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Abstract: This paper addresses the issues of maximum power point tracking (MPPT) and fault-
tolerant control in tidal steam turbines under complex marine environments. In order to solve the
conflicting problems in the existing sliding mode control between dynamic performance and chatter
reduction as well as the use of fault estimation link in the fault-tolerant control, which increases the
system complexity, an adaptive non-singular fast terminal sliding mode and adaptive robust fault
tolerance method (ANFTSMC-ARC) is proposed. First, a speed controller equipped with adaptive
non-singular fast terminal sliding mode control (ANFTSMC) is designed to improve the power
capture efficiency under swell disturbances. This design achieves fast convergence and circumvents
the singularity problem. Then, a new reach law is proposed based on the adaptive hybrid exponential
reaching law (AHERL), which ensures high tracking performance while reducing chattering. In
addition, considering that the hydraulic pitch system is prone to failure, a fault-tolerant controller
with automatically adjustable gain is designed under the adaptive robust scheme. With the help of
Lyapunov theory, the closed-loop system is proved to be uniform and ultimately bounded. Finally,
comparative simulation results verify the efficiency of the proposed control strategy.

Keywords: tidal stream turbine; ocean energy; nonsingular fast terminal sliding mode; fault-tolerant

control

1. Introduction

With the rapid development of the global economy, the energy structure, which is
dominated by fossil energy sources such as coal and oil, has put pressure on the ecological
environment. In recent years, many renewable energy sources have been studied, among
which tidal current energy has received widespread attention for its predictability and high
energy density. As shown in Figure 1, the tidal stream turbine (TST) consists of a turbine
that produces mechanical energy, a generator that produces electrical energy, and a power
converter for power control and connection to the grid. The control objective of a tidal
stream turbine is to maximize energy capture, and the power it produces is proportional
to the cube of the current flow velocity (V4.) and the power coefficient (Cp). Due to the
variation of tidal current flow rate, the power variation of TST is divided into different
regions, in which the maximum power point tracking (MPPT) and variable pitch control
are the two common control methods to obtain the maximum power. The pitch angle (f) is
usually kept zero below the rated current flow rate, and Cp depends on the tip speed ratio
(TSR,A), which allows the MPPT control speed to track the optimal speed and thus maximize
the output power. However, the MPPT faces the challenge of internal disturbances such as
system nonlinearities and model uncertainties as well as external disturbances due to swell
effects and turbulence. In order to maximize the power in the presence of varying tidal
velocity, it is necessary to design control strategies to improve the real-time performance,
interference immunity, and stability of the TST [1]. And, variable pitch control is usually
used to maintain a constant power output above the rated current speed [2]. It is necessary
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to consider that under high speed currents or strong sea conditions [3], the pitch system
may suffer from mechanical fatigue, which causes the pitch angle not to reach the desired
value, and in extreme cases, it may even lead to faults such as the failure of the pitch system.
Therefore, it is necessary to design control strategies with fault tolerance to stabilize the
output power of the TST system when it operates above the rated power.
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Figure 1. The structure of the PMSG tidal stream turbine.

For MPPT, researchers have conducted many studies. The classical PI controller is
widely used because of its simple structure and easy parameter adjustment [1], but it is
not sufficient to cope with the nonlinearity of the system as well as parameter variations.
In [4,5], fuzzy adaptive PI control is used to adjust the controller parameters. In [6], a fuzzy
fractional order PID controller based on passivity is proposed which is robust to swell effects
and parameter variations. But the control accuracy and dynamic characteristics of the fuzzy
control under transient disturbances are not satisfactory. In [7,8], a backstepping control
method is proposed for MPPT. In [9], an MPC control strategy based on economic metrics is
proposed for a TST system, which improves the speed of solving the traditional quadratic
function. However, these methods require precise system parameters, and the control
accuracy decreases when the nonlinearity and uncertainty of the system are large. Sliding
mode control methods have received wide attention in tidal power generation control for
their robustness, low sensitivity to parameter changes, and fast response speed. In [10], the
second-order sliding mode control method is used to solve the demagnetization problem of
the PMSG, and the simulation results show that the method is robust to demagnetization.
In [11], continuous approximation and saturation function are used to reduce the chattering
of the sliding mode control for wind turbine systems, but there is a finite steady state error.
A higher order sliding mode control based on a super-twisting algorithm was investigated
in [12,13] to reduce torque pulsation in the DSPMG, but the strongly coupled system makes
the parameter tuning complex. In [14,15], a fractional order sliding mode control (FOSMC)
was proposed to improve the output power quality of the PMSG; however, this method
requires accurate tuning of the fractional operators. In [16], an integral sliding mode surface
was proposed to improve the power extraction efficiency of wind turbines. In [17], an
adaptive super-twisting sliding mode control was proposed to reduce chattering through
adaptive gain and second-order sliding mode. In [18,19], the application of fast terminal
sliding mode in a wind power generation system was investigated. But the fractional
order term in the sliding mode control may lead to a singularity problem, which makes the
control signal tend to become infinite in some regions. In [20,21], for the trajectory tracking
problem with system uncertainty and external interference, the NFTSM theory is used
to ensure a fast convergence speed, avoid singular points, and be robust to uncertainty
and external interference. In [22], a non-singular fast terminal sliding mode was used for
the first time for MPPT in wind power systems and avoided unnecessary singularities.
However, the parameter tuning of the above method under external disturbances and
parameter uncertainties is complicated, the convergence speed and chattering of the system
depend on the control parameters, and there is a contradiction between the reduction of
chattering and fast convergence. Therefore, a trade-off is required.
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In the full load region, variable pitch control is required to keep the output power at
the rated value for system reliability. In [23-25], the design and life prediction of variable
pitch blades of a TST were studied to protect the turbine under strong tidal conditions.
In [26,27], variable pitch controllers with variable gain scaling and composite stratification
strategies were designed to stabilize the output power of the TST at high tidal current
speeds. In [28,29], a pitch control strategy with tidal current speed preview was proposed
to reduce the frequent actions of the pitch mechanism. In [30], an independent pitch
control method was investigated to reduce the asymmetric loading on the blades. The
aforementioned studies on TST pitch systems have focused on blade design, load reduction,
and power quality optimization. However, TST blades are subjected to harsh environmental
conditions and the pitch system inevitably fails. The most common failures include pump
wear, hydraulic leaks, and high air content in the oil, which cause the dynamic response
of the pitch angle to slow down and fail to track the desired value, leading to fluctuations
in generator speed and power output [31,32]. Current research on fault-tolerant control
of pitch systems has focused on wind power generation systems. In [33,34], a disturbance
observer is used for fault diagnosis and combined adaptive neural networks with sliding
mode control to achieve fault-tolerant control. In [35,36], a fault detection and isolation
scheme based on a sliding mode observer is proposed for the case where actuator faults
exist in both the pitch and drive train systems of a wind turbine. In [37,38], faults and
uncertainties are estimated using a time delay estimator and then active fault-tolerant
control is used to remove the effects of the faults. In [39-42], an unknown input observer
is used to estimate and compensate for pitch actuator faults. In [43], an adaptive sliding
mode observer is investigated, which estimates actuator and sensor faults and compensates
for them. However, all these methods rely on fault estimation links, and fault observers are
susceptible to parameter uncertainties and nonlinearities, in addition to the fact that adding
fault estimation links affects the real-time nature of the control. Additional sensors are also
required to measure the system state, increasing the complexity of the system. In addition,
much research has been conducted on fault-tolerant control in wave energy converters.
In [44], the current research progress in fault-tolerant control of wave energy converters is
described in detail. In [45], a nonlinear servo compensator based on a generalized internal
model is proposed for the faults that tend to occur in the WEC braking subsystem. However,
the passive FTC requires high accuracy of the system model. In [46], a multi-controller FTC
based on an adaptive fault observer and a suitable H-performance metric is proposed for
improving the fault tolerance of WEC. In [47], a WEC control method based on Bayesian
policy gradient is proposed, which is useful for being able to adapt to sensor failures and
return to almost full power operation. However, a large amount of data training is required.

Therefore, this paper investigates the MPPT problem and pitch fault-tolerant control
of a TST when there are swell disturbances, parameter uncertainties, and sudden changes
in flow velocity. In this paper, adaptive non-singular fast terminal sliding mode control
(ANFTSMC) and adaptive robust controller (ARC) are proposed for power stabilization
control of a TST at full tidal velocity. The non-singular fast terminal sliding mode surface
is designed in order to achieve fast convergence and avoid singularities. An adaptive
hybrid exponential reaching law (AHERL) is proposed to balance the conflict between
chatter reduction and dynamic performance. The proposed ARC method correlates pitch
angle with torque, establishes the error dynamic relationship between rotational speed
and pitch angle, and enables the pitch system to adaptively adjust parameters to actuator
faults through the constructed adaptive hybrid exponential convergence rate; the fault
observation link is avoided, the calculation is simplified, and the real-time performance of
the system is improved.

This paper is organized as follows: Section 2 describes the model of the TST and the
control objective. Section 3 designs the AHERL-based ANFISMC controller. Section 4
designs the ARC pitch fault-tolerant controller. In Section 5, the simulation results are
analyzed and compared to verify the superiority of the proposed method. Finally, the
results are summarized in Section 6.
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2. Problem Description

In this section, the TST model and operating regions are described. The control
framework of the method proposed in this paper is introduced, including the MPPT control
of the ANFTSMC and the pitch angle fault-tolerant control of the ARC.

2.1. Tidal Stream Turbine Modeling

In this paper, a PMSG-based direct-drive, horizontal-axis TST system is investigated,
and the mechanical power Py, and torque Ti, captured by the TST are as follows:

1
P = Eanzv?ideCP<A/ﬁ) (1)

Tm = Pm/ws (2)

where p is the density of water, R is the radius of the turbine blade, v, is the tidal current
speed, B is the pitch angle of the TST system, w; is the rotor speed, Cp is the power
coefficient, and A is the tip speed ratio. The tip speed ratio, which is the ratio of the tip
speed to the tidal current speed, can be expressed as follows:

_ wyR

A= ®3)
Otide

The Cy(A, B) is a function of the blade tip speed ratio and pitch angle [48], which is
generally obtained by the look-up table method and can be approximated using curve
fitting as follows:

&)
Cp(A,B) = c1(2 —cap—ca)e N +coh )
1_ 1 003
A — A¥008p ~ pA+1
where 1= 0.5176, Cy = 116, c3=04,c4 = 5, C5 = 21, and Cp = 0.0068.

Typically, the TST operates in three operating regions due to the variation in tidal
current speed. Figure 2 shows the control block diagram of the TST system studied in this
paper, and Figure 3 shows the operating regions of the TST. The operating process of the
TST can be divided into three stages: startup, MPPT, and constant power operation. The
tidal current speed between the cut-in speed and the rated speed corresponds to region
II, and MPPT control is required at this stage to ensure maximized power capture; when
the rated speed is reached (region III), the rated power needs to be maintained in order
to ensure the structural safety of the TST. The cut-off speed is the maximum tidal current
speed that the turbine can withstand, and when the tidal current speed exceeds this value,
the blades should be smoothly paddled for protection.

In order to achieve MPPT, it is necessary to obtain the maximum Cp. The Cp curve is
shown in Figure 4. When the TST is operated in region II and the pitch angle is kept at 0°,
the maximum power coefficient Cp is obtained as long as A is kept at its maximum value at
any tidal current speed. In this paper, the optimum blade tip speed ratio method is used to
obtain the optimum reference speed of the TST:

Aopt
Wref = %Utide ®)

The dynamical model of the TST system is expressed as follows:

dw
J dtr = T — Te — Bwy (6)

where T, is the electromagnetic torque of the PMSG, B is the friction coefficient, and | is
the generator inertia. From Equation (6), the rotor speed of the TST is made optimal by
controlling T, of the PMSG.
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2.2. Pitch System Modeling

The pitch system can be represented by the following second-order dynamics model:

B = —wiB —2EwnP + wiPres 7)

where B, is the desired value of the pitch angle and wy, and ¢ are the natural frequency and
damping ratio of the pitch system, respectively. The pitch actuator needs to satisfy certain
constraints in practical operation, and its operating range is considered to be 0° < g < 90°;
the pitch rate is between —5  /sand 5 /s.

The effect of the failure of the pitch actuator on the system dynamics is reflected in the
wy and ¢ of the pitch system, which can be expressed as follows, respectively:

CZJH = (1 - ‘Z’lfi)wi’l + HfiWn,fi (8)

&= Q=)+ 75y
where 0 < u <1, 0<7;4<1, i = 1,2,3 indicate the degree of failure of the three faults
of pump wear, hydraulic leakage, and high air content in the oil, respectively. w,, ; and
Gri are the values under the three faults, respectively. Pump wear is an early failure that
occurs slowly and results in low pump pressure. Hydraulic leaks occur more quickly than
pump wear and result in a pressure drop so low that the vanes cannot move. pys = 0
indicates normal condition and i1 = pipp = pigz = 1 corresponds to 75% pump pressure,
50% hydraulic pressure loss, and 15% air content in the oil [49].

Figure 5 shows the operation of the pitch system under different fault conditions. The
fault parameters are shown in Table 1. It can be seen that the pitch angle cannot reach the
desired value due to the fault. The corresponding output power is shown in Figure 6, where
the fault caused the output power to exceed the rated power, causing the generator to be
overloaded, thus affecting the lifetime of the generator in long-term operation. In addition,
the pitch actuator may fail in extreme cases, resulting in degradation or deviation of the
pitch action performance from the desired value, which can be represented as follows:

Bu =0 (t)Bres + o(t) )

where B, is the control input for the pitch actuator, 0 < o(t) < 1represents the effectiveness
of the pitch actuator, o(t) = 1 indicates that the actuator is normal, and ¢(t) = 0 indicates
that the actuator is completely disabled. ¢(t) represents the unknown pitch actuator bias.
Combining Equations (7)—(9), the dynamic changes and failures of the pitch actuator are
expressed as follows:

B=—wiB —2ewnP+wir(o(t)Bres + @(t) + Af (10)

where Af = —pfiD@F)B — 27fiA(§a)n)B + b (@y), A@g) = w%’ﬁ — w2, and
A(G@n) = Cfiwy, i — Gwn.

Table 1. Effects of different faults on the dynamics of the pitch system.

Faults wy, (rad/s) &

Normal 11.11 0.6
High air content in the oil 5.73 0.45
Hydraulic leakage 3.42 0.9

Pump wear 7.27 0.75
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Figure 6. Output power under different faults.

In summary, the main problems of the TST system are poor tracking accuracy of the
MPPT in region II due to disturbances such as swells and turbulence, and in region III,
the output power fluctuates due to the failure of the pitch actuator resulting in the pitch
angle not tracking the desired value. The traditional sliding mode control is robust to dis-
turbances, but there is a contradiction between the convergence speed and the suppression
of chattering, and the fast terminal sliding mode also suffers from the singularity problem.
Moreover, traditional fault-tolerant control relies on fault estimators, and the fault-tolerance
performance suffers due to the uncertainty and nonlinearity of the TST system. Therefore,
the next sections present the ANFTSMC-ARC method proposed in this paper to solve these
problems.

3. Adaptive Non-Singular Fast Terminal Sliding Mode Controller

To solve the problem of poor MPPT accuracy due to swell and turbulence disturbances
as well as system nonlinearities and parameter uncertainties, the ANFTSMC method is
proposed in this section. It consists of three main parts: (1) The design of a non-singular fast
terminal slip mode surface is used to avoid the singularity problem. (2) Adaptive hybrid
exponential reaching law balances the conflict between dynamic performance and chatter
reduction. (3) Construction of the Lyapunov function to prove system stability.
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3.1. Adaptive Hybrid Exponential Reaching Law

The conventional exponential reaching law consists of an exponential term and a
constant velocity term with the following expression:

s = —esgns — ks (11)

where ¢ is the constant velocity term coefficient, k is the exponential term coefficient, k > 0,
and s is the sliding mode surface function.

The sliding mode controller moves away from the sliding mode surface when s is
large, at which point the exponential term stabilizes the system to the sliding mode surface
quickly, with the convergence velocity depending on k. When the controller reaches the
sliding mode surface, it slides down to the origin with the constant velocity term, with
the convergence velocity depending on ¢. The sign function sgns maintains the system’s
sliding modes, but it also introduces chattering.

Increasing the exponential term coefficient k can speed up the convergence rate, but
it will cause chattering when approaching the sliding mode surface. Decreasing & can
reduce chattering, but at the same time, it slows down the convergence rate. Therefore, the
traditional exponential reaching law makes it difficult to balance the contradiction between
convergence speed and chattering reduction.

To address the shortcomings of the exponential reaching law, this paper proposes an
adaptive hybrid exponential reaching law:

s = —f(x1,5)sgns — ks*
(12)

f(xll S) = S+(1+ ];7 75)g7)(‘5‘

B

where x1 is the state variable; «, g are the power term coefficients, « isodd and « > 1,¢ > 1;
1 is the variable speed term coefficients, 7 > 0;and 0 < J < 1, x > 0.

When the system is far away from the sliding mode surface, x| and s are large, e~ A/l
is negligible, the variable speed term f(x1, s) is approximately equal to —%, and the system
converges to the sliding mode surface at a faster speed under the action of the exponential
and variable speed terms. As the system approaches the sliding mode surface, s approaches
0, the exponential term is negligible, the variable speed term is approximately equal to

X[

_ |Z1| \gl 4‘-1 ’
During this process x; becomes gradually smaller, so the switching band near the sliding

mode surface decreases and chattering is suppressed.

and the system tends to the origin under the action of the variable speed term.

3.2. Proposed Adaptive Non-Singular Fast Terminal Sliding Mode Controller

An ANFTSMC controller is designed to track the rotor speed of the PMSG. The
reference optimal speed wy,r is obtained from Equation (5) and combined with Equation (6),
and the dynamic expression for the speed tracking error can be obtained as follows:

X1 = W — Wref (13)
. o 1 .
X] =X = W — Wyef = T(Tm —Te — Bw) — wyf (14)
fy = iy = 0 — ey = %(Tm Ty~ Bio) — s (15)

The non-singular fast terminal sliding mode surface is designed to

s=x1+ ](19(71E + kzxf (16)

where k1 > 0,k > 0,a,b,m,n are all odd and satisfy 1 < m/n <2,a/b > m/n.
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The derivation for the sliding mode surface (16) is obtained as follows:
L kia o-1. kom m
s=x1+ %x{’ x1+ 2—x2 1x2 (17)
This can be obtained by combining AHERL (12):
kia 2-1. k m_q
X1+ %xlb 1x1 + Zmez” 1x2 = —f(x1,s)sgns — ks" (18)
Then, continued simplification yields the following:
. n m kia a1
¥y == x; " x(1+ % L ) + f(xq1,s)sgns + ks"| (19)
2m

ir =

q

Bringing Equation (15) into Equation (19) yields the following:
71) + f(x1,5)sgns + ks*] + T,y — Baw — Jéores  (20)

Integrating both its sides, the control output T, of ANFTSMC is obtained as follows:

n m k a 9.1 ) ' )
TE:/{kIZ o a1+ == )+f(x1,s)8gn5+k8“}+Tm—Bw—]w,ef}dt @1)

Finally, the input i; of the current loop is obtained as follows:
/ Jn A (14 M8 © f(xy, 5)sgns + ks®] + T — Bao — Jiorey balt (22)
ko2 p 1 ' ef

where p,, is the pole pair number of the PMSG and ¢ is the permanent magnet magnetic
flux.

3.3. Stability Analysis

TST is able to make the system error converge quickly in finite time under the action of
the ANFTSMC. The stability of the system is proved by constructing Lyapunov functions
and using Lyapunov stability theorem.

1o

V==z

55 (23)

Combining Equations (15), (17) and (19), the derivative of Equation (23) is as follows:

_ '7
- S(_ 5+(1+%*§)e*x\s\ sgns — ks*) (24)

Since > 0,1 > 6 > 0and ais odd, V < 0. The designed controller satisfies Lyapunov
stability, and the system state asymptotically converges to the sliding mode surface.

4. Adaptive Robust Fault-Tolerant Controller

The ARC fault-tolerant control method is proposed in this section for the pitch actuator
failure of the TST. First, the system error dynamics are described in order to relate the
pitch angle to the rotational speed. Second, the controller is designed based on the error
dynamics. Then, the adaptive rate is designed for adaptively adjusting the controller gain
in the presence of uncertain faults.
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4.1. Error Dynamics Analysis

From Equations (1) and (2), the hydrodynamic torque T, can be expressed as a non-
affine function of the variable pitch angle, which can be handled by using the median
theorem in [50]. For any given (vy4,, wy), there exists © € (0,1) such that

AT, (t) |
ap(t) P

where * is the pitch angle corresponding to the given (vyi4., wr), B = OB + (1 — ®)B*.

T (t) = T (t)

g+ (B(H) = F7) (25)

Remark 1. Obviously, the torque Ty, is bounded and there exists Z and D as positive con stants

such that —Z < aaTé”(S) < —D < 0and 0 < D < Z. This indicates that the hydrodynamic

torque Ty, decreases as the paddle pitch angle P increases for increasing tidal flow velocity vyig,. The
derivative of (25) yields Ty, (t) = B(t) MTu(t) ,B(t)Tm,lg(t), which can be obtained by taking it

9p(t)
into Equation (6):
wr = [T (t) g T (,B(t) - ﬁ*)Tm,ﬁ(t) |l3k — T, — Bw,|/] (26)
wy = [B(t)Tm,/S(t) - Te - Ba)r]/] (27)

This can be obtained by bringing Equation (10) into (27):

Oy = (wWag(t) — B— WP+ Af) T p(t) /2]Ewn — (Te + Bary) /] + Brew3o(t) /2]Ewn (28)

When the TST operates in region III, the control objective is to stabilize the rotor speed
at the rated speed by adjusting the pitch angle, and the rotor tracking error is expressed as
follows:
? = C’:)r — Wrated
e = wy (29)
e=wr

where wy,e4 is the rated speed, which in this paper is set to 2.84 rad/s.

Assumption 1: the range of variation of the paddle pitch angle g is bounded, and
therefore, the uncertainty terms ¢(t) and Af are also bounded, and there exist unknown

positive constants (t) and Af such that |@(t)| < @(t) and ‘Af’ < A?; in addition, the
variation of the torque is bounded due to the fact that —Z < T, (t) < —D < 0.

4.2. Proposed Adaptive Robust Fault-Tolerant Controller

Inspired by [51,52], a tracking control scheme in the form of PID can be designed for
the error dynamics (29) as follows:

= —(kgo + Skp(1))e — (ko + Akt(1) [ edte — (koo + Bk (1))é (30)

where parameters ko, k1o, kpo are constants and Akj(t), Ak;(t), Akp(t) are time-varying
parameters. To simplify the design, a designable value L > 0 is introduced to associate
these parameters:

pr = 2LkD0

kio = L%kpo

Akp(t) = 2LAkp(t)

Aky(t) = L2Akp(t)

(31)
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According to Equations (30) and (31), the controller can be further represented as
follows:

—(kpo + Akp (1)) (2Le + L2 / edt + e> (32)

The simplified controller only requires the design of two gains, kpg and Akp(t), where
kpo is a constant and Akp (t) can be automatically adjusted by the designed adaptive robust
method.

The generalized error is defined as follows:

t
E(f) = 2Le 4 12 / edt + ¢ (33)
0
The derivation of this is obtained by relating it to the system dynamics model:

B(t) =2Lé + L% +é
=2L¢+ L2+ (Wio(t) — B — w2B+ Af) T p(t) /2]Ewn — (Te + Boy) /] + Brepwlo(t) /2]Ewn  (34)
= ](x/t) + I(x/t).Bref

where the coefficients and uncertainty terms of the above Equation are denoted as I(x, t)
and J(x, t), respectively, with I(x,t) = w,o(t) /2] and J(x,t) = (w2¢(t) — B — w2 + Af)
T p(t)/2]Ewn — (Te + Bawy) /] +2Leé + L.

According to Assumption 1 and the system properties, I(x, t) and the uncertainty term
J(x, t) are bounded and can be expressed as follows:

0<I(x, )Sv

7(x, 1) :M ~ B BB+ AP T p(0)/2]Gwn — (Te+ Bior) /] +2Le+ 2| oo
g@w+pu+ﬁd<m%+uu+ﬂk
<l

where v > 0,y > h f>0are unknown positive constants and ¢ is a core function [53]:
hlzzrnax{hf,ZL,Lz} (36)

1= Pr+ e + le] (37)

Definition 1. For a system x = f(x) within an open set D, there exists a positive constant ¢, and
a positive definite continuously differentiable scalar function Vg with Vg — oo as the variable
x converges to the boundary of the set D. Then, Vp is known as the barrier Lyapunov function as in

Equation (38) [54,55].
_1 ¢
%_2m<W—wF> 6&

The adaptive robust gain of the controller can be designed as follows:

B2
Akp(t) = “oh ¥y 2

¢*—|E(®)]
fiy = —eqfiy + —OWIE@F 39)

(P2 [E1))°

where ¢p and €1 are positive constants, Iy is the estimated value of k7, and according to
Definition 1, ¢ is the error boundary of the design, satisfying |E(t)| < ¢.
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4.3. Stability Analysis

The Lyapunov function is constructed to prove the stability of the proposed controller:

_1 ¢ 12

where El =h — le is the parameter estimation error. The derivative of Equation (40) is
obtained as follows:

V - mEE - Elljll
= mEU(% t) + 1(x, ) (kpo + Akp(t))E] — Iy (41)
hy1 _p_ (kpotBkp(D)) 2 _ 7 7,
< 72— |EP 2 —|E YE hihy
212 2 2 ~ A ~,
From the square inequality, 1 E < ;gﬁ;z + 4’4;0}5 and hhh < %h% — %h%, which can
be obtained by bringing (39) into Equation (41):
212 ~ 7 21|12
< &mPiE o (kpotBkp(D) yp2 4 o G f o MsodilEl
B I R L
< _fomyiE By kpo ,p2 o Em¥i oy 3q meodilEl (42)
B R P L PO
k 2 h 2 _ 72
<~ yE g+ $(m-1)

According to Equation (39), there is |E| < ¢ for all E. Hence

2 2
_E* < lln‘i’i (43)
g2 —|E> 2 ¢?—|EP
So V can be further derived as follows:
: k 2 7 h
V< - %ﬂlnqufwlz—%h%—*—%h%ﬁ‘ﬁ )
< —vV+9

where v = min{kpgy, €1}, ¢ = %h% + 4%. From the above derivation, it is clear that V is
bounded, and according to Equation (39), E and /; are bounded; the boundedness of E
ensures the boundedness of e, fot edt, e, as seen in Equation (32). According to Definition 1,
it is known that the value of E is restricted to a certain range |E| < ¢, i.e., the error e is also
restricted to a certain range. Therefore, from Equations (31), (32), (35), and (39), it can be

concluded that u, E, Iy, e, kpo are bounded, the signals within the system are bounded, and
the system errors are uniformly and ultimately bounded.

5. Simulation Results and Analysis

In order to validate the effectiveness of the proposed method, in this section, numerical
simulation of 1.5 MW TST has been carried out using Matlab/Simulink, and the system
parameters are shown in Table 2. Tables 3 and 4 show the parameters of the proposed AN-
FTSMC and ARC, respectively. The proposed ANFTSMC method is evaluated below the
rated tidal current speed and the results are compared with fuzzy adaptative backstepping
control (FABC) , active disturbance rejection control (ADRC) [1], integral sliding mode
control (ISMC) [56], and non-singular fast terminal sliding mode control (NFTSMC) [22].
Then, a comparison of variable pitch control methods, including gain scheduling propor-
tional integral derivative (GSPID) [57], ISMC, and pseudo-tip-speed ratio and adaptive
genetic algorithm (PTSRAGA) [58], are considered. The effectiveness of the proposed



J. Mar. Sci. Eng. 2024, 12, 539

13 of 23

ANFTSMC-ARC method above the rated tidal velocity was evaluated by comparing the
ANFTSMC-ARC method with the FABC-GSPID, ISMC-ISMC, and ADRC-PTSRAGA meth-
ods by combining MPPT with pitch control.

Table 2. Parameters of the TST system.

Parameter Value
Sea water density 1025 kg/ m?>
Turbine blade radius 8m
Maximum C,, value 0.45
Optimal tip speed ratio for MPPT 7.1
Rated marine current speed 32m/s
Generator rated power 1.5 MW
System total inertia 1.31311 x 10° kg.m?
Rotor rated speed 2.84rad/s
DC-bus rated voltage 1500 V
Pole pair number 125
Permanent magnet flux 2.458 Wb
Generator stator resistance 0.0081 O
Generator d—q axis inductance 1.2mH

Table 3. The parameters of the ANFTSMC controller.

Parameter Numerical Value
o 1
g 3
X 3
) 0.8
k 10
7 50
a 21
b 13
m 13
n 11
kq 1
ko 0.1

Table 4. The parameters of the ARC.

Parameter Numerical Value
L 4
kpo 1
€ 0.1
& 100
¢ 50

5.1. Simulation Results Below Rated Tidal Current Speeds

For the TST, swell and turbulence are unavoidable. Figure 7 shows the actual tidal
current velocity data for the Xihoumen area in Zhoushan for 90 h. In this section, a flow
velocity lower than the rated velocity of 3.2 m/s is selected to verify the performance of the
proposed method. Figures 8 and 9 show the generator rotor speed versus rotor speed error
for different control methods, respectively. It can be seen that the FABC controller has a
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large amount of overshooting, especially during the change in flow velocity when there is
a tracking error of 0.025 rad/s, which is about 1% of the reference value. The ISMC method
has a smaller amount of overshooting, but there is a significant chattering phenomenon,
with an error of about 0.02 rad/s. The ADRC method has a much better tracking accuracy,
but there is a chattering of 0.01 rad /s near the reference rotor speed. The NFTSMC method
significantly reduces chattering; however, there is a tracking error of 0.015 rad/s. The
proposed ANFTSMC method has minimized chattering and accurately tracks the optimal
rotational speed with a tracking error around 0.08%, as the flow rate varies.
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Figure 7. Actual 90 h tidal current velocity at Xihoumen.
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Figure 9. Rotor speed error.
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To evaluate the performance of the proposed method even further, the ISE (Integral of
the Square Error) and ITAE (Integral of the Time-weighted Absolute Error) are used:

ISE = /O "e2()dt (45)

t
ITAE:/O te()|dt (46)

where e(t) denotes the error, ISE reflects the overall performance of the controller tracking,
and ITAE reflects the persistence of the error; the smaller the value of ISE and ITAE, the
better its error suppression ability.

The rotor speed error e(t) = w — wy,s and power error e(t) = P — Py, are evaluated
separately as shown in Table 5, and the above metrics are denoted as ISE,,, ISEp, ITAE,,,
ITAEp. It can be seen that, although the chattering of FABC and NFTSMC is not serious, the
presence of large tracking errors leads to larger values of both ISE and ITAE; the chattering
of ADRC is smaller than that of ISMC, and thus its metrics are smaller than ISMC; and the
proposed ANFISMC method has the smallest evaluation metrics compared with the other
methods, which shows the excellent error suppression capability of the proposed method.

Table 5. Performance metrics for comparative methods.

ISE,, ITAE,, ISEp ITAEp

ISMC 9.96 x 10~* 0.816 7.55 x 107 2.62 x 10°
FABC 351 x 1073 1.181 3.78 x 108 3.85 x 10°
ADRC 423 x 1074 0.416 453 x 107 1.37 x 10°
NFTSMC 256 x 1073 1.574 1.79 x 108 5.06 x 10°
ANFTSMC 833 x 1075 0.241 7.04 x 10° 7.62 x 104

Figures 10 and 11 show the comparison of power coefficient Cp and output power,
respectively. From this, the same conclusion can be drawn that the proposed ANFTSMC
method has minimum chattering and optimal power tracking accuracy when compared to
other methods.

0.5 T T
0.4 _
0.3 b
o
(8]
0.2 =
ISMC
0.455 ADRC
0.1 —FABC
0.454W __NFTSMC
[ 1 1 1 1 1 1 1 1 1 1 1 7ANFTSMC
2 4 6 8 10 12 14 16 18 20 22
0 | | | 1 | i l . |—Reference
0 10 20 30 40 50 60 70 80 920 100

Time(s)

Figure 10. Comparison of power coefficients.
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Figure 11. Comparison of output power.

5.2. Simulation Results for Higher-Than-Rated Tidal Current Speeds
5.2.1. Fault-Free Scenarios

In this section, ARC is compared with GSPID, ISMC, and PTSRAGA in a fault-free
system, and the speed controllers are ANFTSMC, FABC, ISMC, and ADRC, respectively,
to evaluate the performance of the maximum power tracking and pitch controllers of the
proposed method.

When the tidal current speed exceeds the rated speed of 3.2 m/s, the change in the
pitch angle is shown in Figure 12. The PTSRAGA method has the effect of reducing the
frequent pitch change, so it has the smallest pitch angle, which results in the output power
not being stabilized at the rated power, and the rotor speed exhibits a tracking error of
0.005 rad/s, as shown in Figures 13 and 14. The pitch angle of the ISMC and GSPID
methods exhibit some chattering, the rotor speed oscillates around the rated value, and
there is some chattering in the output power. The proposed ARC method has the best
pitch angle dynamic performance and can ensure the stability of the rated power, and
the ANFTSMC method has the best speed tracking performance. Table 6 also shows that
the proposed method has the smallest rotor speed error and power tracking error, which
verifies the superiority of the proposed method.

2 | I FABC-GSPID
115 —ISMC-ISMC
— ADRC-PTSRAGA

11 —ANFTSMC-ARC
/\ —Reference b
1.05

-
3]
T

Pitch angle(°)
T
1

o
2]
T

I

0 I I I I I I I I
0 10 20 30 40 50 60 70 80 920 100

Time(s)

Figure 12. Comparison of pitch angle.
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Figure 14. Comparison of output power.

Table 6. Performance metrics for comparative methods.

ISE,, ITAE,, ISEp ITAEp

ISMC 1.69 x 104 0.283 1.18 x 108 1.86 x 10°
GSPID 737 x 1074 0.675 2.57 x 108 3.26 x 10°
PTSRAGA 151 x 1074 0.276 1.09 x 10° 5.89 x 10°
ARC 9.52 x 10~° 0.145 1.92 x 107 1.14 x 10°

5.2.2. Fault Scenarios

This section considers a situation where there are multiple failures of the pitch actuator
occurring simultaneously, including pump wear, hydraulic leaks, high air content in the oil,
actuator bias, and loss of efficiency, with the following fault settings:

(wn,p1,E51) = (7.27,0.75), 0(s) < t < 30(s)
(wn,f2,E2) = (3.42,0.90), 30(s) < t < 50(s)
(wn,f3,8f3) = (5.73,0.45), 50(s) < t < 80(s)
o(t) = 0.4°,0(t) = 0.9, 0(s) < t < 30(s)
p(t) =0.6°,0(t) = 0.7, 30(s) < t < 60(s)
@(t) =1°,0(t) = 0.6, 60(s) < t < 100(s)
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As shown in Figure 15, in the presence of actuator failure, bias, and efficiency loss,
the proposed ARC method is still able to maintain accurate tracking of the pitch angle
compared to other methods. Figure 16 shows that the rotor speed is maintained at the
rated speed with a significantly smaller error than the other methods. Figure 17 shows that
the output power is also stably controlled at a rated power above the rated flow rate with
minimal fluctuation error. Comparing the performance metrics in Table 7, it is obvious
that the proposed ARC method has the best performance in both speed tracking error
and output power error. Therefore, the simulation results verify the stable speed tracking
performance of the proposed method under swell fluctuations, and it is still able to generate
an accurate pitch angle when the pitch actuator fails, which ensures the maximum power

capture and fault tolerance of the tidal stream turbine.

Table 7. Performance metrics for comparative methods.

ISE,, ITAE,, ISEp ITAEp
ISMC 2.09 x 10~4 0.314 2.49 x 108 2.30 x 10°
GSPID 8.17 x 1074 0.753 3.27 x 108 3.91 x 10°

PTSRAGA 1.83 x 1074 0.305 1.22 x 10° 6.06 x 10°
ARC 1.09 x 1074 0.210 1.08 x 108 1.54 x 10°
18 119 I I FABC-GSPID I '
16k —ISMC-ISMC i
1.1] ——ADRC-PTSRAGA
1.4 —ANFTSMC-ARC i
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Figure 15. Comparison of pitch angle.
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6. Conclusions

In order to improve the power capture efficiency of the TST in the case of swell and to
consider the susceptibility of the pitch actuator to failure, an ANFTSMC-ARC is proposed
in this study. Extensive comparisons are made with existing methods through simulation
experiments. The advantages of the proposed method are as follows:

(1) Different from the traditional exponential reaching law, AHERL balances the
conflicting issues of convergence and chattering suppression in sliding mode control.

(2) ANFTSMC is robust to uncertain disturbances and nonlinearities in the TST system
and reduces chattering, improving the efficiency of MPPT.

(3) The ARC automatically adjusts the controller gain according to the fault state,
which mitigates the fault-induced deviation of the pitch angle action and improves the
fault tolerance of the pitch system.

The analyzed ISE and ITAE performance metrics reflect the best performance of the
ANFTSMC-ARC in terms of speed tracking and output power. The experimental results
show that the proposed control method can achieve accurate rotor speed tracking at full
tidal current speed, and the variable pitch angle can respond quickly and control the rated
power stably even in the case of actuator failure. Future research can consider tidal current
speed prediction for better maximum power tracking and can combine modeling and data
approaches to improve fault tolerance performance.
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Abbreviations

The following abbreviations are used in this manuscript:

MPPT Maximum power point tracking

ANFTSMC Adaptive non-singular fast terminal sliding mode control

AHERL Adaptive hybrid exponential reaching law

TST Tidal stream turbine

TSR Tip speed ratio

MPC Model predictive control

PMSG Permanent magnet synchronous generator

FOSMC Fractional order sliding mode control

ARC Adaptive robust controller

ANFTSMC-ARC Adaptive non-singular fast terminal sliding mode control and adaptive
robust controller

FABC Fuzzy adaptative backstepping control

ADRC Active disturbance rejection control

ISMC Integral sliding mode control

FABC-GSPID Fuzzy adaptative backstepping control and gain scheduling proportional
integral derivative

PTSRAGA Pseudo-tip-speed ratio and adaptive genetic algorithm

ADRC-PTSRAGA Active disturbance rejection control and pseudo-tip-speed ratio and
adaptive genetic algorithm

ISE Integral of the Square Error

ITAE Integral of the Time-weighted Absolute Error

Nomenclature

Cp Power coefficient

Viide Tidal flow velocity

B The pitch angle

A Tip speed ratio

P Mechanical power

Tm Mechanical torque

0 Density of water

R Radius of the turbine blade

wy Rotor speed

A Blade tip speed ratio related quantity

Wref Reference speed

] Generator inertia

T Electromagnetic torque

B Friction coefficient

Bref Desired value of the pitch angle

Wy Natural frequency

¢ Damping ratio

Wy Natural frequency at fault

z Damping ratio at fault

Wi Failure degree coefficient

Vi Failure degree coefficient

W, fi Natural frequencies at different faults

Cri Damping ratio at different faults

Bu Control input for the pitch actuator

o(t) Effectiveness of the pitch actuator

€ Constant velocity term coefficient

k Exponential term coefficient

s Sliding mode surface function

X1 State variable

Power term coefficients

Power term coefficients
Variable speed term coefficients
Constant term

> 0Q R
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X Power term coefficients

kq Sliding mode surface coefficient

ko Sliding mode surface coefficient

a Positive odd number

b Positive odd number

m Positive odd number

n Positive odd number

Pn Number of pole pairs of the generator
@ Permanent magnet flux

% Lyapunov functions

Q] Define scalar

B* Pitch angle corresponding to different flow rates and rotational speeds
Bk Pitch angle intermediate variable

Z Constant

D Constant

o(1) Uncertainty terms

P(t) Unknown positive constants

Af Unknown positive constants

kpo, k10, kDO Controller constant parameters

Akp(t), Aky(t), Akp(t)  Controller variable parameters
L Controller intermediate variables

0% Unknown positive constants
hy Unknown positive constants
hs Unknown positive constants
Yy Core function

¢ Positive constant

Vp Barrier Lyapunov function
£ Positive constants

€1 Positive constants
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