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A B S T R A C T   

The complex turbine-wake interactions within a tidal array leads to sub-optimal power generation from most 
tidal turbines, and results in higher fatigue loading on downstream turbines due to upstream turbines increase 
the turbulence intensity in the wake reaching other turbines. This paper presents an array controller which 
determines the power and loads set-points between the turbines based on incoming flow velocity for each tur-
bine. This control methodology enables to dynamic response in time-variable flow velocity and trade-off between 
output power and fatigue loads through adjusting reference pitch angle and maximum power point tracking 
reference speed simultaneously for each turbine. The benefits of this novel control strategy is tested in a 4.5 MW 
three-turbine array model which is simulated in MATLAB/Simulink. Results show that in low flow velocity, the 
objective of stabilizing the fluctuation of loads is mainly achieved by adjusting generator speed. Conversely, the 
pitch controller dominates the results of the array in high flow velocity. Under the premise of mitigating fatigue 
loads, the proposed control strategy is still able to guarantee a high-level output power extraction.   

1. Introduction 

Tidal currents are a potential renewable energy source with broader 
perspectives due to high predictability and stability. This means that 
tidal energy provides the energy buffer in a system that will increasingly 
depend on distributed energy; grid operators are able to plan for the 
amount of tidal energy extraction, and schedule other sources to fill the 
gap in order to improve energy security. 

The tidal current devices, which utilize these currents, are broadly 
similar to wind turbines and are used to convert ocean current into ki-
netic energy through rotor rotating. Since water is roughly 830 times 
denser than air, tidal current can generate more energy per unit area 
than winds. Therefore, another benefit of tidal power is the relatively 
small footprint of tidal turbines, compared to wind turbines, which 
enable high energy density compact arrays. Recent research suggests 
average power densities of tidal arrays in the 35–50 MW/km2 range, 
which is much higher than the 4–7 MW/km2 seen on average for 
offshore wind farms [1–3]. Moreover, it is less visually impacting than 
offshore wind power as turbines are completely submerged. Due to 
similarities in the drive train, tidal energy developers can take advan-
tage of the experience from more advanced and mature science and 
engineering techniques gained from the wind energy industry, including 

design, manufacture, operation and maintenance, thereby accelerating 
the development of tidal current conversion technologies and rapidly 
move towards commercialization. 

Horizontal axis tidal turbines (HATT) are the most technologically 
mature out of all the marine renewable energy devices currently under 
development, as full-scale prototypes are already being tested and 
operated. There have been a number of examples of the commercial 
maturity of HATTs; for instance, the world’s first grid connected com-
mercial tidal device - 1.2 MW SeaGen turbine incorporates twin 600 kW 
horizontal axis rotor which implemented in 2008 by Marine Current 
Turbines (MCT); it was successful decommissioned in 2019, having 
exported 11.6 GWh to the grid [4]. Following MCT’s acquisition by 
Siemens, more advanced SeaGen-S 2 MW turbine is being developed and 
tested [5]. 1 MW HS 1000 and 1.5 MW HS 1500 are developed by 
Andritz Hydro Hammerfest; HS1000 is the first pre-commercial tidal 
current turbine (TCT) to validate the technology for the world’s first 
tidal power array system at European Marine Energy Centre (EMEC), 
and it was connected to the grid in February 2012 [6]. SIMEC Atlantis 
Energy developed AR 1500 and AR 2000 turbines, which are rated at 
1.5 MW and 2 MW respectively; AR 2000 is the world’s largest single 
rotor tidal turbine [7]. A two-bladed rotor design (M100) was developed 
by Nova Innovation, and a subsequent revision, the M100-D, eliminated 
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the need for a gearbox that can improve the efficiency and drive down 
the cost [8]. All these devices are mounted on the seabed, while some 
HATT manufacturers like Orbital Marine Power and Magallanes Ren-
ovables are testing floating turbines that are moored to the seabed. 
Orbital’s 2 MW O2 tidal turbine is able to meet the annual electricity 
demand for around 2000 homes [9]. 

However, large scale tidal energy production is still in its infancy; 
technology readiness and high costs are widely acknowledged by the 
industry as being critical reasons of hindering its expansion. The esti-
mated operation and maintenance cost of ocean energy devices is about 
60% higher compared with offshore wind [10]. A key challenge is that 
tidal devices operate in a hostile offshore environment where they need 
to withstand unsteady and large hydrodynamic loads. Therefore, the key 
economic issue, that the tidal energy industry, faces is how to reduce the 
high cost of construction, operation and maintenance, in order to reduce 
the levelized cost of energy (LCOE) [11]. 

To make tidal technology economically viable and competitive with 
other renewable energy sources, developers are trying to deploy hun-
dreds of tidal current turbines (TCT) in an array in order to extract an 
economically useful amount of power; significant cost reduction can be 
achieved through spreading fixed project costs over a larger number of 
devices [12]. A key aspect of developing large scale power generation is 
determining how to control each single turbine to extract maximum 
averaged power over a tidal cycle to increase revenue. Also, a significant 
reduction of operation and maintenance (O&M) costs can be achieved 
by reducing unexpected maintenance and increasing the lifetime of 
critical components. Several pilot projects, multi-MW sized tidal turbine 
array, are operating in various parts of the world. 

Some commercial demonstrator projects have tested in realistic tidal 
channels. The world first TCT array was developed by Nova Innovation 
at Bluemull Sound in Shetland; the first three Nova M100 devices with 
are total installed capacity of 300 kW were deployed in 2016 and 2017. 
Also, this tidal array is the first array to supply electricity to the grid with 
more than 17000 generating hours reached in 2019 [8]. In 2020, a 
fourth 100 kW turbine was added to the array. With the installation of a 
further two 100 kW turbines, it became the world’s largest array (by 
turbine number) with a total of six turbines [13]. Another global 
developer of tidal current energy, SIMEC Atlantis Energy, developed the 
MeyGen project at the Pentland Firth in 2016. The array consists of four 
1.5 MW turbines; one AR1500 turbine and three HS1500 turbines, with 
total capacity of 6 MW. This MeyGen array has been operational since 
2017 and generated 50 GWh of electricity as of February 2023. This is 
more than double the total generation from tidal devices elsewhere in 
the world [14]. Expansion of the project is already underway. After the 
installation of a subsea hub in September 2020, there are plans to con-
nect two additional AR2000 turbines via the new hub [15]. 

Until now, there is no consensus as to the best approach for the 
design and operation of tidal turbine arrays which includes the number 
of devices, layout, control strategy and electrical architecture. Normally, 
the strategy of extracting maximum power of each tidal turbine does not 
result in maximal power capture for the entire array. The reason is that 
the upstream turbines slow down the flow velocity that reaches down-
stream turbines, by extracting too much power [16,17]. This is due to 
complex turbine-wake interactions leading to sub-optimal power gen-
eration from most tidal turbines within the array. 

Therefore, a controller should be designed for the array to adjust the 
power extraction to maximize average power, which will increase rev-
enue. Design of controllers for TCT arrays presents a challenge to 
prognosticate the effect of the wake formed behind a tidal turbine on the 
other turbines. This challenge originates in a significant reduction in 
mean flow velocity reaching downstream turbines, and the increment in 
turbulence [18]. The tidal flow fluctuations experienced by downstream 
turbines are greater than upstream turbines and result in a substantial 
increase in fatigue loading [19]. It is for this purpose that an array 
controller should employ proper strategies to distribute the power 
set-points between the turbines to mitigate fatigue loads, so that O&M 

costs can be reduced. Both of these, power maximization and mitigation 
of fatigue loads, help to reduce LCOE. 

To date, the research into TCT array optimization can be briefly 
divided into two main categories. The first is the arrangement of tur-
bines; the layout of arrays can be classified into aligned arrays and 
staggered arrays. However, tidal array layout optimization techniques 
are typically limited by some geographical factors; since suitable sites 
for arrays often lie in concentrated energy flow along short and narrow 
tidal channels [20,21], the number of turbines that can be deployed is 
limited. According to a study from Vennell et al., expanding an array by 
deploying more turbines in the same cross-section across the channel 
can increase the power output of every turbine within the array, despite 
a reduction in flow within the channel [20,22,23]. An efficient 
gradient-based optimization algorithm for optimizing array layout 
rapidly in an infinite tidal channel is proposed in Ref. [24]. In this paper, 
results show that turbines should be located in one row as much as 
possible, which would increase the output power of a large-scale turbine 
array by 24%. According to an experimental study from Daly [25], an 
accelerated flow region can be found in a particular inter-turbine 
spacing layout that can be used for high power production. It was 
particularly noted that a flow acceleration of up to 14% can be achieved 
due to turbine arrangement. 

A study of a staggered configuration of a tidal farm showed that small 
longitudinal spacing offers high efficiency [26]. The experimental work 
also suggests that a staggered configuration might be a better option for 
large-scale tidal current turbine arrays to reduce wake interaction and 
possibly higher power extraction from accelerated flow [27]. A 
three-dimensional numerical model, Telemac 3D, is used to investigate 
the flow interactions between turbines in the tidal site, Alderney Race. 
The results show that the output power of the staggered layout is 16% 
higher than the aligned layout [16]. 

The second category is the Active Wake Control (AWC) strategies, 
through individually tuning the turbines in an array (for a certain tur-
bine array in a particular channel, the location of each turbine is already 
known). This control aims to reduce wake losses in an array in order to 
increase the energy yield and/or decrease loading. AWC methods can 
divided into two classes. The first class is the wake redirection control, 
which can be achieved through misaligning yaw angle. Yaw control 
redirects the turbine wakes by yawing or tilting of the turbines. How-
ever, due to limited dynamic response, the yawing mechanism typically 
does not change frequently to continuously align with time-variable 
tidal flow [28]. Also, the yaw system may impose an additional me-
chanical stress on the turbine [29]. The second class of AWC methods is 
called axial induction factor control and contains strategies which aim to 
reduce the wake deficit downstream by changing the axial induction 
factor of upstream turbines. This can be achieved down-regulating the 
upstream turbines, either by adjusting pitch angle and/or operating at a 
suboptimal tip-speed ratio (TSR). Altering these two parameters sepa-
rately or simultaneously will change the power, torque and thrust co-
efficients of turbines and affect the generated power and loadings. 

Vennell was the first to show that the turbine resistance needs to be 
tuned for a given channel and turbine arrangement in order to maximize 
the performance of a TCT array. Vennell provides key insights into the 
importance of tuning TCTs in an array, where three numerical tuning 
strategies are proposed to maximize the average output over the whole 
tidal cycle for one turbine in an array [30]. These strategies adjust the 
blockage ratio of each turbine to produce a higher output power, often 
without increasing the maximum loading on the turbines and whilst also 
maintaining a higher channel flow rate. However, array controller 
design for tidal turbines is still lacking, especially in utilizing the control 
of individual turbines to maximize the performance of the array as a 
whole; to achieve this, there is a need to determine the appropriate pitch 
angle and rotational speed of the turbine rotor for each turbine based on 
different incoming flow velocities. 

Conversely, significant research into the axial induction factor based 
(AIF) control has been conducted in wind farms. An experimental study 
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proposed by Bartl and Saetan [31] investigated the effects of modifying 
TSR or blade pitch angle alone on total array efficiency of two in-line 
upwind turbines; a small increase on the whole array output was 
observed. Moreover, results demonstrated that axial induction factor 
control can potentially even out load distribution between two consec-
utive turbine rows. A wind farm control design which focuses on opti-
mization of both power and load simultaneously has been proposed by 
Soleimanzadeh and Wisniewski [32], in order to maximize power and 
reduce fatigue loads. This control design only adjusts rotor speed in low 
wind speed, and only varies pitch angle in high wind speed. The results 
imply that fluctuations in the drive train torque, caused by variable 
wind, can be reduced by reducing the rotor speed or by pitching the 
blades. However, large variations in the pitch blade angle for upwind 
turbines seem to compromise the performance of the torque controller. 

Therefore, for a tidal turbine array, the tuning of individual turbines 
needs to be carried out in coordination with torque control; the trade-off 
between blade pitch and torque control strategies must be considered. It 
is suggested in this paper a control methodology for a TCT array, which 
determines the power and loads set-points between the turbines based 
on incoming flow velocity for each turbine. Subsequently, pitch angle 
and TSR for each turbine can be adjusted simultaneously so that the 
requirements can be met for maximizing the whole array output aver-
aged over the tidal cycle and also mitigate fatigue loads. The perfor-
mance of this array control strategy is outlined with particular emphasis 
on the dynamic response in time-variable flow velocity and the trade-off 
between output power and fatigue loads. The application of an axial- 
induction-factor-based (AIF-based) TCT array controller in a full 
resource-to-grid model, whilst considering both loads and power has 
been done for the first time. 

This paper begins with a brief introduction to the modelling and 
simulation of a TCT array in section II. Each turbine includes an indi-
vidual detailed electromechanical turbine model developed in MAT-
LAB/Simulink, from resource to the grid. In section III, a novel array 
control strategy that determines the optimal reference signals of pitch 
angle and tip speed ratio for each single turbine is described. Section IV 
presents and compares the system performance under conventional and 
axial induction factor control. Finally, conclusions are derived in section 
V. 

2. Tidal current turbine array modelling and simulation 

The TCT array model considers turbine array arrangement and the 
determination of downstream flow velocity under multiple wake effects. 
Also, a grid connection scheme for this turbine array will be described. 
This array was modelled based on a single tidal turbine model, rated at 
1.5 MW, which refers to previous work done in Refs. [33,34]. This 
section starts with the introduction of modelling and simulation of an 
individual turbine. Fig. 1 shows the arrangement of the proposed TCT 
array and tidal current energy conversion system for a single turbine. 

2.1. The tidal resource 

Measurements of tidal site characteristics are direct driven by the 
requirements of tidal turbine developers. A comprehensive under-
standing of the dynamic of tidal currents is essential to improve device 
design, turbine array reliability and ultimately energy conversion rate. 
For the purpose of this study the input tidal current resource is repre-
sented by a half-cycle of a semidiurnal spring tide with high peak flow, 
as it is intended that the model should represent the most complex 
operational period of the system. The tidal flow velocity is constructed 
by mean flow velocity and predicted turbulence.  

• The mean flow velocity, V was derived from actual tidal current 
measured data in the ReDAPT Project; Brian et al. used Acoustic 
Doppler Current Profilers (ADCP) to measure three-dimensional tidal 
flow velocities at the EMEC [35]. The tidal velocity measurements 
taken from Doppler devices were time averaged. In Fig. 2, the chosen 
half-cycle of the tidal current is shown.  

• The predicted turbulence is modelled by adding band-limited white 
noise. The added turbulence was chosen to have intensity of 10% 
from the mean flow velocity. Tidal current velocity with added tur-
bulence intensity is shown in Fig. 3. This flow velocity profile used as 
freestream flow, input to the array models. 

2.2. Single turbine model 

The permanent magnet synchronous generator (PMSG)-based tidal 
turbine system developed in MATLAB/Simulink is depicted in Fig. 1. 

Fig. 1. The arrangement of TCT array and full resource-to-grid tidal current conversion system.  
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This full resource-to-grid model consists of the tidal current resource, the 
three-bladed and pitch-controlled turbine, and the generator which is 
controlled by an active rectifier and DC link. The inverter and trans-
former are used to deliver power to feed into the grid. 

2.2.1. Hydrodynamics of the turbine 
As the tide ebbs and flows, turbine blades are driven to rotate to 

extract mechanical power, Pmec from tidal current. The output of the 
turbine rotor is mechanical torque, Tmec, which is used as input to the 
generator; a shaft and a gearbox are required to deliver this Tmec to the 
generator which produces electricity (see Fig. 4). 

The mechanical power, extracted by the turbine, can be calculated 
by: 

Pmec =
1
2

Cp(λ, β)ρAV3
tidal (1)  

Where ρ is the density of water in kg/m3, and A is the rotor swept area in 
m2. The sea water density is assumed constant at 1024 kg/m3 and the 
swept area is based on a 11.5 m blade. Vtidal is the actual flow velocity in 
m/s. Cp is the power coefficient which is a function of TSR, λ and blade 
pitch angle β, in degrees. The TSR, defined as the ratio of the speed of the 
blade tips over the incoming tidal flow velocity: 

λ=
RtωTT

Vtidal
(2)  

Where ωTT is the angular speed in rad/s of turbine and Rt is the rotor 
radius. 

The TCT modelled in this paper is a hypothetical turbine. Utilize the 
numerical tool of HARP_Opt which combines multiple-objective genetic 
algorithm and blade-element momentum theory flow model to design 
the turbine rotor [36]. This tool calculated the Cp curve of the turbine, 
turbine rotor inertia and gearbox ratio. The specifications of this turbine 
used are given in Table 1 and the Cp(λ,β), curve in Fig. 5. 

TCTs tend to have a cut-in speed, with a period of enforced idleness 
at low flow velocity periods; in this model, the cut-in flow velocity set to 
1.0 m/s and the rated flow velocity is 2.5 m/s. When the flow velocity is 
below or at the rated value of the turbine, the rotation speed of the 
turbine rotor changes with the flow velocity. Thus, the value of TSR also 
changes in order to achieve maximum power extraction. Meanwhile 
pitch angle, β, is kept constant. For reference this is chosen to be the 0◦. 
The optimal TSR derived from the power coefficient curve is 7.95, which 

Fig. 2. The half-cycle of the mean tidal current velocity data.  

Fig. 3. Tidal current velocity with added turbulence intensity.  

Fig. 4. Block diagram of the control system for single turbine.  

Table 1 
Tidal turbine parameters.  

Parameter Symbol Value Units 

Rotor radius Rt 11.5 m 
Maximum power coefficient Cp 0.4778 – 
Cut-in velocity Vcut-in 1.0 m/s 
Rated velocity Vrated 2.5 m/s 
Rated power Prated 1.5 MW 
Optimal tip-speed ratio λ 7.95 – 
Gearbox ratio r 66.667 –  
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gives an optimal power coefficient, Cp, of 0.4778. The blue line shown in 
Fig. 5 (b) presents the Cp – λ curve when β is zero degree. Once the flow 
velocity increases above 2.5 m/s, the pitch angle is controlled to change 
with flow velocity; through increasing or decreasing the pitch angle, the 
value of Cp drops and deviates from the maximum point. As can be 
observed in Fig. 5 (a), pitching the blades by 20◦ drops Cp to nearly zero. 
The aim and design of the speed and pitch controller is presented in the 
following section. 

2.2.2. Pitch controller 
The purpose of a pitching mechanism is to ensure, at all times, that 

the output power does not exceed its rated value during periods of high 
flow velocity. The blades can be pitched to feather as the flow velocity 
increases. This reduces the lift force on the blade; therefore, the torque 
on the rotor is reduced and power is regulated. 

A pitch controller was established in this model to control the 
amount of mechanical power captured. The control structure of pitching 
system as shown in Fig. 6. 

This modelled pitch controller utilizes a closed loop control theory. 
Through comparing the rated generator speed, ωrated, and the actual 
measured speed, ω, a pitch angle signal was produced. Cp reduces with 
the changing pitch angle, limiting the turbine speed to rated speed. As 
the direction of the upstream flow is not considered in this project, the 
pitch controller can only be used in regulating output power. 

2.2.3. Maximum power point tracking  

1). Maximum power point curve 

Conventional MPPT control strategy is widely used in tidal turbines 
to extract maximum power from a tidal channel. In this proposed turbine 
model, a maximum power point curve which consists of optimized 
operating points at different values of flow velocity are firstly defined. 
The maximum power point curve modelled in this paper is based on 
equation (3) where the coefficient k is a constant equal to 1.1486 and is 
shown in Fig. 7. 

Topt = k × ω2
opt (3)  

Where Topt is optimal mechanical torque in N⋅m and ωopt is optimal 
generator speed in rad/s.  

2). Speed controller 

The speed and torque of the generator have to correspond to opti-
mized operating points in this maximum power point curve. As 
mentioned above, when flow velocity experienced by the turbine is 
below or at the rated value, the turbines operate at maximum power 
coefficient (pitch angle and TSR are maintained at the optimum value, 
0 and 7.95 respectively). By increasing generator torque to decrease 
rotor speed, the generator speed can be kept at a constant 1000 rpm. The 
pitch controller and speed controller work together to ensure that the 

Fig. 5. Power coefficient Cp curve for the modelled turbine (a) 3D plot of 
Cp(λ, β) as a function of TSR and blade pitch angle; (b) Cp(λ) plot for different 
pitch angles. 

Fig. 6. Block diagram of the pitch controller.  

Fig. 7. Maximum power point curve for this TCT.  
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output power does not go beyond the rated 1.5 MW in high flow ve-
locity. A block diagram of the speed controller is shown in Fig. 8. 

The optimal generator speed, ωopt, generated based on equation (3), 
is used as a reference speed signal input to the speed controller. This 
reference signal is compared with the actual generator speed ωgen to 
produce a reference electromagnetic torque, Tel*. Then Tel* is used as 
input to generator controller to trigger the gate signal of switch devices 
in the rectifier to control the rotational speed of generator. 

2.2.4. Mechanical loads on turbine rotor 
As the mechanical components, such as the turbine blade, shaft and 

support structure, are not modelled within Simulink, the estimation of 
hydrodynamic loads on TCTs is based on axial momentum theory. In this 
theory, the rotor which comprises a number of blades rotating about a 
centre hub is simply treated as a porous disc which presents a uniform 
resistance to the flow passing through it; actuator disc models have been 
widely used in theoretical and numerical studies of tidal current power 
[37]. 

Mathematical modelling is used for calculating the thrust, torque and 
power coefficients. It should be noted that only the contribution of 
variations in the vertical profile of the tidal flow to the operational fa-
tigue loading on the tidal turbine blades is investigated in this paper. 

As the use of axial momentum theory does not take into account of 
three-dimensional flow effects and the structure of the turbine blades, 
there may be a loss in accuracy for the estimation of loads [37]. How-
ever, it is able to present the variations of loads with incoming flow 
velocity which helps to achieve the one objective of this study – the 
mitigation of fatigue loads. The implementation of this numerical model 
is also more straightforward and can be easily integrated with the 
electrical model in Simulink. 

A modified momentum theory proposed in Ref. [38] is used in order 
to achieve a more realistic loading prediction. This modified theory 
accounts for the rotation of the fluid within the slipstream, which gives 
insight into the relationship between the TSR and thrust and torque 
coefficients. The power coefficient, Cp, is a function of the axial induc-
tion factor and is given by: 

Cp = 4a(1 − a)2 (5) 

The axial-induction factor, a, is the fractional decrease in flow ve-
locity between the freestream and the turbine rotor. This coefficient, a, 
is related to Cp by the momentum theory [39]. This suggests that a 
maximum Cp value exists depending on the choice of a. The torque co-
efficient, CQ for a tidal turbine is commonly defined as, 

CQ =
Q

0.5ρπV3
tidalR3

t
=

4a(1 − a)2

λ
(6)  

Where, Q is the torque on turbine. 
The thrust, T is the axial force applied by the tidal current on the 

rotor of a tidal turbine. The thrust coefficient, CT, is defined to be the 
ratio of the thrust on the turbine disc to the freestream dynamic pressure 
multiplied by the area of the turbine disc. Applying the definition of the 
axial induction factor, the thrust coefficient can be written as: 

CT =
T

0.5ρV2
tidalA

= 4a(1 − a)
[

2a(1 − a)
λ2 + 1

]

(7) 

From the above equations, altering the TSR and/or pitch angle will 
affect power, thrust and torque coefficients. It can be observed that a 
slight decrease or increase in a has a much greater impact on CT than on 
Cp. Therefore, the operating point of the tidal turbine is approaching the 
maximum tidal current energy utilization efficiency when a is properly 
reduced or slight increased. 

Although it has a slight adverse effect on the power coefficient, the 
thrust coefficient can be significantly reduced. This is vital for the 
optimization process of choosing TSR and pitch angle, which will be 
discussed in section 3. 

2.3. Turbine array model 

The array comprises two upstream turbines, A1 and A2 separated by 
3D centre-to-centre. A downstream turbine, B1 is located centrally be-
tween these, 4.5D downstream. Three turbines are arranged in a stag-
gered layout, as shown in Fig. 1. 

These three turbines enable a typical wake situation within an array 
to be presented; transport time delay of downstream flow velocity to B1 
depends on the distance between two rows and instantaneous flow ve-
locity directly behind first-row turbines. Under multiple wake effects 
from two upstream turbines, the incoming flow velocity of B1 is much 
lower than the freestream velocity. In addition, for the purposes of this 
study, the use of three turbines can reduce computation time signifi-
cantly. Wake prediction in this Simulink model will be presented in this 
subsection. 

2.3.1. Wake prediction 
Wake prediction for a real turbine is known to be complicated. In this 

proposed TCT array, an analytical method which was inspired from 
theoretical works of a ship propeller jet is used to simulate downstream 
flow velocity. This wake model refers to previous work presented in 
Refs. [40,41]. 

This wake model has been validated by comparing with another set 
of CFD simulation results from Creech et al. [42]; the 5% error between 
results was deemed to be within an acceptable margin [43]. The 
downstream energy loss calculated by this wake model depends on the 
value of a for upstream turbines and the recovery rate of tidal flow. In 
other words, downstream flow speed varies with the pitch angle and tip 
speed ratio of upstream turbines; this corresponds to a realistic turbine 
wake profile. Ambient turbulence intensity and transport delay are also 
taken into consideration. 

In this model, the actual tidal current measurements at the EMEC is 
used as freestream flow (Fig. 7). A time delay calculation was employed 
using a study by Saunders in Ref. [44]; Simulink variable time delay 
blocks were used to model dynamic tidal current inflow for each waked 
turbine. These blocks delay the incident flow speed for each waked 
turbine according to the thrust coefficient, flow speed, and the distance 
between them. The inflow velocity for each turbine in this tidal array 

Fig. 8. Block diagram of the maximum power point curve and speed controller.  
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will be shown in section 6 with simulation results (Figs. 15 and 18). 

2.3.2. Grid connection 
The proposed TCT array model uses a DC collection system config-

uration, with turbines sharing a common DC link. The advantage of this 
configuration is to eliminate the individual turbine rectifiers, which can 
substantially improve the capital cost of the array [45,46]. All power 
generated by array is collected at a common DC link where the voltage is 
kept constant at 1800V. Then, DC power is converted back to AC again 
through an inverter. This array is finally connected to the grid after the 
voltage is stepped up from 690 V to 11 kV through a transformer. The 
structure of this grid connection scheme is shown in Fig. 9, where a 
single line represents the three-phase system. 

3. Tidal current turbine array controller 

3.1. The overall array control system 

Axial induction factor control aims to reduce the wake deficit 
downstream by changing the axial induction factor of upstream tur-
bines. This can be achieved by de-rating the upstream turbines, either by 
adjusting pitch angle and/or operating at a suboptimal TSR. 

The flow velocity used in this paper is measured by ADCP in an actual 
tidal channel. Normally, Doppler devices are located at around 10–20 m 
ahead of the turbine so that flow velocity can be measured a few seconds 
before it reaches the turbines [47–49]. The exact time is dependent on 
the instantaneous flow velocity and the distance between the ADCP and 
the turbine. Even though measuring flow velocity is not the scope of this 
paper, it is an important measurement for the execution of the AIF 
control strategy. 

The proposed array controller is able to optimize and determines 
new speed and pitch angle reference signals for each turbine before the 
measured flow velocity reaches the turbines; this allows turbines to 
quickly respond the upcoming flow velocity input. In low flow velocity 
(Vin < 2.5 m/s), the goal of fatigue loads mitigation is mainly achieved 
by varying the rotor speed. The variation of pitch angle is negligible due 
to the array controller also needing to ensure enough power extraction. 

In high flow velocity (Vin ≥ 2.5 m/s), the array controller provides speed 
and pitch angle reference for each turbine control system. 

The overall control system is shown in Fig. 10. The array controller 
takes measured flow velocity as an input to generate new TSR, λ∗new, and 
pitch angle, β∗

new, reference values. These optimized reference values are 
applied to the Simulink model to produce outputs; total power, Ptotal, 
and mechanical loads, Qn and Tn. 

3.2. Array controller 

3.2.1. Flow velocity process 
One specific time period of flow velocity can be measured by the 

ADCP before it reaches the turbine. The proposed array controller will 
decide the new λ and β references for this time period of flow velocity 
and then decide new references for the next and following time period of 
flow velocity. In other words, the whole tidal cycle is treated as a 
number of small sections of flow velocity for optimization. The proposed 
array control strategy constitutes 4 parts; read and process flow velocity, 
optimization, evaluation and prediction, and results combination and 
selection. 

The execution of the array control strategy starts with averaging the 
measured time-variable flow velocity in one time period. Based on this 
averaged flow velocity, the corresponding λ and β can be easily decided 
from the Cp (λ, β) curve as shown in Fig. 2. The determination of the 
averaged TSR and β is important for the following optimization, since 
these two values will be used to decide the upper and lower limits of the 
change of rotor speed and blade pitch angle. 

3.2.2. GA optimization 
In this paper, the optimal pitch angle and tip-speed ratio settings for 

each turbine are determined using a genetic algorithm (GA), which 
contains multiple objective and constraint functions. Firstly, objective 
functions are defined; for the purpose of this study, maximizing output 
power whilst reducing mechanical loads on turbine blades, multi- 
objective optimization is required. Equations (3), (6), (7) and (9) are 
used as objective functions to optimize each turbine’s power, torque and 
thrust and optimize total array power respectively. In a conventional 
MPPT control strategy, mechanical loads change with flow velocity. 
However, in AIF control the optimized loads are expected to be kept at a 
relatively stable level, which implies that loads need to increase or 
decrease on the basis of the original MPPT results to mitigate their 
fluctuation. When the flow velocity exceeds the average value, the 
corresponding loads need to be reduced. Conversely, loads will be 
increased when the flow velocity drops below the average value. Sec-
ondly, the constraints for objective functions are established. The multi- 
objective GA searches for optimization results based on a set of con-
straints. Three variables, λ, β and induction factor, a, determine the 
optimization results. As mentioned in section 2, slight variations of λ and 
β can cause significant reductions in power and loads. Therefore, the 
boundary constraints of these variables need to be chosen carefully to 
ensure the code is able to generate proper solutions that guarantee 
enough power is extracted. The allowable maximum power reduction 
can be adjusted based on requirements, for example, the status of the 
grid. In this paper, the mitigation of fatigue loads is based on an 
allowable maximum 5% power reduction. 

Ptotal =
∑n

i=1
PTTi (9) 

As a GA is a random-based evolutionary algorithm that search 
optimal results based on constraints, it is important to evaluate these 
optimization results and select the most appropriate λ and β for each 
turbine. In this proposed array controller, all possible results that meet 
the constraint of maximum 5% power reduction are considered. Fig. 11 
shows the maximum and minimum allowable values of TSR when a 5% 
power reduction is allowed. It is worth noting that the percentage of Fig. 9. Electrical configuration of a tidal array with shared common DC link.  
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allowable power reduction can be adjusted based the different re-
quirements. For example, the output of each turbine within an array can 
be controlled based on the amount of power that grid operators require. 

The GA code is run several times, each time the bounds of the three 
variables are adjusted slightly and appropriate results are chosen. All 
results are used to the following prediction and combination part. 

3.2.3. Evaluation and prediction 
After the GA optimization, all optimal λ and β within the given 

constraints are selected for each turbine. These different optimal results 
will generate different array outputs. There is no doubt that all these 
results enable to mitigate fatigue loads for the turbine more or less, 
whilst ensure enough power is extracted. Some results are able to 
improve output power at the cost of slightly higher fatigue loads; for 
example, increase rotational speed but decrease pitch angle on the basis 
of MPPT control would increase loads on turbine rotor also increase 
power, due to power equals to torque times rotational speed. But under 
the control of some results, a reduction in blade fatigue damage at the 
expense of maximum power captured. This is caused by lower rotor 
speed bigger pitch angle in the AIF control. 

According to structural load analysis, pitching the blades to reduce 
the power has little effect on reducing loads when the flow velocity is 
below the rated value. However, adjusting the speed considerably de-
creases the fluctuation of structural loads. At above rated flow velocity, 
an increase in pitch angle has greater effect than adjusting the λ on fa-
tigue load mitigation. Therefore, choose the optimal results of small β 
and large λ when Vin < 2.5 m/s, where the β should as close to zero as 
possible; conversely, optimal results with large pitch angle would be the 
preferred option when Vin ≥2.5 m/s. 

In a TCT array, any changes of λ and β on upstream turbines will 
affect the input of downstream turbines. Therefore, the one set of opti-
mized results for one upstream turbine corresponds to one particular 

downstream flow velocity and array outputs. In this paper two turbines, 
A1 and A2, are located at the first row A; it is assumed that both of them 
operate at the same optimized λ and with a chosen small optimized value 
for β, which means they will produce more power but with relatively 
high fatigue loads. Meanwhile, less power can be extracted by the 
downstream turbine, B1. Conversely, a large β means more power left 
for B1 but with an increase downstream flow turbulence and larger load 
fluctuations on B1 correspondingly. Even though turbines at the same 
row have the same or very similar incoming flow velocity input, it is not 
necessary for them to have identical optimized λ and β references; by 
assigning different optimized results for turbines on the same row, there 
is a potential to improve the performance of the whole array further. 
Here, the optimal results of each turbine are combined to predict all 
possible array outputs and select the most appropriate results for the 
array in this time period of flow velocity. Also, optimizing the outputs of 
each turbine in an array does not ensure that the whole array output will 
definitely be improved. For example, operating some of the turbines 
with MPPT control may lead to better array output. The selected results, 
β∗

new and λ∗new are assigned to each the control system for each turbine, 
which are able to maximize the whole array output averaged over one 
time period and also mitigate fatigue loads. Fig. 12 shows the diagram of 
the array controller. 

The power extracted by a turbine depends on the mechanical torque, 
Tmec and turbine rotor speed, ωTT. The optimized λ and β will generate 
new mechanical torque, T*mec_new and new rotor speed, ωTT_new. In order 
to ensure turbines are able to track the new λ and β references, the 
modifications of original pitch and speed controller are required. 

Every turbine model in this array is connected to the PMSG through a 
gearbox, changes in the speed of the low-speed shaft of the turbine af-
fects the high-speed shaft of generator, ωgen. Therefore, the change in 
turbine rotor speed requires the generator to response accordingly. The 
modification of the speed controller is based on varying the coefficient k, 
forcing the generator to follow a different reference speed. The new 
coefficient k, knew is calculated by equation (8), both T*mec_new and 
ωTT_new are decide the knew. Since the turbines no longer operate at op-
timum TSR in AIF control, by decreasing coefficient k the generator 
speed start to increase to comply with a higher ωTT. Conversely, 
increasing k the generator speed, ωgen will decreases due to lower ωTT. 

In a pitch controller, the pitch angle is decided by the error between 
the reference generator speed and actual speed. In the AIF control, a new 
generator speed reference N∗

rpm new, that decided by the new λ. It is used 
as the reference signal to compare with the actual generator speed, in 
order to track the new β. Fig. 13 shows the block diagram of the AIF 
control method that explain how to modify the conventional MPPT 
control to implement this method in a simulation model. 

After completing the optimization for this period of flow velocity, the 
array controller repeat above optimization process for the next and 
following incoming flow velocity. Detailed presentation and discussion 
of results will be shown in the next section. 

4. Results and discussion 

The simulation model of a TCT array and corresponding array 
controller are established; the control system for each turbine has been 

Fig. 10. Overall control system.  

Fig. 11. Tidal turbine power coefficient curves versus tip-speed ratio for 
different blade pitch angles. The maximum and minimum limits of TSR shown 
for the AIF control strategy compared to the MPPT control strategy. 
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modified to follow optimized speed and pitch angle signals. In this 
section, more details regarding the performance of the array under the 
axial induction factor control strategy is presented. It assesses the dy-
namic response of the controller in temporally-variable flow speed by 
comparing to the MPPT control strategy in terms of output power and 
the variation of torque and thrust. At the same time, this section in-
vestigates the possible effects of this novel control strategy on the 
electrical subsystems. 

4.1. Optimization and simulation results 

4.1.1. Upstream turbines 
In this paper, a real tidal flow velocity is used as the input. Fig. 14 

shows corresponding optimization and simulation results of the two 
upstream turbines, A1 and A2. The incoming flow velocity is presented 
in Fig. 14 (a); identical flow velocity is assumed for A1 and A2, which 
varies between 2.1 m/s and 2.9 m/s within a time period of 120 s. 

Blade pitch angle under MPPT and AIF control are shown in Fig. 14 
(b). When Vin < 2.5 m/s, β is always kept at zero degrees for the MPPT 
control strategy. However, under the AIF control strategy, β is increased 
from zero degrees in order to decrease loads on the turbine rotor. 
Limited by the requirement of 5% allowable power reduction, β∗

new only 
varies between 0 and 0.9◦. When Vin ≥ 2.5 m/s, the blades start to pitch 
and β increases with the flow velocity. Compared with the MPPT control 
strategy, β in AIF control increased by approximately an additional 2–5◦. 
Optimization results have shown that higher flow velocity generally 
corresponds to a larger β∗

new. Observing Fig. 14 (b), it can be seen that 

β∗
new for A1 is higher than that in A2 by around 0.5–1◦. This is because 

the proposed array controller optimizes all turbines as a whole rather 
than individual turbines. A larger pitch angle means that this turbine is 
not able to extract maximum power as usual since more extractable 
energy is left for downstream turbines. Reduction in output power of 
upstream turbines and the increment in output power of downstream 
turbines have potential to increase the whole array output, which will be 
shown in detail and discussed later. 

Fig. 14 (c) shows the variation and comparison of the new generator 
speed reference for A1 and A2 in MPPT and AIF control. The determi-
nation of the value of optimal λ not only depends on incoming flow 
velocity, but also the average flow velocity over a certain time period; 
when the instantaneous flow velocity exceeds the average flow velocity, 
the generator needs to accelerate to reduce mechanical loads. For 
example, the optimal generator speed reference of turbine A1 (red 
dashed line) during 40–60 s is increased to 1100 rpm, which is higher 
than the MPPT rated speed of 1000 rpm. The opposite situation can be 
observed when instantaneous flow velocity falls below the average 
value, where the generator rotates slower than in MPPT control. Lower 
rotational speed results in higher mechanical load. The increase and 
decrease of torque and thrust allows the mitigation of load fluctuations, 
and subsequently the mitigation of fatigue loads. Turbine A1 and A2 
have similar optimal speed but greater change of speed of A2 can be 
observed, which means the generator of A2 requires a faster response. 

According to equations (6) and (7), mechanical torque and thrust 
change with tidal flow; torque and thrust increase with the cube and 
square of the flow velocity respectively. Therefore, torque and thrust 

Fig. 12. Schematic diagram of the array controller.  

Fig. 13. Block diagram of the control system for single turbine under AIF control.  
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Fig. 14. Comparison of MPPT and AIF results for upstream turbines A1 and A2. (a) Incoming flow velocity, (b) Blade pitch angle, (c) Generator speed, (d) Mechanical 
torque, (e) Mechanical thrust. 
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have the same variation trend but the value of torque is greater than 
thrust, which can be observed in Fig. 14 (d) and (e). Between 20 and 40 
s, due to lower optimal reference speed and greater pitch angle, the 
generator is controlled to rotate slower in AIF control, resulting in an 
increase in torque for A1 and A2, exceeding the torque value for MPPT 
control. Conversely, during 40–60 s, the generator rotates faster, 
resulting in lower torque. The torque is controlled to increase or 
decrease on the basis of the original MPPT in order to mitigate its 
fluctuation. Therefore, in AIF control the optimized torque is kept at a 
relatively stable level. Similarly, the AIF control strategy also affects the 
variations of thrust. However, compared with the changes in torque, the 
variation of thrust reduces less; during the time period of 0–30 and 
70–100 s where Vin < 2.5 m/s, the curve of the optimal and MPPT thrust 
are almost overlapped. A slight reduction can be observed in the time 
period of 40–60 and 110–120 s where Vin ≥ 2.5 m/s. 

In general, the effect of AIF control strategy on the changes on thrust 
is less than that on torque due to a difference in sensitivity of torque and 
thrust on tidal flow and axial induction factor. In order to assess the AIF 
control strategy, the rainflow counting method for fatigue analysis from 
MATLAB is used. Rainflow counting for mechanical torque and thrust of 
turbine A1 and A2 for the whole simulation time period is presented in 
Figs. 15 and 16 respectively. It is to be emphasized that for large stresses 
which cause the deformation of turbine blades, failure occurs after much 

fewer stress cycles (low cycle fatigue). 
Fig. 15 shows the reduction in stress range of torque from the 6.9e5 

to 10.7e5 bins during MPPT to the 5.2e5 and 6e5 bins for A1 and to the 
5.3e5 and 6.3e5 bins for A2. Fig. 16 shows the reduction in stress range 
of thrust from the 6.6e5 and 6.7e5 bins during MPPT to the 5.8e5 and 
5.9e5 bins for A1 and to the 5.2e5 and 5.3e5 bins for A2. Moreover, high 
cycle fatigue when torque and thrust are in the range of 0 to 0.1e5 is also 
mitigated. 

From these two figures, it can be observed that the AIF control does 
reduce the stress range for both torque and thrust; A1 has greater 
reduction compared to A2. 

4.1.2. Downstream turbine 
Due to the wake effect, incoming flow velocity for the tidal turbine 

B1, which operates downstream, decreased by 40%, compared with the 
freestream flow velocity. Also, the increase in turbulence intensity in the 
wake results in large unsteady loads on B1 and more fluctuations in the 
corresponding β∗

new and N∗
rpm new signals. Fig. 17 presents the optimiza-

tion and simulation results of B1 in MPPT and AIF control. 
The incoming flow velocity presented in Fig. 17 (a), which is always 

below the rated value of 2.5 m/s, varies between around 1.4 m/s and 2 
m/s. Similarly for changes in A1 and A2, β is always kept at zero degrees 
for the MPPT control strategy. However, under the AIF control strategy, 

Fig. 15. Rainflow counting for fatigue torque analysis for upstream turbine A1 and A2. The stress range bins include all torque variations from the previous bin value 
up to the range indicated. 

Fig. 16. Rainflow counting for fatigue thrust analysis for upstream turbine A1 and A2.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Renewable Energy 216 (2023) 119063

12

Fig. 17. Optimization and simulation results of downstream turbine B1 in MPPT control and AIF control. (a) Incoming flow velocity, (b) Blade pitch angle, (c) 
Generator speed, (d) Torque, (e) Thrust. 
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β is increased and varies between 0 and 0.9◦, which can be observed in 
Fig. 17 (b). Fig. 17 (c) shows the variation and comparison of new 
generator speed reference for B1. During 0–70 s, N∗

rpm new of B1 is 
decreased below the MPPT speed. Conversely, the generator rotates 
faster during 70–120 s; higher rotational speed results in lower me-
chanical load. 

Fig. 18 shows the reduction in stress range of torque from the 8.2e5 
and 8.25e5 bins during MPPT to the 5.7e5 and 5.8e5 bins for B1. Fig. 19 
shows the reduction in stress range of thrust from the 4.6e5 and 4.7e5 
bins during MPPT to the 4.2e5 and 4.3e5 bins. 

For both low and high flow velocity situations, the proposed AIF 
control strategy is able to mitigate fatigue torque on all turbines 
significantly. However, it has greater effect for high flow velocity. 

4.1.3. Output power 
Fig. 20 demonstrates the output power for each turbine and total 

array power in MPPT and AIF control. In this case the upstream turbines 
operated with increased blade pitch angle. While the energy production 
of the down-regulated turbine decreases, the flow velocity in their wake 
increases. This allows for a higher energy production at downstream 
turbines that could guarantee a higher level of power production. Red 

and yellow lines represent the output power of A1 and A2 in AIF control 
respectively, which are normally lower than the power produced in 
MPPT (blue line). Conversely, B1 is able to extract more power in AIF 
control. The purple and green lines represent the output power of B1 in 
AIF and MPPT control respectively. The total array output power is 
measured at the grid side. Energy extracted from tidal flow is delivered 
to the grid through an inverter and transformer, which introduce har-
monics and cause power losses. Thus, the total array output power is 
lower than the sum of each turbine output power, and more fluctuations 
can be observed. Light blue and dark red lines represent the array output 
power in MPPT and AIF control respectively. Comparisons between 
MPPT and AIF control for array power are difficult to observe due to the 
large fluctuations of the instantaneous output power of the array. 
Therefore, average power over one time period needs to be known to 
verify that the AIF control strategy achieves a high level of power 
extraction after AIF control is applied. 

Table 2 shows the average power of each turbine and the overall 
array over the 120-s time period. The average power of upstream tur-
bines A1 and A2 in MPPT control is the same since they have the same 
incoming flow velocity; however, in AIF control turbine A2 produces 
more power than A1. This is caused by the different optimal β and λ 

Fig. 18. Rainflow counting for fatigue torque analysis for upstream turbine B1. The stress range bins include all torque variations from the previous bin value up to 
the range indicated. 

Fig. 19. Rainflow counting for fatigue thrust analysis for upstream turbine B1.  
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settings; β∗
new of A1 is slightly larger than that of A2 which means less 

power is extracted by A1 and more extractable energy left for B1. 
Therefore, the average power of B1 in AIF control is increased. However, 
the increment of power in B1 is not enough to compensate the power 
reduction of the two upstream turbines A1 and A2. Therefore, the total 
array average power produced in AIF control is 0.87% lower than that in 
MPPT control. In the other words, the output total array power average 
over 120 s is similar for both types of control, with less than 1% 
difference. 

4.2. Discussion 

In comparison to other control strategies which change β or λ only, 
the proposed AIF control strategy controls both β and λ simultaneously 
to mitigate fatigue loads whilst guaranteeing a high-level output power 
extraction. 

The simulation results indicate that the fluctuation of mechanical 
torque and thrust on all three turbines are reduced after the AIF control 
strategy is applied; this is particularly evident for mechanical torque 
where a greater reduction can be observed. It is noteworthy that turbines 
are more sensitive to AIF control in a high flow velocity situation. If 
generator speed increases by 40 rpm in both low and high flow velocity 
on the basis of corresponding MPPT speed, a large reduction on the 
variations of torque and thrust can be observed when Vin ≥2.5 m/s. This 
also explains why fatigue load mitigation on turbine B1 is less significant 
than that of A1 and A2 which have higher incoming flow velocity. The 
stress range of torque for all turbines is reduced by around 30–40% and 
the stress range of thrust is reduced 9–20%. 

For a single turbine, we can observe that the torque and pitch con-
trollers compete with each other; a reduction in blade fatigue damage is 
achieved at the expense of a reduction in power capture. However, if AIF 
control is applied in a turbine array, turbines are able to cooperate with 
each other to trade-off between power and fatigue damage. From 
simulation results, the output power of turbine A1 and A2 reduced by 
around 7% and 5.5% respectively. However, changes of β and λ on these 
two turbines result in more extractable energy being left for B1. 
Therefore, the power reduction of upstream turbines can be compen-
sated by a power increase in downstream turbines; under the premise of 
reducing load fluctuations, less than 1% power reduction can be 
observed for this three-turbine array. If more turbines are placed 
downstream, the whole array output power may potentially increase on 

the basis of MPPT control. 
In this paper, the benefits of this novel control strategy shown by the 

simulation results for an example three-turbine array is limited. In re-
ality, hundreds of tidal turbines are typically deployed in an array. 
Therefore, a larger-scale array will be simulated to test the effects of this 
AIF control as a next step in this research. 

It should be noted that the control strategy of adjusting either β or λ 
only was also tested in this turbine array model; to achieve this, the same 
N∗

rpm new was assigned to the speed controller of turbines and the pitch 
controller was kept following the original reference signal produced in 
MPPT control. To adjust β only, the pitch controller follows β∗

new while 
the speed reference signal is generated by MPPT control. By controlling 
β or λ (but not both), both mechanical loads and output power have 
corresponding changes. However, these changes do not mitigate fatigue 
loads effectively and does not guarantee simultaneous high level of 
power extraction. For example, the thrust fluctuations even increase 
when only the generator speed is controlled and the output power is less 
than that in MPPT and AIF control. Furthermore, larger torque fluctu-
ations can be observed when the control strategy attempts to adjust 
pitch angle only. 

The performance of this proposed array controller is outlined with 
particular emphasis on the dynamic response in time-variable flow ve-
locity and the trade-off between output power and fatigue loads. In low 
flow velocity, the objective of stabilizing the fluctuation of loads is 
mainly achieved by adjusting generator speed. Conversely, the pitch 
controller dominates the results of the array in high flow velocity. 

Unlike other control strategies which adjust rotor speed to change λ, 
this proposed array controller mitigates fatigue loads from an electrical 
perspective through changing generator rotational speed; the operation 
of the turbine rotor and the generator are controlled to deviate from the 
optimal points. Generators need to follow the new reference signals with 
greater variation, which means they are required to accelerate and 
decelerate faster. This causes the speed controller to operate at its limits 
regarding the maximum change in speed per second, due to the physical 
limitations of the generator. Therefore, in order to ensure generators are 
able to respond correctly and promptly; the setting of maximum accel-
eration and deceleration rate in rpm/s in the controller needs to change 
to match to physical generator. 

Moreover, AIF is achieved by allowing the generator rotational speed 
to reach up to 120% of the rated speed. Hence, care must be taken to 
ensure that the generator is able to operate at overspeed and does not 
exceed its design limits, which may otherwise affect the performance 
and lifetime of the generator. Typically, generators in tidal turbines are 
operated in variable speed and most of them allow overspeed operation, 
for safety reasons. An example of one type of PMSG designed by ABB 
used in wind turbines allows operation within the speed range of up to 
150% of rated speed, and a maximum overspeed of up to 240%. 

Therefore, the prerequisite of overspeed operation under AIF control 
is confirmation that the motor can run at the overspeed frequency 

Fig. 20. Output power of each turbine and total array power in MPPT and AIF control.  

Table 2 
Average power over this 120-s time period.  

Control 
Method 

Turbine 
A1 

Turbine 
A2 

Turbine B1 Total Array Output 
Power 

MPPT control 1.5426e6 1.5426e6 0.48102e6 2.5279e6 
AIF control 1.4279e6 1.4568e6 0.55030e6 2.5060e6  
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without being damaged or shortened life expectancy. Some generator 
features also need to be considered when running at overspeed, like 
bearing speed rating. Bearings should be able to safely operate when 
generator operate at an overspeed condition without heat build-up that 
could reduce operational life. 

Even if the generator is able to withstand higher rotational speeds, a 
greater variation in speed can result in more fluctuating electrical power 
which could potentially impact stability and power quality in electrical 
power system. For example, voltage instability, frequency deviation and 
harmonic distortion are all issue to be aware of during development. 
Therefore, the assessment and discussion of electrical power quality 
under AIF control will be a key objective of future work. 

5. Conclusion 

An array controller has been presented in this paper, which enables 
the mitigation of fatigue loads whilst guaranteeing a high level of power 
extraction. This paper presents a novel strategy in tidal turbine array 
control that focuses on optimization of both power and loads simulta-
neously. According to the temporally-variable incoming flow velocity, 
the proposed control strategy optimizes and assigns the reference signals 
of β and λ for each turbine controller. 

This array controller is applicable to any TCT array, provided that 
the size and arrangement of the array and the specification and char-
acteristics of the turbine are known. Throughout this paper, a number of 
objectives have been achieved:  

• The fluctuation of mechanical torque and thrust on all three turbines 
A1, A2 and B1 are reduced after the AIF control strategy is applied; 
the stress range of torque for all three turbines is reduced by around 
30–40% and the stress range of thrust is reduced by 9–20%. More-
over, the fatigue load mitigation on the two upstream turbines A1 
and A2 is more significant than that of downstream turbine B1.  

• Under the premise of reducing load fluctuations, output power for 
the three-turbine array reduced by less than 1%. Although the output 
power of turbine A1 and A2 reduced by around 7% and 5.5% 
respectively after AIF is applied, this power reduction is compen-
sated by a power increase in downstream turbines. 

The limitations of this proposed array controller and recommenda-
tions for future work is described below:  

• The need for fast controller response times to control β and λ 
The time taken for each turbine controller to respond to new 

reference signals from the array controller needs to be shortened as 
much as possible in order to ensure that each turbine operates with 
the correct β and λ values when the corresponding incoming flow 
velocity reaches the turbines. In other words, control systems need to 
reach steady state as soon as possible for one specific time period of 
flow velocity and then respond to the next and following time period 
of flow velocity.  

• Assessment of the lifetime of the pitching system 
The pitch system is one of the components in a tidal turbine that 

has both high failure rates and long downtime. Under AIF control, 
blades need to be pitched more frequently in low flow velocity sit-
uations; β varies between 0 and 1◦. Compared with MPPT control, it 
is always kept at zero degrees under the same situation. Hence, more 
frequent use of the pitching system may affect its lifetime. This 
important issue will be considered in future work.  

• Higher accuracy for calculation of loads 
The classical momentum theory provides perhaps the simplest 

description of an axial flow turbine as it does not take the structure of 
the turbine rotor and three-dimensional flow effects. Therefore, more 
advanced turbine rotor modelling methods, like blade element mo-
mentum theory (BEMT) and computational fluid dynamics (CFD) 

which are able to offer more accurate description of turbine perfor-
mance will be considered in future work. 
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