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ABSTRACT

Wind power applications using multi-poles permanent magnet generators have become very
attractive especially in small ratings. Low-speed multi-pole PM generators are
maintenance-free and may be used in different climate conditions. Most of the low speed
wind turbine generators presented is permanent magnet machines, which have advantages
of high efficiency and reliability since there is no need of external excitation and conductor
losses are removed from the rotor. From the study two types of PM AC generator are
designed with 6 pole pairs and the other one with 4 pole pairs. These generators were
designed and analysed using Maxwell software. The results were compared for the best
performance determination. The 6 poles generator was found to have good power output
with less Total Harmonic Distortion (THD) and high efficiency of over 92% that could be
achieved at low wind speed of 2 nvs.

Keywords. Comparisons, Performance, Permanent Magnet Wind Generator, Pole Pairs.

INTRODUCTION For wind power applications in particular,

multi-pole permanent magnet generators

The use of permanent magnet (PM)
generators in wind turbines system is a
common trend. Such type of generators
has good efficiency, reliability, low speed
and aso small weight and need minimum
servicing (Aleksander and Oleg, 2012).
The outer diameter of this PM generator is
relatively big due to large number of
magnets that form pole pars of the
generator, which can be in any number
depending on the size of the generator.
There are some different constructions of
permanent magnet generators that are used
in wind turbines.

have become very attractive especialy in
small ratings (Ocak at €. 2012).
Permanent magnet synchronous generators
(PMSG) are one of the best solutions for
small-scale wind power plants. Low-speed
multi-pole PM generators are
maintenance-free and may be used in
different climatic conditions. It is possible
to combine PM wind generators for hybrid
technologies such as wind-diesel, wind
photovoltaic, etc. To convert wind power
into electricity, many types of generator
concepts have been proposed and used.
Most of the low speed wind turbine
generators presented is permanent magnet
machines. These have advantages of high
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efficiency and reliability since there is no
need of external excitation and conductor
losses are removed from the rotor (Ocak at
€l., 2012). In this work the two permanent
magnet generators with inner rotor were
analysed based on number of pole pairs
where the generator with 4 pole pairs and 6
pole pairs were designed and ther
performance was compared (Figure 1).

Generator with inner rotor suits very well
for small wind turbines. This kind of
design makes the construction of aturbine
more convenient due to simple installation
of the wind rotor directly to the generator
surface.  On the other hand, the
construction with inner stator blocks the
heat transfer from the stator winding.

Figure 1: Four Pole (A) and Six Pole (B) Generators

Table 1: Technical specification of the two generators

S/INo. | Parameter characteristics of wind turbine PM AC generator Values and Unit
1 Power Output 1000W
2 Rated speed (max) 200 (rpm)
3 Rated power 1kW
4 Max power 1.5 kW
5 Output voltage 12-64V
6 Startup speed 50 (rpm)
7 Work speed 50-200 (rpm)
8 Security speed 350 (rpm)

METHODSAND MATERIALS

In the first step of study, the main
dimensions of the generator were
determined. The stack length, air-gap
length, slots and number of poles were
optimised for design of an inner rotor
permanent magnet generator. Stack length
has significant influence on the main
parameters of a generator as magnetic flux,

current density and losses. Varying the
number of magnetic poles between six and
four causes the difference in generator
performance that have been compared for
determining the optimal efficiency of the
machine.

The PM machines are characterized by air-
gap flux between the stator and rotor as
shown in Figure 2. The structure uses one
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cylindrical stator form and a cylindrical
rotor both having the same inner and outer
diameters which defines the active part of
the machine where the electromechanical
conversion takes place. These types of
machines are particularly suitable for low
speed, high power stand-alone wind
turbine system for small scae power
applications. The structures of the PM
machine show the wide flat permanent
magnets and the stator iron with the
benefit of increasing the total air gap
surface. As the air gap becomes wide, the
flux density is reduced and hence
necessitate larger surface of magnet. The
air gap is supposed to be as small as
possible so as to maximize the air gap flux
density, to minimize the flux leakage and
produce reluctance value, because the air
gap constitutes the largest part of the
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machine performance (Cao et al., 2010).
The locally manufactured PM generators
in Tanzania are developed with magnets
which are chosen to be wide and flat, so as
to decrease the amount of inactive area in
the air gap and thereby reduce the
generator size (Figure 3). The PM
generator designed and manufactured in
Tanzaniais a delta connected and has eight
poles pairs in order to achieve good
induction and high efficiency.

The equivalent circuit of PM synchronous
generator is shown in Figure 4. The circuit
included the values |4, Rg and Lg, which are
the generated current, internal resistance of
the generator and inductance of the
generator, respectively. E is the emf across
the generator and V is the voltage across
the load resistance R..
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Figure 2: Wind turbine system
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Figure 4: Equivalent circuit of the PM generatorsused in used in the laboratory test

The power output of PM synchronous
generator depends on the input mechanical
power, which may aso be obtained from
rotor of awind turbine, an engine or prime
mover. The prime mover exert the
mechanical power to the rotor of a
generator, where the output power will be
electrial power from the generator. The
higher the angular speed, the greater the
electrial  power convertion is realised
(Abeywardena et al., 2011). The
electromagnetic losses consist of resistive
losses in the copper conductor, hysteresis
losses, eddy current losses and excess (or
anomalous) losses. The mechanical losses
are dominated by couplings and bearings.
A genera power flow diagram shown in
Figure 5 indicates that the power loss is
dominated by two maor components

namely the mechanical losses and the
electrical losses. The loss due to friction is
about 1% for same conditions (Dong-
Choon and Ahmed, 2008). For light load
conditions, the mechanical losses increase
and system efficiency is deteriorated.

Mechanical losses are difficult to estimate
in many systems, but it should be noted
that anything that moves in most cases
creates some friction at a given level. The
most mechanical loss of the wind turbine
generator is associated with bearings. The
effect of bearings can be minimized when
the best or high-quality industrial bearing
are used in the system. The other generator
loss is associated by copper and iron
losses, which depend on the current and
flux level. In the norma conditions the
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copper losses take place in the coils of the
generator.

Electric current suffers from a kind of
friction, where by the friction is
proportional to the resistance of the copper
wire carrying current. This resistance
causes energy to be lost through heating up
the wire. Thisloss can be reduced by using
a thicker wire, but this will make the
generator heavier and more expensive. It
should be also noted that the resistance of
a copper wire increases with temperature
increases. Copper losses in terms of heat
increase with the square of the current
flowing in the conductor. Too much heat
increase can burn off the insulator and the
wires which might results in short out or
even destroy the machine. Therefore, the
cooling system is important to be
considered during designing the generator.
Theiron loss can be decreased by reducing
the flux level for low load resistance. Iron
based cores are mostly used in generator
designing and manufacturing, which by no
way it will have iron losses. However, iron
cores helps direct magnet flux more
efficiently. The iron loss can be explained
in eddy current and permeability loss. The
permeability loss happens when the

R.A. Msuya, R.R.M. Kainkwa and M.l. Mgwatu

direction of flux in the coil changes. The
magnetic fluxes flowing in one direction
inside the coil for one magnetic pole, but
when it comes to the next magnetic pole,
the fluxes direction reverse. Eddy current
loss occur when an electron gets lost inside
the core material .

The power converter losses are dependent
on the current and switching frequency,
which is a lower portion of the total loss
and is difficult to control. However, power
output is associated with many |osses stray
losses, friction loses core losses and
copper losses as machine works. In some
small stand-alone wind turbine generators
are mostly made to produce the aternating
current (AC power). For this type of the
machine the rectifier will be required to
change the AC to direct current (DC
power) so that it can be possible to store
the power in a battery. Typicaly, we use
this power to charge a battery where a
rectifier will be required. In this case there
will be a voltage drop across the rectifier
which will in turn lose energy in the form
of heat. Therefore, it is important to
consider this losses during the output
power calculation (Po).

ally-

Input Power(#,)

\pgiction

Stray losses
losses

+
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\p Power
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Figure5: PM generator output power and associated losses

The power output P can be defined as the
product of current | flowing in the circuit
and voltage V across the the three phase
generator loop circuit. For deta
connection, the output power can be
expressed by equation (1) (Cistelecan et
al., 2010; Tchedlavski, 2008).

Po=3V,1,COS0 ..o, (1)
where Vo, is phase voltage, 1o is phase
current and 6 is power factor angle.

For the star connection, equation (2) is
used (Cistelecan et al., 2010; Tcheslavski,
2008).
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Py =3V,1,COSO .ooeeiiiiiie e, )
where I is Line current

The reactive power Prfor both connection
of the AC synchronous generator, whether
delta or star, can be expressed by equation
(3) (Tcheslavski, 2008).

NG YA - 111 TR ()

The generator reactive power is the
background energy movement in an
alternating current generating system from
magnetic fied, where the energy is stored
in the field in each ac circle change. The
virtual magnetic field developed by the
flowing current in the generator is assumed
to absorb the reactive power, whereas
virtuel electric field that store energy
generate the said reactive power (Chapadel
et al.,, 2011) while apparent power Pa can
then be written as shown by equation (4).

Generdly, the mechanical input power
(Pin) to the wind turbine generator can be
from the wind mechanical power which
can be expressed by equation (5) (Amirat
et al., 2007):

P, :%r ]2 O ()

where p is the air density (kg/m3), Ris the
blade radius (m) of the wind turbine, v is
the wind speed (m/s), and C;, is the power
coefficient of the wind turbine, which is a
ratio of the electricity produced by wind
turbine to the total energy available in the
wind.

The mechanica input power to the wind
turbine generator Pin can also be defined in
the rotational speed and torque (Zhang et
al., 2011) as shown in equation (6).

where Te is electromagnetic torque, w is
mechanical angular velocity.

Many researchers have discussed severd
procedures and methods of finding the
efficiency of the wind turbine generators
and genera performance of wind
generator. The mgor consideration is the
input mechanical power to the generator
with the output electrical power and loss
conditions of generator that can be
determined from rotating speed of the
machine (Tamura and Muyeen, 2012).
They suggested that the efficient of the
generator can be determined using the ratio
of total output power P, to the total input
power Pin. Tamura and Muyeen (2012)
gave aso aflow diagram to show step by
step on how to determine the efficiency of
the whole turbine performance in the field.
The flow chart suggested that the
mechanical losses and stray load loss
cannot be expressed in a generator
equivaent circuit, but they can be
deducted from the wind generator output.
Wind speed was taken as mechanical input
power to the system, where power
produced were multiplied by the gearbox
efficiency, but this should be for non-
direct driven systems. The mechanical loss
and stray loss were then deducted from the
wind turbine output power. The generator
input power is equivalent with the turbine
output power.

The following steps are to calculate the
copper loss and iron loss from the
equivalent circuit and caculate the
generator stray loss and mechanical loss.
By removing the losses, the net electrical
output power of the generator is then
realized as consequently the entire output
power of the turbine system. The external
characteristic  of the generator
performance is considered as most
important as it gives the relationship
between the termina voltage against
output current and the resistive load (Guo
et al., 2008). From the phase output
equivalent €electrical circuit of the
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generator shown in Figure 6, the external
characteristic can be derived from equation
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(7) (Guo et al. 2008).

V= \/EZ —1?(wL, cosq — R, sing)? —1 (WL, SINQ — R, COST) ....vvvviviecanieiene (7)

where V is the terminal voltage and E is

the back Emf. Ig is the the load current,

while w is equivalent to 2nf, which is
Re

e

»
»-

angular frequency of the eectricity, Lg is
inductance and Ry is the phase resistance,
while 0 is the power factor of the load.

jo Lg

frYTTL._____,

A

Figure 6: PM AC generator phase equivalent circuit

With reference to equation (7), the
external characteristics of the PM
synchronous generator can be achieved
when the load resistance is varied. During
the variation of the load resistance the
external behaviour of the current and
voltage can be realised, which determines
the generator characteristics. If the
equivalent electrical circuit is considered,
the électrical output power, the
mechanical input power, input
mechanical torque, and efficiency of the
PM generator can be calculated per phase
as shown by equation (8) (Guo et al.,
2008).

Hence the total mechanical input power
can then be computed using equation (9).

Po=P +P, + B+ P 9

where Py is copper 10ss, Pre is iron loss
and Prmec is mechanical losses.

Therefore, the efficiency can be evaluated

and expressed as shown by equation

(10).
PO
n= ? ................................... (10)

n

Maxwell 2D software was adopted in
modeling the PM AC synchronous
generator. The Ansoft Cooperation
Rotational Machine Expert (RMxprt)
software was used for initia designing of
the PM AC generator, because it has
ability to get an easy and fast responsein a
convenient form and the output data can be
easily adopted by the other Ansoft like
Maxwell 2D Design. This programme also
can-do optimization of the parameters. The
anaysis was done by the Maxwell 2D
software after the design imported from
the Maxwell RMxprt software. Together
Maxwell2D and RMxprt used to create a
customized machine design for higher
efficiency and lower cost machines.
RMxprt can automatically set up the
complete Maxwell project (2-D) including
geometry, materials, boundary conditions
including the appropriate symmetries and
excitations with coupling circuit topology
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for electromagnetic transient analysis
(Ansoft Maxwell Field Simulator v12,
2008). The model development and
simulation were based on the Maxwell’s
Equations and the finite element method
(FEM), which is a numerical method that
alows solving equations based on
magneto-static problems with nonlinear B-
H relationships.

Figure 7 shows the dlot design of PM
generator and the proposed size, which
normally depends on the size of the
generator and the proposed power output.
The newly designed PM AC Synchronous
machines were tested in different
rotational speed, starting from 50 rpm to
1300 rpm, which is equivaent to wind
speed of 0.3 m/s to 7.8 m/s as converted
through Equation 11 (Kolar et al., 2012):

60000x Speed (ms™)

Speed (Rpm) = p x Diameter (mm)(Rotor)

e (1)

Complete machine design structures of the
generators (Figure 1) were run with the
Maxwell software with reference speed
350 rpm. The rotational speed was varied
at the interval of 50 rpm (i.e. 50, 100, 150,
200...1300 rpm) where at each different
rotational speed, the values of all
parameters were recorded and the
behaviour and performance of the
machines were examined. The
computation of all other parameters will be
based on the reference speed, which was

selected to be 350 rpm, and maximum
speed 1000 rpm, which is equivalent to 2.1
m/s of wind speed to 6.0 m/s. The friction
loss was assigned by the software to 27.4
watts, operation temperature was selected
to be 50 °C which is high temperature for
most of African countries and the infinite
bus was selected from the software to be a
fundamental analysis on the generator
system, which is a useful representation
for energy converter interfaced to a utility
through a transmission. Generaly, the
infinite bus is a modelled idea voltage
source, i.e., a voltage source of constant
amplitude, frequency and phase for
external circuit of a generator outpuit.

The parameters were recorded while
running the new designed generators at
different angular speed at the state of Full
Load Condition, whereas at the state of No
Load, the parameters were computed by
Maxwell software where the parameters
was computed by the system. When all the
required parameters were inserted
correctly with some adjustment of some of
them, the model was simulated. The values
from the state of No Load obtained as a
result of the interaction between the
magnetic field and the coil winding of the
generator. The design was repeated three
times while varying the number of pole
pairs. The first design used 6 pole pairs,
while second design involved 4 pole pairs
with the purpose of having the improved
efficiency.
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The dot sizeis as given below:
Bs0=1.5mm

Bsl = 5mm
Bs2 = 8mm
Hs0 = 1.5mm

Hs2 = 25mm

Figure7: TheLocal Generator Slot Size

RESULTSAND DISCUSSION

The PM AC generator mode was
developed and then simulated in the
Maxwell 2D and RMxprt software. The
genera data used for modelling of 6- and
4- pole pairs PM AC generators are shown
in Table 2.

Table 2: The general data for two
designed PM AC generators

PM Synchronous Generator Design
(Ref speed 350 rpm, Rated speed 1000rpm)

6-Poles 4-Poles

General Data

Rated output power

(kW) 1 1
Rated power factor 1 1
Power factor type Inductive | Inductive
Rated voltage (V) 48 48
Number of poles 6 4
Frequency (Hz) 50 333
Frictional loss (W) 34.3 34.3
Windage loss (W) 0 0
Rotor position Inner Inner
8E)§rat| ng temperature 50 50
Domain Time Time

Generdly, the results show that some of
the variables were varying according to the
speed change and some were affected
much by the change in the pole pairs of the
designed machines. Some of these
parameters include power loss during the

operational like friction loss, copper loss
and iron core loss, torque and short-
circuiting current. Figure 8 shows the loss
associated with the pole’s changes in the
machine, whereby all the loss types are
drown in the same graph. For detaled
observation it can be seen that the big loss
is contributed by the friction, while others
contribute a small amount. Moreover, the
graph trend is the same for all generators.
At the low speed the friction loss is high
and decreases with speed increase. The
friction loss for both generators is in
Copper loss. The loss in 4 pole pair is 60
Watt which is high as compared to 6 pole
pairs, which have 40 Watts loss. The graph
shows that that the copper loss is not
changing much with speed increase. The
same applied to iron core loss which also
is not change with speed increases, but
affected by pole pairs changing. From
these graphs we can conclude that the
generator loss is mostly contributed by the
mechanical and fictional losses during the
machine operation. Figure 8 shows that the
total loss is a bit high for 4 pole pairs
generator as compared to 6 pole pairs
generator, which both shows that the high
the speed the lower is the total generator
power loss. More comparative results for
the two generators are summarised in
Table 3.
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Table 3: Comparison of output variablesfor 6-pole and 4-pole PM AC generators

S/N | Variable | 6- pole PM AC generator 4- pole PM AC generator | Observations

1 | Moving Moving torque drops from | Moving torque drops from | Moving torques for both
torque zero to -34.7 NM and then | zero at -40 NM and then | generators are  amost

rises to -32 NM at sinusoidal | rises to -33.5 NM, it | similar.
pulses. dropped again to -34 NM
at sinusoidal pulses.

2 | Winding | Thecurrentinthewinding of 6 | The 4 poles machine, the | Same winding currents

current poles machine raised to + | current raised to +20.6A | with small differences.
22.8A then drop to +18A and | and drop to +14.9A and | The less the number of
continue in a smooth | continually with smooth | poles to the machine the
sinusoidal  for 3 phases | sinusoidal pulses. lessisthe winding current.
equally.

3 | Total loss | Losses rise to 1.38 kW and | Lossesriseto 1.16 kW and | The losses for the 4 poles
drop to 0.76 kW with time and | then dropped to 0.56 kW | machine are generally less
then fluctuate between 0.80 to | and operate between 0.56 | than the losses for 6 pole
0.85 kW. to 0.6 KW. machines.

4 | Airgap Low total harmonic distortion | High  total  harmonic | These distortions result
flux (THD) of induced voltage | distortion (THD)  of | from the wide space size
density which is 1.1%. The air gap | induced voltage which is | between the bar magnet

flux density is0.484 Tesla. 1.9%. The ar gap flux | embedded to the rotor
density for the 4 poles | surface which cause some
machineis 0.482 Teda flux lossesin the air gap.

5 | Cogging | Big cogging torque is 0.02028 | Small cogging torque | The cogging torque is
torque Nm. which is0.00176 Nm directly proportional to the

number of pole pairs of the
machine

6 | Phase Induced phase voltage is £70 | Induced phase voltage is | No distortions observed in
voltage Volts. +70 Volts. the phase voltage in the

curve of phase voltage
against electric  degree.
The values of the induced
phase voltage are the same
for both generators.

7 | Phaseand | Low phase current distortions | High phase current | Distortions are due to wide
line have been observed. distortion has been | space between the
current observed. magnetic bar and cogging

torque.

The number of turns in the stator winding
is directly related to the air gap flux
density when the stator diameter and
length are kept in a good proportion. It can
be shown that the induced voltage in the
windings V o« B, L, R, N, where V is

induced voltage, B is flux density in Tedla,
L is the length of the air gap, R is the
radius of the air gap, and N is the number
of conductors in the field. Since R and L
are kept constant, the number of turns’
variation will influence the variations in
the air gap flux density for constant
induced voltage in the machine.

To reduce cogging torque, it is important
to consider the equation (12) (Dosiek and
Pillay, 2007). It can be noted that the
cogging torque interact with magnetic flux
at the air gap and the stator teeth which
creates the periodic reluctance variations
which causing the cogging torque to be
periodic. Thus, the periodic cogging torque
can be expressed by the relation (Dosiek
and Fillay, 2007):

Tog = 2 T SIN(MKG) .. (12)
k=1
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where m is the least common multiple of
the number of stator slots (Ns) and the
number of poles (Np), k is an integer while
Tk Isa Fourier coefficient.

It is seen that the cogging torque has m
periods per revolution of the rotor and is
directly proportional to the number of slots
and poles; hence the reduction of cogging
torque will be under the control of the
rotor position, air gap magnetic flux and
rotor speed.

Generdly, the fundamenta standard of
stator current waveforms can be expressed
(Sittisrijan  and  Ruangsinchaiwanich,
2013) as shown by equation (13).

| = I, sn(nw.t+q,)............. (13)

mh
n=12,...

where I, is a harmonic order of the peak
current and 6, is initia phase angle of the
harmonic order phase current.

The efficiency of the designed generators
was also computed from the data generated
by the software during the variation of the
rotational speed from 50 to 650 rpm for
each machine. The output efficiency of the
6 poles and with 4 poles are presented in
the Figure 9, where it can be observed that
general trends is similar but the efficiency
of the 6-pole pair machine is higher than
that of the 4 pole pairs machine. At 50
rpm, the efficiency of 4 pole pair machine
is 76.4% while the 6 poles machine was
77.4% and at the 650 rpm the efficiency of
4 pole pars machine was 92.0% while the
6 pole pairs generator was 93.3%. With
these values we can conclude that the 6
poles machine is better than the 4 poles
machine. The general output power for
both generators (Figure 10) was 1 kW
obtained at the speed from 400 rpm and
above.

Efficiency (%)
76 78 80 82 84 86 88 90 92 94

—a— Efficiency (4-Poles)
—e— Efficiency (6-Poles)

T

100 200

o

Angular Speed (Rpm)

400 500

Figure 9: Theoutput efficiency for 6 and 4 pole pairsPMG
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Dtput Powver (0%

—#— Output Power {6 Poles)
—a— Output Power {4 Poles)

Angular Speed {rpm)

Figure 10: The comparison of power output of 6 and 4 pole pairsPMG

CONCLUSIONS

From the study in general it can be
concluded that the best generator to be
adopted for small scae wind energy
harvesting is the PM AC generator
designed with 6 pole pairs. At 50 rpm, the
efficiency of 4 pole pair machine was
76.4% while the 6 poles machine was
77.4% and at the 650 rpm the efficiency of
4 pole pars machine was 92.0% while the
6 pole pairs generator was 93.3%. With
these values we can conclude that the 6
poles machine is better than the 4 poles
machine. The 6 poles generator has a good
power output with less Total Harmonic
Distortion (THD) and high efficiency of
over 92.0% that can be achieved at low
wind speed of 2 m/s.
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