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A design methodology, its validation and evaluation, for optimal electric energy power management NCRE
(NonConventional Renewable Energy) converters used for battery charging is presented, targeting small-
scale units (i.e. b10 kW). It is a general-purpose solution that has been tested with different prime movers:
river turbine, tidal turbine, wind turbine, and wave energy converter. There are two critical components in
the configuration: the electric generator, and the buck converter or MPPT (Maximum Power Point Tracker).
The design of these two components must give careful consideration to the behavior of the primary energy
source as well as battery charging requirements. The topology selected for the generator is an axial flux
generator with permanent magnets, because it allows matching the low optimal speed of the primary
energy converters without the use of speed multipliers such as gears and pulleys. The programmable
buck converter topology is selected because it can be used both as a voltage or current source, and hence
it works well with battery charging,which is a primary application for small-scaleoff-gridNCRE converters.
Cost-effectiveness of the solution is achieved by the simple design methods, low cost components and
materials, and simple manufacturing methods.
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Introduction

The focus of this work is small-scale NCRE (Non Conventional
Renewable Energy) conversion. The objective is to provide electric
energy to off-grid isolated communities, for domestic or small industrial
applications in a sustainable manner. In order to improve economic
feasibility it is necessary to increase throughput of existing solutions
while at the same time reducing costs. True low-cost reliable solutions
are thus necessary to make small scale NCRE conversion a true alterna-
tive to the most common solution, which is the use of fossil fuel based
generators. Cost effectiveness is taken into account from the beginning
in the design process by bearing in mind the following design
guidelines: a)low-cost materials, b)simple manufacturing methods,
and c)simplified design methods.

Hence, in thiswork, a customizable low cost architecture is presented
for converting NCRE sources such as marine tidal and wave energy, or
wind energy, into electric energy stored in batteries at a small-scale
level. Some authors define these as systems of b10 kW (Gitano-Briggs,
2010). For practical purposes, it is necessary to store energy for use on
a need basis (Arrau, 2016; Chiang-Sánchez, 2012). The problem of ener-
gy storage is global because of the variable nature of NCRE sources. This
can be addressed by several energy storagemeans (Beaudin et al., 2010)

such as a) Pumped hydro storage, b) Compressed air energy storage, c)
Batteries (Lead-acid, Nickel cadmium, Sodium sulfur, Lithium-ion,
Zinc bromine, Vanadium redox), d) Superconducting magnetic energy
storage, e)Hydrogen storage, e) Flywheels, and f) Capacitors and
supercapacitors. The best choice is case dependent.

Studies in Chile show that the most promising NCRE sources are
solar and marine energy (Aquatera, 2014). Solar energy conversion
has expanded strongly in the last years, pushed vigorously by price re-
duction in solar panels. However, marine energy contribution, in spite
of having an even higher potential (particularly wave energy), lags far
behind, and the causes are a mixture of technical and economic issues.

The architecture tested in this work pursues economic sustainability
of the electric power generating unit and the power electronics to
deliver it. Hence, it differs fromother approacheswith similar objectives
(Bhende et al., 2011) in that the strategy is to prioritize simplicity and
reliability.

Micro controller embedded lean software is used to control opera-
tion in order to obtain maximum power performance. The samemicro-
controller and the signals used to control operation also serve to
implement a condition monitoring scheme, which is a feature usually
present only in large NCRE systems (Rodriguez et al., 2003), but not at
the small scale level because of the high cost added. Conditionmonitor-
ing is a desirable functionality since successful small scale off-grid sys-
tems require being almost maintenance free given that access can be
extremely difficult and costly.
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In present day technology, an energy conversion device integrated
entirely from third party vendors, will likely face two problems. The
first problem is that it would be difficult to find parts from different
sources that have matching performance. Second, the separate cost of
items when added up would easily exceed the price threshold that
tips the scale in favor of fossil fuel based generators. This is why
integrated design methods are important because they allow to obtain
better results both technical and economical.

Shown in Figs. 1 to 4 are four different NCRE energy converter
prototypes designed, built and tested by the authors. Fig. 1 shows a di-
rect drive hydrokinetic tidal turbine with a three phase PM (Permanent
Magnet) radial magnetic flow generator built for tidal energy exploita-
tion capable of generating 5KW given a stream velocity of 2 m/s
(Arrau, 2016). The advantages of this type of turbines have been
discussed in depth by Lago et al. (2010). The design of the blades in
this type of rotor is usually based on the Blade Element Momentum
theory. The foundations of this method can be found in classical
textbooks (Hansen, 2015; Rodriguez et al., 2003).

The authors have developed a software that uses the BEMmethod to
optimize a rotor given the stream velocity, tip and hub radii, and
number of blades (Chiang, 2016a). BEM theory also allows estimat-
ing forces along the blades, and hence a structural analysis can
beperformed. Fig. 2 shows a wave energy converter based on a

resonant buoy system (Chiang-Sánchez, 2012). The induced resonant
relative motion of the submerged buoy and the floating platform
feeds in power to the generator unit. Wave energy conversion has
great potential, and hence there are many types of wave energy
converters being proposed trying to meet expectations not yet fully
fulfilled (Drew et al., 2009; Falcao, 2010). Fig. 3 shows a direct drive
wind turbine with a two-meter rotor diameter. It uses NACA0012
airfoils and an axial flow three phase permanent magnet generator.
Fig. 4 shows a horizontal axis turbine that can be used in small irrigation
channels and rivers as well as with marine tides (Muñoz et al., 2014).

The abovementioned NCRE converters have in common that each
require a low cost but effective unit management system such as the
one discussed herein to connect to the primary converter, and to store
and provide electric energy usefully when needed.

In general, the architecture of the NCRE converter should contem-
plate direct drive from the rotor to the generator. Hence, the generator
should be capable of generating enough voltage in the range of 200 to
600 rpm to match the MPP (Maximum Power Point) speed of both
wind and water turbines.

Fig. 1. Tidal turbine (5KW @ 2 m/s stream velocity).

Fig. 2. 100 WWave energy converter.

Nomenclature

Ao1 Magnet face area [m2]
BR Remanent Magnetic Field Density of magnet [tesla]
Cmax Maximum capacitance for an overdamped response [F]
Cmin Minimum capacitance for a desired voltage ripple [F]
Δ Io Output current ripple [Amp]
e Airgap length [m]
ε12 Induced electromagnetic force in a magnetic circuit

formed by 2 coils and 2 magnets [V]
εF Induced electromagnetic force in a phase [V]
f PWMmodulation frequency [Hz]
∅i Magnetic flux through coil i [Weber]
Hc Magnet Field Coercitivity [Amp/m]
hc Radial height of coil core [m]
hm Radial height of magnet [m]
Io Average output current of buck converter [Amp]
K∅ Generator characteristic constant ½ V

rad=s

�
lc Coil depth [m]
lm Magnet depth [m]
L Inductance of buck converter [H]
Ao1 Magnet face area [m2]
μo Magnetic permeability of air [H/m]
μ Magnetic permeability of core steel laminations [H/m]
Nc Number of coils in generator stator
Nm Number of magnets in generator rotor
NT Number of turns in each coil
ravg Nominal radius of generator [m]
sc Pitch between coils [m]
sm Pitch between magnets [m]
sp Magnet width [m]
T PWM period [sec]
θc Pitch angle between coils [degree]
θm Pitch angle between magnets [°]
θp Magnet face angle [°]
VB Battery voltage [V]
VT ,VDC Voltage generated by turbine[Volts]
ωe Electric angular velocity [rad/s]
ωm Mechanical angular velocity [rad/s]
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