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Marine current energy represents a globally abundant yet largely untapped renewable energy source, offering
greater predictability than other sources such as wind. Consequently, it has the potential to play a vital role in
the green transition. A critical consideration for harnessing marine current energy is the design of the electrical
grid to accommodate multiple turbines. Therefore, this paper presents a study that explores three types of DC
collection grids (series, parallel, and star) for a specific marine current energy converter. A simulation model
developed for the marine current energy converter is introduced and utilized to assess these topologies for
grids comprising ten identical turbines subjected to varying water speeds. The designed topologies are intended
for low-voltage and nearshore applications. The simulation results demonstrate that the series collection grid
requires a significantly higher DC grid voltage compared to the other topologies for the turbines to operate
correctly. Additionally, the study reveals that all three grid topologies can effectively transmit power to the

distribution grid with similar power losses.

1. Introduction

The growing demand for renewable energy has heightened in-
terest in alternative green energy sources, including marine energy.
Marine currents, in particular, demonstrate greater predictability com-
pared to other green energy sources like the wind or the sun [1,2].
Moreover, they represent a globally abundant and largely untapped
resource [3]. Consequently, marine current energy has the potential to
play a significant role in the modern green energy system.

Currently, the number of commercial marine current energy projects
is still limited. The existing projects today are mainly of a demonstra-
tive nature and based on single devices [4]. The only existing array
of marine current energy converters (MCEC) is reportedly the EnFAIT
project, where six turbines are placed in an array in the waters outside
Shetland in Scotland [5]. Moreover, two of the turbines are connected
to an offshore hub, from which the power is transmitted to the shore via
a single cable. The system is grid-connected and has delivered power
to the grid.

Six turbines in an array are still very minor compared to offshore
wind power, where wind farms with hundreds of turbines have been
constructed; see, for example, Refs. [6-8]. The trend in offshore wind is
for larger turbines and farms located further away from the shore [7,8].
Reasons for this are that the winds are more stable further out at sea,
and there is an abundance of free space.

* Corresponding author.

As marine current energy is further developed and commercial-
ized, it is reasonable to believe that larger arrays of turbines will
be considered. An obvious benefit of collocating multiple turbines is
that more power can be supplied to the electrical grid. Moreover, an
array can also be beneficial from the perspective of an efficient use
of resources since multiple turbines can share the same infrastructure,
such as cables.

To enable the construction of arrays of MCECs, it must be con-
sidered how the internal electrical grid in the farm is constructed
and how the power is transmitted to the shore and, finally, injected
into the distribution grid. The standard technology in offshore wind
is alternating current (AC) systems [7,9]. However, as larger wind
farms located further from the shore have been commissioned, high-
voltage direct current (HVDC) has been considered and used for power
transmission to the shore [10]. Systems based on DC collection grids
for offshore wind power have been considered in the literature; for
example, Refs. [11-15]. However, to the knowledge of the authors,
there are no large-scale collection grids based on DC technologies. A
power collection system based on DC technology can be beneficial since
losses can be decreased, components can be made smaller, and fewer
cables are needed [16].

The research into collection grids for marine current energy is still
very minor. Electrical systems and array networks for marine energy
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have been investigated from a general perspective in three reports from
ORE Catapult [17-19]. A techno-economic review of electrical compo-
nents for marine energy is given in [20]. Therefore, in order to deepen
the knowledge of collection grids for MCECs, the study presented in
this paper investigates low-voltage nearshore DC collection grids for a
MCEC. Since there is a lot of research and commercialized examples of
AC grids for offshore wind power, only DC grids are considered in this
paper. Furthermore, the choice of DC collection grids is motivated by
the fact that fewer cables are needed, and components can potentially
be made smaller. These factors can be especially beneficial in ma-
rine current energy applications, where turbines are typically located
beneath the water surface in harsh environments.

Moreover, the consideration of low-voltage nearshore grids is mo-
tivated by the need for further commercialization of marine current
power. With smaller turbines located closer to the shoreline or in rivers,
it can be envisioned that the production and deployment of the turbines
will be easier and less expensive compared to large turbines deployed
in deeper waters farther from the shoreline. The series production
of this type of system can lead to economies of scale and provide a
much-needed boost to the commercialization of marine current energy.

The system considered in this paper is based on a MCEC developed
and deployed by researchers at Uppsala University, Sweden. The tur-
bine is a vertical axis turbine with the generator and turbine mounted
on the same axis. The turbine is built to stand on the sea or river
bed. From the turbine, an approximately 200 m long three-phase cable
connects it with a grid connection system, which is based on a back-
to-back converter technology. More information about the turbine and
the test site can be found in Refs. [21,22].

A simulation model developed for the system at the test site is
presented in Refs. [23,24]. The study presented in this paper is a
continuation of the development of the simulation model. The model
is used to evaluate three types of DC collection grids consisting of ten
turbines. The three considered grid layouts are the series, parallel, and
star topologies. The main contribution of the study is the consideration
of the collection grid topologies for the specific MCEC technology
developed by Uppsala University.

The rest of the paper is organized as follows. In Section 2, the DC
grid topologies considered in the study are presented. In Section 3, the
MCEC and the model of the system used in the study are presented. This
section is mainly based on what has been presented in Refs. [23,24].
The specific model considerations for the study in this paper are
presented in Section 4. In Section 5, the results from the simulations
are presented, and in Section 6 the topologies are compared. Finally,
the conclusions are given in Section 7.

2. DC collection grid topologies

As has already been mentioned, the available research into DC
collection grids for offshore applications mainly has a focus on wind
power. The topologies presented in this section are, therefore, based
on research in offshore wind power.

DC collection grids can be categorized based on how the turbines
are electrically connected to the grid. The turbines can be connected
electrically in parallel or series to the grid [16,25-29]. Moreover,
hybrid typologies can be considered, such as connecting multiple series-
connected turbines in parallel. Furthermore, it can also be considered
that a substation should be included in the system in which multiple
turbines can be interconnected. The purpose of a substation can simply
be to connect multiple turbines to a single offshore point and transmit
the power to the shore in a single cable. The substation can also
have a more active function, such as increasing the voltage for the
transmission of power to the shore.

Different advantages and disadvantages of the topologies can be
highlighted depending on the specific project, but some general char-
acteristics can be observed. The parallel DC collection grid can be
beneficial from the point of view of redundancy. As long as the main

Renewable Energy 235 (2024) 121276

cable is intact, the loss of one or more turbines will not affect the
transmission of power to the shore from the turbines still in operation.
On the other hand, if a turbine is disconnected in the series connected
grid, the ability of the grid as a whole to transmit power can be
affected if the broken turbine cannot be bypassed, which would require
switchgear equipment [13]. A benefit of the series DC grid is that a
high DC transmission voltage can be achieved without the need for high
voltage boosting capability in the turbines or external substations [16].
The transmission voltage will be the sum of the output voltage from the
turbines connected in series. Therefore, even if the output voltage from
the individual turbines is below the HV level, HVDC transmission can
be achieved by series connecting many turbines. However, a problem
with this approach is that some of the turbines will be exposed to a
very high voltage, which will make the electrical insulation a more
complicated task.

Moreover, a system of series-connected turbines will be sensitive
to the voltage variations of the individual turbines [30]. If the output
voltage of the turbines cannot be maintained at the desired value,
the transmission voltage will fluctuate. If HVDC is to be achieved in
the parallel collection grid, a significant DC voltage boosting will be
required, which can prove to be a complicated and expensive task.
Therefore, it may be necessary to include a substation in the system
in which a DC to HVDC conversion is performed. However, in offshore
wind farms with HVDC transmission to the shore, the platform with the
AC to HVDC equipment is often a very expensive component [31,32].
Consequently, a substation for DC to HVDC conversion can potentially
be associated with high costs, significantly increasing the overall cost
of the project.

In the study presented in this paper, three types of DC collection
grids are considered. The topologies are presented in the following
sections. The reasoning behind the design choices will be given. One
principle has been governing when designing the systems: using com-
ponents and systems that correspond to what has been used at Uppsala
University’s MCEC test site (see Section 3). Since the aim of the study
has been to design DC collection grids for marine current power, it can
be argued that the validity of the proposed systems is enhanced if the
design is based on components and systems that have actually been
constructed and experimentally verified.

Since the focus of the study is on the electrical system, the actual
spatial placement of the turbines and any potential hydrodynamic in-
teraction between turbines are disregarded. Therefore, in the following
presentation, the distance between the turbines refers to the cable
length and not the actual location of the turbines.

2.1. Series collection grid

A series DC collection grid is shown in Fig. 1. To clarify the concept,
the collection grid is illustrated with three MCECs. The number of
turbines can be increased or decreased, but in the design presented in
this article, ten turbines are considered. Starting from the external grid
(for example, the distribution grid), the AC voltages and currents are
transformed to DC by the grid-side converter. The grid-side converter
is responsible for maintaining the voltage level of the DC grid (see
Section 3.5.2 for more details about the grid-side converter). A cable
connects the grid-side converter to the first MCEC. Since the voltage is
in DC, it is arguably reasonable to model the cable as a completely
resistive component. However, in order to not miss any effects the
inductive and capacitive properties of the cables may have on the
system, the cable is modeled using a pi equivalent cable model with
resistance, inductance, and capacitance. The cable enters and exits
the MCEC and then continues in the same manner to the last MCEC
in the series. From the last MCEC, a cable is connected to the grid-
side converter. This cable could potentially be discarded if the water
were to be used as a return conductor, as is sometimes done in HVDC
transmission [33].
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Fig. 1. Series DC collection grid illustrated with three MCECs.
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Fig. 2. Parallel DC collection grid illustrated with three MCECs.

The cables between the turbines are assumed to be 20 m, which cor-
responds to just over three times the diameter of a turbine. Moreover,
the first turbine is assumed to be located at a cable length of 200 m
from the shore. Consequently, the length of the return conductor is
the sum of the cable length between the turbines and the length of
the cable from the grid-side converter to the first turbine, which sums
up to 380m. The per meter values of the resistance, capacitance, and
inductance are given in Table A.4 in the Appendix.

The DC voltage of the grid is assumed to be maintained by the grid-
side converter (in Section 3.5.2, the control method for this function is
presented). It would be possible to consider that the MCECs would have
a role in maintaining the DC link voltage, which is an approach that
has been explored for offshore wind power in Refs. [34,35]. However,
since an issue with a series-connected collection grid is the voltage
stability at the turbines [30], exploring other concepts of constructing
a DC collection grid is of interest. Furthermore, using the grid-side
converter to control the DC link voltage in a back-to-back converter
is an established concept. However, an issue with this approach is the
following. According to Kirchhoff’s voltage law, the sum of the voltage
drops over the turbines and cable segments must be equal to the voltage
over the grid-side converter. Therefore, if all turbines are to deliver
power, the voltage reference at the grid-side converter must be set to
such a high value that the voltage over the individual turbines becomes
large enough. If this is not achieved, some of the turbines will not be
able to deliver power to the DC grid. It should also be observed that
since the turbines are connected in series, the same current will flow
in all parts of the system.

Since the turbines are connected to a single cable in series, the
system is sensitive to cable errors. If the cable is broken at any point
in the system, the circuit is not closed. This means no power can be
delivered from the system, except if an alternative cable is available or
the sea is used as a return conductor.

2.2. Parallel collection grid

A parallel DC collection grid is shown in Fig. 2. Again, the system is
illustrated with three turbines. From the grid-side converter, two cables
are connected to the first MCEC, which is, in turn, connected in parallel
to the two cables. This process is repeated for up to the number of
turbines that are included in the grid. The cable length from the grid-
side converter to the first turbine is assumed to be 200 m, and the length
of the cables between the turbines is 20 m.

The grid-side converter is responsible for maintaining the voltage
of the grid. The currents in the cable segments will vary in magnitude
depending on the specific part of the system under consideration, which
is due to Kirchhoff’s current law. The 200m cables will carry the
total current, while the last cables will only need to be dimensioned
for the current from the last turbine. Furthermore, since the current
will give rise to a voltage drop over the cables, the voltage increases
incrementally from one turbine to the next, as seen from the grid-side
converter.

As long as the cable between the first turbine and the grid-side
converter remains intact, the system should, in theory, be able to
handle a cable break without a complete loss of power from the farm.
For example, if the cable between the last and middle turbine breaks,
only the last turbine will be disconnected. The other two turbines
should still be able to deliver power to the distribution grid.

2.3. Star collection grid

A star collection grid is shown in Fig. 3. Again, as for the series and
parallel collection grids, the star collection grid is illustrated with three
turbines. The use of the name ”star” to designate the grid derives from
the fact that the grid can visually be illustrated in a star-shaped fashion.
In the star collection grid, two cables connect the grid-side converter to
a hub located in the water. Various choices are available for the hub,
ranging from a completely passive component, such as a busbar, to a
more active function like voltage boosting.

Furthermore, the hub can be designed as a submerged structure
or positioned above sea level. It can be floating or mounted on a
bottom-fixed structure, and may also be equipped with measurement
and switchgear equipment. In the study presented in this paper, the
hub is assumed to be a completely passive component, consisting solely
of an equipotential busbar. The turbines are connected to the hub via
cables.

The hub is assumed to be connected to the grid-side converter by
two 200 m cables, and the turbines are connected to the hub by two
20m cables. The cables to the shore need to be rated for the complete
system, while the cables to the turbines only need to be rated for one
turbine. Moreover, as long as the cable from the hub is intact, the farm
will be able to supply the distribution grid with power, even if one or
more turbines are disconnected.
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Fig. 3. Star DC collection grid illustrated with three MCECs.
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Fig. 4. Overview of the electrical system at the MCEC test site.
Source: Adapted with permission from [24].

3. The marine current energy converter

As has been mentioned, the MCEC considered in this study is the
vertical axis turbine developed by researchers at Uppsala University in
Sweden. The turbine was deployed in the river Daldlven in Sweden in
2013 [22]. A simulation model has been developed for the system. In
this section, an overview of the simulation model is provided. More
details of the simulation model and its implementation can be found in
Refs. [23,24].

3.1. Overview of the system

An overview of the electrical system at the MCEC test site is shown
in Fig. 4. The system is based on a back-to-back converter. The power
in the marine currents is transformed to electrical power by the turbine
and the generator, which is of the type permanent magnet synchronous
generator (PMSG). The AC power from the generator is transmitted
to the shore by an approximately 200m long three-phase cable. On
land, the grid connection system is located in a measurement cabin.
The AC power from the generator is filtered with an LC filter before
being converted to DC by a 2-level voltage source converter (2L-VSC).
It should be observed that the LC filter and the inductance of the
generator form an LCL filter. The 2L-VSC on the generator side is
connected via a DC link to a 3-level voltage source converter (3L-VSC),
which in turn is connected to the distribution grid through an LC filter
and a power transformer. The LC filter and power transformer form an
LCL filter, a concept thoroughly investigated in [36].

3.2. Model assumptions

In the study presented in this article, the system in Fig. 4 is used
as a reference for the design. The benefit of this is that the system has
been experimentally verified. Therefore, the designs considered in this
paper can arguably be more plausible since they are based on systems
that have been proven to work.

The DC topologies in Section 2 are evaluated in this paper. To do
this, the system in Fig. 4 is split into two parts:

» The generator side, which includes the generator-side converter
(the 2L-VSC), the LC filter, the generator and the turbine (which is
represented by a hydrodynamic model presented in Section 3.3).

» The grid side, which comprises the grid-side converter (the 3L-
VSC), the LC filter, the power transformer and the distribution
grid.

The components of the generator side of the system are assumed to
be contained either in the turbine or in direct proximity to the turbine.
Furthermore, it is assumed that there is no hydrodynamic coupling
between the turbines.

3.3. Hydrodynamic model

A marine current turbine converts the energy in the free-flowing wa-
ter to mechanical energy, which, in turn, is transformed into electrical
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energy by the generator. The power in the free-flowing water is given
by the following equation:
1

Py =3ApuVs ey
where A is the swept area of the turbine, p,, is the density of water,
and V,, is the water speed.

Only a fraction of the power in the free-flowing water is captured
by the turbine, given by

C,(A) = i 2)
(A = P,

where C,(4) is the power coefficient and P, is the power of the turbine.
For a turbine with fixed blades, the power coefficient is only dependent
on the tip speed ratio (TSR or 1), defined as the ratio between the
tangential speed of the tip of the turbine blade and the speed of the
free-flowing water, given by the following equation:

,r
- 3

V,

w

A=

where o, is the rotational speed of the turbine, and r is the radius of
the turbine.

The power of the turbine can also be expressed in terms of a rotating
body as P, = w,T);, and if combined with Egs. (1) and (2), the torque
on the turbine can be expressed by the following equation:

1 ApyV2-Cy(R)

@
@

The power coefficient curve for the turbine has been evaluated
experimentally for TSR values ranging from 2.9 to 4.5 at water speeds
ranging from 1.2m/s to 1.4m/s in [37]. A curve fitted to the measure-
ment data is given by the following equation:

C,() = 0.08364> — 0.01832°. )

The curve of Eq. (5) is shown in Fig. 5.

The hydrodynamic model is shown in Fig. 6. The input parameters
to the system are the water speed (V,,) and the rotational speed of the
turbine (w,). The TSR is calculated using Eq. (3), which, in turn, is
used in Eq. (5) to calculate the power coefficient. Finally, the torque
is calculated using Eq. (4).

It should be noted that the torque of a vertical axis turbine is
associated with fluctuations [38,39]. In the presented hydrodynamic
model, there are no fluctuations in the applied torque to the generator.
However, since the focus of the study is on the electrical system, this
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is seen as a satisfactory simplification. Since the power coefficient is
based on measurements of the actual turbine, the model will capture
the essential behavior of the turbine.

3.4. Drive train model

For the drive train, a simplified one-mass model is used, which is
given by the following equation:

dw

=7 =Tu-T. (6)
where J is the total inertia of the system (in this case, the turbine
and the generator), and 7, is the electromagnetic torque. From Eq. (6),
it can be observed that by controlling the relationship between the
mechanical torque and the electromagnetic torque, the speed of the
turbine can be controlled. If T, = T,, then % = 0, which means that

dao,

the turbine is in a steady state. However, if T, > T,, then - >0, and

the turbine will accelerate. On the other hand, if Ty, < T,, then % <0,
and the turbine will decelerate.

It should be noted that in the implemented model, a small viscous
damping term is also included in Eq. (6). Furthermore, as has already
been mentioned, the drive train model is very basic. More complicated
higher-order mass models can be considered [40]. In [41], a two-
mass drive train model is used for vertical axis wind power turbines.
However, since the focus of the study in this paper is on the electrical
system, a one-mass representation of the system is deemed adequate.

3.5. Electrical model

An overview of the electrical system will be given in this section.
The parameter values used in the model can be found in the Appendix.

3.5.1. Generator side

The generator side of the electrical system is shown in more detail
in Fig. 7. In the implemented DC collection grids, this part of the system
corresponds to the boxes designated as "MCEC” in Figs. 1, 2, and 3. The
generator side of the system is consequently responsible for rectifying
the AC output from the generator and for controlling the generator.

As mentioned earlier, the generator is of the type PMSG, and the
torque to the generator is calculated using the hydrodynamic model
presented in Section 3.3.

The implemented control method of the PMSG is field-oriented
control (FOC) with zero d-axis current. This control method is based on
transforming the currents of the generator from a static to a rotating
frame of reference in order to have two DC quantities that can be
controlled using traditional PI controllers. This type of transformation
is often called abc to dq transformation, where the dg-components are
used to control the system. In the FOC method, one control loop is used
to control the d-axis current, and one control loop is used to control
the g-axis current. If the d-axis current is controlled to be zero, it can
be shown that the electromagnetic torque is given by the following
equation [42]:

3 .
T, = FPVigs: )

where y is the rotor flux linkage, p is the number of pole pairs, and i
is the g-axis component of the stator current. If the rotor flux linkage
is assumed to be constant, then it can be concluded that a direct
relationship exists between the g-axis current and the electromagnetic
torque. Consequently, by comparing Eq. (7) with Eq. (6), it can be
concluded that the rotational speed of the turbine can be controlled
with the g-axis current.

To determine the reference value for the g-axis current, a maximum
power point tracking (MPPT) method is employed, as illustrated in the
MPPT block in Fig. 7. The implemented MPPT method is the so-called
optimal TSR (OTSR) method [43]. This method is very rudimentary,
but it requires knowledge of the optimal power coefficient with the
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Fig. 7. The generator side of the back-to-back converter.
Source: Adapted with permission from [24].

corresponding optimal TSR, and accurate measurements of the water
speed and the rotational speed of the turbine.

From Eq. (5), the optimal power coefficient can be calculated as
Cp(Agpy) = 0.26 at 4,, = 3.05. Regarding water speed measurements,
obtaining accurate measurements of wind speed in wind turbine ap-
plications is considered a challenging task [44]. A similar level of
complexity can be expected in marine current measurement applica-
tions. In the implemented model, however, it is assumed that accurate
measurements of water speed are accessible.

In the OTSR method, the optimal value of the TSR is used together
with the water speed in Eq. (3) to calculate a reference for the rotational
speed of the turbine (w, ,, f). The calculated reference value is compared
with the actual rotational speed (®,), and the resulting error is sent to
a PI controller, which generates a reference value for the g-axis current
(GWX

The generator side also comprises an LC filter, which, combined
with the inductances of the PMSG, forms an LCL filter. LC filters and
LCL filters are associated with resonance issues, which can negatively
affect the controller [45]. A passive damping method can be used to
mitigate the resonance issue, where resistors are placed in series with
the capacitors in the LCL filter [45]. A value for the damping resistor
can be calculated using the following equation [46]:

1

S S ®)
36Ures c f

R,
where C/ is the filter capacitance, and ,,, is the resonance frequency
of the filter. If the LCL filter is assumed to be ideal, that is, all resistive
components are disregarded, then the resonance frequency can be
calculated using the following equation:

Li+L,
Wy = 4| ———,
res L1L2Cf

where L, and L, are the inductances of the LCL filter.

9

Using Eq. (8) and (9) with the parameter values in the Appendix,
the resistance value can be calculated to 3.49 Q. Since the real system
includes many resistive parts that are not included in the model, such
as the resistance of cables and connectors, the damping resistor can, to
some extent, be said to compensate for these unknown resistances.

3.5.2. Grid side

The side of the back-to-back converter connected to the external
distribution grid is shown in Fig. 8. In the DC collection grids depicted
in Figs. 1, 2, and 3, this part corresponds to the block designated as the
“Converter”. The functions of the grid-side converter are to maintain
the DC link voltage at a predefined value and inject the power from
the DC grid into the external AC grid.

The external AC grid is assumed to have a line-to-line voltage of
400V and a frequency of 50 Hz. The external grid is modeled non-ideal
with a line resistance of 34 mQ and a line inductance of 0.5mH [47].

The 3L-VSC is controlled using voltage-oriented control (VOC) with
a phase-locked loop (PLL) method. The purpose of the PLL method is
to synchronize the VOC with the grid voltage angle (6,). The selected
PLL method is the synchronous reference frame PLL (SRF-PLL) method,
which the interested reader can read more about in Ref. [48].

Similar to the generator-side controller, the VOC is based on a
transformation of the currents and voltages from a static frame of
reference to a synchronous reference frame, that is, an abc to dgq
transformation. A decoupled controller with two PI controllers is then
used to generate reference dq voltages, which are used to create control
signals for the VSC. The controller being decoupled means that the d
and ¢ components can be controlled independently of each other. This,
in turn, allows for the independent control of reactive and active power
exchanged with the AC grid. An outer control loop consisting of a PI
controller is used to control the DC link voltage by comparing the set
point value of the DC voltage (v} ) with the actual DC voltage (v,.) and
generating a reference value for the d-axis grid current (izg).
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Fig. 8. The grid side of the back-to-back converter.
Source: Adapted with permission from [24].

As noted earlier, the LC filter and the inductance of the power
transformer form an LCL filter. Similar to the generator-side LCL filter,
the grid-side filter is associated with resonance issues, which can have
adverse effects on the control system. In order to mitigate these issues,
a passive damping strategy is used in which resistors are connected in
series with the capacitors in the LC filter. In [36], a modified version
of Eq. (9) is presented for specifically this design of the grid connection
system. Using the modified equation, together with Eq. (8), and the
parameter values in the Appendix, the value of the damping resistor is
calculated to 2.31 Q. Again, since many resistive parts of the system
are not included in the model, such as the resistance of connectors
and jumper cables, the damping resistor can also partly be viewed as
introducing a representation of unknown resistances in the system.

4. Simulation model

The model presented in the previous sections was implemented
in MATLAB/Simulink (version: R2022a). The PMSG was implemented
using the built-in permanent magnet synchronous machine block. The
electrical components were implemented using the Powergui compo-
nents. The PI controllers were of the type discrete parallel controllers,
and the gains of the controllers were set by trial and error. The solver
settings in Simulink were fixed-step with automatic solver selection (in
all simulation cases in this study, the resulting solver was ”ode3”). The
fixed-step size (fundamental sample time) was set to 1 ps.

The systems were implemented with ten turbines; the cable distance
between the turbines has already been discussed in Section 2 but is also
summarized in Table 1. In this table, the considered DC voltages are
also included. For the parallel and star collection grids, DC voltages
of 400V and 600V are considered. For the series connected collection
grid, DC reference voltages of 600V and 2000V are considered.

It is reasonable to assume that the water speeds at the turbines
may differ due to factors such as hydrodynamic coupling between the
turbines or the effects of the terrain. Therefore, from the perspective
of evaluating system performance, it is suitable to consider a range
of water speeds. Consequently different water speeds are applied to
the turbines, but the same values are used in all simulations. The
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Table 1

Grid parameters for the considered DC collection grid topologies.
Parameters Series grid Parallel grid Star grid
Number of turbines. 10 10 10
DC voltages. 600V & 2000V 400V & 600V 400V & 600V
Cable length between the 20m 20m 20m

turbines, and the hub and

the turbines.

Cable length from the 200 m 200m 200 m
grid-side converter to the

first turbine, and the hub.
Cable length from the last
turbine in a row and the

grid-side converter.

380m - -

water speeds are selected to values around the nominal water speed
of 1.3m/s: v, 7, = 121m/s, v, = 1.33m/s, v, p, = 1.31m/s, v, 7, =
1.25m/s, v, = 1.18m/s, v, 7, = 1.35m/s, v, = 1.36m/s, v, 7, =
L41m/s, v, 7, = 1.38m/s, and v, 7, = 1.22m/s.

The implications of varying water speeds can be understood by
observing Eq. (1), which shows that the power converted to mechanical
power by the turbine is highly affected by the water speed, specifically
by the cube of the water speed. An initial observation is that differences
in power will have implications for the voltage and current from the
generator. Depending on the specific configuration of the DC grid, this
will then have implications for the voltage and current from a turbine
connecting to the grid. For example, if a parallel DC grid with a fixed
voltage level is considered, the turbines connecting to the grid will
inject currents of different sizes depending on the difference in water
speed. It may be necessary to consider this in the design process to
avoid unexpected issues related to robustness of the system, such as
the correct rating of the components.

5. Results from simulations of the topologies

In this section, the results from the simulations are presented. The
emphasis is on the DC voltages and the ability of the system to inject
power into the distribution grid.

5.1. Series DC collection grid

The series DC collection grid was simulated with a voltage reference
of 600V and 2000 V. The system was simulated for 50s.

Fig. 9 shows the DC voltages at the turbines and the grid-side con-
verter. If the voltages for the situation when the DC voltage reference
is 600V in Fig. 9(a) are considered, it can first be observed that the
voltages of some of the turbines go to a value close to zero a very short
time after the simulation is started. Moreover, the rotational speeds of
the turbines are shown in Fig. 10, and from Fig. 10(a), it can be seen
that five turbines, namely turbines 1, 3-5, and 10, have a rotational
speed of almost zero, indicating that the turbines have stopped. It
can also be observed from Fig. 10(a) that the rotational speeds of the
turbines that are still operating show large variations.

The issue here is that the DC voltages across the turbines become
too small for the controllers in the turbines to operate correctly, and
this forces the turbines to stop. To be more precise, the low DC voltage
means that the generator VSC operates far in the overmodulation
region [49], resulting in the controller not operating correctly. For
the turbines with the lowest water speed, this results in the complete
failure to operate, while the turbines with higher water speeds can still
operate, albeit under very unstable conditions.

In Fig. 11(a), the TSR for the series grid with a voltage reference of
600V is shown. The TSR is calculated using Eq. (3), and the presence
of the rotational speed (w,) in the equation means that the same
tendencies as for the rotational speed are seen in the TSR; namely, the
turbines that have a rotational speed of almost zero also attain a TSR
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Fig. 9. The voltages at the turbines and the grid-side converter for the series DC
collection grid with (a) a reference DC voltage of 600V, and (b) a reference DC voltage
of 2000 V.
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Fig. 10. The rotational speed of the turbines for the series DC collection grid with (a)
a reference DC voltage of 600V, and (b) a reference DC voltage of 2000 V.
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Fig. 11. The TSR for the turbines in the series DC collection grid with (a) a reference
DC voltage of 600V, and (b) a reference DC voltage of 2000 V.
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Fig. 12. The voltages at the turbines and the grid-side converter for the parallel DC
collection grid with (a) a reference DC voltage of 400V, and (b) a reference DC voltage
of 600V.

of zero. None of the turbines that are able to supply power to the grid
are operating at the optimal TSR.

In order to assess the system when all turbines operate, the refer-
ence voltage was increased to 2000 V. Disregarding the voltage drops
over the cable segments and assuming an equal distribution of the
voltages over the turbines, a voltage drop of 200V over each turbine
would be expected. Since the rated voltage of the generator is 138 V
(see Appendix), this would place the generator VSC just above the
overmodulation limit. However, as observed in Fig. 9(b), the reference
voltage of 2000V is sufficiently high to ensure the correct operation
of all turbines. The reason behind this is that some of the turbines
operate at a water speed below the rated value. The DC voltages range
from 152V for the turbine with the lowest water speed to 250V for
the turbine with the highest water speed. From Fig. 10 and Fig. 11, it
can be concluded that all turbines achieve stable operation regarding
the rotational speed and that the MPPT controller is able to steer all
turbines to the optimal TSR of 3.05.

5.2. Parallel DC collection grid

The parallel DC collection grid was simulated with reference volt-
ages of 400V and 600 V. The system was simulated for 50s.

In Fig. 12, the DC voltages are shown. As can be seen, the controller
is able to achieve the reference value of 400V in Fig. 12(a) and 600 V
in Fig. 12(b). In both cases, it can be observed that the voltages at
the turbines are higher than the voltage at the grid-side converter.
The reason for this is that the voltage drop over the cables forces the
voltages at the turbines to a higher value. As is visible in the figure,
the voltage at turbine 10, that is, the last turbine in the row, is at the
highest voltage.

The rotational speeds of the turbines are shown in Fig. 13. As can
be seen, all turbines are able to achieve stable operation. Moreover,
the TSR for the turbines is shown in Fig. 14. All turbines operate at the
optimal TSR of 3.05.

It can consequently be concluded that the parallel DC collection grid
is able to achieve stable operation at the optimal TSR for both reference
voltages of 400V and 600 V.

5.3. Star DC collection grid

The star DC collection grid was simulated with voltage reference
values of 400V and 600 V. The system was simulated for 50s.
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Fig. 13. The rotational speed of the turbines for the parallel DC collection grid with
(a) a reference DC voltage of 400V, and (b) a reference DC voltage of 600 V.
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Fig. 14. The TSR for the turbines in the parallel DC collection grid with (a) a reference
DC voltage of 400V, and (b) a reference DC voltage of 600 V.
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Fig. 15. The voltages at the turbines, the hub, and the grid-side converter for the star
DC collection grid with (a) a reference DC voltage of 400V, and (b) a reference DC
voltage of 600V.
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Fig. 16. The rotational speed of the turbines for the star DC collection grid with (a)
a reference DC voltage of 400V, and (b) a reference DC voltage of 600 V.
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Fig. 17. The TSR for the turbines in the star DC collection grid with (a) a reference
DC voltage of 400V, and (b) a reference DC voltage of 600 V.

The DC voltages are shown in Fig. 15. The system exhibits the same
general behavior for both the case with 400V and 600V. The grid-
side converter is able to maintain the reference voltage. The voltage
at the hub is at a higher level because of the voltage drop over the
cable from the hub to the grid-side converter. However, it should be
noted that since the cables from the individual turbines are short and
only a modest current passes through the cables, the voltage difference
between the turbines and the bus in the hub is only very minor, at the
decimal level. Therefore, the individual turbine voltages and the hub
voltage are indistinguishable in Fig. 15. The DC voltage at the hub and
the turbines are approximately 423V for the system with a reference
voltage of 400V and approximately 616V for the reference value of
600 V.

If the rotational speed of the turbines in Fig. 16 and the TSR in
Fig. 17 are considered, it can be concluded that the controller can
achieve stable operation of the turbine speed in the star collection grid
as well, and the MPPT control can steer the turbine towards the optimal
TSR value of 3.05.

6. Comparison of the topologies

Table 2 shows the power injected into the AC distribution grid from
the considered topologies. The power is calculated as the mean value of
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Table 2
Mean power injected into the distribution grid for the series,
parallel, and star DC collection grids at various reference

voltages.
Voltage Series Parallel Star
400V - 39.45kW 39.98kW
600V 23.12kW 40.17kW 40.44kW
2000V 40.80kW - -

the power injected into the AC grid for the last 20s of the simulation.
It can first be noted that the series DC collection grid with a voltage
reference of 600V is an obvious outlier, only injecting almost half of
the power of the other DC grid topologies. This is, of course, due to
the fact that only five of ten turbines are operational. For the other
topologies, the power injected into the AC grid is around 40kW. The
power increases with the increase of the DC voltage reference, which
is expected because a higher voltage means the current will be smaller,
and therefore, also the ohmic losses. The lowest losses are seen in the
DC series system with a voltage reference of 2000 V, in which the power
injected into the grid is 40.80kW. This is closely followed by the DC star
system with a voltage reference of 600 V and an injected power into the
AC grid of 40.44kW.

Since the power is very similar in all considered cases, excluding the
series 600V, other factors must be considered in the choice of design.
Regarding the series DC grid, stability issues are a pressing concern.
The reference voltage needs to be high enough to ensure the turbines
do not enter the overmodulation region. On the other hand, a large DC
voltage over the grid-side VSC will make this design more complicated;
for example, higher-rated components will be required.

The star collection grid is an appealing solution since the hub
allows for a degree of modularity; turbines can be added incrementally.
Moreover, the system is characterized by a high degree of redundancy.
A loss of one or more of the turbines will not affect the supply of
power from the rest of the turbines. The only way the whole farm can
be affected is by a failure of the cables from the hub to the onshore
converter or by a failure of the hub itself. However, the construction of
offshore components is often highly complex and associated with high
costs. Therefore, decreasing the number of offshore components can be
a desirable goal in farm design.

The parallel collection grid can be an interesting option since no
offshore hub is needed. Moreover, since the turbines are connected in
parallel to the grid, the system will be less sensitive to the loss of an
individual turbine. Furthermore, the currents in the system will differ,
which means that the different current ratings of the cables can be used.
For example, the cable from the first turbine to the onshore converter
must be rated for the complete system, while the cable from turbine 9
to 10 only needs to be rated for turbine 10.

7. Conclusions

Three DC collection grid topologies have been considered for a
specific MCEC technology: series, parallel, and star collection grids.
Simulations have demonstrated that all three topologies are capable
of supplying power to the external AC grid. However, the series DC
collection grid requires a higher DC collection grid voltage for the
control system in the turbines to operate correctly. The lowest losses, or
the highest power injected into the AC grid, are achieved by the series
collection grid with a DC voltage reference of 2000 V, producing an AC
power of 40.80kW. This is followed by the star collection grid with a
power of 40.44kW at a DC voltage reference of 600V, and the parallel
collection grid with a power of 40.17kW at a DC voltage reference of
600 V. Since the power difference between the topologies is relatively
minor, it is concluded that other factors need to be considered in the
choice between the designs. One issue that may need to be considered
is the appropriate voltage level. As noted for the DC series grid, if
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Table A.3
Turbine and generator parameters.
Source: The table is adapted from [23,24,47].

Turbine

C,(Aopr) 0.26 at A,, =3.05
Type Vertical axis
Rotor height 3.5m

Rotor radius (r) 3m

Turbine area (A) 21 m?
Generator

Type PMSG
Power rating 7.5kW
Nominal rotational speed 15rpm
Minimum efficiency 80 %
Number of poles 112

Rated voltage (V) 138V

Rated stator current (rms) 31A

Stator phase resistance 0.335Q
Armature inductance 3.5mH

Flux linkage™ 1.29 Wb
Inertia” 2445kg m?
Viscous friction coefficient” INms

2 Assuming a constant flux.
b The values for flux linkage, inertia and viscous
friction are estimates.

the reference value for the grid voltage is too small, this can lead to
the turbines malfunctioning. On the other hand, increasing the voltage
level will require more attention to the insulation of the system and
higher ratings of the components, which can result in increased costs
of the project. Ultimately, a site- and project-specific evaluation will be
necessary to account for these factors and other aspects, such as terrain,
local regulations, and commercially available components.
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Appendix. System parameters

In Table A.3 and A.4 the parameters used in the study are shown.
The tables are adapted from Refs. [23,24,47].
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Table A.4
Electrical system parameters.
Source: The table is adapted from [23,24,47].

Component Parameters Values
Cable Resistance 0.524Q/km
Inductance 0.24mH/km
Capacitance 0.45 pF/km
Rectifier Converter type 2L-VSC
Modulation scheme SPWM
Switching frequency 4kHz
Harmonic LC filter 1.6mH, 10pF
Damping resistance 3.49Q
DC link filter Capacitor bank 16.5mF
Inverter Converter type 3L-VSC
Modulation scheme SPWM
Switching frequency 6kHz
Harmonic LC filter 2.4mH (66 mQ)
10pF
Damping resistance 231Q
Transformer Delta/Wye 400V/230V
Power rating 7.5kVA
Primary resistance 0.7Q
Secondary resistance 023Q
Primary leak. inductance 0.9 mH
Secondary leak. inductance 0.3mH
Magnetization resistance 8225Q
Magnetization inductance 9.22H
Grid Three-phase symmetrical 400 V/50Hz
IGBT Internal resistance 0.1 mQ
Forward voltage 1v
Rectifier diode Internal resistance 0.001 Q
Forward voltage 0.8V
Snubber circuit Snubber resistance 47kQ
Snubber capacitance 470 nF
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