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Abstract

Engincering, Uppsala University, Uppsala, Swed : . . . 4 -
nemnecting, Tppstia Hniversity, Hppstia, sweden Marine current power is attracting more attention as a renewable energy option. Similar

to wind power, marine current power often requires a maximum power point tracking
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verter, where hydrodynamic calculations are coupled with electrical simulations, the study
demonstrates that the OTSR method achieves MPPT with a comparably fast convergence
time. After a change in water speed, the OTSR method achieves optimal operation within
two turbine rotations. Additionally, the P&O methods are shown to achieve MPPT, albeit
with a significantly longer convergence time. However, the P&O methods can be more
convenient since no model of the system is required, and no water speed measurements are
necessary. The proposed implementation of the OT method underperforms but positions

the system close to the optimal operational point.

1 | INTRODUCTION

After hydropower, wind, and solar power collectively represent
the most established renewable energy sources. Wind power
constitutes 27% of the total global generation capacity, while
solar power accounts for 31%, with the remaining share primar-
ily sourced from conventional hydropower [1]. The increasing
demand for electrical energy from renewable energy sources
has prompted a search for additional green energy alterna-
tives. Marine energy sources, such as wave power and matine
current power, have demonstrated potential and are currently
being developed as alternatives and complements to established
renewable energy sources.

An important consideration when harnessing electrical
power from wind and solar power is how the power extrac-
tion is optimized. Wind and solar are intermittent resources and
can vary intensively from minutes to years [2]. Therefore, wind
and solar power often require a maximum power point tracking
(MPPT) strategy to optimize the extracted power [3, 4].

In wind power, two often discussed MPPT methods are the
optimal tip speed ratio (OTSR) method and the optimal torque
(OT) method [4-10]. Beyond these two strategies, a multitude
of MPPT schemes can be found in the literature, many of
which are based on a search method, for example, the per-
turb and observe (P&O) method [11]. An important distinction
between the methods lies in the amount of required knowledge
about the turbine and the types and quantity of sensors needed.
The OTSR and OT methods require a deep understanding of
the turbine’s characteristics, while the P&O method does not
require an accurate model of the turbine.

Wind power and marine current power are similar from
a technological perspective. Technologies for marine current
power are often based on a rotating turbine and generator [12].
Therefore, it is natural to draw on expetiences from wind power
when considering how to design technical solutions for marine
current power. However, it cannot be assumed that a techni-
cal approach that is suitable for wind power by extension will
be suitable for marine current power. Therefore, it is necessary
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to study the implications of the solutions proposed for wind
power for the specific characteristics of marine current power.
However, the published research on MPPT methods for marine
current power is still limited, particularly in journal publications.
In [13], a review of MPPT methods is given based on research in
wind power and one P&O method is simulated and analysed for
a marine energy conversion system consisting of a tidal turbine,
gearbox, permanent magnet synchronous generator (PMSG),
rectifier and a buck converter connected to a load. It is con-
cluded that the proposed MPPT method increases the power
generated by the system. A simulation-based comparison of
conventional PI control, high-order sliding mode control, and
active disturbance rejection control is provided for a tidal stream
turbine system in [14]. A model-based approach for MPPT for
marine current turbines is investigated in [15]. The proposed
concept is to exploit the predictability of the marine currents
and instead of using sensors to determine the speed of the
marine currents use a model for the marine current resource to
determine the water speed at different times. A similar approach
to sensotless control is proposed and discussed in [10] for a
doubly-fed induction generator-based marine current turbine.
In [17], a power limitation control at high tidal speeds for a
marine current turbine with a PMSG is considered, and speed
and torque MPPT control is additionally discussed. A sensorless
MPPT approach for a marine current energy conversion system
with an induction generator is considered in [18] and [19], where
a growing neural gas network is used to estimate the water speed
using the torque and the rotational speed of the generator. The
estimated water speed is then used to generate the optimal rota-
tional speed of the generator. In [20], a reinforcement learning-
based algorithm is used for the MPPT for a tidal energy conver-
sion system. In [21], an adaptive backstepping control method is
used to achieve MPPT. The proposed method compensates for
disturbances and uncertainties in the system. The method was
supplemented with fuzzy logic control, allowing adjustments
to the parameters of the adaptive backstepping control in real-
time to enhance performance. Another example of applying a
machine learning approach to MPPT is provided in [22], whete
support vector regression is used. The method is sensotless in
that no water speed measurements are needed. The power is
maximized by using a relation between the generator power and
the generator speed, which has been constructed offline by the
support vector regression. In [23], a P&O MPPT method was
evaluated for a three-bladed vertical axis marine current turbine,
using both a laboratory prototype and simulations. The P&O
MPPT method was shown to have good performance both
in the experimental tests and in the computer simulations. In
[24], two active disturbance rejection control approaches with
OTSR control are proposed for a marine current turbine and
evaluated in a simulation-based study. The proposed control
approaches are compared with traditional PI control and slid-
ing mode control, and it is shown that the active disturbance
rejection control approaches can be more efficient compared
with the conventional methods. In [25], strategies to smooth the
power from marine current turbines in view of current speed
variations due to swell effects are investigated. The conventional

OTSR method, a modified OTSR method where a low-pass
filter is used to filter the reference rotational speed of the tut-
bine, and the OT method were considered in the study. Using
simulations, it was shown that all three methods are efficient,
but the conventional OTSR method has the largest energy yield
since it is the fastest in reaching the MPP. However, the power
fluctuations are lower in the modified OTSR method and the
OT method.

Many of the references discussed above consider a generic
marine current energy converter or only discuss the MPPT
method at a general level. Therefore, there is a need for more
detailed studies on MPPT methods for specific marine energy
converter technologies. The Division of Electricity at Upp-
sala University, Sweden, has developed a vertical axis marine
current turbine. The turbine is deployed in the river Dalil-
ven in Sweden and the test site comprises the turbine with
a generator and an onshore measurement cabin with a grid
connection system. The grid connection system is based on a
back-to-back converter technology. The development and eval-
uation of the grid connection system are further presented
in [20].

The system at the Soderfors test site has been evaluated
in coupled electrical and hydrodynamic simulations in [27]. In
this study, it has been shown that the results from the simula-
tion model agree well with experimental results, except at low
rotational speeds of the turbine. The electrical system model
considered in the study encompasses only the generator side
of the back-to-back converter. In the study in this paper, a
full model of the electrical grid connection system, that is, the
back-to-back converter, is coupled with the verified hydrody-
namic model from [27]. The model is used to evaluate MPPT
schemes from wind power research for the marine current
power technology at the Séderfors test site.

In this paper, the OTSR method, the OT method, and the
P&O method will be discussed. The theory will primarily be
based on wind power research, but the implications of the meth-
ods for marine current power will be presented. Furthermore,
four case studies using the coupled simulation model of the
Soderfors marine current turbine will be presented. The case
studies will demonstrate the performance of the OTSR, OT,
and P&O methods on the turbine. The novelty of the study pre-
sented in this paper lies in applying these methods to a system
with the specific characteristics of the Séderfors test site. More
precisely, a slowly rotating turbine with large torque variations.

The paper is organized as follows. In Section 2, MPPT
schemes for wind power are reviewed and discussed. The focus
is on the methods OTSR, OT, and the P&O method. In Sec-
tion 3, the MPPT methods are discussed with a focus on the
characteristics of marine current power. In Section 4, the elec-
trical system at the S6derfors test site is presented. Furthermore,
the simulation model is presented. In Section 5, four case studies
are presented where the simulation model is used to evaluate the
OTSR, OT, and P&O methods for the matine current power
system at the Séderfors test site. Finally, in Section 6, a summary
of the paper is presented and the most important conclusions
are given.
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FIGURE 1 Typical power coefficient curve for a wind power turbine.

2 | MPPT METHODS IN WIND POWER

The main aim of an MPPT method in wind power applications
is to adjust the rotational speed of the turbine in order to maxi-
mize the extracted power from the wind turbine for a given wind
speed. Why this is the case will be explained in this section.

The mechanical power captured by a wind turbine can be
described by the following equation:

P = 30 BV, G B, 0
where p,;, is the density of air (often 1.225 kg/m? is used), R is
the radius of the turbine in [m)], 17,4 is the wind speed in [m/s],
and C,(4, B) is the wind turbine power coefficient. The power
coefficient indicates how efficient the turbine is in transforming
the power in the wind to mechanical power and is defined by

P
Cp = D @)

air

where P

i is the power in the wind. The maximum theoretical

value of the power coefficient is given by the Lanchester—Betz
limit, which is 16/27 & 59% [28]. The actual maximum value of
the power coefficient will depend on the properties of a specific
wind turbine. As shown in Equation 1, the power coefficient is
dependent on two parameters: the TSR (often designated by 1),
and the blade pitch angle, 8. The TSR is defined as the ratio
between the tangential speed of the tip of the turbine blade and
the velocity of the air, and it is given by the following equation:

W R

A= .
T/\vvind

3

For a given f3, the power coefficient curve usually has a shape
as shown in Figure 1. The power coefficient curve has a maxi-
mum value at a certain TSR. The maximum value represents the
optimal power coefficient, that is, the maximum power point

Vwind
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— = - Controller

Wind energy Wt
system

FIGURE 2  General operational principle of the OTSR method.

(MPP) where the power extracted from the wind is at the possi-
ble maximum value. In the figure, this point is indicated by C;,p,.
The optimal power coefficient is achieved at the optimal TSR
Ropo-

In wind power applications, MPPT strategies are often con-
sidered only for the region between the cut-in wind speed
and the rated wind speed, commonly designated region 2 [0].
Beyond the rated wind speed, aerodynamic power control of
the blades is employed, with the main techniques being passive
stall, active stall, and pitch control [29].

MPPT algorithms have been used extensively in wind power
applications and many methods have been proposed. One pos-
sible categorization of the methods is between indirect power
control (IPC) methods and ditect power control (DPC) meth-
ods [0, 10]. In the IPC methods, the control objective is to
maximize the captured wind power, while the DPC methods
aim to maximize the electrical power from the generator [0].
Additionally, hybrid methods can be consideted where multiple
methods are combined [6]. In the following sections, the OTSR
method and the OT method, which can be classified as IPC
methods, will be discussed. The DPC method P&O will also
be considered, and finally, hybrid and intelligent methods will
be discussed.

2.1 | OTSR in wind power

The general operational principle of the OTSR method is illus-
trated in Figure 2. Equation (3) is employed to calculate a
reference value for the rotational speed of the turbine according
to:

" /lopt Viind

The reference value is compared with the actual rotational
speed and the error is sent to a controller, for example, a PI
controller. The OTSR method exhibits a fast response to wind
speed variations [30]. The implementation of the method is
also not theoretically complicated; only Equation (4) and mea-
surements of the wind speed and rotational speed are needed.
However, in practice, it can be a very difficult and expensive
task to achieve accurate wind speed measurements [31]. For
large wind turbines, the wind speed cannot be assumed to be
the same over the whole wingspan of the turbine [31]. Further-
more, the OTSR method requires knowledge of the optimal
TSR (Ao
tally [32]. The performance of the system will consequently be

) which can be determined theoretically or experimen-

affected by the accuracy of the determination of the optimal
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FIGURE 3  General operational principle of the OT method.

TSR. If this value is incorrect the performance of the turbine
will be suboptimal.

2.2 | OT in wind power

In the OT method, the torque of the generator is controlled
in order to achieve maximum power extraction from the tur-
bine. If optimal operation of the turbine is assumed, 4 = A,
and Cy(4,B) = Ci, and the relationship A = w7} is used,
Equation (1) can be rewritten as the following equation:

where 7" is the reference torque given a rotational speed ;.
The factor £, is a constant dependent on the properties of the
turbine. The operational principle of the OT method is shown
in Figure 3. The reference torque, 7", is compatred with the
actual torque and the error is sent to a controller. Similar to
the TSR method, the controller (which can be a PI controller)
generates a control signal for the wind energy system. Unlike
the TSR method, the OT method does not require wind speed
data, making its control implementation simpler [9]. However,
because the system does not react directly to changes in wind
speed, the response time of the OT method is slower [9]. The
OT method also requires accurate measurements of the torque
and the rotational speed of the turbine. Furthermore, the factor
kopi is dependent on the mechanical status of the turbine and
can change over time, which can affect the performance of the
system negatively [4].

2.3 | P&O in wind power

The P&O method is based on the principle of imposing a pet-
turbation on the system and observing the change in power.
This method is widely used in wind energy systems [5]. In
Figure 4, the concept of the method is illustrated. If the sys-
tem is assumed to initially operate at point 4, then the rotational
speed of the turbine needs to be increased in order to move
the system closer to the MPP. To achieve this, the rotational
speed is increased by Aw, and the power output from the sys-
tem is evaluated. The power is increased by AP and the system
is now at operating point 4. Since an increase in the rota-
tional speed increases the power level, the rotational speed is

A
MPP
cd.
bd !
‘AP
agy
A'wt
>
Wt

FIGURE 4  General operational principle of the P&O method.
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FIGURE 5 Flowchart of the P&O algorithm.

increased again. This is continued until no change in power can
be observed, and the system can be assumed to be at the MPP.
The approach is the same if the system operates to the right of
the MPP. In this case, however, the rotational speed needs to be
decreased.

An important consideration when using the P&O method is
how to decide how much the control variable should be changed
[11]. In Figure 4, this is illustrated by the incremental changes in
the rotational speed of a wind turbine. A larger step size means
that the system converges faster towards the MPP. However,
in this case, the system can overshoot the MPP. A smaller step
size makes it less probable that the MPP will be missed but
increases the convergence time. Furthermore, the P&O method
is sensitive to fast changes in wind speed [11].

In TFigure 5, a flowchart of a P&O method is shown.
Similar approaches can, for example, be found in references
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TABLE 1 Comparison of the OTSR, OT, and P&O MPPT methods. The table is adapted from [0, 9].

Performance
Convergence Memory Wind speed under varying Model
Algorithm Complexity speed requirement measurement wind conditions dependent
OTSR Simple Fast No Yes Moderate Dependent
oT Simple Fast No No Moderate Dependent
P&O Simple Low No No Moderate Independent

[33, 34]. The first step in the considered method is to collect
measurements of the output power from the system, P(z), and
the rotational speed of the turbine, (7). Then, the difference
in power and rotational speed with regard to the earlier iteration
is calculated. If the power was increased compared to the earlier
iteration, and this was due to an increase in the reference value
of the rotational speed of the turbine, then the reference value
of the rotational speed, w;, is increased again by §. On the
other hand, if the increase in power was due to a decrease in
the rotational speed, then the reference value of the rotational
speed is decreased again. If Figure 1 is considered again, then it
can be observed that the first case corresponds to the situation
where the system operates at a point to the left of the MPP,
that is, at point «# in the figure. The second case, that is, when
the rotational speed is further decreased, corresponds to point
b in the figure. If the power is decreased by the perturbation,
the change in the reference value of the rotational speed is the

opposite of the described.

24 | Comparison of the MPPT methods for
wind power

In many publications where MPPT methods are discussed, a
comparison of the methods is presented. See, for example, ref-
erences [4-0, 8, 9]. The results of the comparisons are often
similar, but the wording can differ between the publications. In
Table 1, some generalized characteristics of the MPPT meth-
ods are given. The table is adapted from [6, 9]. The column
“model dependent” indicates if the method requires a model
of the wind energy systems. For the OTSR method, a model is
required in order to establish Aopt. In the OT method, a model
is required to determine a value for the £, factor. However,
the P&O method does not require a correct model of the wind
energy system.

2.5 | Other MPPT strategies in wind power

Hybrid strategies, where multiple methods ate combined
in order to improve the performance of the system, have
been considered in the literature [0]. Furthermore, fuzzy-
based, neural network-based, adaptive, and multivariable P&O

methods have also been extensively investigated in the
literature [6].

3 | MPPT METHODS AND MARINE
CURRENT POWER

Even though a marine current power system has many similari-
ties with a wind power system, differences should be considered
in the MPPT design process. From a principle perspective, there
are no obvious limitations to why the general principles of the
MPPT methods discussed in Section 2, could not be used in
marine current power. However, it is important to consider
the specific characteristics of marine current power in order to
evaluate the eventual limitations and possibilities.

Regarding the resource, that is, free-flowing water in the form
of marine currents, it can be observed that marine currents,
compared to wind, are highly predictable, though still vari-
able in intensity [35]. The predictability of the marine currents
opens the possibility of using, for example, a machine learn-
ing approach to predict the water speed without using water
speed sensors. This approach has, for example, been consid-
ered in references [18-21]. It can generally be observed that
using an approach where water speed measurements are nec-
essary, for example, the OTSR method discussed in Section 2.1,
results in the same issue as for wind power applications, that
is, the problem of obtaining correct measurements of the water
speed. For example, at the Séderfors test site, the water speed
has been measured with two acoustic Doppler current profil-
ers (ADCP) [36]. One of the ADCPs is located in front of the
turbine and one after the turbine; therefore, the water speed at
the turbine needs to be estimated. In [30], the water speed at
the turbine was estimated by assuming the turbine to be located
exactly at the midpoint between the ADCPs and that the change
in the cross-section of the river is linear. The latter assumption
is only reasonable since the turbine is located in a man-made
channel. The issue of measuring an accurate water speed at a
marine current turbine can be expected to be much more com-
plicated in the open sea or channels with much more significant
geometric variations.

‘Two important aspects where the conditions will differ signif-
icantly between wind and marine currents are the following [35]:
firstly, the density of water is considerably higher than that of air,
and secondly, the speed of water currents is much slower com-
pared to wind speeds. Specifically, this implies that the turbine
will rotate more slowly, resulting in the generator experienc-
ing higher torque. Due to the slow rotation of the turbine, the
rotational energy will be lower when compared to wind power
applications. The control algorithms discussed in Section 2 need
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FIGURE 6 Overview of the electrical system at the Soderfors test site.

to be evaluated with regard to these conditions for a specific
marine current energy converter technology. For instance, as the
OT method utilizes the torque of the generator as a control vari-
able, and this torque can be expected to be substantial in marine
current power, it can become necessary to consider this in the
controller design

As noted in Section 2, the P&O method can exhibit problems
in performing when the wind speed is changing rapidly. Since
the speed of matine currents is more stable and predictable
than winds, the P&O method can be expected to be associated
with fewer issues in marine current power compared to wind
power.

4 | THE ELECTRICAL SYSTEM AT THE
SODERFORS TEST SITE

The electrical system at the Soderfors test site is based on a
back-to-back converter technology. An overview of the system
is given in Figure 6. The energy in the free-flowing water is
transformed into mechanical energy by the turbine, which, in
turn, is transformed into electrical energy by the generator. The
generator is a PMSG connected to the turbine in a direct-drive
configuration, that is, no gearbox is used. The generator is con-
nected to an onshore measurement cabin by an approximately
200 m long AC cable. The output from the generator is filtered
with an LC filter in the measurement cabin. The filter, together
with the inductance of the generator, constitutes an LCL filter.
After the filter, the voltages and currents from the generator are
transformed to DC quantities by an IGBT-based 2-level volt-
age source converter (2L-VSC). The generator-side converter is
connected to the grid-side converter via a DC link. The grid-side
converter is an IGBT-based 3-level voltage source converter
(BL-VSC). The grid-side converter is connected to the distri-
bution grid via an LC filter and a power transformer. The LC
filter, together with the inductance of the transformer, forms
an LCL filter. For more information about the development
of the grid connection system at the Soderfors test site, refer
to [20].

In the following sections, the details of the model that has
been developed in order to describe the system at the Soderfors
test site are presented. The aim of the model is to provide a com-
prehensive description of the system while being suitable for
simulation. The presentation in the following sections will only
offer an overview of the system and highlight the parts relevant
to the current study. More details about the implementation of
the model can be found in [37, 38].

LC filter 2L-VSC - pe
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FIGURE 7  Generator side of the back-to-back converter with the vortex
block for generating the torque for the generator.

4.1 | The generator side

The model of the generator side of the system is shown in
Figure 7. The implemented control method is field-oriented
control (FOC) with zero d-axis current. This method consists
of two control loops, one to control the ¢g-axis current and one
to control the #-axis current. If the d-axis current is controlled
to zero it can be shown the electromagnetic torque is given by
the following equation [29]:

3 .
]; = Eplpqu ’ (6)

where W is the rotor flux linkage, p is the number of pole pairs,
and 7, is the g-axis component of the stator current. From
this equation, it can be concluded that by controlling the ¢-
axis current, the electromagnetic torque of the generator can
be controlled, which means that the speed of the turbine can be
controlled. The reference value of the g-axis current is decided
by the MPPT block. The MPPT strategy can be one of the
methods from Section 2, for example, OTSR, OT, or P&O.

The parameters of the generator side of the system are given
in Appendix A. The inductor of the L.C filter is assumed to be
non-ideal with a resistance value of 66 mQ. LCL filters are asso-
ciated with resonance issues, which can have an adverse effect
on the controller [39]. One way to mitigate the resonance issue is
to use a passive damping approach, whete resistors are included
in series with the capacitors [39]. In the model presented in this
section, this passive damping approach is used. A suitable value
for the damping resistor can be calculated using the following
equation [40]:

1

Ry= ——,
4 3 Wres Cf

)

where C; is the capacitance of the filter and @, is the resonance

res
frequency of the LCL filter. Assuming that the generator-
side LCL filter only consists of the generator inductance,

and the capacitance and inductance of the LC filter, that is,
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FIGURE 8  Grid side of the back-to-back converter.

neglecting the influence of the AC cable, and non-ideal proper-
ties of the components in the system, the resonance frequency
can be calculated with the following equation [39]:

w.. = M 8)
TV ILLG

where 7, and 7., atre the inductances of the LCL filtet.

Combining Equations (7) and (8), and using the parameter
values from Appendix A, the value of the damping resistor can
be calculated to be 3.49 Q. The damping resistance can also be
said to represent, to some extent, unknown resistances in the
system due to the non-ideal properties of components, as well
as resistance in cables and connectors.

The torque to the generator is generated by the vortex block
in Figure 7. This block represents a two-dimensional free vor-
tex method. It takes the rotational speed of the turbine and the
water speed as inputs and gives the torque as output. The vortex
method coupled with an electrical system has been validated for
the marine current energy converter in Séderfors in [27]. The
coupled simulations were shown to have good agreement with
experimental data from the test site.

4.2 | The grid side

The grid side of the back-to-back converter is shown in Figure 8.
The 3L-VSCis connected to the distribution grid via an LC filter
and a power transformer. The distribution grid in the model has
a line resistance of 34 mQ and a line inductance of 0.5 mH [26].
The control method is voltage oriented control (VOC) with a
phase-locked loop (PLL) scheme. The PLL scheme is the syn-
chronous reference frame (SRF-PLL) method, which is more

comprehensively explained in [41]. The parameter values of the
grid side system can be found in Appendix A.

The controller is implemented with decoupled - and g-axis
components, which means that the reactive and active power
can be controlled independently of each other [13]. The LC fil-
ter and the power transformer constitute an LCL filter. Since
the system constitutes an LCL filter, it suffers from the issues
arising from the occurrence of a resonance frequency. In order
to mitigate the resonance issues, a damping resistor is included
in the model. The value of the resistor is selected with Equa-
tion (7) and a modified version of Equation (8), see reference
[38]. The value of the damping resistor is 2.31 . The damping
resistor of the grid side LCL filter can similarly, as in the case of
the generator side filter, be said to represent parts of the resistive
elements of the system that are not included in the model.

4.3 | MATLAB/Simulink implementation
The model presented in Sections 4.1 and 4.2 is implemented
in MATLAB/Simulink. The Powergui components ate used for
the electrical components. The PI controllers are implemented
as parallel discrete-time controllers. The model is simulated with
a fixed step length. As discussed in Section 4.2, the torque on the
generator is generated by the vortex.

5 | CASE STUDIES

The model presented in Section 4 is used to evaluate the OTSR,
OT, and P&O methods. In the following sections, it is first
described how the MPPT methods are implemented, and then
the results from the simulations are shown.

5.1 | Implementation of the MPPT methods

5.1.1 | Implementation of the OTSR method

The power coefficient curve for the turbine is shown in
Figure 9. The curve has been fitted from measurements on the
turbine [42]. The optimal power coefficient is C,c = 0.26 at an
optimal TSR of A, = 3.05. For the OTSR method, the opti-
mal TSR is used with Equation 4 in order to generate a reference
value for the rotational speed of the turbine given a certain water
speed. The reference value is compared with the actual rota-
tional speed, as illustrated in Figure 2, and the error is sent to a
PI controller, which generates the ¢-axis reference current, z';}.

5.1.2 | Implementation of the OT method

For the turbine at the Séderfors test site, the power captured by
the turbine is given by the following equation:

1
L= zpwatcAI/\AéateGC (/‘l) ’ (9)
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FIGURE 9  Power cocfficient (C},) curve fitted from measurements [42].
The optimal TSR derived from the fitted curve is /1(>pt ~ 3.05, which
corresponds to an optimal power coefficient of C;, (/lopt) ~ 0.26.

where A is the cross-sectional area of the turbine, and Py,
is the water density. The pitch of the turbine blades cannot be
changed, and therefore, the power coefficient is only dependent
on the TSR. The TSR is still given by Equation (3), but it is now
defined as the velocity at the tip of the blades relative to the
water speed, rather than the wind speed as before. If the TSR is
inserted in Equation (9), the following equation is attained:

1 Copt
])t = EpwattrAR?) 3 (l):’ = ’éoptw?' (10)
opt
And with P, = T[w,:
T = ko, (1

If the density of the water is assumed to be 997 kg/m?’
and the parameter values for the turbine from Appendix A ate
used together with the optimal TSR and the optimal power
coefficient, then the optimal £-factor can be calculated as the
following:

1 5 0.26
Fope = 59972137 = 0 2590, (12)

Equation (6) can be rewritten and combined with Equa-
tion (11) to generate a g-axis reference current for the controller:

-3k

i = 3%?/@0@0)3. (13)

In the implemented OT control method, Equation (13) is
used directly as the reference current. This approach is similar
to the general operational principle of the OT method illus-
trated in Figure 3. However, using Equation (13), no additional
PI controller is required.

5.1.3 | Implementation of the P&O method

The P&O method, as illustrated in Figure 5, is implemented.
The power at different parts of the system can be considered,
such as the power on the DC link or the three-phase output
power from the generator. Two other cases are considered here:
1) the mechanical power to the generator, P, = 7[w,, and 2) the
power injected into the distribution grid, calculated using the
dg-components of the grid currents and voltages, expressed as

Ly = %Wg"dg + Vgglgg)-

The reference value for the rotational speed, ;' (1), generated
by the P&O algorithm is compared with the actual rotational
speed, and the error is sent to a PI controller, which generates
the g-axis reference current, 7.

The rotational speed of the turbine is not changed immedi-
ately when the reference value is changed. Therefore the system
is allowed 2 s to settle. Furthermore, the torque and rotational
speed of the turbine oscillate, which depends on the five-bladed
construction of the turbine. In order to account for this and
eventual noise, the mean value of the power and the rotational
speed is used. The mean value is calculated for 8 s. Therefore,
the time between each iteration of the algorithm is 10 s.

If the change in power is very low between two steps of the
rotational speed, then it is reasonable to assume that the system
is close to the MPP. In this situation, the difference in power
can possibly depend on other factors than an actual difference
in power, for example, noise. Therefore, it is imposed that the
rotational speed is only changed when |AP| > 4, whete d is a
predefined limit, and in this case, 20 W

An important design parameter in the algorithm is the size
of the change in the reference value of the rotational speed, &.
The nominal rotational speed of the generator is 1.57 rad /s, and
therefore, in order not to miss the optimal value, a step length
of 0.01 is selected. This choice can result in a slow convergence
time but decreases the risk of missing the MPP.

5.2 | Simulation results

The simulations are performed in a similar way for all three
MPPT methods. However, due to differences in settling
times between the methods, various simulation durations are
employed. All simulations start at a water speed of 1.2 m/s.
After allowing time for the simulation to settle, the water speed
is then increased to 1.3 m/s. It is important to note that this sud-
den increase in water speed does not represent a realistic change;
rather, it is used exclusively to assess the performance of the
controllers. This includes evaluating their ability to respond to
sudden changes in water speed and accurately track the MPP.

The following four mechanical vatiables are evaluated: rota-
tional speed (@, in [rad/s]), torque (7{ in [Nm]), TSR ([-]),
and C, ([—]). The TSR is calculated using Equation (3) with
the water speed, and the power coefficient is calculated using
Equation (2). Additionally, the following electrical variables are
evaluated: the reference g-current (i;} in [A]) and the three-phase
generator currents (£, in [A]).
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FIGURE 10 Considered mechanical variables for the system with OTSR
MPPT control: (a) rotational speed, w, [rad/s|, (b) torque, 7; [Nm], ¢) TSR [—],
and d) Power coefficient, C;, [—].
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FIGURE 11 Considered electrical variables for the system with OTSR

MPPT control: (a) g-axis reference current, 77, [A], and (b) Three-phase

generator currents, /. [A]

The gains of the PI controllers were set by trial and error.

5.2.1 | Simulation of the OTSR method

The OTSR method is simulated for 400 s. At 200 s, the water
speed is increased from 1.2 to 1.3 m/s. In Figure 10, the eval-
uated mechanical variables are shown and in Figure 11, the
electrical variables are shown. It should first be observed that
the torque and rotational speed in Figures 10a and 10b, respec-
tively, experience oscillations, which are due to the five blades
of the turbine. Since the TSR and the power coefficient in
Figures 10c and 10d are calculated using the rotational speed
and the torque, the oscillations are also observed in these vari-
ables. Because of the oscillations, it is suitable to consider the

TABLE 2  Mean and peak-to-peak values of rotational speed, torque, TSR,
Cp, and the g-axis reference current with OTSR MPPT control. Values are
provided for both before and after the step in water speed.

Before the step After the step
mean mean

Variable (peak-to-peak) (peak-to-peak)
Rotational speed, w, 1.22 (0.029) 1.32 (0.034)
[rad/s]

Torque, 7; [kNm] 3.49 (1.20) 4.22 (1.43)
TSR [—] 3.05 (0.074) 3.05 (0.077)
G-l 0.24 (0.086) 0.24 (0.088)

g-axis reference —32.25 (11.94) —38.96 (14.09)

current, iy [A]

mean values of the variables, which are shown in Table 2. In this
table, the peak-to-peak values of the variables are also shown
within the parenthesis. The values have been calculated for the
time periods from 160 to 180 s and from 220 to 240 s.

From the perspective of the MPPT controller, the TSR and
C,, variables are the most important. Assuming the power coef-
ficient curve in Figure 9 to be correct, the power extracted from
the free-flowing water is maximized when the system is oper-
ated at a TSR of 4,,, = 3.05 and this corresponds to a power
coefficient of 0.26. As shown in Table 2, the mean value of the
TSR is 3.05 before and after the step. Similarly, the power coef-
ficient settles to the same value before and after the step at 0.24.
It can therefore be concluded that the controller is able to steer
the system towatrds the assumed optimal TSR, but the power
coefficient is slightly smaller than the assumed optimal value.
An explanation for this could be that the optimal C;, has been
calculated from a fitted curve based on experimental data. It
is possible that the polynomial fitted curve does not precisely
capture the peak value of the power coefficient curve. Another
likely explanation could be that the experimental values do not
exactly correspond to the theoretical values provided by the
simulation model.

Considering again the TSR and Cp in Figure 10, it can be
observed that the convergence to the optimal TSR and the cor-
responding C, after the step in the water speed is very fast.
Within 10 s the turbine has settled into a steady state at the opti-
mal TSR. Considering the mean value of the rotational speed of
the turbine after the step (1.32 rad/s), this corresponds to just
above two turns of the turbine. A similar behaviour to that of
the TSR can be observed for the rotational speed, the torque,
and the g-axis reference current in Figure 11a. At the step, a
significant transient can be observed in the ¢g-reference current,
but the current still stabilizes to a new steady state value.

The three-phase generator currents are shown in Figure 11b.
The large oscillations are due to the five-bladed structure of the
turbine. When the water speed increases, the amplitudes of the
currents increase as more electrical power is transported from
the generator to the grid.

It can be concluded that the OTSR MPPT method is able to
achieve its control objective in steering the system towards the
assumed optimal TSR value, according to the input parameters
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& (a) TABLE 3  Mean and peak-to-peak values of rotational speed, torque, TSR,
S :g ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Cp, and the g-axis reference current with the OT MPPT control. Values are
g 12 ! provided for both before and after the step in water speed.
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FIGURE 12 Considered mechanical variables for the system with OT
MPPT control: (a) rotational speed, w, [rad/s], (b) torque, 7; [Nm], (c) TSR
[], and (d) Power coefficient, C;, [-].
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FIGURE 13 Considered electrical variables for the system with OT
MPPT control: (a) g-axis reference current, z'; [A], and (b) three-phase

generator currents, /. [A].

to the controller. The method exhibits a fast response to
changes in water speed. The controller is capable of achieving
stable operation even in the presence of oscillations in the
rotational speed of the turbine.

5.2.2 | Simulation of the OT method

The OT method is simulated for 800 s and the water speed is
increased at 300 s. In Figure 12, the considered mechanical vari-
ables are shown for a time period of 200 s centered around the
step in water speed. The electrical variables ate shown for the
same time period in Figure 13 and mean and peak-to-peak val-
ues calculated for the time periods 220 to 240 s and 360 to 380
s are given in Table 3.

As can be observed in Figures 12c and 12d together with
the values in Table 3, the OT method does not achieve the
assumed optimal TSR or Cp within the considered time frame.
After the step, the power coefficient is 0.24 and the TSR is 2.96.
Before the step, the values are slightly smaller at 0.23 and 2.90,
respectively. Since the optimal &-factor, £,
the assumption that the power coefficient curve in Figure 9

is calculated with

exactly corresponds to the description of the system given by
the vortex it is possible that a systematic error is introduced if
these do not exactly match each other. However, in that case,
the TSR before and after the step would still be identical if
the controller was able to achieve operation at the reference
torque calculated with the £, factor, which is not the case now.
A possible explanation for this is that the controller is badly
tuned. A more sophisticated tuning method for the PI gains, or
possibly a completely different control approach, could poten-
tially improve the performance of the controller. However, even
though the controller in this case is not able to achieve optimal
operation according to the assumed optimal operational point,
it can be noted that the controller can position the system at a
rotational speed near the assumed optimal point. Moreover, the
power coefficient after the step increase in water speed attains
the same value as in the OTSR MPPT case.

52.3 | Simulation of the P&O method with A
The P&O method with P, = w7 as the considered power ref-
erence is simulated for 800 s, and the water speed is increased
at 300 s. The mechanical variables are shown in Figure 14, and
the electrical variables are shown in Figure 15. The mean and
peak-to-peak values are given in Table 4 and are calculated for
the time periods of 250 to 290 s and 760 to 800 s.

Since the P&O method is model-free it will optimize the
power conversion only with regard to the effect on the con-
sidered power reference by a change of the control variable,
which is the rotational speed of the turbine. Therefore, it is not
necessarily the case that the assumed optimal TSR and C;, are
achieved. If the power coefficient, as fitted on the experimental
data in Figure 9, does not exactly correspond to the model of
the system, another MPP can be found. If the power coefficient
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FIGURE 14 Considered mechanical variables for the system with P&O
MPPT control with 2 as power reference: (a) rotational speed, w, [rad/s], (b)
torque, 7{ [Nmy, (c) TSR [—], and (d) power coefficient, C;, [-].
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FIGURE 15 Considered electrical variables for the system with P&O
MPPT control with 73 as power reference: (a) g-axis reference current, 7 [A],
and (b) Three-phase generator currents, /., [A].

TABLE 4  Mean and peak-to-peak values of rotational speed, torque, TSR,
Cp, and the g-axis reference current with the P&O MPPT control with 3 as the
considered power reference. Values are provided for both before and after the
step in water speed.

Before the step After the step
mean mean

Variable (peak-to-peak) (peak-to-peak)
Rotational speed, w, 1.25 (0.064) 1.38 (0.0606)
[rad/s]

Torque, 7; [kNm] 3.41 (1.12) 3.99 (1.28)
TSR [—] 3.13 (0.16) 3.18 (0.15)
G -] 0.24 (0.080) 0.24 (0.083)
g-axis reference —31.48 (5.16) —36.86 (5.39)

current, 7, [A]

FIGURE 16 Considered mechanical variables for the system with P&O
MPPT control with 7}, as the considered power reference: (a) rotational speed,
@, [rad/s], (b) torque, 7; [Nm], (¢) TSR [—], and (d) power coefficient, Cj, [—].

in Table 4 is studied, it can be concluded that when the system
is at a steady state it reaches the same value of 0.24 both before
and after the step in water speed. The TSR at these points is
3.13 and 3.18, respectively. The power coefficient is a bit lower
than the assumed optimal of 0.26, but very close and actually
the same value that was achieved in the OTSR method and in
one instance for the OT method.

An observation that can be made for the P&O method is
that the convergence time is comparably very slow. If the TSR
after the step in Figure 14c is considered, it can be observed
that it takes 300 s before a new steady state is found, which can
be compared to below 10 s for the OTSR method. The same
tendency is visible in the power coefficient, but here, around
400 s appears to be needed.

It should be observed that the convergence time is depen-
dent on how the P&O method is implemented. In the proposed
implementation a step length of 0.01 was used as the change of
the control variable. The convergence time could possibly be
improved if this value was increased. However, the risk in this
case is that the MPP is missed. Furthermore, in the proposed
implementation, the mean value of the power is used to evalu-
ate the power level. This value is calculated every 10 s using an
8 s sample. The convergence speed could, therefore, possibly
be improved if the time between each iteration of the algorithm
was decreased.

524 | Simulation of the P&O method with h,

The P&O method with % as the considered power reference
is simulated for 800 s, and the water speed is increased at 300
s. The mechanical variables are shown in Figure 16, and the
electrical variables are shown in Figure 17. The mean and peak-

to-peak values are given in Table 5 and ate calculated for the
time periods of 250 to 290 s and 760 to 800 s.
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FIGURE 17 Considered electrical variables for the system with P&O

MPPT control with £}, as the considered power reference: (a) g-axis reference
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current, 7. [A], and (b) three-phase generator currents, 7, [A].

TABLE 5 Mean and peak-to-peak values of rotational speed, torque, TSR,
Cp, and the g-axis reference current with the P&O MPPT control with /), as
the considered power reference. Values are provided for both before and after
the step in water speed.

Before the step After the step
mean mean

Variable (peak-to-peak) (peak-to-peak)

Rotational speed, o, 1.26 (0.064) 1.37 (0.066)

[rad/s]

Torque, 7; [KNm] 3.40 (1.11) 4.04 (1.31)
TSR [] 3.15 (0.16) 3.16 (0.15)
G Il 0.24 (0.084) 0.24 (0.084)
g-axis reference —31.33 (5.29) —37.30 (5.40)

current, iz [A]

The result from using the power injected into the distribution
grid as the considered power level is similar to the case where
mechanical power was used. The convergence time is compara-
bly long, but as already observed, this will depend on how the
P&O method is implemented. The power coefficient settles to a
mean value of 0.24 both before and after the step in water speed,
which is exactly the same value as for the OTSR method and the
P&O method with A. If the mean and peak-to-peak values for
the method with the mechanical power as reference in Table 4
are compared with the values for the method with the grid side
power in Table 5, it can be concluded that the results are very
similar. Therefore, regarding the efficiency of the methods, they
can be perceived as interchangeable. The choice between the
methods must therefore be made with regard to other factors,
such as the need for additional sensors.

Since the dg-components are already available in the grid-
side controller, using the grid-side power as a reference appears
as an efficient use of the variables in the system. The speed

of the generator needs to be measured or estimated in order
to operate the generator-side controller. Therefore, both vari-
ables that are needed to implement the P&O method with
F, as the considered power reference are attainable without
the need for extra sensors. On the other hand, for the P&O
method with mechanical power as a reference, a torque sensor
will be required.

5.3 | Comparison and discussion of the
simulation results

From the simulations, it can be concluded that the OTSR
method and the P&O methods have the best performance in
steady state. The methods are able to achieve a power coefficient
of 0.24 before and after the increase in water speed. However,
the convergence time for the P&O methods is much slower
than that of the OTSR method. On the other hand, two impor-
tant advantages of the P&O methods compared with the OTSR
method are that no accurate model of the turbine is required
and no water speed measurements are needed.

The steady-steady state performance of the OT method was
almost as good as the OTSR method and the P&O methods.
However, the OT method showed a lower power coefficient
of 0.23 before the step. After the step, the power coefficient
was 0.24. The convergence time was longer for the OT method
compared to the OTSR method but not as long as for the
P&O methods.

As noted above, none of the methods achieve the assumed
optimal power coefficient. The reason for this is probably that
the assumed optimal values are based on measurements of the
actual turbine, and these measurements do not completely cor-
respond to the description of the system given by the proposed
simulation model. However, since all methods, except the OT
method in one instance, achieve the same maximal power coef-
ficient, it is reasonable to believe that this value is the maximum
power coefficient for the considered simulation model. This
point is further supported by the fact that the P&O method
with P, as power reference achieves this value without any prior
knowledge of the turbine parameters and by tracking the MPP
directly with regard to the power of the turbine.

6 | SUMMARY AND CONCLUSIONS

The MPPT methods OTSR, OT, and P&O have been presented
and discussed, with an emphasis on marine current power appli-
cations. Special focus has been placed on the characteristics
of the marine current energy converter at the Soderfors test
site in Sweden. It has been argued that the P&O method may
be easier to implement in marine current applications, as the
resource, free-flowing water in marine currents, is more stable
than wind. Furthermore, it has been suggested that the general
characteristics of marine current power, with low water speed

and high torque, need to be considered in the design process of
the MPPT method.
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The OTSR, OT, and P&O methods have been evaluated for
the specific technology at the Séderfors test site using a simu-
lation model where hydrodynamic calculations and an electrical
model are coupled. As a reference for the performance of the
methods, an optimal power coefficient with a corresponding
TSR, which is based on measurement data, has been used. None
of the methods are able to achieve the optimal power coeffi-
cient based on the measurement data, which is probably due
to a discrepancy between the simulation model and the mea-
sured values. However, all methods, except the OT method in
one instance, achieve the same maximum power coefficient, and
therefore, it is argued that this value is probably the maximum
value for the considered simulation model.

The results from the simulations show that the OTSR
method is very efficient in achieving MPPT for the considered
turbine. The convergence time to achieve a rotational speed of
the turbine at which the system operates at the optimal TSR is
approximately two turns of the turbine after a step is applied to
the water speed. The OTSR method would, however, require
correct water speed measurements, which can be difficult to
attain in practice. The OT method does not require water speed
measurements. However, the method implemented in the case
study in this paper was shown to underperform compared to the
other methods. The power coefficient is, in one instance, smaller
compared to the maximum attained by the other methods. A
possible explanation for the offset is that periodic oscillations
in the reference value for the PI controller make it difficult to
tune the PI gains. The oscillations atise from the five-bladed
structure of the turbine.

The P&O methods are also able to track the MPP. How-
ever, the convergence time is very long compared to the OTSR
method, but the possibility of achieving MPPT without water
speed measurements can outweigh this drawback.
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TABLE A2 (Continued)

Component Parameters Values

Rectifier Converter type 2L-VSC
Modulation scheme SPWM
Switching frequency 4 kHz
Harmonic LC filter 1.6 mH, 10 uF
Damping resistance 3.49Q

DC link filter Capacitor bank 16.5 mF

Inverter Converter type 3L-VSC
Modulation scheme SPWM
Switching frequency 6 kHz
Harmonic LC filter 2.4 mH (66 m2) 10 uF
Damping resistance 2.31Q

Transformer Delta/Wye 400 V/230 V
Power rating 7.5 kVA
Primary resistance 0.7 Q
Secondary resistance 0.23Q
Primary leak. inductance 0.9 mH
Secondary leak. inductance 0.3 mH
Magnetization resistance 8225 Q
Magnetization inductance 9.22 H

Grid Three-phase symmetrical 400 V, 50 Hz

IGBT Internal resistance 0.1 mQ
Forward voltage 1V

Rectifier diode Internal resistance 0.001 Q
Forward voltage 0.8V

Snubber circuit Snubber resistance 47 kQ
Snubber capacitance 470 nF
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