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ABSTRACT

The use of direct-driven permanent magnet alternating current (AC) generators offers the
opportunity to reduced costs and increased system efficiency. This type of generator could
be the best alternative for rural population whom are not connected to the national grid. To
improve the design and efficiency of locally fabricated generators, it is imperative to
characterize both their mechanical and electrical parameters. This paper presents the
analysis of power efficiency of the synchronous permanent AC generator locally fabricated
in Tanzania. In this case, load resistance and rotational speed are characterized using
designed experiment. The output current and voltage of the generator were recorded
simultaneously in each step change of load resistance and rotational speed. The output
power and efficiency were then determined analytically. The results show that there is a
linear relationship between voltage and rotational speed of the generator with and without
load resistance. The results further indicated that out power is not linearly related to
rotational speed. The generator’s power efficiency was found to be about 55% against both
the output voltage and rotational speed.
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permanent magnet,

and the air gap

Wind turbine generators as electrical
machines are usually divided into three
major groups known as direct current
(DC) machines, asynchronous alternative
current (AC) machines and synchronous
AC machines. Currently, DC machines
are not widely used due to high
maintenance costs associated with them.
In most cases, the load winding of AC
generators consists of three phases
(Hansen at el., 2001). In this paper,
discussion and analysis will involve
permanent magnet AC wind generator,
three phase machine with an outer stator
carrying the main (primary) winding. The
rotor is arranged inside the stator with

separating the inner part of the stator and
outer rotor surfaces. The interacting
magnetic field crossing the air gap is in
radial direction couples stator and rotor.

The major characteristics of a permanent
magnet generator (PMG) is that the
magnetization in the windings is provided
by a permanent magnet pole system on
the rotor, instead of taking excitation
current from the armature winding
terminals as in other types of generators
like Induction Generator (IG). This means
that the mode of operation is
synchronous, as opposed to asynchronous.
Therefore, the output frequency of PMG
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bears a constant relationship to the shaft
speed. Almost all electrical power
generated by three-phase a.c. generators
are synchronized with the utility to the
end user. A three-phase generator in most
cases are smaller, less expensive, and
more efficient as compared to single-
phase generator of the same power. This
shows the importance of using three phase
generator whenever possible (Johnson,
2006). The main advantage of permanent
magnet synchronous generators over other
generators is due to the fact that it does
not require any external excitation
current, which translates in a significant
decrease in rotor losses. Furthermore,
permanent magnet machines have high
torque than other type of generator of
same size and can be designed in many
different configurations. This type of
wind generators is mostly used in small
scale wind harvesting system using
permanent magnet synchronous
generators.

The type of generator considered in this
study is the direct driven PMG three
phase AC machine with maximum power
of 1000 W. Typical sizes that are
manufactured in industries of this type of
generators range between 250 W and 2
kW. Small scale wind turbine generator
system in most cases operates in low wind
speed efficiently from 3.5 m/s. This
system is a variable-speed as wind speed
varies with time.

The extractable wind power, P, is
described by equation (1) (Johnson,
2006):

P=pAviC, (1)

where p is the density of air, V is wind
speed available to the rotor, A is the cross
sectional area of rotor and C, is the
efficiency of the wind turbine. The
theoretical maximum value of C, is 0.59,
but the practical limit is 0.5, attaining C,

above 0.4 is considered good (Stiebler,
2008 and Vongmanee, 2009). The
maximum power that can be extracted by
a Wind Energy Conversion System
(WECS) is 59.3% of the total available
wind power (Johnson, 2006). Practical
values range between 25% and 30%. This
is due to wind speed variation, type of
WECS and the type of applied resistive
load. The power in the wind is converted
to mechanical power which is transmitted
to the generator through a mechanical
transmission power, P;, which is then
converted to electricity with an electrical
power P,. The generator’s power output
efficiency # can be expressed as:

n =%><100% 2)

L

A generator that is directly connected to
the rotor is better especially in small scale
wind turbines where electronic systems
are rarely used. Some of the benefit
associated with this fact is lower nacelle
weight, less noise and vibrations, low
power loss and less service required at the
nacelle. The PM generator that was used
in this study has eight pole pairs with 1
kW power output (private communication
with Matia (2012), the native technician
who fabricated the generator).

METHODS AND MATERIALS

The synchronous permanent a.c. generator
locally fabricated in Tanzania was
characterized and analyzed using both
experimental and analytical methods. The
generator was designed with the
following technical characteristics:

(a) Rated power: 1 kW,

(b) Maximum rated rotor speed 200
rpm,

(c) Rated speed 8 m/s,

(d) Maximum power: 1.5 kW,

(e) Output voltage : 12-64 V,

(f) Cutin wind speed 3.5 m/s, and
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(g) Cut out wind speed 30 m/s.

Two factors namely rotational speed
(rpm) and load resistance (Ohm) were
identified for the experiments. Each factor
has nine levels resulting into a total of 81
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speed and load resistance shown in Table
1 were recorded through experimental
trials, which aimed at determining their
operational ranges. The trials were done
repeatedly for error minimization and to
have the precise ranges of rotational speed

experiments conducted in set d load resist
combinations. The values of rotational 21¢ 10ad resistance.
Table 1: Design of experiment based on rotational speed and load resistance
Factor levels
Factors
1 2 3 5 6 7 8 9
Rowmtional Speed 2 o 116 1442 1833 223 261 274 340 3714
(rpm)
LoadResistance 155 155 g6 195 198 202 205 211
(Ohm)
The experimental set-up was as shown in of rotational speed and variable
Figure 1(a) and Figure 1(b). The thyristor resistance. = The locally  fabricated

converter supplied the power to the DC
machine which was a prime mover. The
rotational speed of the DC machine was
measured by hand held tachometer (S),
which is also noted as (9) in Figure 1(a).
This was done through reflecting tape (7)
attached to coupling (10) as shown in the
Figure 1(a) and Figure 1(b). The
rotational speeds were recorded after
varying the load resistance from 17.9 to
21.1 Ohms in nine steps. The variation of
load resistances was carefully monitored
for the safety of the generator. As
observed in the figures, the fixed resistive
load (1) was valued 16 Ohms and
attached in each phase of the generator
separately as the generator has three
phase. Each phase was attached also
separately to the variable resistance (2)
which was set to vary from 1.9 to 5.1
Ohms. Hence, each phase was varied
from 17.9 to 21.1 Ohms equally. The
output current was recorded through
power meter (3) and the values of voltage
per phase were recorded through
voltmeter (4). At the same time readings
for the frequency were taken using
multimeter (4) and oscilloscope (5). On
the other hand, the reading of the voltage
and current of the DC machine (8) were
simultaneously taken in each step change

generator is indicated by number (6).

The experiment started by running the
generator with no load. The variation of
the rotational speed was done while
taking the readings of output voltage of
generator and at the same time the value
of the DC voltage and current was
recorded in the thyristor converter. At this
stage of experiment, the values of phase
resistances were measured for both
generators and the internal resistance of
the DC machine. The experiment was
conducted again with load, while varying
the resistance in the nine steps for each
stage of rotational speed. The speed was
also varied in nine stages, while taking the
readings of output voltage and current for
the generator. The input values of DC
voltage and current was also recorded.
The electric circuit representation of the
experimental set up and mode of data
recording is shown in Figure 2.

From the data recorded during the
experiment the following parameters of
the generators were realized:

(i) Generator output power,

(ii)) Mechanical input power from the
DC machine, and

(iii) Generator efficiency.
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The arrangement of the AC generator, DC  of experimental tests were conducted at
machine and thyristor converter is shown  the Department of Electrical Power

in Figure 3 while the equivalent circuit of =~ Engineering, Chalmers University of

the DC Machine is shown in Figure 4. Technology in Sweden. The data

The equivalent circuit was employed in collected was analysed using Matlab and
the analysis of the AC generator. All sets Origin Pro software packages.

Figure 1(a): Pictorial representation of the laboratory experimental set-up
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Figure 1(b): Schematic experimental set-up of AC generator
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Figure 2: Circuit diagram of generator test
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Figure 3: Alignment of AC generator, DC machine and Thyristor converter
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Figure 4: Equivalent circuit of the DC Machine
THEORETICAL CONCEPTS estimation of armature voltage (V,)

Data which were measured in the DC

machine included armature current (I,), V. =I,R, +E,
armature voltage (V,), revolution per

minute (w) and internal resistance of DC ~ where E,, is back emf produced by the
machine (R;.). Equation (3) was used for DC Machine.

ac

(Henneberger, 2005; Mohamed, 2000):

3
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But back emf can also be expressed as:

E, =Ko (4)

bac
where K¢ is a DC machine constant.

The value of R, which is a DC Machine
Resistance was directly measured by
multi-meter. By substituting Equation (4)
into Equation (3), V,, can be represented
by equation (5).

Va = IuRdc +0‘)K¢ (5)
By making DC machine constant K¢ the
subject, equation (6) was obtained.

Va _ IaRdc

Ko = (6)

The Torque 7, can then be calculated
using equation (7).

T, = Kol, (7

The mechanical input power (P;) to
generator can be calculated using
equation 8.

P =T,o ®)

Equation (9) was obtained by substituting
T, from Equation (7) into equation (8).

P = Kl (€))

For the standard procedures the value of
w should be divided by 60 to have rad/sec
(i.e. w/60 rad/sec). For the AC generator,
electrical output power can be obtain from
equation (10).

P=VI (10)

But for delta connections, line voltage
(Vp) is equal to phase voltage (V,;) so
that:

V.=V, 11

The line current (I;) is equal to [ ph\/§
which can thus be expressed as:

NE) (12)

I, =1

ph

Substituting Equations (11) and (12) in
Equation (10), electrical power output can
be calculated using equation (13).

V1,3 (13)

Based on the derived theoretical concepts,
the efficiency can now be calculated by
substituting Equations (9) and (13) in
Equation (2).

out

RESULTS AND DISCUSSION

The characteristic curve of voltage against
rotational speed for the AC generator with
no load resistance is shown in Figure 5.
The graph shows that there is a linear
relationship between the two variables.
The maximum output voltage was about
65 V, a value that was obtained at the
rotational speed of about 350 rpm. As
depicted in Figure 6, the same linear
relationship was obtained when a load
resistance was applied to the generator.
The maximum voltage was about 40 V, a
value that was observed at the rotational
speed of about 300 rpm.

The characteristic graph of output power
against rotational speed is shown in
Figure 7 for load resistances 21.9, 19.5
and 17.9Q. The graph shows that output
power is not linearly related to rotational
speed. The graph indicates that the
maximum output power was 80 W, the
value that was attained at the rotational
speed of about 300 rpm.

The efficiency of the generator as a
function of voltage and rotational speed
are respectively depicted in Figure 8 and
Figure 9. It is indicated in Figure 8 that
the efficiency of the generator is about
55% against voltage. As noted in the
figure, this value is more or less similar
for all the resistances used in the
experiment. The figure further shows that
the efficiency of the machine decreases as
the resistance increases. At a voltage of
about 10V, the efficiency reaches the
maximum. Figure 9 on the other hand
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shows that the efficiency against resistance increases. The maximum
rotational speed has similar trend of that efficiency is attained at the rotational
against voltage in Figure 8. In similar speed of about 80 rpm.

manner, the efficiency as a function of

rotational speed tends to decrease as
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Figure 5: Measured voltage against rotational speed with no load
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Figure 6: Measured Voltage against rotational speed with load resistance
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Figure 7: Output power against rotational speed with variable load resistance
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Figure 8: Efficiency against voltage with variable resistance
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Figure 9:
CONCLUSIONS
This study has highlighted the

experimental design for the analysis of
power efficiency of the synchronous
permanent ~AC  generator locally
fabricated in Tanzania. The main idea was
to determine the power efficiency of the

generator in respect to voltage and
rotational speed at varying load
resistance.  The locally  fabricated

generator was mounted on the test rig and
tested. To accomplish the study, the
experiments were designed to characterise
the combinations of load resistance and
rotational speed each in nine levels of
these two variables. The results show that
there is a linear relationship between
voltage and rotational speed of the
generator with and without the existence
of load resistance. The results further
indicate that there is no linear relationship
between output power and rotational
speed. The power efficiency of the local
generator is about 55% against the output
voltage as well as the rotational speed.
This efficiency seems to be low and as
such necessary efforts should be devoted
to improve it. It is also recommended that
the actual field test be conducted to

Efficiency against rotational speed with variable resistance

confirm the system performance in the
real environment.
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