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A comparison of AC and DC collection grids
for marine current energy

Christoffer Fjellstedt, Johan Forslund, and Karin Thomas

Abstract—Important questions to enable the use of
marine current energy are how the electrical system is
designed, how multiple energy converters are intercon-
nected offshore and how the power is transmitted to the
shore. The Division of Electricity at Uppsala University
have constructed and deployed a marine current energy
converter in the river Dalidlven in Soderfors, Sweden. In
the study presented in this article, a model of a near-
shore low-voltage AC collection grid and a near-shore low-
voltage DC collection grid is presented for the technology
at the Soderfors test site. The models are implemented in
MATLAB/Simulink. For collection grids of five turbines,
it is shown that the proposed control schemes are able to
deliver power to the distribution grid. The controllers are
able to achieve this even when one turbine is suddenly
disconnected from the grid. Furthermore, it is shown that
the conduction losses of the DC system are higher than
the losses of the AC system for nominal and high water
speeds. However, in a qualitative comparison between the
systems it is concluded that despite the higher losses, the
DC system can be an interesting option. This is because
fewer components need to be placed in the turbine, which
is beneficial in offshore systems where space is a limiting
factor. Furthermore, a DC system can be less expensive
since fewer cables are needed.

Index Terms—Marine current energy, AC collection grids,
DC collection grids, Electrical systems

I. INTRODUCTION

HE demand for renewable energy is growing.

In order to achieve net zero emission from the
energy sector globally by 2050, 825 GW of renewable
energy need to be installed annually until 2050 [1].
Marine energy sources have the potential to contribute
significantly to increasing the level of energy from
renewable energy sources.

An important consideration to enable the use of
more marine energy sources is how the energy source
is connected to the electrical grid. Furthermore, it is
necessary to consider how multiple energy converters
are interconnected in an offshore farm and how the
power is transmitted to the shore.
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A fairly limited amount of research has been con-
ducted on how the electrical system for marine energy
converters should be constructed, at least compared
to the research within the offshore wind power sector.
Especially research with the focus on power collection
grids for multiple marine energy converters is lacking.
In three reports from ORE Catapult a comprehensive
review and technical assessment of possible electrical
systems and array networks for marine energy con-
verters can be found [2]-[4]. However, the content in
the reports had a general perspective, and the empha-
sis was not on a specific technology or site-specific
investigations, for example, the control of individual
marine energy converters in an array. In [5] a techno-
economical review of electrical components for marine
energy arrays was given. The focus was on identifying
the key components in the systems and discussing
technical and cost considerations for the components.
These types of studies give a good insight into how
an offshore system can be constructed from a general
perspective. However, the investigation of how the
control system can be expected to behave for a specific
case is still lacking. In this paper, a study concentrated
on the operation of offshore power collection grids
for a specific marine current energy converter will be
presented.

A natural starting point for the development of the
electrical system and offshore grid for marine energy
sources is to investigate the current state of technol-
ogy in offshore wind and apply the technologies and
control methods to the specific conditions for marine
energy sources. Offshore wind farms have mainly been
constructed using AC collection grids [6], [7]. How-
ever, the transmission of power to the shore has been
performed using HVDC. Regarding the layout of AC
collection grids, many different topologies have been
proposed in the literature [8]-[12]. A common topology
is the radial topology, where the energy converters are
connected to a radial feeder cable [10]. Other topologies
that are discussed in the literature are, for example,
the single- and double-sided ring topology and the
star topology [10]. The main differences between the
technologies are the redundancy of the systems and
how this is handled in the best way with regard to
costs and various technical considerations.

To the knowledge of the authors, there are no large-
scale offshore wind farms with DC collection grids.
However, DC collection grids have been considered
for offshore wind power in many studies. Two types
of main topologies can be identified in the literature:
parallel and series collection grids [8], [10]-[15]. The
main difference between the technologies is how the



energy converters are connected to the grid, that is,
electrically in parallel or in series.

Regardless of how the offshore grid is constructed
the energy converters need to be connected to the grid.
In AC offshore wind farms this is often achieved using
a power electronic back-to-back (B2B) converter [7]. If
a DC grid is considered the output from the generator
needs to be rectified from AC to DC [16]. A simple
solution is to use a passive rectifier. More advanced
technologies with active rectifiers and possibly also
DC/DC boosting steps can also be considered [16].
An active rectifier can make it possible to maximize
power extraction. However, this will require more
complicated components and control structures, which
increases the complexity and possibly also the cost of
the system.

The Division of Electricity at the Department of Elec-
trical Engineering at Uppsala University has developed
a vertical axis marine current energy converter [17].
The energy converter is deployed in the river Daldlven
in Soderfors, Sweden. The turbine is five-bladed and
placed on the riverbed. The generator is mounted on
the same axis as the turbine without a gearbox. The
electrical energy is transmitted to an onshore cabin via
an approximately 150 m long cable [18]. In the onshore
cabin, the electrical grid connection system is located.
The grid connection system is based on a B2B converter
technology [18], [19]. A simulation model of the system
has been presented in [20].

Since the research in offshore power collection grids
has mostly been focused on wind power, the study
presented in this article considered low-voltage near-
shore collection grids for the marine current energy
converter technology at the Soderfors test site. One
AC collection grid and one DC collection grid are
simulated and compared with regards to stability and
efficiency. The components and control schemes of the
systems are presented and discussed. The AC and DC
systems are also qualitatively compared for the marine
current energy converter technology at the Soderfors
test site.

II. TURBINE AND GENERATOR

The turbine at the Soderfors test site is shown in
Figure 1. A description of the test site and the turbine
and the generator are given in [21] and [22]. A selection
of turbine and generator parameters is given in Table 1.
In this section, the turbine is first introduced and then
the generator is briefly discussed.

A. Turbine

The turbine is an omnidirectional five bladed vertical
axis turbine, as shown in Figure 1. A power coefficient,
Cp, can be defined to describe the fraction of power the
turbine can capture from the free-flowing water. The
power coefficient is given by the following equation

Pturbine
Cp= ; 1

P Pwater
where Py pine is the power of the free-flowing water
captured by the turbine and P4, is the power of the
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free-flowing water. The power of the turbine can be
described by the power of a rotating body Py pine =
w T, where w; is the angular speed of the turbine and
T is the torque.

The power of the free-flowing water is given by the
following equation
Ly 3
5 AU, 2)
where A is the area of the turbine, p is the density of
the water and v,, is the velocity of the water.

The power coefficient is a function of the tip speed
ratio, A. The tip speed ratio is defined as the ratio
between the tangential speed of the tip of the turbine
blade and the velocity of the free-flowing water:

Pwater =

A= ©)
Vw
where r is the radius of the turbine rotor.

The power coefficient can be described as a variable
dependent on the tip speed ratio: Cj,()). The so called
Cp(M)-curve has been experimentally verified for the
turbine in Soderfors in [23] for tip speed ratios from
2.9-4.5 in water flow velocities ranging from 1.2m/s to
1.4m/s. A curve fitted from the experimental data is
given by the following equation:

Cp(N) = 0.0836A% — 0.0183)\°. 4)

The experimentally fitted C,())-curve is shown in
Figure 2. The optimal tip speed ratio calculated from
the power coefficient curve is A,y =~ 3.05. This corre-
sponds to an optimal power coefficient of Cp,(Aop) =
0.26.

Fig. 1. The Marine current power unit with a vertical axis turbine
and generator mounted on the same axis, placed on the riverbed.
Reproduced with permission from [24].

B. Generator

The generator in the marine current energy converter
at the experimental test site is a 112 pole, cable-wound
non-salient permanent magnet synchronous generator
(PMSG). The generator is rated at 7.5kW, 138 VL1, yms
at a nominal speed of 15 rpm. The generator parameters
are listed in Table I. The design and development
of the generator are described in more detail in [25].
Additionally, in [26] it is shown that the efficiency of
the generator is above 80 %.
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TABLE I
TURBINE AND GENERATOR PARAMETERS

Turbine

Cp()\opt) 0.26 at )\opt = 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 (VL rms) 138V
Rated stator current (rms) 31 A
Stator phase resistance 0.33592
Armature inductance 3.5mH
Flux linkageP*< 1.29 Wb
Inertia“ 2445 kgm?
Viscous friction coefficient® 1 Nms

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

0.3 T
Fitted curve, Cp=0.083612-0.0183)°

0.25 1

o
S

Power coefficient, CP
o
o N
- (6]

0.05 1

1 15 2 25 3 35 4 45
Tip speed ratio, A

Fig. 2. Power coefficient (Cp) curve fitted from measurements
[23]. Optimal tip speed ratio derived from the fitted curve is
Aopt = 3.05, which corresponds to an optimal power coefficient of
Cp(Nopt) = 0.26.

III. ELECTRICAL SYSTEM

An overview of the electrical system at the Soderfors
test site is shown in Figure 3. The system is extensively
described in [18] and a comprehensive simulation
study of the system can be found in [20]. An overview
of the system will be given in this section.

The electrical system is based on a B2B converter
technology, which is a common system in offshore
wind power [7]. The system is bidirectional, which
means that power can be transferred both to and from
the generator. Usually, the direction of interest is from
the generator to the external electrical grid. However,
the turbine at the Soderfors test site is not self-starting
[27]. The generator needs to be operated as a motor to

achieve an angular velocity of the turbine high enough
to start to rotate by itself. Therefore, the system needs
to be bidirectional. However, for the study presented
in this article, the focus is on the power transferred
from the generator to the external grid. Considering
this direction the electrical system can be summarized
as follows. The turbine is used to convert the kinetic
energy in the moving water to mechanical energy,
which in turn is converted to electrical energy in the
generator. The voltage output from the generator is in
AC and is first rectified with a 2-level voltage source
converter (2L-VSC). The power from the generator is
before the 2L-VSC filtered with an LCL-filter formed
by an LC-filter and the inductance of the generator.
The 2L-VSC is connected to a 3-level VSC (3L-VSC)
via a DC-link. The 3L-VSC inverts the DC voltage on
the DC-link to AC voltages for the connection to the
external AC grid. The AC output from the 3L-VSC is
filtered with an LC-filter and the voltage is increased
with a power transformer before the connection to the
external electrical grid. The LC-filter together with the
inductance of the power transformer constitutes an
LCL-filter.

A benefit of a B2B converter is that the grid side and
generator side of the system are effectively decoupled
from each other [28]. This means that the two sides
of the system can be controlled independently of each
other. Therefore, the generator side and the grid side
of the system will be treated separately below.

Energy source

LCL-filter
i
~ Al
T [ ()
LC-filter DC-link LC-filter Transformer Grid

Generator Grid

Generator
L converter

~
LCL-filter

Fig. 3. Overview of the electrical system at the Séderfors test site.

A. DC grid side — generator side

In Figure 4, the generator side of the electrical sys-
tem is shown in more detail. This part of the system
encompasses the generator, the LC-filter and the 2L-
VSC. The AC output from the generator is rectified by
the 2L-VSC. In the study presented in this paper the
generator side of the electrical system is used in two
ways: 1) as one part of a B2B converter in order to
generate a DC output for the DC-link (see Figure 3),
and 2) to generate a DC voltage for the connection of
a turbine to a DC collection grid. In both cases the
same control scheme is used, shown in Figure 4 and
further discussed below. The control of the generator
side in the context of the specific B2B converter has
been comprehensively evaluated in [20].

The control of the generator side VSC is aimed at
achieving optimal power extraction from the turbine.
This is achieved with a field-oriented control (FOC) al-
gorithm together with a maximum power point track-
ing (MPPT) scheme. In the FOC method, the phase
currents from the generator are transformed into a
rotating reference system using a dg-transform. The



TABLE 1II
ELECTRICAL SYSTEM PARAMETERS

Component Parameters Values

Cable Resistance 0.524 Q/km
Inductance 0.24mH/km

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

DC-link filter Capacitor bank 16.5mF

Inverter Converter type 3L-VSC
Modulation scheme SPWM
Switching frequency 6 kHz
Harmonic LC filter 2.4mH (66 mQ)

10 uF

Damping resistance 2.31Q

Transformer Delta/Wye 400V/230V
Power rating 7.5kVA
Primary resistance 0.7Q
Secondary resistance 0.23Q
Primary leak. inductance 0.9mH
Seconday leak. inductance  0.3mH
Magnetization resistance 82250
Magnetization inductance ~ 9.22H

Grid Three-phase symetrical 400V /50 Hz

IGBT Internal resistance 0.1m®
Forward voltage 1V

Rectifier diode  Internal resistance 0.001 2
Forward voltage 0.8V

Snubber circuit  Snubber resistance 47k
Snubber capacitance 470nF

generator is then controlled using the dq currents g4
and 44s. The specific method used here is zero d-axis
current control, where the d-axis current is maintained
at zero, i4gs = 0. In this case, the stator current of the
generator becomes equal to the g-axis current, i,,, and
it can be shown that the electromagnetic torque is given
by the following equation:

3 .
T, = 5171/17»%7 (5)

where p is the number of pole pairs and 1, is the rotor
flux linkage. If the rotor flux linkage is assumed to be
constant the relationship between the electromagnetic
torque and the g-axis current is linear. Consequently,
by controlling the g-axis current it is possible to control
the electromagnetic torque, and by changing the elec-
tromagnetic torque it is possible to regulate the angular
speed of the turbine.

In order to decide a suitable reference value for the ¢-
axis current the MPPT scheme is used. The aim of the
implemented MPPT scheme is to adjust the angular
speed of the turbine in order to achieve optimal tip
speed ratio, A\,p: ~ 3.05, for a specific water speed.
The implemented MPPT scheme is shown in Figure 4.
Input parameters to the MPPT block are the water
speed, vy, and the angular speed of the turbine, wy.
The optimal tip speed ratio, A,p:, and the water speed is
used with Equation 3 to calculate a reference value for
the angular speed of the turbine, w; .¢. The reference
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value is compared with the actual rotational speed of
the turbine (in this article the electrical angular speed
was used) and the error is sent to a PI controller. The
output from the PI controller, which is also the output
from the MPPT block, is the reference value for the
g-axis current, ig,.

The other parts of the implemented FOC control
strategy are as follows. The outer control loop is con-
stituted by the PI regulator in the MPPT block. Addi-
tionally, two inner control loops with two PI regulators
for the control of the dg-axis currents are used, as
shown in Figure 4. However, in order to control the
dg-currents, the phase currents from the generator need
to be transformed into dg-currents. This is achieved by
measuring the angular speed of the turbine and using
an integrator to generate the electrical angle of the tur-
bine, 6., which is used to create the rotating reference
frame. The phase currents are measured and together
with the electrical angle the dg currents of the generator
are produced in the block abc/dg. The output from the
MPPT block, iy, is compared with the measured g-axis
current. The error is sent to one of the inner loop PI
controllers, which generates reference values for g-axis
voltage, v;,. The measured value of the d-axis current
is compared with the reference value i), = 0, and the
error is sent to the other PI regulator, which generates
the reference voltage v}j,. The reference dg-voltages are
transformed back to the stationary reference frame and
used as reference signals in a pulse-width modula-
tion (PWM) block, which generates control signals for
the 2L-VSC converter using a sinusoidal carrier-based
PWM (SPWM) technique.

LC filter 2L-VSC DC
IML L J
T @ .
PWM
Vg Ubs Vas

dg/abe

A

wi We |1 6,
z

LasUbs Les 2

abe/dq | ;

Fig. 4. Generator side of the B2B converter. Main components and
control scheme.

B. AC grid side — external electrical grid

The part of the electrical system connected to the
AC grid, shown in Figure 3, is considered in two ways
in this paper: 1) as the AC side of a conventional
B2B converter, as in Figure 3, and 2) the AC side for
multiple turbines in a DC collection grid. The same
control method is used in both cases. The purpose of
the AC side of the system is to invert the DC voltage
on the DC-link (or DC collection grid) to AC voltage, in
order to connect the system to the external distribution
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grid. The external grid is assumed to be strong. The
aim of the implemented control is to take the power
that enters the DC side and inject the power into the
AC grid while maintaining the voltage level on the
DC side. This is achieved using a voltage oriented
control (VOC) with a phase-locked loop (PLL) scheme,
shown in Figure 5. The PLL algorithm is used to
detect the grid voltage angle, 6,, which is used for
the transformation of voltages and currents from a
stationary to a rotating reference system.

The VOC control scheme requires that the d-axis of
the rotating coordinate system is aligned with the grid
voltage vector. The magnitude of the d-axis component
will in this case be equal to the magnitude of the grid
voltage vector [28]. When this is the case, the g-axis
voltage will be zero, and it can be shown that the active
and reactive power exchanged with the grid are given
by the following equations in the dq reference frame:

Py = g(vdgidg + Vgglqq) = ivdgidg’ (6)

Qg = i(vqgidg — Vdglqq) = _ivdgiqer @)

Equation 7 can be re-written to give an expression
for the reference value for the g-axis current:

>

12 =
9 —1.5’Udg ’

(8)

where Qj is reference value for the reactive power
and vq, is the d-component of the grid side voltages.
Equation 8 can be used to control the reactive power
exchanged with the grid and if Q; = 0, unity power
factor is achieved.

It is customary to disregard the filter capacitor when
designing the controller for a grid-connected VSC with
an LCLfilter. It can be shown that the state equations
for the AC side of a grid-connected VSC with an L-
filter are given by the following system of equations
[28]:

di )
ﬁ = (vdg — Vai + wgLiqg) o)
9
di )
Lidig = (vqg — Vgi — wgLiag)

where vg; and vy are the dg-components of the con-
verter phase voltages and w, is the angular frequency
of the grid. The d- and ¢-axis components are coupled
by the terms wy Ligq and wy Liggy. In order to simplify the
design of the PI controllers it is common to decouple
the dg-components from each other when implement-
ing the controller [28]. In Figure 5, this is performed in
the block “Decoupled controller”.

The VOC scheme shown in Figure 5 is based on
two inner control loops for the control of the dg-axis
currents and one outer control loop for the control of
the DC-link voltage. The outer control loop uses one
PI regulator to produce a reference value for the grid
side d-axis current, izq. The inner control loops, im-
plemented with two PI controllers, generate reference
dg-voltages for the VSC, which are transformed into
a stationary coordinate system and used as reference
signals in the PWM block in order to generate control

pulses for the VSC. The PWM block uses a sinusoidal
carrier-based PWM method to generate the control
pulses.

DC SL-VSC LC filter

Transformer ~ Grid

13 A HAGD ()

400 V
. . . 50 H
Vde Lag bg teg ’
Vag Ubg Ucg, yVag VbgVeg
WM [PLL ]
¥ % x abc/dg Bg
Vai Vbi Vi

9, l l 2

tdglqg UdgUqg

Decoupled controller

Fig. 5. Grid side of the B2B converter. Main components and control
scheme.

C. Resonance of the AC grid side LCL-filter

An LCLAfilter has a high-frequency attenuation rate
of —60dB, which can be compared with —20dB for an
L-filter and —40dB for an LC-filter [29]. The significant
high-frequency attenuation rate together with the fact
that smaller components can be used has made the
LCL-filter the preferred choice when designing filters
for grid-connected VSC [30]. The LCL-filter is, how-
ever, associated with a resonance peak at a certain fre-
quency. The resonance peak in the frequency response
of the LCL-filter can adversely affect the control of a
VSC [31]. In order to limit the effect of the resonance
peak on the controller a resonance damping strategy
can be used. There are two methods to dampen a res-
onance peak: passive and active damping [31]. Passive
damping techniques are based on the inclusion of pas-
sive components, for example, a resistor in the system
in order to decrease the resonance peak. The active
damping techniques are based on the modification of
the control strategy of the VSC to achieve a virtual
damping of the resonance peak.

The transfer function of the LCL-filter is commonly
used to analyse the resonance behaviour of the filter. In
the system considered in this paper, the AC grid side
LCL-filter is formed by an LC-filter and the inductance
of a power transformer. If the LC-filter and power
transformer are assumed to be lossless and the core
components of the transformer are disregarded, the
transfer function from the AC voltage output of the
grid side VSC to the grid current can be derived to the
following equation:

1 1
n LyCy(Ls+ Ly)s3 + (Ly + Ly + L1)s’

Hicr = (10)
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Fig. 6. Frequency response of the grid side LCL-filter without and
with passive damping.

where Ly and C; are the filter inductance and capac-
itance, respectively. L, is the secondary side leakage
inductance of the transformer, L, is the primary side
leakage inductance of the transformer referred to the
secondary side of the transformer, and n is the turns
ratio of the transformer. The resonance frequency of the
system can be calculated with the following equation:

L L,+ L!
Wros = u. 11)
Lfo(Ls—FL;)

The Bode plot of the transfer function in Equation 10
is shown in Figure 6. The resonance peak is clearly
visible in the magnitude and from Equation 11 and the
parameter values in Table II the resonance frequency
can be calculated to 2300 Hz.

In order to stabilize the grid side controller a passive
damping strategy is used, where resistors are placed
in series with the filter capacitors. A suitable value
for the damping resistance can be calculated with the
following equation [32]:

_ 1
B 3wres Cf

For the resonance frequency of 2300 Hz and the filter
capacitor value from Table II, the damping resistance
is calculated to 2.31€Q). Figure 6 shows the frequency
response after the addition of the series resistances,
and it is clearly visible that the resonance peak is
significantly attenuated.

Ry (12)

IV. POWER COLLECTION GRIDS

Two types of near-shore low-voltage power col-
lection grids are considered in this study: one con-
ventional AC collection grid and one DC collection
grid. Both grids consist of five marine current energy
converters. The first converter is located 200m from
the shoreline. The other four energy converters are
respectively spaced three times the diameter (3D) of the
turbines from each other, starting from the first turbine.
This corresponds to 18 m between each turbine. The
same cable is assumed for both cases with the per
meter parameter values as in Table II. A simplified
lumped element model of the cable is used where
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only the series resistance and series inductance are
considered.

A. AC collection grid

The AC collection grid is shown in Figure 7. Five
turbines are connected to a radial three-phase feeder
cable, which on the land is connected to the point of
common coupling (PCC). The electrical system of the
turbines is the system shown in Figure 3. This includes
the filters, the B2B converter and the transformer. It
is assumed that all the components of the system are
contained in the turbine or placed in the immediate
closeness to the turbine at sea. In Figure 7, the turbine
with the electrical system is illustrated by the dotted
box.

LT T

1 ] 1 1

1 1 1 1

1 ] 1 1

1 1 1 1

1 1 1 1

1 1 1 1

1 1 1 1

1|Acipc|; 1|Aacioc |}

1 1 1 1

1 1 1 1 -

. | ! , | : + Shoreline

1 1 1 1 o

'[pciac: '[pciacy:

1 1 1 1

|__I__| |__I_-| :
*—#—PCC

Fig. 7. Radial AC collection grid with 5 turbines connected to the
shore via a 200m AC cable

B. DC collection grid

In Figure 8, the DC collection grid is shown. The
turbines are connected electrically in parallel to the
grid. The turbine with the electrical system is illus-
trated by the dotted box. The electrical system now
only encompasses the generator side of the system
shown in Figure 3. Additionally, a capacitor with the
capacitance value 16.5mF is placed at the DC-side of
the VSC at all turbines. The power is transmitted to the
shore by the DC collection grid. On the shore, the AC
grid side of the system shown in Figure 3 is used to
inject the power into the distribution grid. A capacitor
with the value 16.5 mF is placed on the DC side of the
grid side VSC in order to stabilize the voltage on the
DC collection grid.

............

::‘:Shore/ine

Fig. 8. Parallel DC collection grid with 5 turbines connected to the
shore via a 200 m DC cable.
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V. SIMULATION MODEL

The collection grids are implemented in MATLAB/
Simulink using built-in functions and building blocks.
The turbine is modelled using the C,(\)-curve in Equa-
tion 4, which is used together with the water speed
to calculate the torque on the generator. The input
variable to the models is different water speeds. The
parameters in the models are from Table I and IIL
The resistances and inductances of the cables are from
Section IV.

The PI controllers are implemented as discrete-time
parallel controllers.

The models are simulated in discrete time. The elec-
trical components are sampled at a time step of 1 ps.
The other components in the model, for example, the
PI controllers, are sampled at a time step determined
automatically by Simulink. The solver is a variable-step
solver automatically determined by Simulink.

VI. SIMULATION RESULTS AND DISCUSSION

In this section, the collection grids are evaluated with
an emphasis on the results from simulations.

A. Steady-state simulations

The AC and DC systems are simulated with constant
water speeds applied to all turbines. The water speeds
are close to the nominal value for the turbine, 1.35m/s.
The water speeds differ a bit between the turbines in
order to evaluate the performance of the systems when
different water speeds are applied to the turbines.
The water speeds are the following: v, r, = 1.30m/s,
Vw1, = 1.35m/s, vy, = 1.33m/s, v,1, = 1.28m/s
and v, 1, = 1.34m/s.

1) AC collection grid: The voltages of the AC collec-
tion grid are determined by the strong grid. Therefore,
the currents are of most interest to evaluate the perfor-
mance of the controllers. In Figure 9, the AC current for
one phase is shown at six points of the AC collection
grid: at the connection point to the distribution grid
(the PCC in Figure 7) and at the connection points to
the five turbines. The currents are shown for a time
interval of 0.2s, when the system operates in steady-
state. In accordance with Kirchhoff’s current law, the
current injected into the distribution grid (i4 ¢riq) is the
sum of the five currents from the turbines. As can be
observed the current injected into the distribution grid
and the currents from the turbines are stable sinusoidal
waveforms.

The purpose of the control system is to make the
system inject the power from the turbines into the
distribution grid. In Figure 10, the mechanical power
to the turbines (P, +0t), the electrical power from the
turbines (Piyurpines,tot) and the total power injected into
the grid at the PCC (Pac,gria) are shown. Initially, be-
fore the system settles into steady-state, there are some
transients. However, the system stabilizes in less than
1.5s. At steady-state operation, there is a difference in
power levels in the different parts of the system, which
is due to resistive losses. The control system in the
turbines works as expected, in that the power from
the turbines is delivered to the PCC. The tip speed
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Fig. 9. Steady-state AC currents, phase a.
ratio is calculated using Equation 3 and it is verified

that all turbines operate at the optimal tip speed ratio,
Aopt = 3.05.
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Fig. 10. Steady-state power levels for the AC collection grid.

2) DC collection grid: The AC grid side controller
should in the DC system be able to maintain the DC
voltage level of the collection grid at a specific value.
The reference value for the DC voltage is 400 V. The
voltage of the collection grid is regulated with regard
to the DC voltage level at the AC grid side inverter. The
simulated DC voltages at the turbines and the grid side
inverter are shown in Figure 11. When the simulation
is started there are some initial transients before the
system settles to a steady-state at around 1.5s. After
the transients, it can be observed the voltage level at
the grid side inverter, vpc, griq, is maintained at 400 V
while the voltage levels at the turbines are higher than
the reference value. This is explained by the resistance
of the cables. Since the cables are modelled by a series
resistance and inductance and a current is present
in the cables, a voltage droop needs to occur over
the cable segments. This will force the DC voltages
to higher levels at the turbines compared to the DC
voltage level at the AC grid side inverter.

The power flow in different parts of the DC system
is shown in Figure 12. Again some initial transients can
be observed. The blue curve, Pyey 10, is the total me-
chanical power to the generators. The total power in-



——UDCgrid
UDC Ty
VDT,
VDC,Ty
VDC,Ty
VDC,Ty

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time [s]

Fig. 11. Steady-state DC voltages.

jected into the DC grid from the turbines is represented
by the red curve, Piyrbines tor- The difference between
these curves is the conduction losses in the turbines,
which encompasses the losses in the generators and the
2L-VSCs. The yellow curve, Ppc grid, is the power on
the DC-side of the AC grid side inverter. The difference
between these curves is the conduction losses in the DC
collection grid. The active power injected into the AC
distribution grid is given by the purple curve, Pac,grid,
and as can be observed there are some conduction
losses in the 3L-VSC and the power transformer. Fi-
nally, the reactive power exchanged with the AC grid
is given by the green curve, Qac,gria. The reference
value for the reactive power is set to zero. The mean
value of the reactive power in Figure 12 is calculated
to be zero.

The tip speed ratios are calculated using Equation 3
and confirmed to be at the optimal value for all
turbines. Consequently, it can be concluded that the
system has the desired function, in that, the turbines
operate at optimal tip speed ratio and the power from
the turbines is transmitted via the DC collection grid
to the onshore converter and injected into the AC
distribution grid. Be that with some conduction losses,
which are further discussed in Section VI-B.
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Fig. 12. Steady-state power levels for the DC collection grid.
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B. Power losses in the AC and DC systems

The simulation models are used to evaluate the
power losses in the AC and DC systems for three water
speed cases:

1) nominal water speeds (v, 1, = 1.30m/s, vy, =

1.35m/s, vy, = 1.33m/s, v, 1, = 1.28m/s and
Uy, 1; = 1.34m/s),

2) low water speeds (v, 1, = 0.85m/s, vy1, =
0.9m/s, vy 1, = 0.93m/s, vy, 1, = 0.88m/s and
Vw1, = 0.91m/s), and

3) high water speeds (v,r, = 1.65m/s, v,r1, =
1.6m/s, vy, = 1.58m/s, v, 1, = 1.61m/s and
Uy, Ty = 1.57m/s).

The losses for the DC system are evaluated for
three different voltage levels for each water speed case:
400V, 600 V and 1000 V. The power losses only include
conduction losses, that is, the switching losses of the
VSCs are not included.

The results from the simulations are shown in Ta-
ble III, where the losses of the DC systems are ex-
pressed relative to the losses of the AC system. This
means that if the factor in the table has the value 1
("one”) then the losses are the same in the AC and DC
systems. If the value is less than one, then the losses
in the DC system are less than the losses in the AC
system, and vice versa. The column Pr¢; oss,grid 15 the
conduction losses in the collection grid cables. In the
last column, the total losses of the system are given.

For all three cases, the losses in the DC collection grid
cables decrease when the voltage is increased. This is
expected because the current decreases when the volt-
age is increased for a given power level. Furthermore,
it should be noted that the total losses for nominal and
high water speeds are higher in the DC collection grid.
However, for low water speeds, the losses are lower for
the DC system at the voltage levels 400V and 600 V.

TABLE III
THE POWER LOSSES IN THE DC COLLECTION GRID RELATIVE TO THE
POWER LOSSES IN THE AC COLLECTION GRID.

Case 1 — nominal water speeds

Voltage level

Prel loss,grid

Prelloss,tot

400 Vpc 1.08 1.18
600 Vpc 0.49 1.15
1000 Vpc 0.18 1.15

Case 2 — low water speeds

Voltage level

Prel loss,grid

Preiloss,tot

400 Vpc 1.12 0.92
600 Vpc 0.5 0.94
1000 Vpc 0.17 1.03

Case 3 — high water speeds

Voltage level

PTel loss,grid

Prei loss,tot

400 Vpc 0.99 1.20
600 Vpc 0.40 1.20
1000 Vpc 0.16 1.20

C. Disconnection of a turbine

The stability of the systems is evaluated by discon-
necting turbine 3 (75) when the system is operating in
steady-state. A simulation is started and the system is
allowed to settle into steady-state. An ideal breaker is
then used at 2.5s to disconnect turbine 3 from the AC
and DC collection grids, respectively.
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1) AC collection grid: In Figure 13, the phase a cur-
rents are shown at the instance of the disconnection
of turbine 3. As can be observed, the loss of turbine 3
has no noticeable impact on the currents from the other
turbines. The current injected into the distribution grid
(%a,grid) is also stable.
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Fig. 13. Currents, phase a, in the AC collection grid at a sudden
disconnection of turbine 3 (73) at 2.5s.

Figure 14 shows the power from the turbines and the
power injected into the distribution grid at the PCC.
As can be observed, a transient appears in the power
from the turbines when turbine 3 is disconnected. This
is due to a transient in the voltage that occurs when
the breaker is opened. However, the power from the
turbines stabilizes very quickly after the disconnection.
The turbines that are still connected to the grid are able
to deliver power to the grid at the optimal tip speed
ratio. However, since one turbine is disconnected, the
power injected into the distribution grid is at a lower
level.
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Fig. 14. Power in the AC collection grid at a sudden disconnection
of turbine 3 (T3) at 2.5s.

2) DC collection grid: In Figure 15, the voltage levels
on the DC collection grid are shown. As can be ob-
served a transient occurs in the voltage at turbine 3
at 2.5s. The system is stabilized within one second
of the disconnection of turbine 3. In Figure 16, the
power at different parts of the system is shown. As
can be seen, the power from the turbines is decreased
when one turbine is lost. However, the power from the

turbines and the power injected into the AC grid are
able to find a new equilibrium quickly. The reactive
power exchanged with the external distribution grid
is maintained at zero, only with a small disturbance
when the turbine is disconnected.

450 ,

UDC,grid
vpe,T
UDC,Ty
UDC,Ty
UDC,T,
VDC,Ty

0 1 2 3 4 5 6
Time [s]

Fig. 15. Voltages in the DC collection grid at a sudden disconnection
of turbine 3 (73) at 2.5s.
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Fig. 16. Power in the DC collection grid at a sudden disconnection
of turbine 3 (73) at 2.5s.

D. A qualitative discussion of AC and DC collection grids
for marine current power

Both the AC and DC collection grids are able to
transmit the power to the shore and inject the power
into the distribution grid. The simulations have shown
that both systems are stable with regard to a distur-
bance, that is, the disconnection of one turbine. The
total power losses of the AC system are lower than
those of the DC system for nominal and high water
speeds. For low water speeds the total power losses are
lower for the DC system, when the voltage is 400 V and
600 V. However, it should be observed that the power
losses shown in Table III did not include switching
losses. Since the AC system requires five VSC instead
of one as in the DC system, the switching losses can be
expected to be significantly higher for the AC system
compared with the DC system.

In both systems, all components were assumed to
be placed in the turbine (or very close to the turbine).
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The main advantage of the AC system is that it is
based on established technologies from the offshore
wind power sector. However, since space limitations
and maintenance difficulties are constraining factors in
offshore engineering, it can be beneficial to consider a
system that requires fewer components to be placed in
the turbine. The DC collection grid considered in this
study only requires a rectifier in the turbine compared
with a full B2B converter system as in the discussed AC
collection grid. Additionally, even though the power
losses were larger in the DC grid they were not radi-
cally higher and if the switching losses were to be in-
cluded, the difference between the two systems would
be expected to decrease. These factors, in addition to
the fact that fewer cables are needed in the DC system
(only one cable if the sea is used as a return conductor),
make the DC system an interesting option.

VII. SUMMARY AND CONCLUSIONS

A simulation study of AC and DC collection grids for
a marine current energy converter has been presented.
It has been shown that the proposed control algorithms
can be used to correctly control the turbines and inject
the power from the turbines into the distribution grid.
The control is stable for both the AC and DC systems,
even when a turbine is suddenly disconnected from
the grid. The AC collection grid has lower total power
losses for nominal and high water speeds. However,
the difference in losses between the systems is within
a 20% range. Considering the fact that fewer com-
ponents need to be placed in the turbine in the DC
collection grid compared with the AC collection grid
and that fewer cables are needed, the DC system could
be an interesting option.
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