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Abstract: Power extraction has become a critical consideration in tidal stream turbine (TST) systems.
In practice, the lumped disturbances under varying tidal current conditions may deteriorate the
maximum power point tracking (MPPT) performance and cumulate fatigue damage over-rated
power. Besides, the conventional pitch controllers are sensitive to parameter uncertainties of the
nonlinear TST system. In this paper, a novel output power internal control strategy based on
pseudo-tip-speed ratio and adaptive genetic algorithm (PTSR-AGA) is proposed to improve the
anti-interference ability and reliability. The proposed control scheme consists of two parts. The first
part proposes the PTSR method for MPPT to predict the TST’s operating point which contributes
reducing the logical errors assigned to swell disturbances. The second part designed an AGA for
the optimization of the pitch controller to conduct its angle delay. A reduced pitch control strategy
is applied to the preprocessing of the pitch controller to reduce the mechanical wear over the rated
power. The comparative simulation results validate the TST system can obtain a higher power effi-
ciency of energy capture and a smoother power output with the proposed control strategies at full
range of tidal current speed.

Keywords: tidal stream turbine; pseudo-tip-speed ratio; pitch control; maximum power point
tracking; mechanical wear

1. Introduction

In recent decades, renewable energy resources have attracted extensive attention due
to the energy crisis and environmental pollution [1,2]. The tidal current energy is consid-
ered as the most promising energy resource due to its regularity, stability, higher energy
density, and predictability [3]. However, the tidal stream turbine (TST) system usually
operates on complex seabed environments, such as marine organisms, swell effect, and
strong storms [4,5]. These factors bring great challenges for the TST system to extract max-
imum power extraction and estimate the potential marine current energy [6]. To improve
the power capture ability of the TST system under the rated flow velocity with these ex-
ternal disturbances, maximum power point tracking (MPPT) strategies are developed to
obtain the optimal rotational speed. Moreover, in the event of large spring tides or strong
sea states [7], mechanical fatigue of the rated power TST system may appear during the
dynamic process. The mechanical wear will shorten turbines’ lifetime in the long term,
and the maintenance cost of the TST is always too high. Therefore, when the TST system
operates above the rated power, the MPPT strategy must be changed into pitch control
for smoothing the output power.

In the partial load region of the TST system, the anti-interference ability in revising
the power coefficient is significantly expected for the MPPT strategies and tidal energy
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extraction [8] under swell effect. The tip speed ratio (TSR) and optimum torque (OT) con-
trol MPPT strategies are commonly used in recent [9,10]. However, the TSR strategy re-
quires costly flow equipment, and the OT method relies on the mathematical relationship.
In [11], the adaptive perturb and observe (P&O) algorithm is proposed to improve con-
vergence and track efficiency. However, the seabed environmental issues cause frequent
changes in flow velocity [12], this method is sensitive to current speed changes and may
occur misleading problems. In the full load region, the output power is expected to be
kept at a rated value to guarantee system reliability and reduce maintenance costs. The
gain-scheduling proportional-integral-derivative (GSPID) pitch control strategy [13] has
frequent pitch action due to the tidal current speed disturbances, which increases the risk
of sealing damage. In [14], a collective blade-pitch control strategy is proposed to reduce
unreliability from the pitch actuator and current sensitivity, while it is difficult to establish
the analytical law between the variation of pitch angle and flow velocity for the nonlinear
TST system. In [15], feedback linearization theory is applied to solve nonlinear problems.
However, it is still greatly affected by variations of uncertain parameters and external dis-
turbances. The classical PID control strategy is more popular in pitch control systems due
to its robustness and simplicity of structure [16,17]. While the parameter setting of the PI
controller may be a tedious task that requires expert experience, especially when the TST
system is dynamic nonlinear and the pitch actuators are subjected to parameter variation.
In [18], a variable pitch controller is designed by combining a back-propagation neural
network to tune the PI parameters. However, its convergence procedure is unstable, es-
pecially under strong external disturbances. In [19], a fuzzy-model predictive controller is
designed to adjust the pitch actuator’s parameters and reduce the pitch angle error with
fine adaptability. However, its coefficients are subject to lumped disturbances and uncer-
tainties. In [20,21], a high-order sliding mode controller (HOSMC) is applied to enhance
the robustness of the nonlinear systems with parameter variation. However, the chatter-
ing problem of these methods will lead to a stronger power oscillation. In [22], an adaptive
single neural controller (ASNC) solves the above problems well, while the time delay of
pitch action results in the pitch angle error and increases the PMSG mean load. In [23,24],
a fuzzy-model predictive controller is designed to adjust the pitch actuator’s parameters
to reduce the pitch angle error with fine adaptability. However, its coefficients need to be
reset to deal with the disturbances and uncertainties, this method hardly obtains perfect
generalization for the nonlinear TST system. In [25], a pitch control strategy based on a
particle swarm optimization algorithm demonstrated a good regulation of mismatched
parameters. However, the convergence time determined by the range of search space is
too long. Such an algorithm is similar to the intelligent optimization methods in [26,27]
and has a challenge in capturing the optimal switching time from training to utilization.
It is hard to ignore the complexity involved. In [28], a distributed parallel firefly algorithm
is applied to PID parameter tuning of variable pitch controller, this strategy can smooth
the power output effectively. However, it is easy to fall into the local convergence and
optimization failure. In [29,30], the novel intelligent genetic algorithm (GA) is adopted to
search for the optimal parameters of the pitch controller, this strategy can enhance the
iteration limit by increasing the mutation rate. Simulation results show the control effi-
ciency is 17% greater than that of the classical algorithm. However, the frequent change
of pitch angle increases the aerodynamic load on the turbine and has a serious impact on
the grid-connected TST system when the current speed fluctuates.

For the problem of lumped disturbances and parameter uncertainties of the nonlin-
ear TST system, a new output power internal control strategy based on pseudo-tip-speed
ratio and adaptive genetic algorithms (PTSR-AGA) is proposed to improve the reliability
of the TST system in this paper. Firstly, considering the logic misjudgment of the P&O
MPPT caused by the swell effect, a PTSR MPPT algorithm is improved to shorten the con-
vergence time for maximum power capture below the rated flow. Secondly, when the
current speed exceeds the rated speed, an AGA is designed to mitigate the pitch angle
delay caused by uncertain variation in the nonlinear TST system. Thirdly, the power
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safety margin is also set to reduce the frequent action of the pitch actuator and prolong
the lifetime of the sealing TST system. The effectiveness and feasibility of the proposed
control strategy are verified through a simulation model of a 1.5MW TST system with
various flow velocities.

The structure of this paper is organized as follows. In Section 2, a detailed description
of the TST model and problems of the power interval control scheme are proposed. In
Section 3, a PTSR MPPT method is applied to capture the maximum power in the partial
load operation, and then a reduced pitch control strategy based on AGA is proposed for
power limiting in the full-load operation of the TST system. In Section 4, comparative
simulation results verify the superiority of the proposed PTSR-AGA control strategies.
Section 5 summarizes this paper and puts forward future research.

2. Problem Description
2.1. Disturbances of Variable Tidal Current Speed under Swell Effect
This paper focuses on a PMSG-based horizontal-axis TST system, which can effec-

tively convert tidal current energy into electrical energy. The mechanical power £, and
torque 1, captured by the TST are as follows [31]:

P, =0.5p7R*v,,,C, (1, ) (1)

I,=F/a 2)

where p isthe water density; R is the radius of the tidal wheel; g is the pitch angle

of the TST system; @ is the rotational speed; C, is the power coefficient which is de-

scribed as Equation (3):

Cp 4B = G (Cz /ﬂ'i _c3ﬂ_c4)eicsu1 +csﬂ'
3 (©)
1/2, =1/(A+0.088)-0.035/( 5 +1)

Parameters of the PMSG-based TST system prototype are given in Table 1.

Table 1. Parameters of the TST system.

Parameter Value
Turbine
Sea water density 1027 kg/m?3
Turbine blade radius 8 m
Rated flow velocity 2.2 m/s
Optimal tip-speed ratio 8.1
Maximum power coefficient 0.48
Rated power 0.8 MW
DC-bus voltage 1500 V
PMSG
Pole pair number 125
Permanent magnet flux 2.458 Wb
stator resistance 0.0081 Q
D-axis inductance 1.2 mH
Q-axis inductance 1.2 mH
System inertia 1.3131 x 105 Kg-m?

Based on the analysis of tidal current data and swell characteristics in [7], the tidal

current speed V,, can be described in Figure 1.
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Figure 1. Swell effect on tidal current speed.

From Figure 1, tidal currents are strongly disturbed by the swell effect, and the peak
tidal speed can reach 3.6 m/s under the spring tides or long-distant storms. Compared
with wind speed, the tidal current speed is relatively lower and its range is narrower.
According to Equation (3) the frequent fluctuations of water have a higher impact on max-

imum power point (i,,p,,c mx ) tracking in Figure 2a. The power coefficient C, for each

B can reach a maximum value C, . at the optimum tip-speed ratio ﬂ,,p, . Therefore,
the maximum power coefficient is achieved when g =0. The existing adaptive P&O al-

gorithm [11] is usually adopted for MPPT, as shown in Figure 2b, which is simulated
based on Equation (1).
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045 " 900| — 22m/s /I
- 24m/s
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Figure 2. (a) The TST power coefficient curve; (b) Misguided perturbations of the P&O algorithm.

When the current speed rises from 2 m/s to 2.2 m/s in this figure, the maximum power
point has been changed from point C to B’, the perturbation interval is detailed as:

{ ref (k) a) (k 1) + a)vtepSlgn(APm /A(()})

=k, dP /do, @

Ytep mppt

where &, isa positive constant. However, with frequently variable tidal current speeds,
the actual scenariois 4 — B' instead of 4 - B asexpected in Figure 2b due to frequent

current speed disturbance. The misguided perturbation @,,, in Equation (4) leads to in-

evitable oscillations near the optimal tip speed radio ﬂﬂpt

/,Lopt / Vttde (5)
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Considering spring tides or strong sea states, a conventional pitch control system
must provide continuous pitch action to limit the output power by tracking variable tidal
current speeds, as described by Equation (6):

Cp—rmx (ﬂ’opt 5ﬂ) = 2Praled / (pﬂ-szsde) = kopt / Vzdc (6)

where P, is the limited power of the rated tidal current speed, kopt is the optimum

power constant. Pitching frequently in Equation (6) is not reasonable for the TST system,
as it accelerates the risk of seal damage and leakage [32].

2.2. Impacts of Parameter Uncertainties and Time-Delay in the Nonlinear TST System

The permanent magnet synchronous generator (PMSG) is usually applied in the TST
systems because of its high efficiency and reliability. An iz = 0 field-oriented control
method based on PMSG is adopted in this work, where the d—q transformation is replaced
with a commutation scheme that generates the desired current for the desired torque. The
dynamic model of PMSG is described in [33] in the synchronous rotation d—q frame as
Equation (7):

u, =R, +L,di, | dt—Li,o,

u, =Ri +Ldi ldt+y,+Li,)o,
Jdw, /dt =T, T, - De,

T, =3niy, /2

@)

where I;,0,L;,L, are currents, and inductances; Ry, are the generator resistance

and magnet flux respectively; J is the TST system total inertia; 7,, D are the pair of
poles and friction damping coefficient. #,,4, are the d-q axis voltages which can be ob-
tained from the voltage equation in Equation (7). The control strategy can transform the
d-q axis voltages into u,,u; which are fed to SVPWM algorithm to produce the proper

duty cycles for the inverter. Compared with wind turbines, the TSTs installed under com-
plex seabed environments are considered artificial reefs and will be attached by a variety
of marine organisms [34], which leads to stronger mass disturbances for the TST blades as
Equation (8):

m=m+m, (8)

where 77} is an additional mass of the marine organisms. According to the dynamic
changes of blades’ masses, the actual TST system total inertia can be described by
Equation (9).

f:jrzdn%=J+J 9)
where 7 isthe distance from the barycenter of the blades to the hub-center. Considering

the variable tidal current speed under significant swell waves and strong sea states, the
turbine aerodynamic torque and rotor speed can be expressed as:

T =T +T, (10)
o =[IT,~T,)/ JHr=q +@ an

where T

ances. According to Equations (10) and (11), the mechanical motion equation in the PMSG
model can be computed as:

@, are the deviation of turbine torque and rotor speed under external disturb-

Jdéy, | dt=T,~T. —Déy, + (12)
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where y represents the lumped disturbances of parameter uncertainties. When the TST
system operates overload under spring tides or strong sea states, the extracted power of

the TST system in Equation (1) must be limited to P.. by pitch controllers to reduce the
power coefficient [7], as described in Equation (13):

inpt = a’\)rR / Vride

Cp—max (iopt 4 ﬁ) = cl (CZ / ﬂ’i - C3ﬂ - C4 )e_"s/l, + Céi

opt
112, =1/(4,,+0.088)-0.035/ (4 +1) (19)

P, =05pzR»,C, (A

tide ~ p—max opt °

B)=P,+P,

where /12 is the intermediate variable. From Equation (13) and Figure 2, it can be found

that a slight deviation of rotor speed leads to a lag delay of the output power F,. How-
ever, the conventional pitch controller relays on the accurate TST system model, which
presents parameter uncertainties in harsh working conditions as Equation (12). The actual
pitch angle reference can be represented as:

{ész +P —P,, =e+é

rated (14)
B =k, (+k /s)Ne+&) =u,+5

where U is the output pitch angle of the classic pitch controller, kp’ k, are the propor-

tional and integral coefficients of the pitch controller; § is the delayed pitch angle,
which eventually leads to the deterioration of power control and system dynamic perfor-
mance. Genetic algorithms (GA) [29,30] represent the ideal tool for robust parameter ap-
proximation with easy access to locally optimal solutions. Therefore, the selection of cross-
over and mutation factors is significant to the adaptive search capabilities for system un-
certainty and response speed for pitch controllers.

3. Power Interval Control Scheme for TST System

Figure 3 shows the double-loop power interval control scheme based on PTSR-AGA
proposed in this paper. From the power control perspective, there are two operation states
of the TST system. The first part is the partial load operation. The pseudo-tip-speed ratio

(PTSR) MPPT control strategy is adopted to obtain desired speed @, for the generator-

side converter controller. This method effectively evades the logic errors attributed to the
swell effect and achieves higher maximum power extraction efficiency. In another full
load region, considering the mechanical wear and optimal solution of pitch controller, a
reduced variation pitch control strategy based on the adaptive genetic algorithm (AGA)
is proposed to smooth the power output of the TST system. This provides an appropriate
pitch angle for the TST under the lumped disturbances so that the output power of the
TST system can be limited and smoothed within a safety margin to protect the unit.



J. Mar. Sci. Eng. 2022, 10, 1197

7 of 16

i Generator
: SVPWM Control
[T P wfﬁ/
State .+ PTSR :
observer “l MPPT <«

— —

Pitch Drive ¥
Reduced variation| <

pa—
ref .
Vi ) pitch control

I
B

- PMSG

Figure 3. The general control scheme for a direct-driven TST system.

3.1. PTSR MPPT Control for the TST Based on SA Methodology below Rated Flow Velocity

To solve the problem of power oscillation and logical errors in the P&O MPPT with
swell fluctuations, a PTSR method is proposed to predict an equivalent rotor speed value
based on the slope-assisted (SA) theory to improve the tracking accuracy and stability
effectively.

Recalling the curve of C, ., and the TSR in Figure 2, the output power captured
by the TST shown in Equation (1) can be derived as:

P, =05pSC, o'R /2 (15)

opt
In case of external disturbances, the adaptive P&O MPPT strategies [11,22] have dif-
ficulty controlling the TST system to search for the optimal operating direction accurately
due to frequent current speed changes. Meanwhile, the SA methodology can linearize the
output power into the equivalent power P, with a constant slope value 72, , designed
by:

Py =3P =(R/2,,)3/0.5pSC, o, =maeo, (16)

From the determination of #} in Equation (16), SA methodology considers the

slope value "} as the reference in event of any marine current disturbance, then all opti-
mal operating points are predicted for the TST system with the same aerodynamic char-
acteristics.

Figures 4 and 5 respectively show two different operating statuses of the TST system
when detecting the power decreases from point A to B, described as follows:

Case 1: When m, (k) < m,(k -1) , as shown in Figure 4, P&O MPPT law only reverses
tracking direction to point C which is a logic error. However, the slope values guide back
to the previous known TSR state (point B') and determine the best search direction of the
MPP by monitoring the power speed change radio (PSCR), as shown in
Equation (17).

Case 2: When m, (k)> m,(k-1), as shown in Figure 5, the PTSR method uses the
pseudo-TSR value to determine the inter-reference in Equation (18), and the best course
of the trajectory is from B’ to A’ with a shorter tracking distance from the MPP.
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PSCR = abs[(Py, (k) = Py, (k =1) / (@, (k) - @, (k- 1))] (17)
o [OSR (k=1 + By (k) m (k=1 m, (k) <m, (k=) s)
o P, (k)/m (k-1) ,m_(k)>m (k-1)
The final output reference of PTSR MPPT is obtained as Equation (19):
@, (k) =, (k)y+PSCR- sign(a,) (19)

The above analysis shows that the PTSR MPPT strategy can not only evaluate the
power fluctuation, but also take the occasional maximum power tracking error into con-
sideration. Therefore, it is robust with respect to frequent tidal current changes.

11

10 mmax _
m, (k~1) |
P, (k1)
0.5(P,, (k —1) + Py, (k) 1
~ g ' |
E P N M= A A é cedrmeeene m, (k)
PTSR |
ALY A S |
7 B.| P&o .
) Viide
;l C \N\&,\\A |
6 [
|
5 1 1 1 1 a);ej 1 wr(k)\! {{)])(\()\ 1
20 25 30 35 40 145 50 55 60 65 70
Rotor speed (rad / s)

Figure 4. Slope guidance when m, (k)< m, (k -1) .

11

20 25 30 35 40 45 50 55 60 65 70
Rotor speed (rad / s)

Figure 5. Slope guidance when m, (k) > m, (k1) .

3.2. Reduced Variation Pitch Control Strategy Based on AGA for the TST Over-Rated Flow
Velocity

With the aim to decrease mechanical wear of the pitch sealing mechanism over the
rated power, a reduced variation pitch control strategy is proposed to preprocess the pitch
controller to improve the pitch control precision and unit protection. While classical pitch
controllers are sensitive to the dynamic uncertainties of the TST system, an adaptive fit-
ness law of AGA is proposed for the intelligent optimization of pitch controller’s gains

K,,K; to suppress the effect of pitch angle delay.
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3.2.1. Processing of Pitch Controller Based on a Reduced Pitch Variation Method

Considering the unstable seabed environmental conditions, the significant fluctua-
tions in flow velocity force frequent variation in pitch actuators. This solution will accel-
erate the sealing damage and increase the risk of leakage for the TST system in the long
run. Therefore, a reduced pitch variation method is proposed to reduce the pitching fre-
quency of the pitch controller for sealing protection. The pitch variation direction & is

determined according to the power error ratio €,,, and the trend of current speed var-
iation Av,,, expressed as follows:
Cper =5, =E ) By (20)
o, e, >te & Avy, >0
(€ e AVig) =10, |epower <¢ (21)
-1, e <—& & Av,,, <0

where F,; isthe rated power value of the TST system. Figure 6 shows the pre-processed
pitch control diagram. The pitch actuator does not act within the preset safety power al-
lowance of [-¢,+¢] defined at +5% of the rated power [14]. When the output power of

the TST system is beyond this range, the input error of the pitch controller will increase
accordingly and can be calculated as in Equation (22):

2
eirqmt = O-(ep(mr'r’ Avtlde )\/(epowr'r —8) +sztide (22)
T - 8-
tide A B \
- (X > V | B
: zero :
7
| N e > | AGA
P"‘»’f ' F,-F ref % "
phc i NN (el > NN zero |
' P!(f enpur kmg‘; k Hid=i
| ] v v
| . | Pitch
| Reduced pitch _: \j(e—s)’ +Ay* | Controller
| variation > ]
e o e o o o = ————————— - |
ﬂ ref
X N t B
- S
VT, Pitch Actuators

Figure 6. Diagram of reduced variation pitch control based on AGA.

3.2.2. Optimization of Pitch Controller Based on AGA

Compared with standard GA [29,30,35,36], two improvements of the proposed AGA
to solve the pitch angle delay problem mentioned in Section 2 are stated as follows:

e  Correction of delayed pitch action based on fitness law of AGA
e Based on the blade element theory [13], the effect of pitch angle delay on classical
pitch controllers is presented in Figure 7. The actual pitch angle can be expressed as:

p=p+p (23)

where ﬂ~ is the pitch angle deviation, Wis the relative velocity of tidal current to the
plane of rotation; 0 is the angle of the attack, which is fixed as rated value. The delayed

pitch angle Ak T} i) output from the pitch controller leads to the imprecise
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adjustment to current speed variation AV, . To solve the pitch angle delay under differ-

ent sea conditions, the actual pitch angle is considered in the cost function /1, designed
as:

H=y|

+(1-n[ B (24)

e[npul

F=A/(H+10°) (25)
where y is the coefficient used to compromise error and pitch action, and A is a posi-
tive constant value.

e  External disturbance suppression based on dynamic crossover and mutation opera-
tor

plane of rotation

Figure 7. Schematic of blade pitch action delay caused by parameter uncertainty of the TST system.

Due to the lumped disturbances under the spring tides or strong storms, the standard
GA can easily access locally optimal solutions, which hampers the global searching per-
formance and system reliability. In this paper, a flexible AGA adopts an adaptive mecha-
nism to select the crossover and mutation probability, detailed as follows:

p. = JTTT/e, (26)
P =[01=2i/ N|(Pr = Prin) (27)

where G is the number of generations, N is the total population size, and ¢, is the

constant coefficient. P> Pun are respectively the maximum and minimum mutation
probability sorted by fitness size. The crossover factor in Equation (26) can be adjusted
online according to the number of iterations to reduce the adjustment error of the pitch
angle. The mutation probability in Equation (27) is designed as the fitness function of each
individual.

{E (einpul ’ﬁ) > > E(einpuz ’B) > > FN (einpul ’ﬁ) (28)

Poin <P, D <c<p () <...<p, (N)< P

As shown in Equation (28), for the individuals with greater fitness, the lower muta-
tion probability is employed in the new populations to shorten the response speed of the
pitch control strategy.

The output of the pitch controller with AGA optimization is:

ﬂrgf (k ) = ﬂ;ef (k - 1) + kAGA— y4 [empm (k) _einput (k - 1)] + kAGA—i einpm (k) (29)
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The dynamic behavior of the pitch actuator in Figure 6 can be described as
Equation (30). The final pitch angle of the TST system is obtained by Laplace transform,
as shown in Equation (31):

B=(B,—-B)IT, (30)
B=p, 1 (Ts+]) (31)

where ﬂ,.ef is the optimal pitch angle output from the proposed reduced variation AGA-

PI controller, T} is the pitch action time constant. To reduce the risk of pitch actuator

damage from overuse, the pitch angle is limited to a range of [-2°,30"] in normal opera-

tion. Figure 8 shows a flowchart of the AGA optimization method used to tune pitch con-
troller parameters online for the TST system. The process in the red dotted box presents
the details of step 3 AGA.

Step 1: Acquisition of the output power P,
and tidal current speed v,
5
Step 2: Preprocessing of the pitch controller|
based on reduced variation strategy

-

¥ Gen=Gen+1

Calculate pitch angle g with
time delay in TST system

Y

Correction of delayed pitch action
based on fitness law F in Eq.(21)

v

External disturbance suppression
based on dynamic genetic operator

¥y B.R.P,

I
Conput (C’pmm JAV,) *

Step 3: Optimization of the pitch controller
based on AGA

Y

Pitch control law:
ﬁ(k) = ﬁ(k - 1) + kAG,4—pAer‘npm (k) + k,«;A—fempm (k)

v
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Figure 8. Detailed flowchart of the proposed adaptive genetic algorithm (AGA).

The specific control steps of Figure 8 are as follows:

7

(1) The controller receives P, V..

m’

from the TST. According to the optimized prepro-

cessing Equation (22), the input error value ¢, of the pitch controller is obtained

t
and input to the proposed AGA.

(2) The AGA calculate pitch angle /} with time delay. According to the actual range of
the PI parameters to be optimized, the AGA generates an initial population and set
the number of iterations Gen.

(3) Different from the traditional genetic algorithm, AGA uses Equation (25) as the fit-
ness function.

(4) Genetic operation: According to the fitness function and the principle of survival of
the fittest, the individual with the highest fitness value and the greatest adaptability
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to the parameter uncertainty of the pitch control system is selected. Then, the cross-
over probability and mutation probability are adjusted according to the adaptive rate
determined by Equations (26) and (27) to perform crossover and mutation calculation
to generate a new population.

(5) Optimization termination: Once the number of iterations reaches the maximum value

Gen, the optimal value £, is obtained by a comparison of fitness function

iy Kie
and sent to the pitch controller. If P <P ., the controller outputs the reference

pitch angle value.

4. Simulation Results and Analysis

To verify the effectiveness of the proposed PTSR-AGA for the variable-pitch TST sys-
tem, the platform based on a direct-drive PMSG based TST system prototype is used as
the basis for numerical simulation in Matlab2016b. Comparative simulations with GSPID,
HOSMC, ASNC, and P&O-GA are carried out with a 1.5 MW TST system, and the char-
acteristics of them are shown in Table 2. The platform is successfully tested by EDF
(French Electricity) off the coast of Paimpol-Bréhat (France). The specific parameters of
the TST system [37] are listed in Table 1. In this paper, the relevant parameters of the
PTSR-AGA are considered: ¢=0.05, N=40, G=200, A=14, ¢ =17.7, and the range

of mutation probability is p,, =[0.01,0.1] for the AGA.

Table 2. The characteristics of various control strategies.

Strategy Characteristics
GSPID Simple structure and easy parameter tuning, but low response or
saturation;
High robustness of the nonlinear system with parameter varia-
HOSMC : . e
tion, but chatting problem and power oscillation;
ASNC Great adaptability and anti-interference, but increased mean load;
P&O-GA Enhanced the iteration limit by increasing the mutation rate; but

frequent pitch action.

Considering the complexity and variability of the seabed environment, the real-tidal
flow velocity in Figure 1 shows highly turbulent fluctuation in the range of +0.4 m/s, and
even the high-tidal velocity rises to the peak of 3.6 m/s during 12-18 s, 27-33 s, and 46-50
s. While tidal current speeds exceed the rated value of 2.8 m/s, the conventional GS-PID
pitch control strategy outputs the highest angle of 5.3°, and its pitch action has a delay of
2 s, as illustrated in Figure 9a. The HOSMC method reduces the pitch action greatly with
a delay of 0.8 s, and the ASNC and P&O-GA show smaller amplitudes of the pitch angle.
In contrast, the maximum pitch angle of the proposed PTSR-AGA method is less than 0.4°
within the acceptable range, and the response speed is much faster than the above control
strategies.

To quantify the total pitch action, the accumulated pitch angle of comparative meth-
ods is introduced in Equation (32):

B, = ilﬂ(i)—/)’(i -1)| (32)

As shown in Figure 9b, the accumulated pitch angle of the HOSMC is decreased to
11.102° compared to 32.433° of the conventional control strategy. The ASNC and P&O-
GA display lower pitch angle moment variations, while the proposed pitch control strat-
egy has only 4.28° with the best power-limiting performance over the rated current speed.
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Figure 9. (a) Comparative results of pitch angle; (b) Accumulated angle of comparative methods.

Blow the rated power, the variable current speed of the TST system fluctuates fre-
quently under external disturbances. To validate the robustness and stability of the PTSR-
AGA control strategy, the power coefficient and rotational speed tracking performance of
five comparative control strategies are shown in Figure 10a,b. The HOSMC can accurately
identify the TST system’s maximum power point with negligible oscillations compared to
the conventional method when a lower current speed is detected. While the ASNC and
P&O-GA methods show stronger anti-interference ability with the tracking error of 0.03
rad/s. However, compared with the average search time of the P&O-GA strategy (10.1742
s), the proposed PTSR-AGA has a shorter average search time of 8.7805 s. This obtains a
higher average Cp value and the smallest MPPT error of 0.005 rad/s compared to other
methods.
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Figure 10. (a) Comparison of power coefficients; (b) Rotor speed tracking of the proposed method.

To have a better comparison of the five control strategies, the following three perfor-
mance indices, IAE (integral absolute error) [22], FAP (fractional average power), and
IAPE (integral absolute power error) [38], in Table 3, are considered:

IAE = [|e(t)|dt

n

FAP =3 (B(@) /P (i) /= Y.C, () (33)

i=1

MPE:“P@—R_ dt

ated

where IAE represents the overall performance of speed tracking response, the FAP em-
phasizes the power capture performance during the low current speed periods, the fewer
IAPE means better power limiting performance and regulation. Figure 11a shows the out-
put power curves of five control strategies under different sea conditions. The
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conventional GSPID method is greatly affected by external disturbances and has an un-
desirable IAPE value of 2.01 x 10*kW. Although the HOSMC can suppress the chatting
and improve the power extraction efficiency, this method shows negligible pitch angle
variations of 11.102°. Considering the large inertia and parameter uncertainties of the TST
system, the ASNC and P&O-GA strategies confine the power within the safety allowance
range with lower IAPE of 1.64 x 10*kW and 1.56 x 10*kW. However, the power fluctuation
is still large with a maximum amplitude of 0.41 x 102kW and an overshoot of 5.125%.
While the proposed PTSR-AGA method outputs smoother power of only 1.01 x 10*kW
with the highest FAP index of 23.4 under the premise of efficient energy generations. From
the perspective of total energy generated by the TST system, as shown in Figure 11b, the
conventional GA-PID strategy obtains nearly 7.64 kWh, while the ASNC and P&O-GA
methods capture more energy with 15.03 kWh and 15.51 kWh better than the HOSMC by
11.2% and 14.78% respectively. However, the proposed PTSR-AGA yields the maximum
energy with 15.55 kWh, so the system guarantees the higher-energy capture efficiency
under both turbulent and strong sea storm conditions.

Table 3. The performance indexes of five control strategies.

Energy
IAE FAP IAPE (kW) B, (KWh)
GSPID [38] 1.74 20.5 2.01 x 104 32.433° 7.64
HOSMC [21] 1.65 22.8 1.42 x 10¢ 11.102° 13.52
ASNC [22] 1.68 23.3 1.64 x 10¢ 4.94° 15.51
P&O-GA [29] 1.62 23.1 1.56 x 10¢ 5.076° 15.03
PTSR-AGA 0.328 23.4 1.01 x 10¢ 4.28° 15.55
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Figure 11. (a) Comparison of active power; (b) Generator Energy of the comparative methods.

5. Conclusions

An output power interval control strategy based on PTSR-AGA is proposed in this
paper to mitigate the output power oscillation under lumped disturbances and reduce
mechanical wear of the TST system. Firstly, a PTSR MPPT strategy is proposed to mini-
mize the logic error of P&O MPPT under swell effect with a shorter convergence time,
which improves the power capture efficiency of the TST system at low flow velocity. Sec-
ondly, the influence of parameter uncertainties in the nonlinear TST system is analyzed
during over-rated current speed, which can cause time delay in the optimization of the
pitch controller. An adaptive fitness law is designed for the AGA to mitigate pitch angle
delay and improve the real-time performance and precision. Subsequently, a reduced var-
iation pitch control strategy is proposed to depress the mechanical wear of the TST, so the
output of smoother power contributes to protecting the unit and prolonging the lifetime
of the TST system. Finally, the effectiveness and feasibility of the PTSR-AGA method are
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verified under different sea conditions through numerical simulations. The achieved re-
sults demonstrate that the proposed control strategy not only effectively reduces pitch
action and leak damage caused by mechanical wear, but also improves the disturbance
suppression ability of the TST system.
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