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Executive summary
This research compared the performance of AFPM generators built using
neodymium and ferrite permanent magnets by bench testing comparable 850W
generators. Neodymium is much more powerful than ferrite; however severe price
fluctuations and corrosion issues mean that ferrite magnets could be a more
appropriate choice for the local manufacture of Small Wind Turbines (SWTs).
Despite the fact that the neodymium generator was found to have a 37% lower
resistance than its ferrite counterpart, it was actually the ferrite generator that was
found to have a lower operating temperature, primarily due to its higher coil surface
area. Both generators were shown to be capable of stopping the turbine at all wind
speeds using a three-phase electronic brake switch. The stator inductance of both
machines was measured to be very low (5mH) and therefore has little impact on
performance.
The ferrite generator was found to have the highest peak efficiency (90% at 215rpm),
meaning that it would perform better in low wind speeds when the batteries are most
likely to be empty. In contrast, the neodymium generator was found to maintain its
efficiency at a high level (over 80%) across a much wider range of operating
conditions, which is desirable for wind power applications as the resource is
constantly fluctuating. As a result, the power performance of the neodymium
generator was found to be approximately 50% greater than its ferrite counterpart at
higher rotational speeds.
The cause of the reduced efficiency of the ferrite generator is not clear, however it is
likely to be due to a combination of its reduced torque production capacity (which
could be improved by increasing the number of turns in each coil) and higher copper
losses due to its greater resistance (which would require decreasing the number of
turns in each coil or using thicker wire which may not fit into the available space).
Further investigation is required into the cause of the reduced efficiency and redesign
of the generator and retesting of an improved model would be necessary to
determine if it is possible for ferrite to equal neodymium in terms of performance. The
analysis should also be extended to include an economic analysis of SWTs built from
neodymium and ferrite permanent magnets to determine the preferred technological
option under various conditions (turbine size, environmental conditions, magnetic
material prices etc.). The model should include the increased cost of replacing
neodymium permanent magnets due to corrosion, the differing costs of purchasing
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the required amount of each type of magnet and the increased cost of the heavier
frame/tower that is required to support ferrite machines.
With regards to the field testing conducted during this research, a power curve for a
2.4m diameter AFPM SWT incorporating the 850W neodymium generator that had
been tested in the laboratory was produced at the NTUA Rafina test site according to
the IEC 61400-12-1 standard. Peak power was measured as 525W at 10.5m/s, peak
efficiency as 0.31 at 5m/s and the annual energy yield on a site with 5m/s mean
annual wind speed was estimated to be 1271kWh/yr. The comparison of field testing
methods with the laboratory techniques described above has shown that using
multimeters to simultaneously measure current, voltage and rpm at the battery bank
of an SWT in normal operation can produce comparable results to using a data
logger in the field or bench testing in the laboratory. This is a much simpler technique
that is more appropriate for rapid fault detection in the field, where expensive, bulky
and delicate equipment such as data loggers, driving motors and oscilloscopes are
often not available.
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Nomenclature
AC = Alternating current
AEP = Annual energy production (kWh/year)
AFPM = Axial flux permanent magnet
DC = Direct current
EES = Electrical Energy Systems
I = Current (A)
IEC = International Electrotechnical Committee
LL = Line-to-line
LN = Line-to-neutral
N = Rotational speed (rpm)
Nd-Fe-B = Neodymium-Iron-Boron
NTUA = National Technical University of Athens
P = Power (W)
PMG = Permanent magnet generator
RMS = Root mean square
RPM = Revolutions per minute
SWT = Small wind turbine
T = Torque (Nm)
V = Voltage (V)
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1 Introduction
1.1 Axial Flux Permanent Magnet (AFPM) generators
Piggott’s [1] A Wind Turbine Recipe Book gives a step by step guide for manufacturing a
range of SWTs (Small Wind Turbines) from 1.2-4.2m rotor diameter using only basic tools
and techniques and readily available materials. Blades are carved from wood, the main
bearing is from the wheel of a scrap car and much of the steelwork can be made using scrap
pieces of metal, as shown in Figure 1. Figure 2 shows an exploded view of the main
components and sub-systems that make up a locally manufactured wind turbine. Piggott
designed the machines to provide power for his home community of Scoraig in Scotland and
over the last 30 years, he has continually refined the design to improve reliability, lower
costs and create a machine that is well respected across the globe for its durability,
simplicity & adaptability. As a result, the design is now used to provide access to affordable
electricity in remote communities in over 20 countries around the world, such as the
community of Cuajinicuil in Nicaragua shown in Figure 3.
Figure 1: Grinding a mounting frame, welding a tail and carving blades at the Clean Energy Initiative
in Mozambique. Photos courtesy of The Clean Energy Initiative.
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Figure 2: Exploded view of a 1.2m diameter SWT suitable for local manufacture (the smallest
machine described in Piggott’s [1] A Wind Turbine Recipe Book). Image courtesy of Roland Beile &
Tripalium.
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Figure 3: Raising the tower of 1kW locally manufactured small wind turbine in the village of
Cuajinicuil, Nicaragua. Together with a 500W solar array, the turbine supplies a micro-grid that
powers 14 households, a water pump for irrigation and water distribution and a food processor for a
small business based on fruit preservation.

The Axial Flux Permanent Magnet (AFPM) generator sits at the heart of this small wind
turbine, converting the rotational energy from the blades into 3-phase electrical power to fill a
battery bank and ultimately provide the energy services necessary to spark rural
development, such as electric lighting, mobile phone charging and vaccine refrigeration.
Until now, the most frequently used permanent magnet (PM) generator topology for wind
turbine applications has been radial flux. Whilst this is still common practice in large wind
turbines, the use of permanent magnets in a coreless axial flux generator simplifies the
construction process due to absence of excitation windings (which also makes the machine
more efficient and more compact) andby using only planar components. In addition, the
ability to place a large number of pole pairs in the rotor of the generator, makes the use of a
gearbox unnecessary, a component that is expensive and in need of frequent maintenance.
As a result, it is possible for the machine to be manufactured close to the remote
communities in which it will be installed. Local manufacture not only has the potential to
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reduce costs [2], but also to provide a flexible energy solution that can be adapted to each
local context depending on the local availability of tools, skills, materials and local
environmental conditions [3, 4]. What is more, it can also shorten the supply chain for spare
parts, boost the local economy, build local capacity and increase the likelihood of sufficient
knowledge being transferred to the end users to empower them to be able to operate and
maintain the small wind power system, as well as make productive use of the energy it
produces [3, 4].
Figure 4 and Figure 5 show how hand-wound copper coils and permanent magnets are cast
into resin to produce two rotor and a single stator discs.The double rotor single stator
coreless generator (see Figure 6a) is the most widely used topology for AFPM small wind
turbine generators for rural development, as it creates a high flux density in the stator (see
Figure 6b) and avoids the need for slip rings, a common source of failure.
Figure 4: Preparing stator coils for resin casting [5].
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Figure 5: a) Filling a rotor disc mould with resin [5] and b) annotated diagram showing the assembly of
the components required to cast rotor disc [1].

Figure 6: a) Exploded view of the rotor and stator discs that make up an AFPM generator [1] and b)
the magnetic field created by the permanent magnets and steel rotor discs [1].

1.2 Problem statement
WindEmpowerment [6] is an association for the development of locally built small wind
turbines for sustainable rural electrification. The vast majority of the member organisations
are using AFPM generators for wind power generation, however many of them have raised
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concerns about the reliability of the technology due to corrosion issues and the
unsustainability of using neodymium as the permanent magnet material of choice. What is
more, recent price fluctuations in rare earth metals have further diminished the reputation of
the more powerful neodymium magnets, making their ferrite counterparts that were formerly
the material of choice before neodymium became widely available seem more attractive
once again. As a result, this project aims to compare the performance characteristics of two
850W AFPM generators: one built with neodymium (NdFeB) and the other with ferrite
magnetic material.
In scientific literature there is only a small record of AFPM generator studies for small wind
turbine applications [7-10] although in recent years there has been an increasing research
interest [5, 11]. To date, only a limited number of power performance tests have been
performed on locally manufactured small wind turbines in the field, mainly due to the high
cost of data loggers and sensors. Some publications exist, namely [11, 12] among others,
yet more data is required in this field. In this transnational access project, the measurement
of the power performance of a 2.4m small wind turbine will be conducted according to the
IEC 61400-12-1 standard.
To assist field workers in the diagnosis of potential faults with AFPM generators results from
the bench tests will be compared with the data obtained from the wind turbine in normal
operation on the ICCS-NTUA field testing rig. The aim is to develop a set of simple tests to
characterize generator performance and diagnose any potential faults whilst in a remote
community with only basic tools available, as this would be a significant advantage over
carrying a heavy generator all the way back to the nearest workshop for fault diagnosis.

1.3 Aims and objectives
Laboratory testing:
•

To compare the performance of AFPM generators built using neodymium and ferrite
permanent magnets by bench testing comparable 850W generators.

Field testing:
•

To produce a power curve for a 2.4m diameter AFPM wind turbine according to the
IEC 61400-12-1 standard.
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•

To compare data from the field and bench testing in order to develop a series of
simple techniques for the characterisation of AFPM generator performance and fault
detection in the field.

2 Neodymium vs. ferrite as a magnetic material for AFPMs
2.1 Introduction
Neodymium is a rare earth metal exported almost exclusively from China. Neodymium Iron
Boron (Nd-Fe-B) magnets are one of the key components in most current designs of AFPM
generator as their power density is many times that of the material they superseded, ferrite.
However, Figure 7 shows that the price of neodymium exported from China increased by
over five times between January and June 2011, causing a global crisis for manufacturers of
power generation equipment. Even though the price has since stabilised, the fact remains
that the global stockpile of rare earth metals is running low and dependence on this scarce
resource could be seen as the Achilles heel of wind power, a supposedly ‘sustainable’ power
generation technology.
Figure 7: Spike in the price of neodymium on the global market due to the restriction of Chinese
exports in 2011 [13].

Corrosion issues also frequently cause neodymium magnets to swell up (see Figure 8),
especially in hot and humid tropical environments or highly saline coastal locations [14],
often causing the generator to grind to a halt just a few years after installation. This research
hopes to address this issue by comprehensively evaluating whether a return to ferrite
magnet technology is justified, based upon the material costs of the two magnetic materials,
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the difference in expected lifetime due to corrosion issues, the difference in tower-top weight
and the difference in technical performance.
Figure 8: Corroded neodymium magnets in an AFPM generator.

2.1.1 Material properties
Figure 9 shows the shapes and sizes of the neodymium and ferrite permanent magnets
used to construct an AFPM generator using the Piggott design [1]. All magnets used in each
generator are identical. Table 1 compares the magnetic, physical and mechanical properties
of the two magnetic materials, which includes the following:
•

Remanance (Br) – Measures strength of the magnetic field

•

Coercivity (Hc) – Materials resistance to become demagnetized

•

Energy Product (BHmax) – Density of the magnetic energy

•

Curie temperature (Tc) – Temperature at which material losses its magnetism
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Figure 9: Neodymium and ferrite magnets for AFPM Piggott generator construction, with their
standard dimensions.

Table 1: comparison of the material properties of neodymium[15]and ferrite [15, 16]permanent

Physical

Mechanical

Magnetic

magnets.
Material Properties

Neodymium (N40)

Br
Hc
Hci
BHmax
Maximum Operating Temperature
Temperature Coefficient of Br
Density
Curie Temperature
Modulus of Elasticity

12900
12400
12000
40
130
-0.11
0.271
310
151

Ferrite
(C8)
3900
3200
3250
3.5
300
-0.20
0.18
450
150-180

Recoil Permeability
Flexural Strength
Compressive Strength
Vicker’s Hardness
Pull force between rectangular magnet
and soft iron plate
Electrical Resistivity
Density

10.5
250
1100
550-650
25.34

1.1-1.2
50-100
700-900
500-600
4.24

160
7.4

1010
4.8-5

Unit
Gauss
Oersteds
Oersteds
MGOe
°C
%/°C
Lb/in3
°C
1000N/mm
2
2

(N/mm )
2
(N/mm )
Kg
µ ohm cm
g/cc

The comparisons made in Table 1 on magnetic, mechanical and physical properties are
valid for neodymium and ferrite magnets of N40 and C8 grade respectively. For neodymium,
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N41, N42 and other grades are also used (however the material properties are similar);
whilst for ferrite no other grades are in common use, as their magnetic field strength is
significantly lower and therefore all other grades are unsuitable for power generating
machines.
The major difference could be observed in the magnetic property of the two magnetic
materials. The values of Br, Hc and BHmax are 69%, 74% and 72% higher respectively for the
neodymium magnets; however ferrite leads on the maximum operating temperature and
curie temperate parameters, making it more preferable in terms of thermal resistive
performance and where field strength is not a primary requirement.

2.2 Methodology
To compare the technical performance of neodymium and ferrite as a magnetic material for
AFPM generators, two 850W machines were constructed: the first with neodymium and the
second with ferrite permanent magnets. Due to the different magnetic properties of each
material, it was not deemed appropriate to build two geometrically identical machines as
they would have very different power performance characteristics, which would necessitate
the use of different blades. Instead, an 850W AFPM generator with neodymium magnets
was constructed using Hugh Piggott’s open source design [1] and an 850W AFPM generator
was designed and built to match its performance as closely as possible. As a result, both
generators are compatible with the 2.4m blades described in Piggott’s A Wind Turbine
Recipe Book[1]. Table 2 shows the technical specifications of each generator, whilst Figure
10 compares their physical appearance.
Figure 10: Comparison of the 850W neodymium generator with the much larger 850W ferrite
generator.
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Table 2: Comparison of the technical specifications of the neodymium and ferrite generators under
test.
Magnetic material
Rated power
Number of turns
Number of coils
Copper wire thickness
Copper mass
Number of poles
1
Air gap
Winding configuration
Phase configuration
Line out
Nominal voltage
Design cut-in RPM
Cost of permanent magnets
2

Cost of generator
2
Weight
Rotor disc diameter

Neodymium
850W
90
9
1.5mm
2.7kg
12
20mm
Series
Star
3 line terminals without neutral
48V
214
€240
(24* 40x30x10mm, €10 each)
€328
16.85kg
300mm

Ferrite
850W
75
12
1.4mm
2.9kg
16
19mm
Series
Star
3 line terminals with neutral
48V
214
€99
(32* 50x50x20mm, €3.1 each)
€219
22.65kg
415mm

The measuring campaign for AFPM SWTs developed by Alber and Latoufis [5] during the
previous DERri-funded project at the NTUA (SWT-AFPM: Testing locally manufactured axial
flux permanent magnet generators for small wind and small hydro applications) was used as
a guide during this research. To compare the technical performance of the neodymium and
ferrite generators, the following tests were performed on both generators:
•

Open circuit voltage

•

Load test (3-phase resistive, DC resistive and battery)

•

Operating temperature

•

Short circuit current

•

Stator resistance

•

Stator inductance

2.2.1 Apparatus
The experiments described in the subsequent section were performed in the Electrical
Energy Systems (EES) laboratory of ICCS-NTUA. A TDE Macno speed drive and a 50HP
low rpm Mawdsley's variable speed DC motor drive were used to drive the generators under

1
2

Inner magnet face to inner magnet face
Permanent magnets, copper winding wire, steel rotor discs and resin only.
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test across a range of rotational speeds. The rotating shaft was mounted with a Datum
500Nm torque meter and chain couplings to allow for small misalignments in the shaft. To
measure electrical data, a Tektronix four channel digital oscilloscope was used to
instantaneously measure and record three phase voltages through high voltage AC probes
and one line current through an AC/DC current clamp. A Terco ohmic resistive load of 3kW,
split into three phases of 1kW each, was employed to provide an appropriate load for each
of the generators under test across a range of operating conditions. 4x Banner 12V 100Ah
lead acid batteries and a 3-phase bridge rectifier were also used in later experiments to
provide a load that more accurately represents the working conditions of an off-grid small
wind turbine. The test bench shown in Figure 11 allows generators of various sizes to be
coupled to the driving motor by providing both horizontal and vertical adjustment with the
support of a central bearing. Further equipment that is specific to individual tests is
introduced throughout the following section together with the methodology for that particular
test.
Figure 11: Photographs of a) the drive shaft that connects the 50HP low rpm Mawdsley's variable
speed DC motor drive to the generator under test and b) the Tektronix four channel digital
oscilloscope used to measure the electrical power flowing through the experimental set up.

Generator

Torque Meter

Motor
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Figure 12: Aligning the shaft using a dial indicator on a magnetic stand.
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As the neodymium generator was manufactured to Piggott’s specifications [1] prior to this
measurement campaign, the neutral point was not accessible. As a result, only line-line
measurements could be taken on this generator and the following equations were used to
convert from line-line and line-neutral measurements:
𝑽𝑳𝑳 = √𝟑𝑽𝑳𝑵 =

𝑽𝟑
𝟑

𝑰𝑳𝑳 = 𝑰𝑳𝑵 = 𝑰𝟑

Equation 1
Equation 2

V = voltage (V)
I= current (A)
LL = line-line
LN = line-neutral
3 = 3-phase

The following equation was used to calculate the apparent power from the recorded lineline/line-neutral voltage and current measurements:
𝑆 = 3𝑉𝐿𝑁 𝐼𝐿𝑁 = √3𝑉𝐿𝐿 𝐼𝐿𝐿

Equation 3

S = apparent power (VA)

2.2.2 Open circuit voltage
The open circuit voltage test measures the potential difference produced by each generator
at different rotational speeds when no load is present.
Figure 13: Schematic of the experimental set up for the open circuit voltage test.

The generator terminals were left open circuit so that no current could flow and therefore
there was no voltage drop across the stator windings. As a result, in this configuration there
is virtually no torque in the drive train, since the only energy loss is friction and small internal
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losses in the generator. The driving motor was then operated at different rotational speeds
and the open circuit voltage was recorded at each.
Voltage and frequency readings were recorded using a digital oscilloscope. Line-line
measurements were taken on the neodymium generator and line-neutral on the ferrite
generator, both of which were converted to the overall 3-phase voltage using Equation 1.
The rotational speed (rpm) of the generator was calculated using the following formula:
𝑃=

120𝑓
𝑁

Equation 4

P = no. poles (see Table 2)
f = frequency (Hz)
N = rotational speed (rpm)
Table 3: Measurement techniques used in the battery load test.

Variable

Measurement device

AC voltage and frequency

Tectronix

TDS

2004C

Measurement type
4 Instantaneous

channel digital oscilloscope

2.2.3 Load tests
The performance of both the neodymium and ferrite generators under load was measured
using a three phase (AC) resistive load, a DC resistive load and a battery load. Data was
collected with which to be able to calculate the mechanical and electrical power produced by
each generator across a range of operating conditions, which would ultimately allow
determination of the torque vs. current characteristics of each generator. The distortion in
the voltage waveform experienced during each of the loading conditions was also studied.

2.2.3.1 Three phase (AC) resistive load test
A variable three phase resistive load (10-200Ω, rated at 5A/3.3kW, 1.1kW on each phase)
was connected to the three-phase permanent magnet generator, as shown in Figure 14.
The test was conducted by maintaining the speed at 350rpm and varying the value of the
resistance to produce a range of currents from 0.5A to 4.5A. The four channel digital
oscilloscope was used to measure the AC/DC voltage/current, frequency and harmonics
(using the Fast Fourier Function), whilst the digital torque meter recorded both torque and
rotational speed by logging and averaging the readings taken during the few seconds whilst
the electrical measurements were recorded.
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Figure 14: Schematic of the experimental set up for the three phase resistive load test.
Generator
A

N

3-phase resistive load
B

C

Oscilloscope

Figure 15: Photograph of the three phase resistive load set up.
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Table 4: Measurement techniques used in the battery load test.
Variable
DC

Measurement device
voltage/current, Tectronix

TDS

2004C

Measurement type
4 Instantaneous (Fast Fourier

frequency and harmonics

channel digital oscilloscope

Transform for harmonics)

Torque and rpm

Datum 500Nm torque meter

Transient (averaged)

2.2.3.2 DC resistive load test
The DC load test is similar to the previously described three phase load test, however a
three phase bridge rectifier was used to convert the three phase AC output from the AFPM
into DC, which was then fed through the same variable resistance as used in the previous
set up (with all three resistances connected in series), as shown in Figure 16. Throughout
the test, the resistance is varied from maximum to minimum while maintaining the speed at
350rpm. Again, the four-channel oscilloscope was used to measure AC/DC voltage/current,
frequency and harmonic contents.
Figure 16: Schematic of the experimental set up for the DC resistive load test.

Table 5: Measurement techniques used in the DC resistive load test.

Variable
AC/DC

Measurement device
voltage/current, Tectronix

TDS

2004C

Measurement type
4 Instantaneous (Fast Fourier

frequency and harmonics

channel digital oscilloscope

Transform for harmonics)

Torque and rpm

Datum 500Nm torque meter

Transient (averaged)
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2.2.3.3 Battery load test (power curve)
This test is similar to the previous two load tests, however with the DC load replaced by a
battery bank. Six sets of 12V, 100Ah batteries are connected in series and parallel to create
a 48V bank, as shown in Figure 17. The AC voltage and current from the generator are
again converted to DC by the rectifier before passing through the battery terminals. Instead
of operating at a constant rotational speed, in this test the PMG is instead driven at a range
of speeds to create a power curve of the machine (power vs. rpm). Measurements are taken
at intervals of 100rpm up until 700 rpm, when vibration and therefore safety begins to
become a concern.
Figure 17: Schematic of the experimental set up for the battery load test.

Table 6: Measurement techniques used in the battery load test.

Variable
AC/DC

Measurement device
voltage/current, Tectronix

TDS

2004C

Measurement type
4 Instantaneous (Fast Fourier

frequency and harmonics

channel digital oscilloscope

Transform for harmonics)

Torque and rpm

Datum 500Nm torque meter

Transient (averaged)
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2.2.4 Short circuit current
Figure 18 illustrates the short circuit test set-up where the generator is connected such that
each of the phases can be shorted to either of the other two phases. The generator is
operated at different speeds with no load and a double pole switch is used to connect the
three phases to each other. The short circuit condition is created just for 2 or 3 second time
at each operating speed and is performed for 2-phase and 3-phase short circuit condition.
The results from this test enable the characterisation of each generator’s maximum current
producing capacity and its effect on other parameters such as the maximum braking torque.
Figure 18: Schematic of the experimental set up for the short circuit current test.

The peak values of the short circuit current waveforms observed from the data recorded
through the oscilloscope can be transformed into RMS values using the following equation:
Vrms =

Vpeak

Equation 5

√2

29

Distributed Energy Resources
Research Infrastructures

Table 7: Measurement techniques used in the short circuit current test.

Variable

Measurement device

Voltage and current

Fluke

867B

Measurement type

graphical Instantaneous RMS

multimeter
Voltage and current

Tectronix

TDS

2004C

4 Transient (averaged)

channel digital oscilloscope
logged on a PC with Lab
View
Torque and rpm

Datum 500Nm torque meter

Transient (averaged)
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2.2.5 Operating temperature
During normal operation, heat is generated, the amount of which is governed by the
resistance of the windings. This heat causes an increase in the temperature of the stator,
which further increases its resistance. What is more, serious damage and ultimately failure
can occur if the stator is allowed to continue heating up beyond the melting point of the resin
in which the coils are set. As a result, it is important to measure this temperature rise, in
order to maximise efficiency (all heat energy produced is taken away from the useful
electrical energy) and increase reliability.
During this test, the generator was connected to a 24V battery bank via a rectifier (as in the
previous test) and operated at rated power. The increase in temperature was recorded every
30 seconds for a total of 15 minutes using an infra-red thermometer. The device was aimed
at the hottest part of the hottest coil (as this was the part which would burn out first), as
shown in Figure 19.
Figure 19- Photograph of the experimental set up for the operating temperature test.

Position of
Coil

Infra-red
thermometer

Table 8: Measurement techniques used in the operating temperature test.

Variable

Measurement device

Measurement type

Temperature

Infra-red thermometer

Instantaneous

surface

temperature
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2.2.6 Stator resistance
The resistance of the stator governs the amount of power lost internally as heat during
operation and therefore has a significant effect on the efficiency of the generator. As
mentioned previously, this heat loss also raises the operating temperature of the stator,
which can significantly shorten the life of the component if not kept below acceptable levels.
Figure 20: Schematic of the experimental set-up for taking line-line (above) and line-neutral (below)
measurements of stator resistance.

The resistance of each phase in the stator was calculated by using a variable DC power
supply to provide an input voltage and measure the corresponding current, from which
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resistance could be calculated using Ohm’s law. The resistance was initially recorded at
room temperature, after that, it was heated up by running the generator at rated power for 15
minutes and measurements were taken at this higher temperature. The procedure was then
repeated for all 3 phases.
Table 9: Measurement techniques used in the stator resistance test.

Variable

Measurement device

Measurement type

Temperature

Infra-red thermometer

Instantaneous

surface

temperature
Voltage and current

Variable DC power supply

Instantaneous

2.2.7 Stator inductance
The inductance of a generator is a fundamental characteristic of the machine, indicating it’s
dynamic and steady state performances across a range of operating conditions. It is also
important for determining the torque characteristics and magnetic saturation of the
generator. However, for small coreless axial flux type generators, inductances are usually
low and therefore it becomes difficult to measure values with good accuracy. This report
describes two simple ways of finding the phase inductances of an AFPM generator, which
are based upon the methodology described by Roussow [17]. Knowing the stator inductance
allows an AFPM to be modelled as an equivalent circuit. The choice of these two
methodologies depends on the availability of a neutral point, which allows the simpler of the
two procedures to be followed.
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Figure 21: Experimental set up for a) D and Q axis alignment, b) D-axis inductance measurement and
c) Q-axis inductance measurement [17].

The axial flux permanent magnet generator consists of surface mounted permanent magnets
and as a result, the direct and quadrature axis inductance of the generator are equal and are
therefore also both equal to the internal inductance of the generator [17]. To measure the
axis inductances, the rotor is aligned as shown in Figure 21a.
Sinusoidal voltage and current is supplied at phase terminal A and the rotor is manually
rotated such that the voltage across the other line terminal B and C is measured to be zero.
As the rotor is aligned in D-axis position the inductance in this axis can now be calculated by
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connecting line terminals B and C and passing sinusoidal current across the generator. To
calculate Q-axis inductance, the sinusoidal voltage and current is passed across the B and C
terminals at the same rotor position. The schematic for both of these tests can be referred
from diagram Figure 21b and Figure 21c.
While aligning the axis position, noise is produced due to stator and rotor magnetic field
interaction. The noise co-relates with the voltage produced in the BC terminal of Figure 21a.
As the voltage closes to zero the noise begins to disappear. This is particularly observed at
higher current values where the stator field becomes significant. Moreover the voltage
produced in the BC terminals is very less therefore observing the intensity of noise can be
another method for aligning the axis. As the neutral terminal was not available for the
neodymium generator, this method was used to align the rotor D and Q axis. This was
considered sufficiently accurate as neodymium rotors produce a magnetic field that is so
strong that the difference noise is significant, even with small changes in angular position.
A variable transformer (variac) was used to feed the RMS voltage to the generator terminals.
The voltage was increased at intervals of approximately 6V up until 40V, enabling the
current to increase to 20A. At this current, heat loss in the stator would be high and further
increases in temperature may result in the stator burning out.
As the variable transformer is connected to a grid supply source, the measurements are
collected at constant frequency of 50Hz. The measurements are processed through the
following equations to calculate the phase inductance:
𝑉𝐴𝑅 = 𝑉𝐼 sin 𝜙
𝑋𝑙 =

𝐿𝐿𝐿

=

𝑉𝐴𝑅
𝐼2

1000𝑋𝑙
2𝜋𝑓

Equation 6
Equation 7

Equation 8

VAR = Reactive power
𝜙 = phase lag (°)
Xl = Inductive reactance (Ω)
LLL= Line-line inductance (mH)
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Table 10: Measurement techniques used in the stator inductance test.

Variable

Measurement device

Voltage, current, reactive Fluke
power and power factor

867B

Measurement type

graphical Instantaneous RMS

multimeter

2.3 Results and discussion
2.3.1 Open circuit voltage
The two generators were designed to have identical open circuit behaviour; however Figure
22 shows that the neodymium generator induces a slightly higher voltage. In fact, at 220rpm
(neodymium) and 231rpm (ferrite), both generators exceed their design cut-in rpm of 214. As
a result, the neodymium generator would be expected to perform slightly better in the power
performance tests due to the discrepancies inherent in the design.
Figure 22: Comparison of open circuit voltage across a range of operating speeds.
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2.3.2 Load tests
2.3.2.1 3-phase (AC) resistive load test
Figure 24 shows that as expected, the voltage generated by of both machines drops
proportionally with increasing current. This is due to the fact that the voltage drop due to the
internal resistance of the generator increases with current.
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Figure 23: Plot of line voltage as function of current for the DC resistive load test.
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2.3.2.2 DC resistive load test
Figure 25 illustrates the difference between the electrical and mechanical power produced
by each generator. The ratio of mechanical power to AC electrical power gives the efficiency
of the generator, whilst the ratio of AC electrical power to DC electrical power gives the
efficiency of rectifier. The efficiency of the rectifier was measured as approximately 95%
(typical of standard bridge rectifiers) and the voltage rectification ratio (DC voltage to AC
phase voltage) is therefore equal to 2.3 (which is the precise value used as the conversion
constant for converting AC voltage into DC voltage).
Figure 24: Comparative plot of power as function of current for the DC resistive load test
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With the addition of the rectifier, the harmonics become significant as current increases. The
distortion introduced in the waveform and the harmonic distribution can be observed in
Figure 26. Whilst ohmic losses (leading to heating of the stator) are the main cause of
efficiency losses in the generator, the presence of harmonics in the signal wave is also a
significant source of losses. Some frequencies can even be detected as audible noise, which
manifests itself as a vibration/buzzing of the generator. The ideal condition is the perfect
sinusoidal wave where no harmonics are present, as the presence of different orders of
harmonics means that the waveforms are very distorted. Figure 26 shows that the 5th and 7th
order harmonics are dominant throughout the range of operating conditions, whilst the 3rd
order harmonic gradually disappears as the current increases. With the increasing order of
harmonics, the wave form tends towards a square wave, which degrades generator
performance in a number of ways including efficiency and power quality. The harmonic
distribution shown in Figure 26 suggests that the neodymium generator creates slightly
fewer harmonics than the ferrite, however the difference is small compared to the difference
in torque produced by the two generators, which is the major cause of the difference in
performance between the two machines.
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Figure 25: Harmonic distribution (left) and waveform distortion (right) of neodymium (top) and ferrite

Ferrite

Neodymium

(bottom) generators at 4A DC, 350rpm.

2.3.2.3 Battery load test (power curve)
Mechanical power, AC electrical power and DC electrical power are calculated using the
following equations:
𝑃𝑚𝑒𝑐ℎ = 𝑁𝑇

𝑃𝐴𝐶 = √3𝑉𝐿𝐿 𝐼𝐴𝐶
𝑃𝐷𝐶 = 𝑉𝐷𝐶 𝐼𝐷𝐶

Equation 9
Equation 10
Equation 11

P = Power (W)
N = Rotational speed (RPM)
T = Torque (Nm)
I = Current (A)
V = Voltage (V)

The power curves shown in Figure 29 illustrate the significant difference (around 50% at
higher rpms) between the power generated by the two AFPM generators across a range of
typical operating speeds. For example, the DC power generated at 325 rpm is approximately
600W (neodymium) and 400W (ferrite). Extrapolating the values shown in Figure 29
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suggests that the neodymium generator would reach rated power at 375rpm, whilst the
ferrite generator would need to rotate at 450rpm before reaching rated power.
Figure 26: Comparison of mechanical, AC and DC power curves produced during the battery load
test.
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The DC electrical power is the power that goes into the battery. The power that is lost in the
conversion from mechanical to DC electrical power (i.e. in the generator and rectifier) is
represented by the loss curves shown in Figure 30.
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Figure 27: Plot of generator and rectifier losses during the battery load test.
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Figure 27 shows the overall efficiency of the generator and rectifier as a whole (mechanicalDC). It can be seen that the ferrite generator perform best around cut-in, whereas the
neodymium generator holds a much more constant value of efficiency across the range of
rotational speeds (which is better suited to the variable speed operation of an SWT). The
efficiency curve of the ferrite generator forms a sharp peak of 90% efficiency at 215rpm,
followed by a gradual decrease until it intersects with the curve for the neodymium generator
at approximately 24rpm. In contrast, the efficiency curve for neodymium forms a much flatter
curve, with a peak efficiency of 82% at 260rpm and a near constant efficiency of
approximately 80% in the range 235-280rpm. At rated power, it is the neodymium generator
that has superior efficiency: an estimated 67% at 375rpm as opposed to an estimated 45%
at 450rpm.
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Figure 28: Comparison of the overall efficiency (mechanical-DC) during the battery load test.
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The average rectifier efficiency for neodymium and ferrite generator was calculated to be
90% (see Figure 28), meaning that at 2.2, the rectification ratio for both the generators is as
expected. The generator efficiency curves shown in Figure 28 are similar to those discussed
above in Figure 27.
Figure 29: Comparison of the generator (mechanical-AC) and rectifier (AC-DC) efficiency during the
battery load test.
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Figure 31 shows that the increase in battery and phase voltages with rotational speed is very
similar for both generators Figure 32 shows the similarity in the torque/current characteristics
of both generators. The following equations were generated from the data shown in Figure
32 and describe the relationship between torque and current for both generators:
T = 2.66I + 0.5

Neodymium:

Equation 12

T = 2.46I + 0.6

Ferrite:

Equation 13

T = Torque (Nm)
I = RMS current (A)

Figure 30: Plot of phase voltage and battery voltage during the battery load test.
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Figure 31: Comparison of the torque vs. current characteristics during the battery load test.
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2.3.3 Short circuit current
Figure 33 and Figure 34 show that both the 3-phase and 2-phase short circuit currents and
torques of the neodymium generator are close to twice that of the ferrite generator. Figure 34
also shows that the short circuit torque saturates at 400rpm for both ferrite and neodymium
generators; however, neodymium has a saturating torque of 90Nm compared to 50Nm for
ferrite. As both generators would be operating at 20-22Nm / 8-9A when producing maximum
power (at approximately 10m/s), they are both capable of stopping the turbine across the full
range of operating conditions if using a 3-phase brake switch. Whilst the neodymium
generator would also be able to be stopped using a 2-phase brake switch (i.e. if one phase
had become disconnected due to a cable/rectifier/stator failure), it is unclear as to whether
the ferrite generator would be able to do so, as the maximum 2-phase torque produced by
this generator (25Nm) is comparable to that produced by the wind at rated speed (420rpm).
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Short Circuit Current (A, RMS)

Figure 32: Comparison of 3-phase and 2-phase short circuit currents.
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Figure 33: Comparison of 3-phase and 2-phase short circuit torque.
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2.3.4 Operating temperature
Figure 35 shows the temperature rise experienced by each generator when operated at
rated power; it can be seen that the rate of temperature rise is roughly the same for both
generators; however the operating temperature at rated power is higher for the neodymium
generator. Whilst the temperature of the ferrite generator begins to level off after
approximately 12 minutes, the neodymium generator appears to still be increasing at the end
of the test (although the rate of heating has slowed significantly).
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Figure 34: Comparison of operating temperatures reached by each generator when operated at rated
power.
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The main cause of the deviation between the two machines is the fact that the ferrite
generator has a higher coil surface area and therefore can dissipate heat much faster.
However the ferrite generator also has a larger surface area, meaning more heat is
dissipated through convection. What is more, it has cut away sections in the front of the rotor
(shown in Figure 36), creating better air-cooling pathways and aiding the transfer of heat
away from the stator. Unfortunately it is not possible to separate the influence of each of
these variables on the overall thermal performance of the ferrite generator.
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Figure 35 – The slots cut into the rotor disc of the ferrite generator primarily to reduce the weight of
the heavy steel disc, but with the added benefit of improving cooling.

Air-cooling pathways

Although the temperatures reached in this test are starting to approach the melting point of
the resin used in the generator (100°C), in reality, temperatures would be far lower than this
in an assembled wind turbine, due to the cooling effect of the wind, which increases with
wind speed and therefore power.

2.3.5 Stator resistance
As mentioned previously in the operating temperature test results, the ferrite generator had a
higher capacity for cooling and was therefore harder to maintain at an elevated temperature.
As a result, the low and high temperatures at which each generator was tested are listed in
Table 11.
Table 11: Temperature of generators during resistance measurements.

Starting Temperature
Raised Temperature

Neodymium
o
36 C
o
~70 C

Ferrite
o
33 C
o
~52 C
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Figure 37 shows the comparison between the measured resistances of each of the phases
of each generator. It’s clear that regardless of temperature, the ferrite windings have a
significantly higher resistance (on average, 59% above neodymium), which contributes to
the generator’s lower efficiency, as it causes more power to be dissipated in the windings.
This has implications for the temperature test, as although there is more heat produced in
the windings of the ferrite generator, the temperature rise is still lower than its neodymium
counterpart, meaning the cooling capabilities of the ferrite design must significantly outweigh
the additional heat produced.
Figure 36: Comparison of the resistance of each generator. Low temperature readings are shown in
dark colours, high temperature in light.
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2.3.6 Stator inductance
Table 12 shows the axis inductances of ferrite and neodymium generators, both of which are
very low, as is expected for AFPM machines. The table shows only Q-axis inductance for the
neodymium generator due to its lack of a neutral terminal. The Q-axis and D-axis
inductances for the ferrite generator differ from each other by 1.37mH, which is likely to be
due to alignment issues 3 and the difficulty of measuring such small quantities. The Q-axis
inductances for both generators are very similar.

3

Perfect alignment is not possible, as setting the voltage difference between the terminals to zero is
very difficult, particularly for the ferrite generator as the voltage produced is very small. Whilst this
may have been possible for the neodymium generator, as its strong magnetic field may produce
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Table 12: Measured inductances of the ferrite and neodymium generators.
Neodymium
4.80mH
n/a

D-axis
Q-axis

Ferrite
4.49mH
5.87mH

Figure 38 shows the characteristics of axis inductance as function of RMS current. The
graph indicates that the inductance values tend to remain nearly constant over the range of
operating currents, up until the rated current (17A for both of the generators). For other
machines that use an iron core, increasing current can have a significant impact on machine
inductance as the inductive reactance tends to increase for high values of currents; however
this was not found to be a problem for the two coreless AFPM generators under test here.
Figure 37: Plot of axis inductance as a function of RMS current.
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2.3.6.1 Equivalent circuit diagram
Figure 39 represents the equivalent circuit model for ferrite and neodymium generators,
which has been measured during this study. Theoretically, the axis inductances and
therefore the internal inductance for the AFPM generators should be identical [17], therefore
an average of the two values obtained for ferrite generator is taken to represent the
inductance for the equivalent circuit diagram. The equivalent circuit model can be used to

slightly more voltage, however the lack of a neutral terminal prevented this. Fortunately, the noise due
to misalignment was much greater for the neodymium generator.
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calculate the internal electrical losses for the neodymium and ferrite generators using the
following equations:
𝑋𝑖 = 2𝜋𝑓𝐿

Equation 14

𝑃𝑙𝑜𝑠𝑠 = 𝐼 2 𝑍

Equation 16

𝑍 = �𝑅 2 + 𝑋𝑖2

Equation 15

Xl = inductive reactance (Ω)
f = frequency (Hz)
L = inductance (H)
Z = impedance (Ω)
R = resistance (Ω)
Ploss = stator electrical power loss (W)
I = stator current (A)

Figure 38: Equivalent electrical circuit diagram of ferrite and neodymium generators.

2.4 Evaluation
Although every effort was made to take measurements in the most accurate way possible,
the following factors were known to have introduced significant errors:
•

Poor resolution of torque meter: The torque meter is capable of measuring up to
500Nm; however most of the torques measured in this study were below 50Nm. As a
result, the lower readings were known to be particularly inaccurate as the torque
meter is not designed to accurately measure in this range, where the quantity being
measured approaches the resolution of the sensor. Although torque readings were
logged and averaged for a number of seconds each time, it was clear that there was
significant fluctuation in the readings at low torques, meaning that these results will
therefore have a high percentage error. This has a knock on effect on the calculation
of efficiency, as the torque is used to calculate mechanical (i.e. input) power.
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•

Poor resolution of graphical multimeter: The stator inductance measurements were
similarly hindered by the use of a graphical multimeter that was designed to measure
much larger quantities. Reactive power (VAR) can either be measured directly from
the Fluke 867B graphical multimeter, or can be calculated from Equation 5. The
Fluke 867B is rated for high power line measurement (kW range) and therefore the
resolution of the device is poor for lower values of voltage and current. During the
calculations, the calculated reactive power would have generated more precise
values than measured ones. Therefore it would have been better to calculate the
reactive power rather than to take measurement directly from the device.

•

Difficulty in aligning axes: The accuracy of the stator inductance test was further
limited by the difficulty in finding the exact alignment of the axes, which determines
the correct point at which to take measurements.

•

Lack of neutral point: in the case of the neodymium generator, line to line voltage
was measured just across one particular terminal, as connecting all terminals
together at the same time would create a short circuit and continually rewiring would
have been very time consuming. For the ferrite generators all the phase to neutral
voltages were measured and averaged for more precise calculations (the difference
between maximum and minimum voltages was found to be around 1V).

•

Difficulty in measuring temperature: When using the infra-red thermometer, it was
aimed at the hottest part of the coils, as this was the part which would burn out first,
although it was difficult to be completely consistent with the exact point of
measurement. This method also records only the surface temperature of the stator,
which is likely to be higher inside the casting.

Further issues are discussed in Section 7.2.2 - Uncertainties assessment.

2.5 Conclusion
The neodymium and ferrite generators were designed to have an identical cut-in speed
(214rpm); however this was measured to be 220 and 230rpm respectively. As a result, this
difference should be taken into account when making comparisons between the power
performance of the two generators (i.e. the neodymium generator has a small but significant
unfair advantage).
Despite the fact that the neodymium generator was found to have a 37% lower resistance
(0.63Ω at 36ºC, 0.70 at 70ºC) than its ferrite counterpart (1.01Ω at 33ºC, 1.09Ω at 52ºC), it
was actually the ferrite generator that was found to have a lower operating temperature
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(74°C, as opposed to 84°C). This is primarily due to its higher coil surface area, as well as
the holes that were cut into the rotor discs to reduce their weight (which had the additional
benefit of increasing cooling by allowing air to flow through) and the larger surface area of
the ferrite generator.
In terms of efficiency, the overall (mechanical-DC) efficiency at rated power was found to be
higher for neodymium (neodymium: 67% at 375rpm, ferrite: 45% at 450rpm), whilst the
ferrite generator was able to reach a higher peak efficiency (neodymium: 82% at 260rpm,
ferrite: 90% at 215rpm). However, it is the neodymium generator that holds a higher
efficiency over a wider range of operating conditions, meaning that it is able to produce over
50% extra power at higher rotational speeds. This clearly exceeds the neodymium
generator’s small advantage that was revealed by the open circuit voltage test. The cause of
the reduced efficiency of the ferrite generator is not clear, however it is likely to be due to a
combination of its reduced torque production capacity (which could be improved by
increasing the number of turns in each coil) and higher copper losses due to its greater
resistance (which would require decreasing the number of turns in each coil or using thicker
wire which may not fit into the available space). Redesign of the generator and retesting of
an improved model would be necessary to determine if it is possible for ferrite to equal
neodymium in terms of performance.
It was found that both generators were capable of stopping the turbine at all wind speeds
using a three-phase electronic brake switch, however the ferrite generator produced around
half the braking torque of the neodymium generator and therefore it is not clear whether the
ferrite generator would be able to stop the turbine above 10m/s using a two phase electronic
brake switch (i.e. with a power cable/rectifier/stator fault).
The stator inductance of both machines was measured at around 5mH and showed no sign
of increasing within the typical operating current range. As a result, it was not deemed to be
a critical design parameter as it has little impact on performance.

3 Field testing
3.1 Introduction
A particular issue facing field workers performing maintenance on AFPM SWTs installed in
remote locations is how to determine the operational status of a particular machine. Ideally,
the wind turbine would be lowered, taken apart and the generator taken back to the main
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workshop for testing. However, the main workshop could involve many hours walk and over
a day’s travel on unpaved roads or even by boat, making this approach impractical. A set of
simple tests that could replicate some of the most important characterisation tests performed
in the ICCS-NTUA bench testing rig would be invaluable in determining whether the
generator is performing as expected and if not, what the fault could possibly be.
During this study, field testing of the neodymium generator was carried out by assembling it
with the blades, tail and tower and installing it at the NTUA wind turbine test site for
monitoring. Performance was monitored live using LabView software and instantaneous
readings of the key variables mentioned above will be compared to averaged values
representative of those recorded by a data logger in the field. Comparison of this data with
that obtained from the testing conducted in the laboratory and similar will allow any
correlation between the two methods to be found and therefore a simplified method for
performing similar tests in the field using only simple tools and techniques that are likely to
be available in the field can be derived, tested and compared to the laboratory data to
determine their accuracy, for example turning the rotor by hand instead of a driving motor.

3.2 Power curve measurement with data logger
3.2.1 Methodology
3.2.1.1 Experimental set up
The NTUA test site in Rafina allows for outdoor measurements of the power and energy
production of household small wind turbines for grid connected and battery charging
applications. The facilities of the test site are in accordance to the international standard IEC
61400-12-1: Power Performance Measurements of Electricity Producing Wind Turbines,
specifically Annex H, which refers to small wind turbine testing [18]. This document
describes a standardised methodology for measuring the power curve, power coefficient (Cp)
and the Annual Energy Production (AEP) of the turbine for different site mean wind speeds.
Furthermore, guidance is given on the installation of meteorological and electrical sensors,
the analysis of logged data, the presentation of processed data and the estimation of
uncertainties.
The NTUA Rafina test site’s infrastructure allows for the installation and testing of small wind
turbines ranging from 1.2m to 7.6m rotor diameter in off-grid (battery charging) or grid tied
operation. The wind turbines are installed at a hub height of 12m on a galvanized metal
tower of appropriate diameter and thickness, while the tower is supported by two sets of
guys (at 6 and 12m) with four galvanized steel ropes positioned at 90º intervals in each set.
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The guys are safely anchored to concrete blocks at ground level. The specifications of the
steel wire ropes and of the concrete blocks are designed so that the largest turbine under
test (7.6m diameter) is able to withstand gusts of up to 40m/s.
For the collection of the necessary meteorological data the sensors described in Figure 40
and Table 13 are mounted on a separate meteorological mast 9m from the base of the SWT,
as specified by IEC 61400-12-1.
Figure 39: Meteorological sensors mounted on the meteorological mast at the NTUA test site in
Rafina.
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Table 13: Details of the meteorological sensors mounted on the meteorological mast at the NTUA test
site in Rafina.
Sensor type
Anemometer (control)
Wind Vane
Temperature
Pressure
Humidity

Model / Serial No
NRG-40C
NRG-200P
NRG-110
NRG-BP-20
NRG-RH-5

Table 14 shows the sensors used to measure electrical data, all of which are placed as close
as possible to the battery bank. Three AC voltages and AC currents are logged before the
rectifier, with the ability to also measure revolutions per minute (RPM) through the AC signal
frequency. After the rectifier, the DC voltage and DC current flowing into the battery bank are
recorded for battery charging applications or the DC voltage and DC current flowing through
the grid-tie inverter for grid connected applications. In this way the power curve of the turbine
can be plotted along with all other relevant data, including losses in the cable connecting the
turbine to its load, while the distance of the turbine to the load meets the standards set by
IEC 61400-12-1. All sensors are calibrated once every year and fulfil the accuracy
requirements of IEC 61400-12-1.
Table 14: Details of the electrical sensors installed at the NTUA test site in Rafina.
Sensor type
Phase R (voltage AC)
Phase S (voltage AC)
Phase T (voltage AC)
Voltage DC
Phase R (current AC)
Phase S (current AC)
Phase T (current AC)
Current DC

Model / Serial No
LV25-P
LV25-P
LV25-P
LV25-P
CSNR151
CSNR151
CSNR151
CSNR151

Data is logged by LabView software and the National Instruments NI 6225 data acquisition
card. Logged data are stored locally on a PC and sent at the end of each day to the
SmartRue data base in NTUA, with real time remote data observation planned for the near
future. The ‘Wind Turbine Performance Data Analysis Tool’ developed by SmartRue, is a
data management tool that allows for in depth analysis of the measurements, either in the
per second raw data format or in one minute averages. This enables the user to observe the
SWT in small time periods (e.g. in the order of seconds to study gust response), whilst also
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generating one minute averages to calculate the power curves and other statistical data
according to IEC 61400-12-1.

3.2.1.2 Turbine & site
The 2.4m rotor diameter neodymium SWT described in the previous section of testing at the
NTUA laboratory was installed and tested in the test site for 6 weeks. It was connected to a
48V battery bank with a cable run of 77m from tower top to rectifier. A Morningstar Tristar
TS-60 diversion load controller was employed with appropriate wire wound resistors as
loads, set with a diversion voltage of 54.5V.
Figure 40: The turbine and meteorological mast installed at the NTUA test site in Rafina.

3.2.1.3 Data logger and sensors
Data is logged every second and labelled with a timestamp in LabView through the DAQ
card. These values are transferred to the data base at the end of each day. AC currents,
voltages and frequencies (for calculation of rpm using the number of poles in each
generator) for each of the three phases are measured and recorded. From these values,
average currents (MeanCurrent) and average voltages (MeanVoltage) are calculated, which
are multiplied together to give electrical power (Power). The meteorological sensors log wind
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speed (WindSpeed), wind direction (WindSector), pressure (BarPressure), temperature
(Temperature), and humidity (Humidity). From these values the density of air (AirDensity) is
calculated. Figure 42 shows a typical database entry containing all the labels in parentheses.
Figure 41: Database entries of measured data obtained from the NTUA test site at Rafina via
LabView.

3.2.1.4 Data processing
3.2.1.4.1 Determination of the measured power curve
The measured power curve is determined by applying the "method of bins" for the
normalized in terms of air density data sets, using 0,5 m/s bins and by calculation of the
mean values of the normalized wind speed and normalized power output for each wind
speed bin according to the equations[18]:

Vi = normalized and averaged wind speed in bin i
Vn,i,j = normalized wind speed of data set j in bin i
Pi = normalized and averaged power output in bin i
Pn,i,j = normalized power output of data set j in bin i
N = number of 1 min data sets in bin i
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3.2.1.4.2 Annual Energy Production (AEP)
AEP is estimated by applying the measured power curve to different reference wind speed
frequency distributions. A Rayleigh distribution, which is a Weibull distribution with a shape
factor of 2, is used as the reference wind speed frequency distribution. Estimations of AEP
can then be made for hub height annual average wind speeds of 4, 5, 6, 7, 8, 9, 10 and 11
m/s according to the following equation:
Equation 17

AEP = annual energy production (kWh/year)
Nh = number of hours in one year ≈ 8760h
N = number of bins
Vi = normalized and averaged wind speed in bin I (m/s)
Pi = normalized and averaged power output in bin i (W)

Equation 18

F(V) = Rayleigh cumulative probability distribution function for wind speed
Vave = annual average wind speed at hub height (m/s)
V = wind speed (m/s)

3.2.1.4.3 Power coefficient
The power coefficient, CP, is determined from the measured power curve according to the
following equation:
Equation 19

CP,I = power coefficient in bin i
Vi = normalized and averaged wind speed in bin I (m/s)
Pi = normalized and averaged power output in bin I (W)
2
A = swept area of the wind turbine rotor (m )
3
ρ0 = reference air density, normalized and averaged wind speed in bin I (kg/m )

3.2.2 Results
3.2.2.1 Power curve
The power curve shown in Figure 43 is a plot of power (W) vs. wind speed (m/s) calculated
according to the method of bins described previously. Wind speeds bins range from 2m/s to
15.5 m/s and the bin width has been set to 0.5m/s. A cut-in wind speed of 3m/s is observed
which is typical for a small wind turbine of this type. The furling system starts operation at
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7m/s, where the curve begins to deviate from a typical y = ax3 curve. At 9-10m/s, the furling
angle increases to greater than 15º, with power production peaking at 525W at 10.5m/s.
Above this wind speed, power production drops in order to protect the turbine from
overheating at higher, but less common wind speeds. The uncertainty in the power
measurement for this value is estimated at +/- 11.2W, whilst in in the power measurement
for a wind speed of 7m/s it is estimated at +/- 25.5W.
Figure 42: Power curve for the 2.4m rotor diameter 48V small wind turbine installed at the NTUA test
site in Rafina with the 850W neodymium generator.

3.2.2.2 Cp vs. wind speed
The power coefficient (Cp) plot shown in Figure 44 shows system efficiency (DC electrical
power produced at the batteries vs power in the wind) vs. wind speed (m/s) and was also
calculated using the method of bins. The maximum efficiency is 0.31 at 5m/s, which is as
expected, as the machine is designed to have a peak efficiency at the most common wind
speed (typically 5m/s for an SWT site). As wind speeds increase, efficiency drops, meaning
that at the rated wind speed of 10m/s, the system efficiency is 0.18. This is due to a rapid
decline in efficiency after 7.5m/s, which is associated with the action of the furling tail, which
is designed to protect the system by reduce the efficiency of the rotor by turning it out of the
wind and thus limiting the power production of the system.
Figure 43: Power coefficient, Cp, for the 2.4m rotor diameter 48V small wind turbine installed at the
NTUA test site in Rafina with the 850W neodymium generator.
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3.2.2.3 Annual Energy Production (AEP)
AEP predictions for sites with mean wind speeds, ranging from 4 to 11m/s and a Rayleigh
wind speed distribution are shown in Figure 45. The table within this figure also shows the
estimates of uncertainties in the predicted AEPs in both kWh and as a percentage. It can be
seen that for mean wind speeds greater than 8m/s, the increase in power production is small
due to the effect of the furling system. For a typical installation at a site with 5m/s mean wind
speed, this SWT would be expected to produce 1271kWh per year with an uncertainty of +/111kWh.
Figure 44: Estimated Annual Energy Production for the 2.4m rotor diameter 48V small wind turbine
installed at the NTUA test site in Rafina with the 850W neodymium generator.
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3.2.2.4 Power vs RPM
In Figure 46, the values of power vs rpm are plotted for all the ‘per second’ measured data of
the database. As it can be observed in the graph, the maximum power of the small wind
turbine is not 525W but it can easily produce up to 900W, and sometimes in fast rising wind
gust up to 1000W. The power curve mentioned earlier is an average of power data and for
this reason it deviates from the maximum. Also the furling operation is strongly dependent on
the how fast the wind speed rises so there are cases when the turbine momentarily will be
facing wind speeds much higher than 10m/s and thus producing higher power. The two lines
that can be seen forming clearly between 267 and 313 rpm are two different battery voltages
imposed by the charge controller, one for float and one for equalization. The ‘noise’ in these
two distinct lines is due to temperature variations that alter slightly the charger’s operation
points in terms of voltage.
Further on, a linear regression model is used to fit a linear y=ax+b line in the plotted data.
This will be used later on in the report to compare with other measuring techniques. The
values of a and b were found to be 5.897 and -1467.6 respectively.
Figure 45: Power vs RPM for the 2.4m rotor diameter 48V small wind turbine installed at the NTUA
test site in Rafina with the 850W neodymium generator.

3.2.2.5 Mean Voltage vs RPM
In Figure 47, the values of mean voltage vs rpm are plotted for all the ‘per second’ measured
data of the database. The values of voltage logged are line-to-line and are averaged for
each second to produce the mean voltage value. As can be seen in the graph, from 0 to 250
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rpm a straight line is formed which runs through the origin. In this state the generator is in
open circuit or in the no-load situation, i.e. the generator voltage has not reached the battery
voltage in order to start pushing current in to the batteries. From 250 rpm and onwards the
slope of the straight line changes and this part is when the generator is producing current,
i.e. is under load. Since the batteries are full most of the time, and the diversion load
controller keeps their voltage constant, the generator and battery voltage only rise slightly
due to higher currents. The vertical line at 221 rpm states the cut-in rpm when the battery
has a low state of charge (SOC) while cut-in at 250 rpm states a battery with high SOC, as
was the case for most of the logged data.
Further on, a linear regression model is used to fit a linear y = ax + b line in the plotted data.
This will be used later on in the report to compare with other measuring techniques. This is
done for two areas of the graph, namely for the no-load region below 221 rpm, and in the
loaded region above 221 rpm. The values of a and b under no load were found to be 0.165
and 0.533 respectively and the values of a and b under load were found to be 0.026 and
35.62 respectively.
Figure 46: Mean Voltage vs RPM for the 2.4m rotor diameter 48V small wind turbine installed at the
NTUA test site in Rafina with the 850W neodymium generator.

3.3 Comparison of field and laboratory measurements
3.3.1 Methodology
Table 15 lists the four techniques that were conducted in the NTUA laboratory (as described
in section 3) and at the NTUA test site in Rafina. The methodologies range from simple
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(turning by hand) to accurate (laboratory bench testing) and the choice of methodology on
any particular occasion will be governed by the tools, time and skills available, as well as the
required level of precision.
Table 15: Details of the various measurement techniques employed in the comparison between field
and laboratory measurements.
Measurement
technique
Turning by
hand

Instrumentation

Accuracy

Multimeter

Low

Multimeters
at batteries

2x Multimeter,
clamp meter &
camera.

Medium

Laboratory
bench testing

Oscilloscope,
torque meter &
data acquisition.

High

Data logger &
sensors

Frequency,
voltage & current
sensors,
anemometer,
wind vane,
barometer,
thermocouple,
humidity sensor &
data acquisition.

High

Averag
ing
Instant
aneous
only
Instant
aneous
only
Instant
aneous
or
averag
ed
Instant
aneous
or
averag
ed

RPM

Voltage

Estimation

AC
LineLine
AC
LineLine&
DC
AC
LineLine&
DC

AC
frequency

AC
frequency
& torque
meter
AC
frequency

AC
LineLine
(averag
e of 3
phases)

Current

Other

DC

1xAC
phase &
DC

AC
LineLine
(averag
e of 3
phases)

Wind speed,
wind
direction,
temperature,
pressure,
humidity

3.3.1.1 Turning by hand
This is the simplest technique used, as it requires only a single multimeter. It is analogous to
the open-circuit voltage test described in section 3.2.2, with the following simplifications: the
generator is driven by hand instead of by a driving motor and the voltage is measured using
a multimeter instead of an oscilloscope (see Figure 48).
Procedure:
1. The rotor is spun by hand at an rpm that is easy to estimate, e.g. 60rpm (1 revolution
per second) or 120rpm (2 revolutions per second).
2. A multimeter is used to measure the line-line voltage on multiple occasions and an
average is taken.
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Figure 47: Turning the generator by hand and measuring line-line voltage using a multimeter.

3.3.1.2 Multimeters at batteries (photos)
This test involves measuring current, voltage and rpm whilst the turbine is in operation using
multimeters. It is capable of producing a power curve (power vs. rpm) for the generator and
is analogous to the battery load test described in section 3.2.3.3. Below cut-in, the results
can also be compared to open-circuit voltage test described in section 3.2.2. The test can
easily be performed in the field without having to take the turbine down and requires only
multimeters, a clamp meter and a camera. If a clamp meter is not available, it is possible to
perform the test using a multimeter connected in series with the cable running from the
rectifier to the batteries; however care must be taken to ensure that the maximum current
produced by the turbine does not exceed the maximum current rating of the multimeter.
Procedure:
1. Connect a multimeter capable of measuring frequency and voltage (or 2 separate
multimeters) to the AC side of the 3 phase rectifier as shown in Figure 49.
2. Connect a second multimeter to the battery bank to measure DC voltage, as shown
in Figure 49.

64

Distributed Energy Resources
Research Infrastructures

3. Connect a clamp meter to the cable running from the rectifier to the batteries to
measure DC current, as shown in Figure 49.
4. Photograph all three multimeters in a single frame (see Figure 50) on multiple
occasions across a range of operating conditions to record sufficient data to produce
a power curve for the generator.
Figure 48: Annotated photograph showing the points at which the multimeters and clamp meter
measure current and voltage at the power house.
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Figure 49: Photograph capturing instantaneous readings of AC voltage & frequency and DC voltage &
current.

3.3.2 Results
3.3.2.1 Open circuit voltage
3.3.2.1.1 Data logger field tests
In Figure 47, the values of mean voltage vs. rpm are plotted for all the ‘per second’
measured data of the database. A linear regression model is used to fit a y = ax + b line in
the plotted data, which will be used to compare with other measuring techniques. This is
done for two areas of the graph, namely for the no-load region below 221rpm, and in the
loaded region above 221 rpm. The values of a and b under no load were found to be 0.165
and 0.533 respectively (see Figure 51).
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Figure 50: Open circuit voltage (VAC L-L) vs rpm from the data logger field test

3.3.2.1.2 Multimeters at batteries (photos)
By taking the reading from the multimeter tests where the rpm was low and the current was
zero, an open circuit voltage can be plotted. Figure 52 shows the AC open circuit voltage (LL) against rotor speed for the neodymium generator. The slope of the curve is 0.169 VAC (LL) per rpm.
Figure 51: Open circuit voltage (VAC L-L) per rpm from the field test results
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3.3.2.1.3 Bench test
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The equivalent results from the open circuit bench test for the same neodymium generator
are shown in Figure 53. The slope of the curve is 0.1675 VAC (L-L) per rpm; almost identical
to field test results.
Figure 52: Open circuit voltage (VAC L-L) per rpm from the bench test results.
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3.3.2.1.4 Spinning by hand
The spinning by hand experiments were conducted in two different ways; in the first instance
a multimeter which gave readings for voltage and frequency was used and instantaneous
values were recorded. To account for circumstances where this kind of multimeter may not
be available, the generator was rotated at speeds which were easy to keep in time with (60,
120 and 180 rpm) and the instantaneous voltage (L-L) was recorded. The results from the
two tests are plotted on Figure 54.
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Figure 53: Open circuit voltage (VAC L-L) against rpm from hand turned tests
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The accuracy of the results is questionable as neither of the lines plotted pass through the
origin. This level of inaccuracy is most likely due to the inconsistent nature of the speed the
generators are rotated at when hand turned, as well as the delay in time when taking
instantaneous measurements off the multimeter.

3.3.2.2 Power vs Rpm
3.3.2.2.1 Data logger field tests
In Figure 46, the values of power vs rpm are plotted for all the ‘per second’ measured data of
the database. A linear regression model is used to fit a linear y = ax + b line in the plotted
data. The values of a and b were found to be 5.897 and -1467.6 respectively (see Figure
55).
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Figure 54: Power vs RPM from linear regression of logged data in test site.

3.3.2.2.2 Multimeters at batteries (photos)
Photographs were taken of instantaneous readings from the multimeter, with measurements
being made of AC voltage, DC voltage, DC current and frequency. A plot of rotor speed
(calculated using frequency) against DC power (DC voltage x DC current) is shown in Figure
56, it can be seen that cut in is around 230 rpm. This occurs when the DC voltage (rectified
generator’s AC voltage) reaches the battery voltage, allowing current to flow through the
rectifier.
Figure 55: DC power vs. RPM taken from multimeter readings at the NTUA Rafina test site.
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3.3.2.2.3 Bench test
The equivalent bench test results for the neodymium generator were shown previously in
Figure 29 in the laboratory testing section.

3.4 Discussion
The results for open circuit voltage vs. rpm from the bench test, the multimeters at batteries
(photos), data logger field tests and the hand turned test are all plotted on Figure 58. The
bench test, multimeters at batteries (photos) and data logger tests are very consistent, with a
slope of 0.169, 0.1675 and 0.165 VAC (L-L) per rpm respectively. The hand turned tests
were much less reliable, with the manual estimation of rpm (without multimeter) only suitable
for a preliminary test to determine whether the generator is working at all. It’s clear that using
a multimeter to verify rpm greatly increases the accuracy of the hand turned tests.
Figure 56: Comparison of open circuit voltage tests.

The power curves obtained from the bench test, data logger field test and field tests (using
multimeter readings) are plotted on Figure 59.
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Figure 57: Comparison of power curves produced from bench test, multimeters at batteries (photos)
and data logger.

It is clear that the bench test results suggest a lower cut in speed of roughly 200 rpm,
compared to the value of 235 rpm obtained in the multimeters at batteries (photos) or a
value of 250 obtained from the data logger field tests. The difference in cut-in rpm can be
attributed to the difference in the battery voltages in the different tests, especially the battery
bank that the generator was connected to in the laboratory, which was older and had a lower
SOC than that at the test site. Yet the two tests performed at the test site, the data logger
test and the multimeter test are more consistent.
The voltage at the different cut-in RPMs can be found using the following equation:
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑂𝐶 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑅𝑃𝑀 × 𝐶𝑢𝑡 𝑖𝑛 𝑅𝑃𝑀 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑡 𝑐𝑢𝑡 𝑖𝑛

Equation 20

Using the value of the slope of the voltage per rpm graph, the cut-in voltage can be found for
each experiment; 33.8 VAC for the bench test, 39.4 VAC for the multimeters at batteries
(photos) test and 41.3 VAC for the data logger field test. This AC voltage is converted to DC
using equation:
𝑉𝑅𝑀𝑆 × √2 = 𝑉𝑃𝑒𝑎𝑘

Equation 21

This produces values of DC cut-in voltage of 47.8 VDC for the bench test, 54.48 VDC for the
multimeter field test and 58.4 VDC for the data logger test (neglecting the drop in voltage
across the diodes in the rectifier). These numbers are consistent with the measured DC
voltage during each of the tests. From these numbers the effect of the battery and diversion
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controller voltage can be seen. The bench tests were conducted without a diversion
controller and with an empty battery, whilst the multimeters at batteries (photos) and data
logger field tests were conducted with a diversion controller set to divert at 54.5VDC with a
full battery. Finally the data logger tests were conducted over a longer period of time, during
which, equalization charges of 60VDC took place, thus raising the average voltage higher.

3.5 Conclusion
A data logger was used to measure the performance of the 850W neodymium AFPM
generator that was previously tested in the laboratory, whilst in normal operation as part of a
battery connected wind power system installed at the NTUA Rafina test site according to the
international standard IEC 61400-12-1. Peak power was measured to be 525W at 10.5m/s,
above which the furling system causes power production to drop in order to protect the
turbine from dangerously high winds. The maximum efficiency of 0.31 is reached at 5m/s,
whilst at the rated wind speed of 10m/s, the system efficiency drops to 0.18 due to the action
of the furling system. On a site with 5m/s mean wind speed, the SWT would be expected to
produce 1271kWh/year. The cut-in speed with a discharged battery was found to be 221rpm,
whilst with a full battery it increased to 250rpm.
The comparison between practical field testing methods and laboratory testing techniques
has shown that it is possible to conduct both the open circuit voltage and power curve tests
in the field. For the open circuit test, the multimeters at batteries (photos) and data logger
tests are both very consistent with the data obtained in the laboratory. However, turning the
generator by hand (as opposed to using the wind or a driving motor) was found to be much
less reliable. If turning by hand is the only option available, then using a multimeter to
measure rpm as well as voltage is highly recommended. Unfortunately it was not possible to
make a fair comparison between the laboratory and field measurements for the power curve
test due to the variation in battery voltage, it is seems likely that the multimeters at batteries
(photos) method is a suitable substitute for data logging or laboratory testing.

4 Further work
The following work is planned to extend the analysis conducted during this study and
maximise the usability of the findings:
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•

Additional knowledge of the generator breakdown torque 4 would be useful to be able
to investigate the threshold from where this behaviour would initiate for this particular
type of coreless axial flux permanent magnet generator, as the inductive reactance is
directly dependent upon rise in frequency, which increases the generator total
impedance. In particular, it would be interesting to determine the wind speed where
generator torque would breakdown and leaving the turbine to operate at runaway
speed (if the furling system were not in operation to limit the output at high wind
speeds). This could be carried out by short circuiting the generator terminals when
operating the generator at higher rpm. At higher current the inductive reactance
characteristics of the generator could be observed by correlating the current to the
wind speed from the field measurement data.

•

The 850W neodymium AFPM generator currently under test at the NTUA Rafina test
site will be replaced by the 850W ferrite AFPM generator in order to obtain
comparable data (power curve, power/voltage vs rpm. etc.).

•

An economic analysis of small wind turbines built from neodymium and ferrite
permanent magnets will be conducted to determine the preferred technological
option under various conditions (turbine size, environmental conditions, magnetic
material prices etc.). The model will include the increased cost of replacing
neodymium permanent magnets due to corrosion, the differing costs of purchasing
the required amount of each type of magnet and the increased cost of the heavier
frame/tower that is required to support ferrite machines.

•

Determine the availability of ferrite magnets in the countries in which Piggott turbines
are currently being constructed.

•

Further investigation is required into the cause of the reduced efficiency of the ferrite
generator. Redesign of the generator and retesting of an improved model would be
necessary to determine if it is possible for ferrite to equal neodymium in terms of
performance.

4

Where impedance increases with frequency, causing the current to decrease drastically and
therefore the electromagnetic torque to breakdown.
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6 DISSEMINATION PLANNING
A collaborative research paper by KAPEG, TUoS, EWB-Sheffield and ICCS-NTUA to be
published in a technical journal, such as Wind Engineering or Renewable Energy is planned.
The open source construction manual [1] describing the manufacturing process of the AFPM
to be analysed during this project currently features neodymium magnets, but an alternative
document describing a similar machine employing ferrite magnets is planned and may
benefit from the results of this research project.
EWB-Sheffield will also use the knowledge they have gained to perform similar tests on their
700W AFPM wind generator back in Sheffield, UK, with undergraduate students in to share
the knowledge gained during the project and inspire more students to take up research in
this area.
KAPEG are currently developing a similar AFPM small wind turbine, so the experience of
using the huge range of equipment available at ICSS-NTUA will be invaluable in the
development of their own testing facilities in Kathmandu
The results will be directly relevant to ongoing work at TUoS, involving power curve testing
of AFPM wind generators in the Scottish Highlands, as they will allow a greater
understanding of the role of the generator in power production and how they interact with the
blades.
Finally, a technical brief will be written up for Wind Empowerment, so that the global
audience of practitioners can directly benefit from the results of the research. Wind
Empowerment also runs a series of webinars, which would also make an ideal platform with
which to disseminate the findings.

7 IMPLEMENTATION & QUALITY MANAGEMENT

7.1 IMPLEMENTATION ASPECTS
7.1.1 Reference Standard Procedure
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During the small wind turbine field tests the standard IEC 61400-12-1: ‘Power Performance
Measurements of electricity producing wind turbines’ was followed and specifically Annex H
which refers to small wind turbine testing. During the generator bench tests no specific
standards or guidelines were followed since these experiments are basic generator
laboratory tests, and ICCS-NTUA has previous experience on the subject.

7.1.2 Testing Method
For the generator bench tests, the following methodology and procedures were followed:
•

The characteristics of the generator under test were specified such as nominal
power, nominal open-circuit voltage, nominal rpm, nominal torque, and nominal
current. These operating points were used in order to set the experiments in the
appropriate ranges.

•

The generator was placed on the bench and proper alignment to the shaft of the DC
motor was performed. The alignment was performed with micrometers and shaft
placements were kept within the tolerances of the torque meter. The noise in the
torque meter measurements is observed in order to be within the tolerances of the
measuring device.

•

Also a visual and audio inspection of the test rig was conducted during operation in
the maximum rpm of the specific test. This involved a test run from low up to rated
rpm for the generator in question and vibrations, noise and shaft displacement were
observed and kept within the tolerances of the set-up.

•

Experiments were performed according to the required information. Usually the
generator is initially tested under no load, i.e. under open circuit conditions. The
correct set-up of probes is conducted in order to measure electrical data with the
digital oscilloscope in line-line or line-neutral voltages.

•

The generator tests under load are performed next using a three phase ohmic load.
Care is taken not to exceed the rated current specifications of the load. The correct
set-up of current and voltage probes is conducted in order to measure electrical data
with the digital oscilloscope in line-line or line-neutral voltages and line currents.

•

Generator tests were always performed at rated temperature of the stator. This was
reached after allowing the generator to operate for 10-15 min under rated load.

•

Once a different rpm was reached a time of one minute was allowed for all values to
stabilise and then measurements were taken.
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•

Whenever a battery bank was used, the correct connection set-up was implemented
with fuses and switches were they are required for the safety of the users and the
equipment. Care was taken not to over charge or deeply discharge the battery bank.

•

The appropriate conductor sizes were used for connections according to the
electrical code, whenever load resistors were used to simulate cable resistances,
according to the currents flowing under rated rpm.

•

When an autotransformer was used in order to measure the phase inductance of the
generator, care was taken in order to keep current flowing in the coils under nominal
values.

For the small wind turbine field tests, the following methodology and procedures were
followed:
•

The wind turbine was installed at the test site along with all electrical and
meteorological sensors.

•

Data was logged and the average recorded for every second. These data where then
averaged for per minute values and the procedure described in IEC 61400-12-1:
‘Power Performance Measurements of electricity producing wind turbines’ was
followed in order to calculate the power curve, the power coefficient using the
methods of bins and the expected annual energy yield for different mean wind
speeds.

•

Instantaneous values of power, current, rpm and voltage were measured using
simpler techniques with the use of multimeters and a camera.

7.1.3 Implementation details and equipment used

The equipment used for the generator bench tests included the following equipment:
•

60 HP DC motor, Mawdsley's Ltd

•

DC drive 140Amps bi-directional, TDE Manco

•

Tachogenerator 60V/1000 rpm

•

Rotary Torque Transducer, S2 0-500Nm range, accuracy +/-0.1% (+/-0.5Nm) ,
Datum

•

DAC card for torque transducer , Datum

•

Digital oscilloscope, Tektronix
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•

Current and voltage probes

•

3 phase 3.3kW ohmic load range 0-150 Ohm, Terco

•

48VDC deep cycle battery bank, Banner

•

SWT generators (850W Ferrite, 850W Neodymium), constructed in NTUA

•

Rectifiers

•

Autotransformer

The equipment used for the small wind turbine field tests included the following equipment:
•

•

•

•

Meteorological sensors
o

Anemometer NRG-40C

o

Wind vane NRG-200P

o

Temperature NRG-110

o

Pressure NRG-BP-20

o

Humidity NRG-RH-5

Electrical sensors
o

Phase R (voltage AC) LEM LV25-P

o

Phase S (voltage AC) LEM LV25-P

o

Phase T (voltage AC) LEM LV25-P

o

Phase R (current AC) Honeywell CSNR151

o

Phase S (current AC) Honeywell CSNR151

o

Phase T (current AC) Honeywell CSNR151

Data logging
o

DAQ card of National Instruments NI6225

o

LabView software

Electrical equipment
o

Tristar TS-60 diversion load controller

o

Wire-wound power resistors, TE connectivity

o

48VDC deep cycle battery bank, Banner

o

Power supply +/- 15VDC

o

Rectifier

7.1.4 Monitoring, data management and processing issues
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No important issues or difficulties were faced during the experiments on monitoring, data
management and processing. Some monitoring issues were observed yet with small impact
on the measurements:
o

Torque readings had some fluctuations due to small vibrations in the set-up. This
was improved by better alignment of the generator - torque meter - motor axes and
also by logging torque reading for two minutes at steady state and then averaging for
the result.

o

Small deviations in the voltage of the batteries were inevitable due to charging during
the experiments. The state of charge of the battery bank was kept reasonably
constant.

Data processing was done mostly on site during the experiments and occurring issues were
discussed. No specific problems were noticed during the processing of the results.

7.2 QUALITY MANAGEMENT ISSUES
7.2.1 Validation of testing method
For the generator bench tests no specific standards were followed and because of this no
specific standardization validation method was used. In order to validate for correct
operation of the system, experimental values were sometimes verified with simulation results
for the generators.
For the small wind turbine field tests the standard IEC 61400-12-1: ‘Power Performance
Measurements of electricity producing wind turbines’ was followed. The results were similar
to previous tests conducted in ICCS-NTUA yet no specific standardization validation method
was used. Yet, some experimental values were sometimes verified with simulation results for
the connection of the generator to batteries.

7.2.2 Uncertainties assessment
The following uncertainties were identified in the generator bench tests:

o

The uncertainties of the measuring equipment namely of the oscilloscope, the
voltage and current probes and of the torque transducer.
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o

Alignment of the shaft axes and fluctuations of torque measurements. This can be
minimized with proper alignment.

o

Fluctuations in the battery state of charge and voltage.

o

Fluctuations in the resistance of ohmic loads due to heat variations during operation.
This can be reduced with adequate cooling.

o

If a generator disassembly and assembly are performed in between tests, the
mechanical clearance gap can vary slightly resulting in small changes in the air gap
magnetic flux density.

The following uncertainties were identified in the field tests:
o

The uncertainties of all the meteorological and electrical sensors

o

The complete vertical alignment of the meteorological mast and the wind turbine
tower.

7.2.3 Control issues
Minimal control issues mainly of technical nature were encountered. Some of those that
appeared during the procedure were the following:
o

The state of charge of the batteries varied during experiments, batteries were
charged during the experiments and then needed to be adequately and accurately
discharged in order to perform the tests for the same battery terminal voltages. This
was done with appropriate load resistors as accurately as possible.

7.2.4 Non-conformity management
During the visitors’ stay there were no conformity problems. The users were always
cooperative, respected the laboratory rules and working hours and supported as much as
possible not only the final experiment procedure but also the preparation of it with substantial
contribution and suggestions as well.

7.2.5 Open issues/Suggestions for improvements
The final assessment of the project is assessed successful and some points of improvement
suggested by previous projects were conducted during this Transnational Access project.
Specifically:
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o

Before the proposal submission, the users and the hosting facility responsible
coordinated and exchanged ideas in order to improve the content of the proposal and
to investigate the experiment’s feasibility.

o

A number of physical meetings, web meetings and contacts through e-mail after the
approval were conducted and were helpful for supporting the procedure and
clarifying all technical and non-technical details and barriers that are necessary.

o

Test site preparation was necessary to start before the visit of the user.
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8 Appendix
8.1 About the Authors
Tom Wastling is studying Mechanical Engineering at the University of Sheffield, UK and
Project Leader of the EWB-Sheffield Wind Turbine project. EWB-Sheffield is a branch of
EWB-UK, an international development organisation which aims to remove barriers to
development through engineering. EWB-Sheffield’s wind project has now been running for 4
years and provides students with the opportunity to gain hands-on experience building,
testing and improving wind turbines. It promotes renewable energy as a tool for sustainable
development and aims to equip students with the skills they need to tackle the global issues
surrounding energy poverty.
Jon Sumanik-Leary is the coordinator of Wind Empowerment, an association for locally
manufactured small wind turbines for sustainable rural electrification and is a lead
researcher on the subject and conducts research on the subject at the E-Futures Doctoral
Training Centre, University of Sheffield, UK. During this research in Peru, Nepal, Scotland
and Nicaragua, he has investigated critical factors that influence the success or failure of
small wind power in their particular local context, such as the level of community
participation in the manufacture. He is also currently working with Hugh Piggott, the original
designer of the vast majority of the AFPM wind generators in use today worldwide and has
had experience in power curve measurement and market analysis of this technology.
Kimon Silwal is currently the project manager at Kathmandu Alternative Power and Energy
Group. He completed his undergraduate studies in electrical engineering from Kathmandu
University and has been working in the company for about 2 years. He has been actively
involved in the currently running wind project from the very beginning and is also handling
other renewable energy projects. KAPEG is a research organization established by a group
of electrical engineers previously actively involved in applications oriented in electrical
engineering research at Kathmandu University in Nepal. The group is continuing its past
research activity through KAPEG and looking for opportunities to get involved in new
research and development in multidisciplinary engineering fields which support local industry
and academia. It has been involved mainly on the research and development of renewable
energy such as small scale wind power and micro-hydro power over the past several years.
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KAPEG has been focusing on the development of renewable energy applications in Nepal
using locally available materials/resources and local capacity building in partnership with
national and international expertise and organizations. After the completion of an
international project for wind turbine technology development based on natural materials
which was jointly conducted with Practical Action and RISOE Technical University of
Denmark, KAPEG is still continuing the research and development work of the overall wind
turbine system as one of the projects of Renewable Nepal. “Development of Commercially
Viable Wind Power System” is one of the current wind projects the company has been
running and is on its way of completion.
Kostas Latoufis received his diploma in Electrical and Electronic Engineering from Imperial
College London UK, in 2000. He has worked as a research assistant in the Electrical Energy
Systems laboratory of NTUA since 2004 and currently is a PhD student in small wind turbine
design in collaboration with the Mechanical Engineering department of NTUA. He is a
member of the Rural Electrification Research Group (www.rurerg.net) of the SmartRUE lab
in NTUA. He is actively involved in the design and installation of off-grid small scale
renewable energy systems for rural electrification.
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