility of the pro-
posed algorithm, based on the above theory, an optimal
power control system based on FFT for direct drive wave
power generation without speed sensor technology is built
by Matlab-Simulink simulation software. In this paper, based
on EKF estimation of the generator position and speed,
the approach provides feedback for the generator control.
By using a vector control scheme, the expected electro-
magnetic force for maximum power is converted into the
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FIGURE 7. Model diagram of the direct drive wave power generation
system.

TABLE 2. Selection of the generator parameters.

Parameters ‘ Symbol ‘ Value ‘ Unit ‘
d, g-axis inductance LqL, 0.0082 H
Motor stator resistance R 2.48 Q
Total mass of the float my 300 kg
Number of pole pairs p 4 pairs
Permanent magnet flux Dy 0.147 Wb
Damping coefficien B 600 kg/s?
Pole distance T 0.1 m

expected value of the stator current i;. Through the parameter
self-tuning fuzzy PI controller, voltage feed-forward compen-
sation is used to decouple iy and i,, and the SVPWM method
is used to generate the control pulse regulator side converter
on/off state, which realizes the optimal power control of the
generator and captures the maximum active power. Fig. 7 is
a schematic diagram of the system mode, and the parameter
selection is shown in Table 2. Considering that this paper only
studies the control strategy of the machine-side converter,
it has nothing to do with the grid-connected control, so the
DC-side power supply is used instead of the side of the
grid-side converter.

First, in order to verify the superiority of fuzzy PI control
and the effectiveness of the EKF sensorless sensor tech-
nology, Equation 31 shows the wave excitation force that
changes continuously over different time periods as the input.
Based on the premise of keeping the simulation parameters
of the model consistent, the PI controller and the param-
eter self-tuning fuzzy PI controller are used to control the
wave generation system. The simulation results are shown
in Figs. 8 and 9. It can be seen that both control results contain
a large amount of ripple and chattering. The absolute value of
the PI control tracking error is up to 0.49 A, while the fuzzy PI
control tracking error is about 1/2 of that of PI control, which
is about 0.25 A. At the 9th second, the excitation force and
frequency suddenly change and decrease to 2/3 of the original
values, the wave excitation force amplitude becomes 1/2 of
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FIGURE 8. Two control methods for Q-axis current follow-up.

FIGURE 9. Comparison of the Q-axis current following error between the
two control methods.

the original amplitude at the 15th second, and the system can
be quickly adjusted to ensure synchronization of the control
and accuracy. However, the control precision of the apparent
fuzzy PI control is higher than that of simple PI control, and
the control chattering is small.

2000sin(t) t <9s
F,, = {2000sin(2t/3) 9s <t < 155 3D
1000sin(2mt/3) 155 <t < 21s

From the simulation results in Figs.10 and 11, it can be
seen that the EKF velocity observer has a good speed and
position prediction effect in the direct drive wave power
generation system. During the first 9s, the speed is up to
1.8 m/s, the tracking error is less than 0.02 m/s, and the
position estimation error is less than 0.1°. During the period
of 9 ~ 15s, the direction and frequency change, but the
speed and position size and the estimation error do not change
greatly. During the period of 15 ~ 21s, the speed error is less
than 0.0045 m/s when the speed does not exceed 0.85 m/s.
However, the speed sensorless technology used in [8] had a
prediction error of up to 0.015 m/s at speeds up to 0.5 m/s.
In contrast, the proposed observer has a smaller estimation
error and a higher prediction accuracy.

Fig.12 shows a 600 s irregular excitation force with clutter
and an unknown frequency. The 128 s data is analyzed by a
FFT to obtain the frequency distribution diagram as shown
in Fig. 13. The main frequency components of the excitation
force can be extracted from the figure: 0.25 Hz, 0.33 Hz, and
0.5 Hz. Compared with the actual component of Equation 32,
although the frequencies corresponds to some differences
in amplitude, the main components of the frequencies are
basically consistent. In addition, the disturbance component
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FIGURE 10. EKF observer speed and position estimation effect.
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FIGURE 11. EKF observer speed and position estimation error.
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FIGURE 13. Spectrum distribution of the irregular wave excitation force.

can be filtered out, so the excitation force can be decomposed
into a several regular sine wave. By using the maximum
power capture control strategy of the regular wave, the opti-
mal power control condition of the irregular wave excitation
force is obtained by using the superposition principle.

F,, = 700sin(7t) + 500sin(27wt/3)
+ 1200sin(2wct /4) + 200randn(t) (32)

In order to verify the advantages of the FFT algorithm in
the energy conversion of irregular waves and considering the
obviousness of the analysis and simulation speed, the 16 s
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FIGURE 14. Wave excitation force and speed phase relationship.

FIGURE 15. Wave energy capture average power comparison.

FIGURE 16. Wave energy capture instantaneous power comparison.

irregular wave is taken as the system input for the simulation
analysis. The simulation result obtained by the FFT algorithm
is compared with the result obtained by the single-frequency
control condition, and at the same time, the speed is amplified
by 500 times for an obvious comparison. The simulation
results are shown in Figs. 14-16. It can be seen from Fig. 14
that the speed was obtained by the direct drive wave power
generation system after the FFT analysis can always maintain
the same phase as the irregular excitation force, satisfying the
resonance phase requirement of the wave energy conversion
device and the wave. However, the speed of the power gener-
ation system controlled by any single frequency cannot meet
the conditions of being in phase with the excitation force, and
it is difficult to maximize the wave energy conversion rate.
The instantaneous and average values of the output active
power of the power generation system in Figs. 15 and 16 also
verify this conclusion.

V. CONCLUSION

In this paper, a direct drive wave power speed sensorless
control system is built by combining a fuzzy self-tuning PI
control algorithm and an EKF observer. The FFT algorithm
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and the vector superposition principle are used to analyze
the control conditions of the maximum power capture of an
irregular wave excitation force, and then the power optimiza-
tion of the system is realized. The simulation results show
that the power consumption parameter of the generator and
the EKF speed observer can realize speed estimation of the
system. The estimation error meets the requirements, and the
precision is high, which can effectively avoid the defect of
the high maintenance cost of the speed sensor. Compared
with the single-frequency algorithm, the FFT algorithm is
obviously superior in the acquisition of the optimal power
control condition for an irregular wave excitation force, can
maintain in-phase conditions of the wave excitation force and
the speed, and achieve a greater power output in the simu-
lation result. At the same time, the fuzzy PI controller can
dynamically adjust the PI parameters according to a change in
the tracking signal and can track the given signal quickly and
accurately under sudden changes in the motor speed direc-
tion, amplitude and frequency. Furthermore, the robustness
and anti-interference ability are better, and method effectively
avoids the insufficiency of the PI controller in achieving static
tracking of a sinusoidal signal.
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