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Abstract: Marine current energy is attracting more and more attention in the world as a reliable
and highly predictable energy resource. However, conventional proportional integral (PI) control
will be sensitive to the numerous challenges that exist in a marine current turbine system (MCTs)
such as marine current disturbance, torque disturbance and other uncertain parameters. This paper
proposes a fuzzy adaptive backstepping control (F-A-BC) approach for a marine current turbine
system. The proposed F-A-BC strategy consisted of two parts. First, an adaptive backstepping
control approach with the compensation of disturbance and uncertainty was designed to improve
anti-interference of the MCT so that the maximum power point tracking (MPPT) was realized. Then,
a fuzzy logic control approach was combined to adjust parameters of an adaptive backstepping control
approach in real time. The effectiveness of the proposed controller was verified by the simulation of
a direct-drive marine current turbine system. The simulation results showed that the F-A-BC has
better anti-interference ability and faster convergence compared to the adaptive backstepping control,
sliding mode control and fuzzy PI control strategies under disturbances. The error percentage of rotor
speed could be reduced by 3.5% under swell effect compared to the conventional controller. Moreover,
the robustness of the F-A-BC method under uncertainties was tested and analyzed. The simulation
results also indicated that the proposed approach could slightly improve the power extraction
capability of the MCTs under variable marine current speed.

Keywords: marine current turbine; fuzzy adaptive backstepping control; disturbances;
uncertain parameters; maximum power point tracking

1. Introduction

With the rapid development of the world industry, the demand for energy is increasing [1].
However, traditional energy resources are confronted with depletion, and the consumption of fossil
energy represented by oil and coal has brought a series of environmental problems. At present,
many countries in the world actively adjust their energy structure and research on the development of
renewable energy [2,3]. Among the numerous renewable energy sources, marine current energy is
an inexhaustible green energy which hardly harms the environment [4]. The density of marine current
is great and the flow of marine current is stable [5]. Therefore, marine current energy can be used for
renewable energy production and can operate all over the year continuously [6].

Marine energy conversion systems (MECS) have been developed for many decades to generate
power from marine current turbines, and several industrialized large marine turbines have been put
into commercial application [7]. Due to the harsh ocean environment, marine current turbines are faced
with many challenges including the challenging stall environment, corrosion on the blade surface,

Energies 2020, 13, 6550; doi:10.3390/en13246550 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-9482-7292
https://orcid.org/0000-0001-7911-0517
https://orcid.org/0000-0002-7525-8466
http://dx.doi.org/10.3390/en13246550
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/24/6550?type=check_update&version=2

Energies 2020, 13, 6550 2of 16

shear flow effects and biological attachment to the blade [8,9]. The power harnessed from marine
energy by an MCT is proportional to the cube of marine current velocity and the power coefficient of the
turbine. When a fixed pitch turbine is applied into MECS, the power coefficient is supposed to be only
dependent on the tip speed rotation, which can be controlled by the generator rotor speed to capture
the maximum value under variable marine current velocity [10]. However, the stability of MECS is
influenced by marine current disturbance, turbine torque disturbance and uncertain parameters of the
generator [11-13]. Therefore, it is necessary to design robust control strategies to enhance the stability
of the MCTs in complex marine conditions.

Classical proportional integral (PI) control is widely applied to engineering areas because it is
easy to adjust the parameters of the controller. However, the conventional PI controller is sensitive to
disturbances existing in the MCT system which are nonlinear and vary with time, which have an effect
on tracking the reference value and maximizing the marine energy [14]. In [15], the PI controller was
applied into a current loop control to ensure the quality of the grid-side converter’s output electrical
power, which could be seen from the output power characteristics of the marine current turbine
system. The active power and reactive power can be regulated by grid-connected control. However,
there are a few distortions in the grid-side current under variable marine current speed. In order to
improve the transient performance of the PI controller, a fuzzy PI controller that has better performance
with adaptive controller gains can be applied to adjust the parameters of the controller online [16,17].
However, this depends, ultimately, on a control algorithm based on the PI controller. If the nonlinearity
and uncertainty of the system are serious, the control accuracy of fuzzy PI decreases. In modern
control, many advanced control methods are gradually applied to improve the dynamic performance
of MCT system under disturbances and uncertainties. The sliding mode control (SMC) is a good choice
for nonlinear uncertain systems [18,19]. It is insensitive to disturbances and has fast response time, so it
can be applied to replace the PI controller. However, the SMC controller is essentially a discontinuous
switch control strategy, which results in a strong chattering phenomenon. In [20], a fuzzy terminal
sliding mode control method was designed to capture the maximum marine current energy from
a 60 kw marine current turbine. The MCT was put into operation. It can be seen from the experiment
results that the proposed control strategy could eliminate generator power fluctuations compared
with the conventional second-order SMC method. However, the robustness of the speed loop is
degraded under peak marine current velocity because the fuzzy logic controller used in the speed loop
control could not make the system track the reference value all the time. In [21], a high order sliding
mode controller was applied to overcome the chattering phenomenon and deal with the disturbance
caused mainly by the swell effect. However, obtaining high order derivative tended to cause high
noise, and the designed controller scarcely analyzed variation of parameters of the permanent magnet
synchronous generator (PMSG).

A neural network control strategy can adaptively learn uncertainty and nonlinearity of a system by
its own learning processes [22], and a PI controller based on a neural network has good robustness for the
system with time delay and parameter variation [23]. However, neural network control requires a large
amount of data for training and there exists the phenomenon of overfitting. At present, several control
strategies are gradually being applied to restrain the mismatch parameters caused by disturbances
and uncertainties. Active disturbance rejection control (ADRC) technology is unnecessary to know
the mathematical model, and only needs to compensate the system by observing and estimating
the total disturbance of the system in real time [24,25]. In [26], ADRC was applied to improve the
system’s dynamic response. However, the ADRC algorithm was relatively complex and there were
many parameters that need to be adjusted. In [27], a predictive control based on Luenberger model
for induction machine drivers was proposed to compensate the error caused by the mismatched
parameters. However, extra resources need to be applied to measure the input signals needed by the
torque and flux prediction model, which result in more uncertain parameters. A backstepping control
strategy is a good for nonlinear systems to deal with disturbances and uncertainties, and has obvious
advantages for control systems with mismatched uncertainties [28-30]. At present, the control strategy
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based on backstepping control has been gradually applied to the motor and generator control field
because it can guarantee global stability and has good tracking performance for a feedback system.
In [31], an adaptive backstepping controller was proposed to deal with the position tracking problem
of a permanent magnet synchronous motor (PMSM) with an unknown load torque. The experimental
results showed that the designed controller had better load torque disturbance attenuation capacity.
However, the proposed controller barely considered the influence of uncertainty in current loop on the
stability of the system. In [32], a control algorithm based on neuro-adaptive backstepping approach
was proposed for maximizing energy. The results showed that the proposed controller scheme ensured
more precise motor speed tracking in the case of uncertainties and external disturbances. However,
the parameters of the proposed control strategy were fixed, which limits the dynamic performance of
the generator system when the external disturbances varied in a wide range.

The control strategies mentioned above have the ability to make sure that the MCT system is
stable under variable current speed. However, when the MCT is installed at an appropriate depth in
a harsh environment there are several problems to be dealt with, such as turbine torque disturbance
caused by added mass and robustness control in the current control loop. In this paper, a fuzzy
adaptive backstepping controller is proposed for MCTs to deal with disturbances and uncertainties.
The proposed control algorithm is consisted of two parts. First, a control strategy based on an A-BC
strategy is proposed to make sure that the MCTs is stable under disturbances and uncertainty. In each
control loop, the uncertainty and disturbance are estimated and compensated. Then, a fuzzy logic
controller is applied to adjust the parameters of the A-BC controller in real time in order to further
improve the robustness performance of MCTs. The effectiveness of the proposed controller is verified
by a simulation model of a fixed-pitch MCT based on a permanent magnet synchronous generator
under disturbances and uncertainties. The paper is organized as follows. In Section 2, the effect
of MCT under disturbances and parameters variation of PMSG is analyzed. In Section 3, a fuzzy
adaptive backstepping controller based on PMSG is proposed. In Section 4, the proposed F-A-BC
scheme is presented and the dynamic performance of the controllers is compared in simulation results.
Section 5 gives the conclusion.

2. Problem Description on Disturbances and Uncertainties of MCTs

2.1. Effect of MCT under Disturbances

In this paper, a marine current turbine based on permanent magnet synchronous motor (PMSG)
was applied to convert marine energy into electricity. The basic structure of the MCT system as shown
in Figure 1 is composed of a turbine blade, PMSG, generator-side converter and grid-side converter.
For a horizontal-axis MCT, the mechanical torque of MCT can be expressed by Equation (1).

Ty = %anf"cp(A, B)v? (1)
where v is the incoming marine current velocity; p is the density of seawater; R is the radius of the
turbine; C, is the turbine power coefficient which is a function of the tip speed ratio (TSR: A = w,,R/v)
and the pitch angle (§3). In this paper, the maximum value of C, is 0.48 corresponding to a TSR of 8.1
for a MCT with fixed-pitch blades (3 = 0).

However, the marine current velocity is affected by the swell energy generated by distant storms,
which influences the turbine torque according to Equation (1). In addition, an additional torque caused
by added mass attaches to the turbine. Therefore, the turbine torque under the disturbances can be
expressed by Equation (2). _

Tm =Tm+ Tm (2)

where Tm is the torque deviation.
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Figure 1. The general scheme for a (PMSG)-based marine current turbine (MCT) system.
2.2. Effect of Generator under Uncertainties

The permanent magnet synchronous generator (PMSG) is applied to MCT systems to generate
electricity power because of its simple structure and high efficiency. For a PMSG-based MCT system,
the turbine is directly connected to the rotor of the generator, which can eliminate the gearbox and
reduce maintenance requirements. A surface-mounted PMSG was used in this paper (L; = L; = Ls).

The dynamic model of PMSG in the d-q frame through the Park transformation can be represented
as [14]: ‘

Uu; = Rsig + Ld% - a)eLqiq

ty = Refg + Ly ok + woLgig + et -

Te = 3pn(Ymiqg — (Lg — La)igiq = 3pnthmig

J%n — T, — Ty — By
where 14, u; and iy, i; are stator voltages and currents in the d-q frame, respectively; R; is the stator
resistance; Ly, L, are inductances in the d-q frame, respectively; wy, w, are rotor and machine electrical
speed, respectively; T,, T), are the electromagnetic torque and mechanical torque, respectively; p;, is
the machine pole pair number; 1, is the flux linkage produced by the permanent magnets; J is the
system total inertia and By is the viscous friction coefficient.

According to Equation (2) and the mechanical movement equation shown in Equation (3), the rotor
speed under turbine disturbance can be described as:

@ = W + Om @)
where wy, is the rotor speed deviation.

According to Equations (2) and (4), the mechanical torque and rotor speed are greatly affected by
marine current variation. Therefore, the mechanical motion equation can be calculated as:

dw
where 0 represents the lumped disturbance.

The stator resistance will be affected by temperature, and inductance will vary with magnetic
saturation, when the MCT drive system operates for a long time, which will influence the stator
currents in the d-q frame as shown in Equation (6).

did — Rs : ts 4 1
{ = LM + [ Welg + [ Ug ©)

_ R L . 1 1
Tt = Lol T LWeld — [ WeYPm + Uy
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where Ry = Ry + ﬁs ; Ly = ﬁq =1; =L —|—Zs ; Es and fs are the deviation of the stator resistance
and inductance.

2.3. Rotor Speed Performance under PI Control

For a PMSG-based MCT with fixed-pith blade, the MPPT control based on the TSR method can be
realized by controlling the generator rotor speed to make the turbine operate at the optimal tip speed
ratio (Aqpt) at any marine current speed [14]. The rotor speed reference for the PMSG is described as

the following:
" /\opt 0

In the classical control scheme, the conventional PI controller can be applied into the speed loop
control and current loop control of the generator. Figure 2 shows the rotor speed responses to the
rotor speed reference calculated by Equation (7) under different disturbances. It can be seen that the
conventional PI controller is unable to keep on tracking the reference value, with an overshoot of about
1 rad/s at the peak marine current, and the rotor speed changes when a sudden turbine torque of
10 Nm is added at 2 s-2.5 s. Controller parameter tuning usually requires accurate plant model and
parameters, which may be unavailable or present uncertainties under different operation conditions.
This leads to challenges of stable tracking under marine current variation, turbine torque disturbance
and uncertain parameters.

— ——Reference 0D ‘ ‘ ‘ ‘ ‘ ——Reference
% 80 Y r%; 60" | —PI
b . © ]
\!:/60 ~ | ¥
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Figure 2. Rotor speed response under swell effect and turbine torque disturbance. (a) Rotor speed
under swell effect; (b) rotor speed under turbine torque disturbance.

It can be seen from Equations (5) and (6) that disturbances and uncertain parameters influence the
dynamic performance of speed loop control and current loop control, and the traditional PI controller
is unable to track the optimal rotor speed under disturbances. Thus, if high performance of the MCT
drive system is needed, the disturbances and parameter uncertainties must be taken into consideration.

3. The Fuzzy Adaptive Backstepping Control (F-A-BC)

The F-A-BC is a combination of adaptive backstepping control and fuzzy logic control, which is
consists two parts. First, the A-BC controller is proposed to make the whole system stable under
disturbances and uncertainties. Then, the fuzzy logic controller is combined to adjust the parameters
of the A-BC controller in real time. The detailed deducing process of the proposed method is described
as follows.
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3.1. Adaptive Backstepping Control (A-BC) Design
3.1.1. Speed-Loop Control Design

A speed regulator based on adaptive backstepping control was designed to track the rotor speed
of the PMSG. The speed tracking error is given by:

el = Wy — W )

where wy}, is the reference rotor speed, which can also be considered as the MCT mechanical speed.
By combining Equation (3), the derivative of ¢; is given by:

. - 1 3Pnpy
b1 = i+ 5 (Bgem + szq ~T,) )

A Lyapunov function is defined as following;:

1 2
Vl = 581 (10)

Then, the time derivate of Equation (10) can be deduced as:

. ) . 1 3Pps
V1= erin = ealiy, + 7 (Bgaom + — Ly = To)] (11)
In this part, the g-axis current i, is selected as virtual control variable, if V1 = —kle% is satisfied,

and the value of g-axis current 7, is deduced as:

= =2
7 3Pn(pf

(T —k1Jer — ]w:n - ngm) (12)

According to Equation (5), the parameters variation can be considered as the disturbance 1 which
has influence on the dynamic performance of the speed regulator. Therefore, the reference g-axis
current i; can be expressed by the following:

——
1 3Py

(T —k1Je = Ja,, — Bgwm +1) (13)

By substituting Equation (13) into Equation (9), the differential of the speed tracking error can be
redefined as following;:

. 1
e = —kjeq + TT] (14)
Then, the Lyapunov function for speed-loop can be reconstructed as:

1 2 1 2
1% 2 1
! 261 21 (15)

Therefore, the time derivate of Equation (16) can be expressed by the following;:

€1

Vl = —k1€% + ]

1 .
+ = 16
n " m (16)
If V) = —kle%, the adaptive law for disturbance 1 can be deduced by:

17 = —761 (17)
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3.1.2. Current-Loop Control Design

The current errors of the d-q axis current are defined as:
eq=1,—1
{ A (18)
q

By combining the Equation (6), the time derivative of Equation (18) is:

- Re: | Re: | Ls, - Ls - 1

eq = —Tola + Tig + [Pnig@m — T-Pniq@m — [ Ug

. o+ Rs . Es . is . ZS . 7 o5 1 (19)
eg = lq + L—Slq - L—Slq + L—Spnlqa)m - L_Spnlqa)m + pnme_S - L—Suq

In order to get the d-q axis voltage references, a Lyapunov function is constructed as following:

1, 1 R? 12
V —— 2 - 2 S S 20
2= 3% 3% T 3R, T 2L, (20)
where y; (i = 1,2,3) are constant coefficient of the disturbance.
Then, the time derivative of Equation (20) can be obtained as following;:
’ — Es 1 = . . Zs 1 - . .
Vy, = L_s(y_st — egig —eqig) + L_s(y_sLS + eapuigwm — egPnigwm)
+egliy + 12 + Epuiaom + pnompy = 14) (21)
Ry, L
+eq (T2 — EPniqm = Z—f)
It Vz = —kgei - kgeé, the MCT generator stator voltages in the d-q frame can be designed as:
Ug = kzLSEd + Rsid - Pna)mtsiq (22)
ug = kaLseq + Lsiq + f%siq + Pna)misid + Prnwm@y
The adaptive law of the disturbance Es and Zs are calculated as the following:
~ i i
Re=ralpeg + o) (23)

Zs =73 (eqpnida)m - edpniqa)m)

3.2. The Stability Analysis of Proposed Adaptive Backstepping Control

In this section, the stability of the control strategy based on an A-BC controller for a PMSG-based
MCT system is analyzed in the Lyapunov theory framework, and the parameters for adaptive gains
(k; and y;) can be derived accordingly.

The tracking errors e and compensations & can be described as:

T
e = [61 eq Eq]
&= [77 Es ZS]T

Then, a Lyapunov function is designed as:

(24)

R S R I
V—2e e+2c & & (25)

~ ~ T
where, ¢ = [n/les/Rsyst/Lyg,] .
Then, the time derivative of Equation (25) can be expressed as:
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V=ele+cTeTe (26)
By substituting Equations (14), (17), (21) and (23) into Equation (26), Equation (26) can be deduced as:

V = —kie — kel - kae (27)

Based on Lyapunov theory, if V > 0 and V < 0 are satisfied, the global system will be stable and
convergent. Therefore, the adaptive gains should follow the following rules:

ki>0,7;>0(i=1,2,3) (28)

As seen from Equations (25), (27) and (28), it is clear that the tracking errors in the speed loop and
current loop can converge to a small region based on the Lyapunov stability theory. Thus the stability
of the MCT system under disturbances and uncertainties is ensured.

3.3. Adjusting the Parameters by Fuzzy Logic Control

The proposed adaptive backstepping control approach can ensure that MCTs are stable under
disturbances and uncertainties. However, the fixed parameters of the A-BC controller will limit the
dynamic performance of the speed tracking loop. As seen from Equation (13), if the gains (k; and ;)
can be adjusted in real time, the tracking errors in the closed-loop can be converged rapidly to a small
region. Fuzzy logic control (FLC) as an intelligence algorithm can be combined to adjust the parameters
of the A-BC controller in real time. Therefore, the robustness of the MCTS can be further improved.

The rotor speed error e; and error change ratio e, are the inputs of the fuzzy logic controller to adjust
gains (k1 and y1) of A-BC controller. The fuzzy domains of outputs are based on the relative optimal
parameters (kj and )}). Therefore, the output parameters Ak; and Ay are set in the range of —0.1k] to
0.2k} and —0.5)] to 1.5y}, respectively. The fuzzy variables are divided into the following: negative big
(NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium
(PM), and positive big (PB). Tables 1 and 2 show the rules of FLC for Ak; and Ayj, and triangular
membership functions are used for all fuzzy sets in this paper.

Table 1. The rules base of Fuzzy Logic Control (FLC) for Ak;.

ec NB NM NS ZO PS PM PB

NB PB PB PM PM PS ZO ZO
NM PB PB PM PS PS ZO NS
NS PM PM PM PS ZO NS NS

eqe ZO PM PM PSS ZO NS NM NM
PS PS PS ZO NS NS NM NM

PM PS ZO NS NM NM NM NB

PB ZO ZO NM NM NM NB NB

Table 2. The rules base of FLC for Ay;.

ec NB NM NS ZO PS PM PB

NB NB NB NM NM NS ZO ZO
NM NB NB NM NS NS ZO ZO
NS NB NM NS NS ZO PS PS

eqe ZO NM NM NS ZzZzO PS PM PM
PS NM NS ZO PS PS PM PB

PM zO ZO PS PS PM PB PB

PpB ZO ZO0 PS PM PM PB PB




Energies 2020, 13, 6550 9of 16

The proposed control method based on fuzzy adaptive backstepping control is detailed in Figure 3.
It is implemented by the following steps:

(a) Acquisition of the rotor speed: the turbine mechanical torque and the three-phase stator current
of the generator: wy,, T, ia, i and i, are obtained by the sensors and the Park transformation is
applied to transform the measured three-phase stator current signals into iy and i;.

(b) Speed loop control: first, the rotor speed reference wy, is calculated by the TSR method. then the
gains (ki, Y1) are updated by the fuzzy logic control and the rotor speed error is calculated to

*

obtain the compensation 1 of g-axis current. Finally, the q-axis current reference ;

the derived speed loop control based on A-BC method.

is obtained by
(c)  Current loop control: the tracking errors (¢, ¢;) and the d-q axis current are calculated to update

the compensations (Rs, Ls) for uncertain parameters then the derivative of the reference voltages
(14, ug) is computed based on the A-BC method.

Step 1: Modeling: Acquisition of the rotor speed, turbine torque and three-phase currents

Step 2: Speed loop control

|
|
: | Calculating a):n |
|

v

—+| Updating the gains (K;, 7, ) and compensating the disturbance 77

:I Calculating the g-axis current i;

SR

—_—

! ¥
—|—>| Compensating the disturbances (R, and L )
I

—l->| Calculating the d-q axis voltages (u; and Ll; )

e

Figure 3. Detailed flowchart of the proposed fuzzy adaptive backstepping control (F-A-BC) method.

Consequently, the performance of MCTs can be improved under disturbances and uncertainties.
The effectiveness of the proposed controller will be verified by the simulation of a PMSG-based marine
current turbine system.

4. Simulation Results and Analysis

In this section, the dynamic performance of the proposed fuzzy adaptive backstepping controller
for a PMSG-based MCT whose parameters are shown in the Appendix A is tested and compared.
Figure 4 shows the proposed method scheme for MCTs. The parameters of the F-A-BC approach are as
follows: kj = 2000, k3 = 8000, k5 = 7000, ] = 0.05, y; = 0.01, y; = 0.02.
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Figure 4. The fuzzy adaptive backstepping control scheme for MCTs.

4.1. Disturbance Rejection of Swell Effect

Marine current energy mainly refers to the energy generated by the regular seawater flow in
submarine channels and straits caused by the tidal energy. However, the long-length ocean waves
generated by distant storms make swell energy common, which will inevitably have influence on the
MCTs in terms of stability.

Figure 5a,b shows and compares the generator rotor speed response and error percentage under
swell effect by different control strategies. It is worth noting that the fuzzy PI controller has a relatively
large fluctuation and results in an overshoot of about 2.1 rad/s at a high velocity of marine current,
which is 3.4% of the reference rotor speed. The SMC method has a chattering phenomenon near the
reference rotor speed, and the error percentage is in the range of 0.5% to 1%, although it can reduce the
overshoot. The A-BC method can smooth the rotor speed with an overshoot of 0.25 rad/s at the peak
marine current speed. However, the rotor speed disturbance still exists and gradually increases with
the marine current velocity. It can be observed from Figure 5b that the proposed F-ABC approach can
track the optimal rotor speed and reduce the rotor speed error to less than 0.1% when marine current
increases and decreases.

4.2. Disturbance Rejection of Marine Current and Turbine Torque

In this part, the velocity of marine current is stable and can be regarded as a constant value of
2 m/s. However, it is hard to always make sure that the marine current and turbine torque are smooth
due to the complicated marine environment. A sudden drop and rise in velocity of marine current will,
respectively, occur at 2-2.7 s and 6-6.7 s, with an additional turbine torque disturbance at 1.5-2s.

Figure 6 compares the generator power under the swell effect by different controllers. It can be
observed that the active power produced by the conventional controllers is significantly influenced by
the variable marine current speed and there are significant power fluctuations at the peak of marine
current speed. However, the proposed controller can smooth and improve the generator power.

Figure 7a shows the generator speed response to the speed reference calculated by the MPPT
strategy based on TSR under marine current and turbine torque disturbance. At first, the marine
current velocity is a constant value (2 m/s) and the rotor speed can rapidly follow the optimal value
(54 rad/s) with little overshoot. Then, an additional torque disturbance is added into turbine at 1.5 s-2 s.
It can be observed from Figure 7b that the turbine mechanical torque disturbance has little influence on
rotor speed response and the maximum error percentage is less than 0.02% of the steady-state speed
of 54 rad/s. During the abrupt change in marine current velocity at 2-2.7 s and 6-6.7 s, the proposed
F-A-BC controller can smoothly track the optimal reference and the rotor speed error is in the range
of 0.05% to 0.12% as shown in Figure 7b. When the marine current speed recovers to the constant
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value at 2.7 s, the proposed method can rapidly track the optimal rotor speed (54 rad/s) within 0.001 s,
which proves that the proposed controller is robust against disturbances and has fast convergence.

fffff Reference
a0k ——F-A-BC
£100 ——A-BC
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& 50
5 68 ‘ ‘ ‘ ‘
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o 67.5 ]
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0_50 . . 118 1185 119 1195 | 12 | .
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= %107 ‘ “F-A-BC]
ago.oe 3 — _ABC
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& 0.01
g o
L
0.2 2 4 6 8 10 12 14 16 18 20
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Figure 5. The rotor speed and rotor speed error responses under swell effect. (a) The rotor speed under
swell effect; (b) the error percentage of rotor speed under swell effect.
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Figure 6. The generator power under swell effect.
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Figure 7. The rotor speed and the error percentage of the rotor speed under marine current and torque
disturbances. (a) The rotor speed response; (b) the error percentage of rotor speed.

In this part, the dynamic performance of the proposed controller under turbine torque disturbance
is further analyzed and compared by different controllers. In this paper, an additional turbine torque
disturbance expressed by Equation (29) is added at 1.5 s and removed at 2 s under a constant marine
current of 2 m/s [33].

Ty = Asin(wpt) (29)

Figure 8a shows the generator rotor speed under torque disturbance. During the disturbance
stage (1-1.5 s), there are rotor speed fluctuation phenomena for the SMC and fuzzy PI controllers.
The SMC and A-BC controllers can reduce overshoot under disturbance condition and can recover
quickly after disturbance is removed, compared with the fuzzy PI. It can be observed from Figure 8b
that the proposed F-A-BC controller is insensitive to the torque disturbance and can always track the
optimal rotor speed with no overshoot. Table 3 compares the dynamic performance of rotor speed
under swell effect and torque disturbance by different controllers, which is calculated by ISE (integral
of the square error) expressed by Equation (30). A smaller ISE value means it has better ability to
suppress error [34].

1)
ISE = f 2 (t)dt (30)
ty

where e(t) represents the rotor speed tracking error; t; and ¢, are the integration time constants of the
researched disturbance stages.
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Figure 8. The rotor speed and rotor speed error responses under turbine torque disturbance.
(a) The rotor speed response; (b) the error percentage of rotor speed.

Table 3. The performance index of rotor speed under different controllers.

Controllers Swell Effect Torque Disturbance
F-A-BC 0.00038 0.000053
A-BC 0.0066 0.00032
SMC 0.0243 0.003
Fuzzy P1 0.8035 0.0259

4.3. Parameters Variation of MCT Generator Analysis

In the above control simulation systems, the parameters of PMSG are known and fixed. However,
the parameters of PMSG will be changed during the operation of the MECS. Therefore, it is necessary
to research the influence of parameters variation on dynamic performance of the controllers.

According to Equation (6), the influence of generator resistance variation Ry and inductance
variation Ls on stator currents is studied. Figure 9 illustrates the error of g-axis current in different
Rs (30 and 250%) and Ls (50 and 150%). It can be seen from Figure 9 that larger parameters variation
of resistance and inductance increase current pulses. The error percentages are about 130% and
340% for uncertain parameters under 250% of the resistance and 150% of the inductance. However,
the proposed F-A-BC approach is able to rapidly make the q-axis current converge to the stable
condition. The performances after 0.12 s are quite similar compared to the original parameter case
(Rs and Lg), which illustrates the robustness of the proposed current controller.
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Figure 9. The error percentage of g-axis current under different stator resistances and inductances.
(a) The error percentage of current under different resistances; (b) the error percentage of current under
different inductances.

5. Conclusions

The objective of this paper was to propose a control strategy based on a fuzzy adaptive backstepping
controller to improve the control performance for a PMSG-based marine current turbine. The MPPT
control can be realized by controlling the generator rotor speed to make the turbine operate at the
optimal mechanical speed. However, the variable current speed, the additional turbine torque and
uncertain parameters can cause disturbances to the MCT system, which makes it hard for conventional
controllers to capture the maximum marine current energy.

The method proposed in this paper used a nonlinear adaptive backstepping controller with
compensations of disturbance and uncertainty to derive the speed loop control and the current control
loop of the MCT system. According to the Lyapunov stability theory, the proposed controller was
proved to be globally stable. Meanwhile, the gains of the A-BC approach were adjusted in real time by
the fuzzy logic controller because the tracking performance of the speed loop may be degraded under
variable marine current speed.

The simulation results clearly confirmed that the proposed F-A-BC method had faster convergence
and fewer overshoots compared to the adaptive backstepping control, sliding mode control and fuzzy
PI control strategies under various disturbance disturbances. The performance indices calculated by
error percentage and ISE indicated that the F-A-BC method had better ability to suppress the lumped
disturbances. The error percentage of the rotor speed could be reduced by 3.5% compared to the
conventional control. Moreover, the results verified that the uncertain parameters of the generator had
little influence on the g-axis tracking performance, which illustrates the proposed approach has strong
robustness to the uncertainties. By applying the proposed F-A-BC method to a marine current turbine
system, the MPPT control is easily realized because the rotor speed remains operating at the optimal
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value, and the power extraction capability of the MCTs can be slightly improved under variable marine
current speed.
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Appendix A

Table Al. System parameters list.

Parameters Value

Sea water density 1027 kg/m?
Radius of turbine blade 0.3m
Maximum Cp value for MPPT 0.48
Stator resistance 33Q
g-axis inductance 11.875 mH
d-axis inductance 11.875 mH
Permanent magnet flux 0.1775 Wb
Pole pair number 8
System total inertia 3.5kg m?
Generator friction coefficient 0.0035 N m/rad
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