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Abstract—A marine current power station has been deployed
in Söderfors, Sweden. It comprises a five bladed fixed pitch
vertical axis H-rotor turbine directly connected to a permanent
magnet synchronous generator. The turbine is rated for 1.3
m/s, but at lower water speeds the turbine is generally not self
starting. This paper investigates the energy and power needed
to at low speeds start the turbine electrically with a BrushLess
DC (BLDC) motor until the turbines gives a net positive torque
to the generator. A range of startup BLDC powers have been
investigated. It is shown that for three water speeds (0.98 m/s, 1.04
m/s and 1.16 m/s) the energy needed for start up is equivalent to
less than 1.2 s of power production at maximum power capture
of the turbine. The startup time is mostly dependent on BLDC
power setting, not on water speed. A BLDC power of 1/7th of
rated power of the machine is enough to start the machine within
2 seconds. The results suggest that a higher BLDC power than
that will not significantly reduce the startup time nor reduce the
energy needed (increase the efficiency of the startup process).
The water speed has the highest impact on the time it takes to
recover the energy needed for startup once the BLDC power is
well above the losses in the system.

Index Terms—hydrokinetic energy, vertical axis turbine, low-
speed generator, start up energy, five bladed turbine, electrical
start, BLDC start.

I. INTRODUCTION

Marine current power is an up and coming area in renewable

energy. It uses the kinetic energy in free-flowing water to drive

a turbine connected to a generator. There are several types of

turbines investigated, for example vertical axis, horizontal axis

or flaps, and they can for example be placed on the sea bed or

suspend down from floating platforms or on the surface. The

technology is similar to that of wind power, but because of the

higher density of water the kinetic energy in flowing water is

higher than that of air, if compared at the same flow speed.

This puts higher demand on the structure mechanically, and a

submerged device makes maintenance more difficult. It does,

however, also present an opportunity to harness more energy

per unit area of the turbine.

Most large wind energy turbines are not self-starting. To

start the turbine, you can either adapt the turbine or turbine

blades, or implement some kind of external starter system.

Lift based turbines can be started by pitching the blades into

the wind, also shown to work for a for a Darrieus turbine in

[1]. An additional smaller (selfstarting) Savonius turbine was

attached to the main turbine in [2]. Those two solutions can

be combined as shown in [3]. Both these solutions require

additional moving parts to be installed in the submerged

environemnt and are therefore avoided for this marine current

turbine. The blades can be designed so the turbine is selfstart-

ing using a fixed-pitch offset, shown in [4], thus altering the

characteristics of the Cp(λ)-curve. If you seek an alternative to

the previous examples, an electrical starter provides a simple

and controllable solution. The generator can be run as a motor

by injecting electric power and thus applying a torque to

the turbine. Some solutions have a separate winding for the

startup circuit but the generator windings can also be used for

the same purpose. An electrical starter for a 12 kW Vertical

Axis Wind Turbine (VAWT) with H-rotor using a seperate

winding is shown in [5]. This paper presents an electrical

starter based on a BrushLess DC (BLDC) motor using the

generator windings for a 7.5 kW Vertical Axis Current Turbine

(VACT) with an H-rotor.

The time it takes for a production facility to be able to

start producing electricity is an important aspect seen from

an electric grid demand point of view. If the facility cannot

quickly generate electricity, it cannot be used to compensate

for short-time changes in power demand. This paper investi-

gates the start up time for a marine current power plant and

the necessary power and energy needed to start up the turbine.

II. STARTING A VERTICAL AXIS CURRENT TURBINE

A Vertical Axis Turbine absorbs power according to the

power capture curve, CP (λ), where λ is the tip speed ratio

(TSR) defined as the ratio of the speed of the tip of the turbine

blade to the water speed,

λ =
Ωr

v
(1)

where, Ω, is the rotational speed of the turbine, v, the water

speed and, r, the turbine radius. At low water speeds, it is

necessary to give the turbine some rotational energy so the

turbine can reach a tip speed ratio (power capture) high enough

for the turbine to give a net positive torque to the generator. To

get an idea of the energy needed for the startup without losses,

we can estimate the rotational energy needed to accelerate the

turbine to a given rotational speed, ω, and using the inertia,

I, to get Erot =
1

2
Iω2. Initial tests shows that for low water

speeds (here less than 0.9 m/s) the turbine might need to go as

high as 10 r.p.m. to give a net positive torque, and the inertia

is estimated to be I = 3000 kgm2 giving the rotational energy
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Fig. 1. Overview of the Marine current power unit with a vertical axis turbine
and generator mounted on the same axis, placed on a tripod foundation. The
Figure is from Figure 5 in [7]. Design by Anders Nilsson.

Erot =
1

2
Iω2

≈ 1500 J. In practice, the water will act to resist

the start up as will the mechanical and the electrical losses in

the turbine and generator. The losses included in this paper

are described in section V-D.

III. THE SÖDERFORS EXPERIMENTAL STATION

The Marine Current Power Group at Uppsala University de-

ployed an experimental hydro-kinetic power station in 2013 [7]

in the river Dal (Dalälven) at Söderfors, Sweden. Water speeds

in the river are usually in the interval of 0.4 - 1.5 m/s [8]. The

cut-in-speed of the turbine has not been experimentally verified

but is estimated to be in the range of 0.7-1.0 m/s. The turbine

is placed about 800 m downstream of a conventional hydro

power plant, on the riverbed at a depth of approximately 7 m.

The generator is connected to the measurement cabin on shore

by a power cable ∼200 m long.

The experimental station comprises a five-bladed turbine, a

permanent magnet synchronous generator and a measurement

cabin on shore (housing control and measurement systems).

Considering that the turbine and generator will be submerged,

a direct drive configuration has been chosen so that the design

is as robust as possible to reduce the risk of faults and the need

for maintenance. There is no gear box, no yawing mechanism,

no pitching of the blades or other moving parts in the water

besides the components of the turbine; the turbine shaft, the

blades and the struts supporting the blades. The generator

is enclosed in the generator housing, see Figure 1. Nominal

operation for the turbine is designed to be at 15 r.p.m. and 1.3

m/s to give an electric output of 7.5 kW. The CP (λ)-curve

has been experimentally verified for TSR values from 2.9-4.5

in flow velocities ranging from 1.2-1.4 m/s in [6], see Figure

2, to be CPmax
= 0.26 at λopt = 3.1.

The nominal values of the turbine and generator can be

found in Table I. Additional details of the experimental station

Fig. 2. Power coefficient measurements from flow speeds in the interval 1.2-
1.4 m/s, plotted together with a curve fitted using least-squares minimization.
Maximum power capture is CPmax

= 0.26 at λopt = 3.1. Each sample
represents a half-hour average. The Figure is from Figure 3 in [6].

can be found in [8], [9] and a more detailed description of the

generator design can be found in [10].

TABLE I
TURBINE AND GENERATOR NOMINAL PERFORMANCE (AT 1.3 M/S).

Parameter Value

System
Power coefficient CPmax

= 0.26 at λopt = 3.1

Resistance in transmission line 0.8 Ω/phase
Turbine
Type Vertical axis
Blade material Carbon fiber
Number of blades 5
Blade profile NACA 0021
Chord length 0.18 m
Height 3.5 m
Radius 3 m
Rotational speed 15 r.p.m. (∼1.57 rad/s)
Torque 5.6 kNm
Generator
Type Permanent Magnet

Synchronous Generator
Number of poles 112
Voltage (VLLRMS

) 138 V
Current (RMS) 31 A
Power rating 7.5 kW
Electrical frequency 14 Hz
Efficiency 86 %
Winding resistance 0.355 Ω/phase

IV. ELECTRICAL STARTUP SYSTEM

The turbine is started by electrically running the three-phase

generator as a BLDC motor using Hall sensors placed inside

the generator for feedback of the rotor position. The generator

windings are used for the start up circuit, i.e. there is no
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Fig. 3. The location of Söderfors, approximately 1 hour’s
drive north of Uppsala. The Figure is from Figure 1 in [7].
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Fig. 4. A bird’s eye view of central Söderfors. The turbine and generator are placed about 800 m
downstream of a conventional hydro power plant. The turbine and generator are connected to
the measurement cabin via a power cable approximately 200 m long. The Figure is from Figure
2 in [7].

auxiliary winding. A BLDC applies torque to the generator

by injecting bi-directional currents into two of the phases

until the Hall sensors sense a new position, and the next

set of predetermined phases are injected with currents. This

technique requires knowledge of the placement of the rotor and

a predetermined switching schedule for the control system.

The BLDC is operated by a three phase inverter controlled

from LabVIEWTM with a Field Programmable Gate Array

(FPGA). The inverter draws power from the grid through

a three phase rectifier and transformer. The BLDC control

is implemented with a hysteresis current controller with a

hysteresis band of width ± 1 A of the current set point, and

the current is sensed every 14 µs.

The components of the inverter are listed in table II. A

more detailed description of the rest of the hardware in the

experimental station can be found in [11].

V. MEASUREMENTS

From previous experience, the turbine is not selfstarting

below about 0.7-1.0 m/s. Therefore start up experiments are

carried out for three water speeds around and above that speed.

A. Start up sequence

Since this paper is investigating the energy needed for start

up, the start up is considered to be over when the turbine

is absorbing enough power from the water to give a positive

net torque to the generator, so it can rotate by itself. Once

the BLDC starts injecting current in the transmission lines

TABLE II
COMPONENTS OF THE THREE PHASE INVERTER RUN AS A BLDC MOTOR.

Component and value Component name

2 IGBTs, 1200 V and 75 A SEMIKRON SKM75GB12T4
1 IGBT, 1200 V and 100 A SEMIKRON ASKM100GB12T4
3 Snubber capacitors, 470 nF Vishay K 1250V MMKP 386
1 Capacitor, 2.2 mF EPCOS LL B43564-B5228-M
2 Bleeding resistances, 47 kΩ RIFA PYR 7511 47K J 4009

and generator windings, the turbine will quickly start to rotate

and reach a fairly constant rotational speed. When the turbine

starts producing torque, a jump in the rotational speed of the

turbine can be observed and the start up sequence is considered

finished.

B. Power measurements

For each water speed, different input BLDC powers are

tested to start the turbine. The goal is to investigate the

minimum input power that can be used to startup the turbine

and what are the implications of increasing the input power to

startup time and energy needed for the startup. 6 current set

points for the BLDC are used; 4 A, 6 A, 8 A, 10 A, 12 A and

14 A and for each current set point 10 startups were made. The

voltages and currents are measured with both the permanently
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installed measurements system in 2 kHz, described in [12],

and with a PicoScopeTM in 50 kHz using Teledyne Lecroy

AP031 Differential voltage probes and Fluke i310s AC/DC

current clamps.

C. Water speed measurements

An acoustic doppler current profiler (ADCP) is placed about

15 m upstream of the turbine to estimate the speed of the

water at the turbine. The water speed and distance from the

ADCP to the turbine is used to estimate the time delay from

the measurement until the measured water speed reaches the

turbine. Since the distance is only 15 m, it is assumed there

is no change in water speed from the ADCP to the turbine.

The ADCP is a Workhorse Sentinel 1200 Hz with an accuracy

of 0.3 % of the water speed and is placed at the same depth

as the turbine, 7 m. Measurements are taken every 3 seconds

with a bin size of 0.5 meters and give a velocity profile from

one meter above the bottom of the river to one meter below

the surface.

D. Mechanical and Electrical losses

The losses in the generator included in this paper are

experimentally verified in [10], and the following is a summary

of that work: the following are considered to be the losses in

the system; frictional losses in the bearings, iron losses in

the generator (eddy current, hysteresis and dynamic losses)

and copper losses in the windings and transmission lines. The

losses from the seal between the generator housing and the

turbine shaft are not included since they were not measured

prior to deployment. The friction in the bearings constitute

the mechanical losses in the generator and are assumed to

be linearly dependent on the rotational speed with a constant

torque of 32 Nm. The electrical losses in the iron in the

generator are not dependent on the power drawn in the

generator, but only of the frequency, f (and thus the RPM).

The iron losses are assumed to give a power loss linearly

dependent on the rotational speed and at a constant torque of

180 Nm. The resistance in the windings and transmission lines

are measured using a Rhopoint M210 milliohmmeter with an

accuracy of 0.1 % of measuring range.

VI. RESULTS AND DISCUSSION

A. Power losses during startup

The friction and iron losses, seen in Figure 5, stay in the

region of ∼30 W and ∼170 W independent of BLDC power.

The copper losses decrease for a longer start up time and if

the start up takes more than 4 seconds the iron losses starts

to dominate. The lowest copper losses occur at the maximun

start up time but stays higher than the frictional losses.

The lowest BLDC power is basically feeding the losses in

the system, resulting in losses of close to 100% dominated by

the iron losses followed by the copper and friction losses seen

in Figure 6. At high BLDC power the losses reach about 60%
and are dominated by the copper losses, seen in Figure 5 .
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Fig. 5. BLDC power and power losses in the generator and transmission
lines during the startup. The colors represent water velocity and the symbols
represent type of power. The solid line represents power produced by the
BLDC startup, and the others represent power losses; dashed lines represent
the transmisison lines and generator windings, the crosses represent iron losses
in the generator and the plus signs represent frictional losses in the bearings.
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Fig. 6. Percentage of power losses to BLDC power.

B. Start up time in relation to BLDC power

As shown in Fig 7, for a higher average power consumed

by the startup, the less time it takes for the turbine to give

a positive torque. The minimum time it takes is just below 2

seconds, which is reached when BLDC average power closes

in on 1000 W. For a BLDC power below ∼250 W there is a

bigger difference in the start up time depending on water speed

since the BLDC power is of the same order of magnitude as

the losses (see section VI-A about the power losses during start

up). For more than 250 W, the current setting of the BLDC

hysteresis control impacts the start up time more than the water

speed. For the lowest setting on the BLDC, equivalent to about

1/34 of rated power of the turbine, the power mostly feeds the

losses in the system and the start up time is on average 10-15

s. For the maximum setting, equivalent to 1/7 of rated power,

the start up time is reduced to below 2 s. Considering how

the slope of the curve straightens out at the end of the BLDC

power scale, increasing the BLDC input power will not reduce
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the startup time significantly. This means that the BLDC power

rating can be significantly lower than the power rating of the

turbine and generator while still being able to maintain a short

startup time.
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Fig. 7. Time to start the turbine vs average BLDC output power of the startup,
for three water speeds.

C. Energy needed for start up in relation to BLDC power

Fig 8 shows that for water speeds 1.04 m/s and above the

energy needed for start up is in the range of 1700-2300 J.

For low BLDC power and low water speed the energy needed

is 500-1000 J higher because the BLDC power is in a bigger

part feeding the losses. In the introduction it was estimated that

1500 J is needed assuming a completely lossless startup, and

these measurements of the turbine start up in water, including

hydrodynamic, generator and transmission losses, suggest that

the energy needed is approximately 133-200 % more than that.
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Fig. 8. Energy needed to start the turbine vs average BLDC power, for three
water speeds.

D. Time on nominal production to generate energy equivalent

to start up energy

As shown in Figure 9, for low BLDC power, a higher water

speed decreases the amount of time it takes on nominal power

production to recover the the startup energy. As the BLDC

power is increased well above the ∼ 200 W consumed by

the iron and friction losses, the impact of BLDC power on

the energy retrieval time is decreased. The time to recover the

energy is of the same order of magnitude for the 0.98 m/s and

the 1.04 m/s water speeds because the difference in power in

the water flow is much smaller compared to 1.16 m/s. For

a high BLDC power setting, the water speed has the highest

impact on the time it takes to recover the energy needed for

startup.

Note that the recovery time is calculated assuming the

turbine is kept at optimal power capture of the turbine, which is

not the case at the end of the startup. When the start is declared

finished, ideally some kind of maximum power point tracker

(MPPT) should take over control of the turbine to optimize the

rotational speed of the turbine for power extraction, but in this

experimental setup there is no such control implemented. By

directly assuming optimal power capture, the settling time for

the control system to achieve MPPT is neglected. Including the

settling time would increase the recovery time, by how much

is hard to estimate. Considering that the turbine reacts very

quickly to the input of the BLDC, only a few electrical periods

is enough for a change of several revolutions per minute, the

settling time should be short.

For all water speeds and BLDC powers, the energy needed

for start up is equivalent to less than 1.2 s of power production

at CPmax
. This result is comparable with an electrical starter

system made for a 12 kW VAWT with H-rotor in [5], which

found that 3 seconds on nominal power production was enough

to recover the startup energy.
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Fig. 9. Time it takes to produce the energy needed to start up the turbine, for
three water speeds. The time is calculated assuming maximum power capture
of the turbine, CP = 0.26, and the measured water speed.

VII. CONCLUSIONS

A range of startup BLDC powers have been investigated

for three water speeds. Startup time is mostly dependent on

BLDC power setting, not on water speed. It is shown that the

energy needed for start up is equivalent to less than 1.2 s of

power production at the measured water speeds, assuming the

turbine is kept at maximum power capture. The water speed

has the highest impact on the time it takes to recover the

energy needed for startup once the BLDC power is well above
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the losses in the system. The higher the water speed, the less

time it takes to recover the startup energy.

A BLDC power of 1/34th of the power rating of the turbine

is enough to start the turbine within 15 seconds and a BLDC

power of 1/7th is enough to start the machine within 2 seconds.

The results suggest that a higher BLDC power than 1/7th does

not give any additional value to the startup in terms of startup

time or energy needed for startup.
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Energy, Ångpanneföreningen’s Foundation for Research and
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