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Abstract

Currently different technologies are studied to
harvest energy from marine currents. As one of
those, the Kaobold turbine, a vertical axis marine
current turbine, has been tested in the Strait of
Messina, Italy since year 2001. Based on the positive
results achieved by the working prototype, further
plans were made aiming at applying the technology
in developing countries. In afirst actual application,
a system for electrification of a remote village in
Lombok, Indonesia, is planned to be installed.

For this application an electrical system was
developed allowing for off-grid operation of the
turbine and stable power supply to the consumers.
The system comprises the generator-frequency
converter system on the turbine and an onshore
power station with grid-forming bi-directional
battery inverters and battery banks for energy
storage. An adapted turbine control scheme was
evolved, reducing the turbine output power in case
of coincidence of high tidal currents, high battery
state of charge and low power consumption to
prevent the system from overloading.

The system was successfully tested in laboratory.
Installation of the turbine in Indonesia is planned
for theend of thisyear.

Keywords: marine current turbine, off-grid installation, rura

electrification.

1. Introduction

Tidal currents offer a sustainable resource forgne

production and the technical feasibility of tidaleegy

aiming at the installation of Tidal Energy Converte
(TEC) farms [2-3].

Another opportunity is the application of TECs for
off-grid electrification in remote areas that aret n
connected to a local distribution grid. Cost for
electricity in these areas - typically based on
conventional diesel-generator sets - is often
comparably high, due to transportation costs fal fu
[4]. Therefore renewable energies offer an attvacti
alternative. There are many examples where
electrification systems in remote areas that refy o
mature types of renewable energy forms, like solar,
wind and hydro, outperform fossil energy based
systems. This is not only from the ecological, &isb
from the financial point of view [5-7].

The Kobold Il Indonesia project [8] aims at the-off
grid electrification of a village in Lombok, Indosia,
by means of a vertical axis marine current turbine.
the best of the authors’ knowledge, this project is
unique, since no other off-grid electrification jarct
based on tidal energy has been carried out sd fas.
project is funded by the United Nations Industrial
Development Organization (UNIDO), the Italian
company Ponte di Archimede S.p.A (PDA) and the
Indonesian State Ministry of Research and Technpolog
(RISTEK). The turbine technology utilized is termed
Kobold [8] and was developed by PDA and the
University of Naples (UNINA).

An electrical system for turbine operation and ktab
power delivery to the village was developed, which
takes into account the special requirements arfsomg
the unique use case. The system consists of am@nsh

conversion has already be_en proven by severglq]soje power station, comprising grid-forming bi-directan
[1-3]. In order to make tidal energy conversion alsabattery inverters with the appropriate battery tsamid
commercial feasible, different projects are cutsent the generator system located off-shore on the narbi

The battery banks allow a continuous power supply t
the village. Power balancing is achieved by the
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combination of a frequency shift function, provideg - Crucial equipment like generator, frequency
the bi-directional battery inverters [9], small doimn converter, etc. installed in a machinery room
loads and an adapted generator control. above sea level.

The complete electrical system was successfully In [3] detailed descriptions of the first prototypan
tested in laboratory, using the original compondots be found, which has been successfully tested in the
be installed in Indonesia. The final steps of thgjgrt  Strait of Messina, Italy.

— installation and commissioning of the turbine amel
electrical system — are foreseen to take placééend .&
of this year. 3

This report describes both the electrical systech an u
the control schemes developed for the turbine dioera H
and gives selected results from the laboratorgtf3te )
paper is organized as follows. In section 2 a brief
description of the project is given. The electrical i
system is outlined in section 3. Its developmeitkto
into account the project requirements, such asirterb
characteristics, power demand, etc. Section 4 tbescr S :
the turbine control schemes. The system was ewaluat Figure 1. Kobold turbine: Sketch of rotor and drive-train

in laboratory, which is described in section 5. The (left), prototype in Messina (right).
conclusions give the main project results achieveel, - :
actual project state and an outlook on the nexjepto Turbine diameter 6m
steps. Blade span 5m
2. Project Description Chord length 0.4m
Funded by UNIDO, PDA and Indonesian Ministry No. of blades 3
RISTEK, the Kobold Il Indonesia project aims at the Cut-in speed 1.0 m/s
electrification of a village in Indonesia by a vea
axis marine current turbine. Indonesia — with itsren Rated power 70 kW (at 2.5 m/s
than 17,000 islands — has a lot of potential sites Overall turbine efficiency ~ 250
exploitation of marine currents. The choice of the

installation site for a first turbine was based on Tablel: Characteristics of the first Kobold prototype [3].
comprehensive investigations, which took into actou

selection criteria like current velocity, water @D he Kobold Il Indonesia project was designed, which
seabed texture, socio-economic activities, un@ded | 5ias at 150 kW [8]. As one of its main charactiess

areas, and many others [10]. Finally it was decitted he nower and torque over speed curves of therterbi
install the turbine in the Strait of Alas, betwettre ;. given in Figure 2.

islands of Lombok and Sumbawa. The turbine will be
installed less than 500 m of the coast of Lomboknn

Based on the Messina prototype a new turbine for

area characterized by following properties [10]: 150 Trbine power [ioM) . .
- Water depth between 20 and 40 m, ——10mis
- Low waves and wind, 100 b
- Current velocity above 2 m/s for more than _—

8 hours/day. 50

== =MFPF-curve |

The electricity produced will be delivered to @
Ketapang — a village comprising approximately 20C

houses without electricity supply. i : .
—10mfs
The Kobold turbine (see Figure 1, Table 1) is & 1.5 mis
vertical axis marine current turbine, mounted belw 5 :gg mﬁ i
floating platform. The technology was developed by e m s
PDA in cooperation with UNINA, some features of the o
Kobold technology are for instance [3]: 0 i T ' e
1] ) 10 15 20 28 30 . 40
- High starting torque due to a patented passiv Rotation Speed [s]

blade pitch mechanism,
- Kinetic energy conversion regardless the flow
direction,

Figure 2: Kobold Il Indonesia turbine power over speed (top)
and torque over speed (bottom) curves.
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To supply the consumers in the village by means o
the Kobold turbine an island grid adapted to the PL

application is required. The following section gk 0 kW ;if fg < 51 Hz,

the electrical system developed for the project. =412 kW « fgz_55:IZI'IZ ;if51 Hz < f, < 535 Hz,
3. Electrical concet N 12kW ; if f, > 53.5 Hz.
In the design of an off-grid electrical system some )

SpeCiaI requirements have to be addressed. Firstly, Because the dump-k)ads are designed particu|ar|y
regardless if powered by conventional fossil fusbéd for this application, their controllers are adaptedhe
(e.g. a diesel-generator set) or by renewable gnergrequency shift function of the bi-directional ket
sources (e.g. solar, wind, etc.), a grid-formingt i inverters, and are capable of dealing with fast
needed. Secondly, if renewable forms of energy argansients in the grid (such as load jumps andectirr
used, a storage device is required to allow contisu turbulences). As the dump load capacity is ratber |
power supply to the consumers independently froen thywhen compared to the turbine’s rated power, dubeo
power source. Lastly, a supervisory control is e}  economic reasons mentioned above, secondly the

which balances the power flow in the island grid bypower output of the turbine is reduced. This proced
adapting power production to power consumption Ofs described in detail below.

vice versa. If a storage device is included, itl \wi o

mainly used by the supervisory control to balariee t It Should be noted that both the bi-directionakdat
power. A critical situation arises when the powerinverters and the dump-loads are off-the-shelf
delivered to the island grid exceeds the maximuedfe Components, particularly ~developed for off-grid
in power of the grid. This could happen if at ttene installations. The control functions described abave
time there is a high availability of power from wijn Part of these off-the-shelf products. The wholetamn
solar etc., low power consumption and a high mtterSYStem is embedded in the batte_r)_/ inverters an_d the
state of charge. This situation can be handléwety ~dump-loads. Therefore no additional ~supervisory
increasing the power demand or reducing the feed-ifontrolis required to operate the island grid.

power. In case of village electrification, contafl the The power station rating was done according to
power consumption can only be achieved by additionaestimations of the village power demand and ecoaomi
large and thus expensive dump-loads. Thus, the powggpects. In a first step 6 battery inverters operat
balancing is preferably achieved by reducing theeo  parallel allow for a continuous power supply of B
output of the sources. This approach is widely used 5 the village, backed-up by a battery capacity of
island grids fed by renewable energy (see for eXamp around 150 kwh. Two dump-loads can dissipate up to
[11]) and was also applied in this project. 12 kW of surplus power. To adapt the system toréutu

According to these requirements a system walicreased demand, the whole system can easily be
developed comprising two main parts — the generatcic@led up by connecting further inverters, battesied
system installed on the offshore platform and al gri dump-loads in parallel. In Table 2 references fw t
forming power station located onshore that includes aPplied components are given.
battery bank and a supervisory power control.

Onshore Power Station Power Line
Power station to Village
The power station comprises a battery bank e
controlled dump-loads and bi-directional battery| l I LLf
inverters. The turbine and the village grid are - 100V Sea-Cable
connected to the power station via a sea-cable (g L=\ / to Turbine
depicted in Figure 3). The battery inverters forthize T | sav B
phase grid, using the batteries to balance the pow
flow in the system. In case the turbine power edsee B attery SCata ] | RO
N A A i q attery Inverters
the maximum feed-in power of the grid, the bi-

directional battery inverters raise the grid-freguef,.

Thus the information that the grid is overloaded is Figure3: Layout of power station.

transferred to all connected devices via the tipteszse Device Reference Capacity
power cables, avoiding further communication paths Bi-directional Sunny Island 5 KW
like signal cables or radio connections. Two| battery inverter 5048 | SMA
subsystems evaluate and react to the grid frequengy Smart Load /
Firstly the dump-loads are switched on and the Dump-load SMA 6 kw

dissipated power f is increased linearly with the

. Table 2: Power station components.
frequency by their controllers:
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Generator system The combination of the power station and the
generator system fulfils the criteria described vabo
Two further benefits of the system are: Firstly the

seen that the turb!ne and thus the ggn(_arator hae to robustness of the system, achieved by the frequency
operated with variable speed to optimize the POWELLitt function — avoiding signal cables or a radio

output. The dashed red line in Figure 2 depicts th% .
. . ' ._connection to the off-shore platform — and the obe
Maximum Power Point (MPP) curve. By tracking thls’}%)f“f-the-sheI]‘ components and secondly the scatgbili

curve the turbine gives the maximum power at eac : . ;
? . ; of the system allowing for adaption to increasedgro
current speed. Variable speed operation also ieslud :
demand in the future.

the possibility of reducing the power output. Baneng
the MPP-curve — no matter if by increasing or .
decreasing the speed — the turbine power is reduceﬂ- Turbine control schemes

This is used to adapt the power output of the nertto As described above the turbine control mainly aims
the maximum feed-in power of the grid (see nexigt optimizing the power output according to thedfée
section for details). capacity of the island grid. The control circuit is

From the turbine characteristics the required powef€picted in Figure 4, showing that two different
and speed range of the generator system can bederi controllers are used.
According to these requirements a generator syste PoL
comprising a gear box, an asynchronous generatbr a .
a frequency converter (FC) was designed (se Povrer L2
Figure 4). The gear box (ratio 51.1) adapts thbiner
speed to the speed range of standard industri 4 O | Trer | FC + GEN.
machines. The generator is an off-the-shelf ma6ine . _|- o TURBINE

From the turbine characteristics in Figure 2 it ban

A 4

y

pole asynchronous generator (rated power 150 kW
1008 RPM). By means of the FC the generator can k
operated in a speed range from 0 to around 6000 RP
(0 to around 120 RPM when related to the turbine WOtutbine
side). As the grid-forming function is provided the
power station, a standard industrial full back-takh
converter can be applied — no special functionofbr Controller 1 controls the rotational speed of the
grid operation are required. The FC provides controturbine aiming at tracking the MPP-curve of the
algorithms for the torque control of the generaad  turbine. Controller 2 is applied, when the turbingput

an interface to a higher-level control, where terqu power exceeds the maximum feed-in power of the
reference, operation control values (start/stopjillage grid. The decision on when to switch betwee
commands, etc.) and feedback signals can bge controllers depends on the measured grid-freque
exchanged via analogue/digital I0s of the FC. Thesee below).

higher-level control that controls the turbine is i i ,
implemented on an industrial programmable logic FOr the tracking of the maximum power point a
controller (PLC). Besides the interface to the BGet  control scheme ~well-known from wind energy
of sensors is routed to the PLC by analogue aritatiig CONVersion is apphed. The referenc;e torqugF_Tor the
terminals. These are used to control and moniter th9&nerator is obtained by the following equation:
turbine. The main measurands are the current sfieed, Trer = ki * 02 rpines (2)
turbine speed and the generator temperature. Byisnea

of an additional sensor, that measures the griqwhere k is a constant adapted to the characteristics of

frequency, the required information for the loadthe turbine.

Figure5: Block diagram of control circuit.

balancing is provided to the PLC. The decision on when to apply controller 2, redgcin
the power output of the turbine, is made basedhen t
Generator System power dissipated in the dump-loads Pobtained from

the grid-frequencygfaccording to equation 1. The limit

PLC """'"'::""::::""":::""::E';;;_"E value B rer for activating the power reduction was set
DG Paan g to 1 kW. The same value is used as set point fer th
Temperature | — SISt controller, avoiding losses of produced power duoe t

[ . ~ : small deviations from the set point and at the same
oﬁ bon _@7‘”_ - 771 leaving a reserve of 11 kW of dump-load power, in

Sea- L.
case of rapid increase of surplus power.

Cable
Tuthine  Speed-  Gener: F L
urbine  Speed.  Generstor e The control law for the power reduction is given by
equation 3:
; . 3 2
Figure 4: Layout of gslr(’]i?fr;irtrc])qr. system on the off-shore Trer = Trer oip — ko * (PDL _ PDLREF) ) (3)
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where k is constant determined by simulations anddifferent current speed time series to control Ei@-

Trer oo IS the torque reference value from the lastmachine.
PLC cycle. 1
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Reducing the generator torque proportional to the
square of the surplus power leads on the one tmad t j———
smooth power reduction in case of low surplus powe{\i4 '
and on the other hand to a rapid reduction in cdse #
high surplus power. The torque imbalance due to th
reduction of the generator torque results in an
acceleration of the turbine, i.e. the turbine ismaped in ‘
the falling slope of the power over speed curveisTh
holds some advantages:

PLC-cabinet

- Some of the surplus power is stored in the :
turbine inertia,

- Open-loop circuit is stable and

- Ripples in the hydrodynamic torque are lower in
this operation area [12].

The possible disadvantages — cavitation and sbress
the drive train components, both due to high rotel
speeds — were addressed in the design and spgaifica
of the turbine and the generator system components.

The controllers were tested and evaluated by mea
of comprehensive off-line simulations, considering
scenarios like run-up, run-down, transition betwéen &8
controllers, switching of loads, different load wes,
behaviour under turbulent current velocities etaribg
these tests the controllers proved to perform \vell
terms of both MPP-tracking and power output
reduction, but comparably high ripples were found i j
the generator torque. In order to smooth the gemera
torque a filter function was incorporated in both Figure6: Test bench setup. Power station components (top),
controllers, limiting the increasing of the generat generator system and test drive (bottom).
torque.

Bi-directional battery inverters

Using the test bench as described above a
comprehensive set of tests was carried out, comgris

5. Laboratory Tests
- Interface PLC to FC,

The laboratory tests aimed at validating the eiestr

system and the control schemes prior to instaiatio - Start and Stop procedures of the FC connected
thus reducing both the risk of the system not to the island grid,

performing as expected and also the commissioning .  stability of the controllers under steady and
time during installation of the turbine in Indoreesi turbulent flow,

In the laboratory all available components from the
island grid were installed and connected in theesam ] ) ) )
manner as in the real application. Generator attédya - Load jumps in the island grid and
were not available_ for testing in Iab(_)ratory, asyth - Reduction of turbine output power.
were directly delivered to Indonesia. These two
Components were rep|aced by an appropria‘te As one example Figure 7 depiCtS in detail the
asynchronous generator and a battery stack. Simailar behaviour of the System during transient conditiens
the configuration in the real application the teshch ~ switching of a 12 kW load in this case. The followi
system is divided in two areas connected by a powdthases can be seen in the Figure. In phase lrttiaeu
cable. In Figure 6 both areas of the test bench af@utput power is below the maximum feed-in power of
depicted. Besides the components of the poweatati the island grid. Thus controller 1 is active opieigithe
and the generator system Figure 6 shows a DC-teliirbine at the maximum power point (around 13 kW at
drive. This DC-machine coupled to the generator id-1 m/s). The power in the dump-loads equals zero

used to simulate the Kobold turbine, using theindicated by a grid frequency below 51 Hz. In phase
characteristic curves of the turbine (see Figurara) after a load of 12 kW was disconnected from thenid|

grid the bi-directional battery inverters startitgrease

- Transition between controllers,
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