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Abstract. In this paper, the current tracking control problem of direct-
drive wave power generation system disturbed by complex environment
is solved by designing finite-time controller(FTC) and backstepping slid-
ing mode controller (BSMC). In order to realize the maximum power
tracking control of the directly driven wave energy converter (DWEC), a
fixed-time observer (FTDO) is designed to quickly compensate for envi-
ronmental disturbances, and a backstepping sliding mode control strat-
egy based on FTDO (FTDO-BSMC) is proposed to accurately track the
current. Finally, Numerical simulation and comparison demonstrate the
feasibility and superiority of the proposed scheme.

Keywords: direct-drive wave energy conversion · maximum wave
energy tracking · fixed-time disturbance observer · back-stepping
sliding mode control

1 Introduction

In recent years, the problem of energy shortages has become increasingly promi-
nent, and the ocean contains huge amounts of energy. The low energy absorption
efficiency of wave energy converters (WECs) has become a bottleneck problem
in promotion and application [1–3]. As a type of wave energy power generation
device, Permanent magnet linear generator (PMLG) is used to directly convert
the moving wave energy into electrical energy [4]. Compared with other forms
of multi-stage conversion links, it reduces power loss and improves the wave
energy of the entire device. At present, in order to improve the efficiency of wave
energy, researchers have carried out maximum power control research. Through
mechanical control or electrical control, the wave energy conversion system can
resonate with waves.
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Two classical theories of amplitude-phase control and complex-conjugate con-
trol for power control of wave power generation. In the amplitude-phase control,
the motion of the floating body and the wave must meet certain amplitude and
phase conditions to reach the resonance state and improve the output power
[5–8]. However, in this control method, the natural frequency of the system is
related to the wave period. For the actual sea state, it is difficult to always meet
the phase condition of reaching the resonance state, and the applicability is poor
when the wave frequency bandwidth changes greatly. It is suitable for wave Sea
conditions with a unique dominant frequency and a small frequency variation
range. In complex conjugate control, the system damping force is related to the
speed and displacement of the floating body, which can be divided into two
parts: linear damping force and elastic damping force. The optimal velocity of
the floating body can be obtained when the system damping is equal to the
conjugate of the impedance within the WEC system. At this time, the floating
body motion phase and the wave motion phase still differ by 90◦. The system
dynamics model is equivalent to the second-order resonant circuit of inductance-
capacitance-resistance, and the response form of the system is similar to the
series resonance of the resonant circuit [9]. However, when it is constrained by
the system motion stroke, force and output power limit, its practicality is poor in
the sea area with high wave energy density and frequent sea state changes. The
hill-climbing method has a simple structure and few system model parameters,
so it is also used in wave power generation systems [10,11]. However, the control
response speed of the hill-climbing method is greatly affected by the inertia of
the system, and the disturbance step size is not easy to select. If the step size
is too large, oscillation will occur near the maximum power point, resulting in
energy loss. If the step size is too small, the arrival speed will be too slow, which
will affect the dynamic performance of the system, so it needs to be improved.
In [12–14] , a control method of changing the disturbance step size is proposed.
In the case of sudden wave changes, the variable step length control method can
effectively improve the anti-jamming capability of the maximum power tracking
of the system, and quickly re-tracking to near the maximum power point.

Nonlinear control and intelligent control have also been developed and
applied in wave power generation systems with nonlinear and strong coupling.
Model predictive control and neural network-based model predictive control have
been widely used in wave power generation because they do not need to rely on
accurate mathematical models [15–20]. However, there is still the problem of rely-
ing on historical data, and a large amount of ocean data needs to be obtained,
which is constrained by the cost problem. Sliding mode control (SMC) can solve
the state and input delay problems of the system very well [10,21,22]. How-
ever, nonlinear disturbances are ignored. For unknown disturbances, observers
were used to improve control performance. In [23–25], considering the system
state measurements and the state-dependent disturbances are not available for
feedback purposes, an observer-based adaptive control strategy has been pro-
posed. In [26–29] a finite-time disturbance observer is proposed, in which the
disturbance of the system can be observed and compensated for in a finite time.
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In this paper, the system dynamics model is combined with the linear motor
kinematics model, the control model of the whole system is established, and a
fixed-time disturbance observer (FTDO) is designed to quickly compensate for
internal and external disturbances. Unlike the finite-time perturbation observer,
the fixed-time observer does not depend on the initial observation error, and
the observation effect is better. At the same time, a finite-time control strategy
[30,31] and a fixed-time disturbance observer-based backstepping sliding-mode
control strategy (FTDO-BSMC) are designed for the d-axis current and the q-
axis current, respectively, to improve the anti-disturbance and response speed of
the control system and achieve the maximum wave can be captured.

2 Preliminaries and Problem Description

2.1 Lemma

Lemma 1. The following system:

ẋ(t) = f(x(t)) (1)

where f(·)is continuous and f(0)=0
Suppose there is a positive definite function V satisfies:

V + kV α ≤ 0 (2)

where k > 0 and α ∈ (0, 1),then the system(1) is stable in finite time.

Lemma 2. If there is a continuous radially bounded function V satisfies:

1) V (x) = 0 ⇔ x = 0,
2) For any x (t) can satisfy the inequality V̇ (x) ≤ −γ1 Vα (x)−γ2 Vβ (x) , where

γ1, γ2 , α and β. are all positive constants,and 0 < α < 1, β > 1 , then the
original system can converge to zero in a fixed time, and the convergence time
T satisfies:

T ≤ Tmax =
1

γ1 (1 − α)
+

1
γ2 (β − 1)

(3)

It can be seen from the above formula that the convergence time of the system
is only related to the system parameters γ1, γ2, α and β.

2.2 Problem Description

The float of the direct-drive wave energy conversion (DWEC) moves with the
waves and uses the linear generator to collect wave energy. Due to the special struc-
ture of the linear generator, there is no intermediate energy conversion link, which
can effectively improve the utilization rate of wave energy. However, the marine
environment is relatively complex. Due to the effect of wind and waves on the float,
it is difficult for the float to remain in a vertical state all the time, which will cause
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Fig. 1. Structure of direct-drive wave power generation device.

interference to the maximum wave energy tracking of DWEC. Therefore, an effec-
tive estimation of the interference is necessary to achieve accurate tracking of the
maximum wave energy significant. Figure 1 shows the structure diagram of the
direct-drive wave power generation device. Under the driving of the wave, the per-
manent magnet and the coil will produce relative motion to convert the mechanical
energy of the wave into electrical energy.

The kinematic equation of the device is:

mẍ = Fe − Fg + Fr + Fb − mg (4)

where m is the mass of the DWEC system, x is the mover displacement in the
vertical direction, F

e
is the wave excitation force, F

g
is the anti-electromagnetic

force of the linear motor, Fr and F
b

are the radiation force and the static buoy-
ancy of the float, respectively, which are expressed as:

Fr = −maẍ − Raẋ (5)

Fb = −κ1x + mg (6)

Fg = Rgẋ + κ2x (7)

Among them, ma is the additional mass, Ra is the external damping, κ1 =
ρgS is the buoyancy coefficient, ρ is the seawater density, g is the gravitational
acceleration, S is the contact surface between the float and the wave, R

g
is the

internal damping of the linear motor, and κ2 is the elastic coefficient of the linear
motor.
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Combining (5)–(7), we have:

Mẍ = Fe − (Ra + Rg)ẋ − (κ1 + κ2)x (8)

where M = m + m
a

is the total mass of DWEC.
DWEC output power is:

Pg = Fe
2

8Ra

(∣∣∣∣1 − Ra−Rg−j(ωM− κ
ω )

Ra+Rg+j(ωM− κ
ω )

∣∣∣∣
)

(9)

The modeling equations of device dynamics in two stationary coordinate
systems are: {

did

dt = −Rs

Ls
id + 2π

λ viq − 1
Ls

ud
diq

dt = −Rs

Ls
iq − 2π

λ vid + 2πψf

λLs
v − 1

Ls
uq

(10)

where i
d

and iq are the current components of the dq-axis, respectively.
The back electromagnetic force of the generator can also be expressed as:

Fg = 3π
ψf iq + (Ld − Lq) idiq

2λ
(11)

where L
d

and Lq are the inductances of the dq-axis, respectively.
It can be seen from the above formula that the anti-electromagnetic force F

g

can be changed by changing the current component of the dq-axis. Therefore, the
DWEC control model can be constructed by taking into account the unknown
disturbances Δ existing in the actual marine environment and combining the
dynamic and kinematic equations.

Combined with (8)–(11), the control model of the entire DWEC system is:
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

i̇d = −�sid + α2viq − 1
Ls

ud

ẋ = v

v̇ = D1 + D2 +
α1(ψf+	dq i̇d)iq

M + Δ

i̇q = −�siq − α2vid + α2
Ls

ψfv − 1
Ls

uq

(12)

where v is the mover speed of the linear motor, D1 = −Ra

M v− κ1
M x,D2 = Fe

M ,α1 =
3π
2λ ,�dq = Ld − Lq,�s = Rs

Ls
.

3 Power Control System Design

3.1 Disturbance Observer Design

To design the observer, first define the variable D = v
f

− χ,

χ̇ = λ1D + λ2D
α + λ3D

β + λ4sign (D) −
D1 − D2 − α1(ψf+	dqid)iq

M

(13)

Among them, λi ∈ R (i=1,2,3,4) is the positive definite diagonal matrix to
be designed, each element in matrix λ4 satisfies λ4 ≥ δ ,α and β are positive
numbers, satisfies: 0 < α < 1, β > 1.
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According to (12) and (13), the derivative of D can be obtained by:

Ḋ = v̇f − χ̇

= D1 + D2 + α1(ψf+	dqid)iq

M + Δ−
λ1D − λ2D

α − λ3D
β − λ4sign (D) − D1 − D2

−α1(ψf+	dqid)iq

M
= −λ1D − λ2D

α − λ3D
β − λ4sign (D) + Δ

(14)

Choose Δ̂ as follows:

Δ̂ = λ1D + λ2D
α + λ3D

β + λ4sign (D) (15)

Define the observation error Δ̃ = Δ̂ − Δ, and the specific expression is:

Δ̃ = Δ̂ − Δ
= λ1D + λ2D

α + λ3D
β + λ4sign (D) +

D1 + D2 + α1(ψf+	dqid)iq

M − v̇f

= χ̇ − v̇f

= −Ḋ

(16)

It can be seen from (16) that if Π converges, Δ̃ can be guaranteed to converge.

3.2 D-Axis Current Loop-Finite Time Controller

In order to improve the output power, the d-axis adopts the zero vector control
method, and the sliding-mode control surface of the d-axis is designed as:

sd = id + kidxe (17)

where k
id

> 0, xe = x−x
d

is the displacement error and x
d

is the wave reference
displacement.

The first derivative of the d-axis sliding mode control surface is:

ṡd = i̇d + kidve (18)

The d-axis voltage control law is designed as:

ud = Ls(−ςsid + γ2viq + kidve + η1sign(sd)) (19)

where η1 is the designed constant.

3.3 Q-Axis Current Loop - Backstepping Sliding Mode Controller

Combined with the q-axis current tracking system, the tracking error is defined
as:

xe = x − xd, ve = v − vd (20)

where x
d

is the wave reference velocity and v
d

is the wave reference velocity.
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The current control law of the q-axis is designed by the backstepping method
as: ⎧⎨

⎩
ẋe = ve

v̇e = D1 + D2 + α1ψf

M iq − v̇d + Δ

i̇q = −�siq − α2vid + α2
Ls

ψfv − 1
Ls

uq

(21)

i∗q = − M

α1ψf
(D1 + D2 − v̇d + kiqve + Δ) (22)

Substituting (22) into (21), the error dynamic equation is:

⎧⎪⎪⎨
⎪⎪⎩

ẋe = ve

v̇e = D1 + D2 + α1ψf

M iq − v̇d + Δ

i̇qe = −�siq + γ2
Ls

ψfv − 1
Ls

uq − α2vid + M
α1ψf

(D1 + D2 − v̇d + kiqve + Δ)

(23)

where i
q

= i∗
q

− i
q
.

In order to eliminate the current tracking error, the sliding mode control
surface is designed:

sq = iqe + xe (24)

For the q-axis current tracking error (23), an integral sliding mode control
surface is designed:

sq = iqe + ksq

∫ t

0

xedt − Mkiq

γ1ψf
xe − k2

∫ t

0

iqedt (25)

For the q-axis integral sliding mode control surface, the voltage control law
of the integral sliding mode control surface is designed as:

uq = MLs

α1ψf
(D1 + D2 − v̇d − kiqve + Δ̂) − �sLsiq−

α1Lsvdid+α1ψfv − ksq
xe + Mkiq

α1ψf
ve − k2ieq

+ Lsη2sign(sq)
(26)

4 Stability Analysis

Assumption 1 : Δ in (12) is bounded, and ||Δ|| ≤ δ < ∞, where δ is a known
constant.

Theorem 1 : Under Assumption 1, the constructed disturbance observer can
accurately estimate the unknown disturbance Δ within the stable time, and the
estimation error is zero.

Proof : Choose the following Lyapunov function:

Vd =
1
2
DT D (27)
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According to formula (12), the derivative of V
d

can be obtained:

V̇d = DT Ḋ
= DT

(−λ1D − λ2D
α − λ3D

β − λ4sign (D) + Δ
) ≤

−λ1

(
DT D

) − λ2

(
DT D

)α+1
2 − λ3

(
DT D

) β+1
2 ≤

− λmin (λ2)
(
DT D

)α+1
2 − λmin (λ3)

(
DT D

) β+1
2 =

−2
α+1
2 λmin (λ2)

(
1
2DT D

)α+1
2 − 2

β+1
2 λmin (λ3)

(
1
2DT D

) β+1
2

= −2
α+1
2 λmin (λ2) (Vd)

α+1
2 − −2

β+1
2 λmin (λ2) (Vd)

β+1
2

(28)

According to Lemma 2, it can be seen that the system Π is globally stable
in fixed time, and the convergence time satisfies:

T0 ≤ Tmax =
2

1−α
2

λmin (λ2) (1 − α)
+

2
1−β
2

λmin (λ3) (β − 1)
(29)

According to the definition of V
d
, when t ≥ T0 , V

d
≡ 0, V̇

d
≡ 0, Π̇ ≡ 0, then:

Δ̂ = 0, t ≥ T0 (30)

Theorem 2 : FTDO-BSMC considers the model (12) that satisfies the hypoth-
esis 1. Under the action of the disturbance observer (15), control laws (22), (26),
the unknown external disturbance to the system can be observed in a fixed time.
At the same time, the error signals x

e
, v

e
, i

qe
can be stabilized to zero, and the

actual state can also track the expected value under the action of the controller.

Proof : The proof process is divided into two steps. First, it is proved that the d-
axis current converges on the sliding mode surface in a finite time, and then it is
proved that the displacement, velocity tracking error and q-axis current tracking
error are after reaching the designed non-singular terminal sliding mode surface.
Asymptotically stable converges to zero.

Step 1: For the d-axis current tracking control subsystem, choose the follow-
ing Lyapunov function:

V1=
1
2
s2d (31)

Taking the derivative of the above formula, we can get:

V̇1 = sdṡd

= sd(−�sid + γ2viq − 1
Ls

ud)
(32)

Substituting the voltage control law (22) into the above formula, we can get:

V̇1 = sd(−k1sd − η1sign(sd))
= −k1s

2
d − η1 |sd| (33)

According to Lemma 1, the tracking error of the d-axis current tracking
system can converge to zero within a finite time.
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Step 2: For the q-axis current tracking system, establish the following Lya-
punov function:

V2=
1
2
v2

e +
1
2
s2q (34)

Taking the derivative of (32), we get:

V̇2 = vev̇e + sq ṡq (35)

Step 3: Considering the entire DWEC maximum wave energy tracking control
system, design the Lyapunov function:

V = V1 + V2 (36)

Combining the disturbance observer (15) and the control law (19), (22), we
get:

V̇ = −η1 |sd| − k1s
2
d − kiqv

2
e − k2s

2
q − η2 |sq| (37)

It can be known from the above formula that V̇ ≤ 0. According to Lyapunov
stability theory and Barbalat’s lemma, when t → ∞, x

e
and v

e
converge to

zero. The whole system is asymptotically stable under the FTDO-BSMC control
scheme.

5 Simulation Studies

In order to verify the effectiveness and feasibility of the proposed control strategy,
this paper uses the direct-drive wave power generation device in the literature
[5] for simulation research.

Comparing with the equivalent circuit method and sliding mode control
(SMC) to verify the effectiveness of the proposed control model and control
scheme. This control scheme proposes a high-level control model. The tradi-
tional equivalent circuit method is used to obtain the ideal q-axis current value ,
and then the control process is transformed into a high-level model virtual con-
trol quantity for direct control, which is conducive to improving the accuracy of
device control. The reference displacement of the direct-drive wave energy power
generation device is as follows:

xd = sin (0.2t + 3) cos (0.5t + 8) (38)

The unknown disturbance is:

Δ =
20 sin(2t

3 + 5) cos 0.5t cos( t
3 )

M
(39)

As shown in Fig. 2, the designed fixed-time disturbance observer can effec-
tively estimate the unknown disturbance in the marine environment, improve
the tracking performance and suppress the disturbance. As shown in Fig. 3, the
designed d-axis finite-time controller has a faster response speed than SMC in
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Fig. 2. Observation result of disturbance.

Fig. 3. Desired and actual states for id .

the zero vector control strategy, which reduces the reactive power loss of the
direct-drive wave power generation system to a certain extent. The active power
output of the system is improved. The simulation results are shown in Fig. 4
to 6. Figure 4 shows the tracking results of displacement and velocity and the
tracking errors of displacement and velocity under different control strategies.
It can be seen that, compared with sliding mode control and backstep sliding
mode control, the proposed backstep sliding mode control strategy based on fixed
time disturbance observer has smaller tracking error and tracking effect, which
ensures that the float is in the running process. It can be in the same direction
as the wave excitation force to achieve the purpose of resonance. Figure 5 shows
the tracking effect of the q-axis current under three different control strategies.
It can be seen that the proposed FTDO-BMSC control strategy can accurately
track the reference current due to the interference suppression and compensa-
tion brought by the observer. The tracking error is almost zero, so that the back
electromagnetic force of the linear generator can be controlled to achieve the
condition of maximum power output. Figure 6 shows the energy capture of the
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Fig. 4. Desired and actual states for x and v.

Fig. 5. Desired and actual states for iq .

Fig. 6. Wave energy capture results under different control strategies.

direct-drive wave power generation system under different control strategies. It
can be seen that compared with the other two control strategies, the proposed
method can achieve the maximum wave energy capture, thereby improving the
output power, which verifies the effectiveness of the algorithm.
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6 Conclusion

In this paper, a backstepping sliding-mode control scheme based on a fixed-
time disturbance observer is proposed to solve the power control problem of
a direct-drive wave energy conversion (DWEC) under unknown disturbances
in actual marine conditions. A fixed-time observer is designed to obser-ve and
compensate the disturbance existing in the wave power generation system, which
improves the anti-interference of the whole device. A finite-time controller is
designed for the d-axis current loop, which reduces the unnecessary power loss of
the device and improves the power generation efficiency. A backstepping sliding
mode controller is designed for the q-axis current loop to achieve accurate current
tracking. In the overall control, the float and the wave achieve the purpose
of resonance, and the purpose of maximum power output is achieved. After
a rigorous Lyapunov stability analysis, the stability of the entire FTDO-BSMC
scheme was proved. The simulation results show the feasibility and effectiveness
of the proposed control strategy.
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