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This study aims to investigate the characteristic of a compact generator —
hydro turbine system. The generator is of permanent magnet type and the
turbine operates in a very low head. The integration of the two components is
conducted in such a way that simplifies the construction of the conventional
turbine generator. The method is by mounting the generator stator to the
turbine casing and the permanent magnets are assembled in the perimeter of
the turbine blade rotor. This simple construction is approached by making the
stator from individual teeth and yoke. The permanent magnet generator
(PMQG) is designed to produce the nominal power of 300 Watt 50 Hz at 83
rpm of turbine shaft. All components of the integrated turbine- generator are
totally immersed in the water stream. The stator has to be hermitic to avoid
water entering the spool. Another issue investigated is the influence of the
type of the stator inner casing material to the generator performance. The
results show, the PVC material for inner casing has a good influence to the

generator performance compared with the mild steel material.
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1. INTRODUCTION

In the last decade, the exploration of the very low head hydro power (VLHHP) becomes more
attractive in line with the improvement of the technology of low speed generator and very low head water
turbine. VLHHP installed at low potential energy sources or low head, like irrigation conduit, usually
operates in the run of the rivers which are mostly easily accessible locations and near load center. Therefore,
it saves the cost of transmission and facilitates the operation and maintenance. In addition, the VLHHP is
also considered environmentally friendly.

Usually VLHHP system is simply immersed in river stream with a relatively low head (below 2
meters), available in irrigation system with a small dam. To increase the added value of a water gate,
occasionally VLHHP system is integrated in it. The elevation of low head is usually defined as less than 40 m
[1] and very low head has a potential head of less than 2 meters. Most of VLHHPs are made in a small
capacity, usually in pico scale (< 5 kW). Nowadays, the capacity has reached up to hundreds of watts per unit
[2] and will continue to increase. Under the capacity of 5 kW, pico hydro power is considered as a cost
effective and reliable power supply for off-grid stand-alone generators, and has also been shown to be one of
the most cost-effective off-grid energy solutions [3]. Nevertheless, for power of above 5 kW, there are still a
lot of efforts should be done to achieve its economic viability.
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Many studies related to VLHHP technology have been conducted, either as individual component or
as a whole system. Research and development of low head hydro turbines can be found in [4]-[7], and the
studies on overall system with the goal of getting a more economic system or a better performance system
were performed by [8], [9]. Another main component, low speed generator, has been popular first for wind
energy applications followed by ocean and low head hydro energy. The most used generator for low speed
applications are of permanent magnet type. The other types, i.e. induction or asynchronous generator and
synchronous generator are usually designed in high speed. However, since induction generator is relatively
cheap and easy to find in the market, the utilization of this type of generator, for wind, hydro or ocean
energy, is still high although a mechanical transmission is needed. The applications of induction generators
for wind turbine are studied by [10], [11], whilst investigation on low speed PMG and its application are
discussed in [12]-[15].

Considering that the system should be compact, this research is aimed to build a low speed
permanent magnet generator (PMG) that can be simply integrated with a low head hydro turbine. For that
purpose, an integrated stator with individual teeth and yoke is considered to be the simplest and the most
appropriate construction. Another studied issue is the influence of the type of the stator inner casing material
to the generator performance. This is substantial as the VLHHP system will be operated totally immersed in
water so there will be water gap instead of air gap. The design and performance of the generator are validated
using laboratory experiment.

2. RESEARCH METHOD
2.1. Design Strategy

The turbine is designed to generate power of 300 W at 83 rpm. The requirement is that the perimeter
of the turbine blades possessing the diameter of 600 mm, serves as the rotor generator at once (Figure 1). In
compliance with that, the integrated stator with individual teeth and yoke would be the selected solution. The
material of the iron yoke is mild steel (St37) and the teeth utilize I part of the transformer lamination.

Figure 1. Turbine-generator construction

Generally, standard electric machines apply stator material that is entirely made of silicon steel sheet
lamination. Both sides of the lamination are isolated to minimize core loss, particularly Eddy current loss that
generates heat in the machine. Nevertheless, the use of silicon steel sheet requires a high cost dies to cut the
lamination into desired pieces. Therefore, stator with different materials for yoke and teeth is regarded more
appropriate for this study. The yoke can be shaped by machining process and the teeth are arranged from
transformer laminations which are available in the market in various dimensions. The heat caused by core
loss is assumed not to affect the performance of the generator since the system is thoroughly submersed into
the water during the operation. Detailed procedure in designing every main component is described in the
following sections.

2.2. Stator Design and Construction

Stator has slots in which the windings are installed.The accuracy in determining stator dimension
will affect the performance of the generator. The bigger the dimension of the yoke and the teeth, the more
expensive the machine will be. On the other hand, if the dimension is too small, the flux density will increase
that may lead to overheating or higher harmonic content. A common equation applied to predict the output
power is:

P=D%I (1)
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where P is the power output (W), D is the inner stator diameter, and L; is the effective length of the stator
core. In this case, the rotor diameter is already known and the radial length of the water gap is set at 5 mm
considering the mechanical construction. Regarding that, looking back to equation (1), the only variable that
enables to be adjusted is the length of the core laminations. Number of stator poles can be calculated using
Equation (2),

ng = —— 2

Substituting the turbine’s rotation ng of 83 rpm and the nominal frequency f of 50 Hz, the number of
poles 2p is obtained as 72. Generator is designed with single phase winding and the number of slots per pole
per phase (, equals to 1.

Furthermore, the poles are distributed evenly with the help of CAD design software. This stage is
conducted with little trial and error by applying one at a time some possible dimensions of the transformer
lamination. To meet the desired design, the selected dimension of the stator teeth is 0.013 m x 0.07635 m.
The stator depth is obtained after determining the ratio of stator width to stator depth as 0.4.

Concerning the stator inner casing materials, polyvinyl chloride (PVC), and mild steel (St37) are the
two selected materials to be investigated, with the position as shown in Figure 2.

Outer

casing of
stator
The
investigated Stator
inner casing tooth
material of
stator Permanent

\—v

- magnet

Figure 2. The position of the investigated stator casing material

The thickness of the stator inner casing is 2 mm. St37 is one of low carbon steels or mild steels
categorized in normal strength and extensively used in diverse industries especially for the fabrication of
automobile chassis and bodies [16], [17]. As for PVC, it is one of the most widely used of all plastics, having
tough, strong, good low temperature characteristics, as well as flame-retardant properties. However, it does
not retain good mechanical performance above 80°C [18].

2.3. Winding Number and Parameters
Considering its dimension, the power produced by the generator is relatively small, which is only
300 W. Winding number is presented by,

- P
Npn = 4.44-f-pky ®)
¢ = Bg A 4
kyw =kq -k, ks (5)

With Egy, is the back electromotive force (V), f is the frequency (Hz), ¢ is the magnetic flux (Wb), ki, is the
winding factor, B, is the stator teeth flux density (T), Ay is the permanent magnet area (m?), Kq is the
distribution factor, K, is the pitch factor, and k;is the skew factor.

The winding type is full-pitch lap winding or k, = 1. The cross section area of the winding conductor
is obtained using Equation (6),

_ Ass'FF

ay =2 (©)
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Where FF is the fill factor defined as 0.3. Since the system is fully immersed in the water, the current density
is set at a quite high value, which is 10 A/mm®.
The conductor diameter is presented by,

d, = \/@ (7

The winding parameters, including resistance and inductance, are calculated using Equation (8)-(10).

-l
Ryp =2 (8)

aw

With p is the electrical resistivity of copper of1.7 x 10*Q.m, | is the length of the winding (m), and a,is in
m’. The slot leakage inductance is approached with rectangular shape [19],

As
le=2'.u0'Nz§h'LiE ©

Where g, is the constant of 4-7-107, L; is the length of the stator core (m), and /A is the geometrical specific
slot permeance (see Figure 3) presented by,

hs | R
/15=3—;S+b—:z (10)

With hy =0.040 m, by =0.018 m, hys =0.001 m, by, =0.015 m.

bos.. W
o HOS
71 A

bs hs
V.

Figure 3. The slot dimensions for the slot leakage inductance calculation

The other leakage inductances consisted of air gap leakage inductance, tooth tip leakage inductance,
end winding inductance and skew leakage inductance are calculated referring to [20].

2.4. Rotor Construction

Rotor is the rotating part of generator and carries permanent magnets in its body. In most cases, for
low speed application, surface mounted magnet or inset magnet configuration is more preferable. In this
study, rotor material is mild steel St37, the same as yoke material. The benefit of using permanent magnet is
the absence of heat generated in rotor as in wound rotor type. The configuration of the magnets on the rotor
body is ilustrated in Figure 4.

20mm

Magnet | }
/ r

Figure 4. The magnet skewing of the studied generator
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Skewing the magnets is the easiest and the most common method of reducing cogging torque.
However, an excessive skewing will lead to a reduced electromotive force. Therefore, there should be a
compromised level where the two parameters can be achieved optimally. In Figure 4, the magnet skewing is
setat21.31°.

2.5. Experimental Set-Up

The turbine-generator was tested at the laboratory with the experimental set-up as depicted in Figure
5. The measuring devices consist of a variable water resistance serves as the load test, a power quality meter
to record current, frequency, voltage, and power. In addition, an induction motor that serves as the prime
mover was connected to a speed control. The generator and the induction motor are connected through a
three-stage mechanical transmission, pulley belt - gear box - pulley belt. The test was performed at nominal
frequency for each type of the stator inner casing material.

The tested - |
turbine-generator

T wder—

Figure 5. The experiment set-up of generator

3. RESULTS AND DISCUSSION
3.1. The Analitical Calculation Results

The analytical calculation results of the generator parameters as well as the detailed dimension of
the stator and rotor are presented in Table 1 and Figure 6 respectively.

Table 1. Generator parameters

Parameters Magnitudes
Nph 11952 turns
Dw 0.9 mm
Rph 297 Q
Lon 0.197 H

[
T ‘I- [ ]

-

(@)

Figure 6. Detailed dimension of the stator and rotor
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The interaction between winding in the stator slots and permanent magnets in the rotor is exhibited
in the form of flux density graphs, taken in two boundary conditions, in the air gap and in the stator slots
consecutively. The flux density graphs for both studied casing materials are shown in Figure 7.
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Figure 7. The flux density characteristic affected by the different types of the stator inner casing materials, (a)
In the water gap, (b) In the stator teeth and slots

The graphs illustrate an opposite phenomenom of the flux density due to the different type of the
stator inner casing material. In the water gap, higher flux density occurs when the casing of mild steel St37 is
applied. In contrast, in the stator teeth and slots, generator with PVC casing generates higher flux density.
This is the effect of the value of the relative magnetic permeability, i.e. 100 and 0.75 for mild steel and PVC
respectively. In consequence, the mild steel casing absorbs or carries larger magnetic flux, and passes the

remaining to the stator teeth and slots whereas the PVC casing forwards almost all of the magnetic flux.

3.2. The Experiment Results

The experiment results of the generator performance at nominal frequency are presented in Figure 8.
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Figure 8. The experiment results of generator performance, (a) Power vs Current graph, (b) Voltage vs
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Current graph, (c) Voltage vs Power graph
The figures show that generator with PVC inner casing material possesses higher output power,
around 5.8 times, than the one using mild steel St37. Furthermore, Figure 9 compares the waveforms of
voltage and current of both material casings and indicates that the sinusoidal waveform using PVC casing is
more tapered than that of St37 casing.
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15CF 57 3 i

UOLTS 7 AMPS F HERTZ

10 ue U0

100U

14CF 1 5,4 1 A=

(b)

Figure 9. The current and voltage waveforms of the generator (a) PVC casing, (b) St37 casing

It is already known that waveform is influenced by harmonic content, meaning that low harmonics
present in a good waveform quality. In this case, it is shown in Figure 10.

HARMONICS HARMOHICS

Figure 10. Total harmonic distortion, (a) PVC casing, (b) St37 casing

At the last stage, the performance of the generator is measured by its efficiency. Based on the
experiment procedure, the input power is the power delivered by the induction motor. By taking only the
value correlated with the maximum power of the generator, the power of the induction motor are 5761.45 W
(PVC casing) and 5329.52 W (St37 casing). Accordingly, the efficiency of each generator is 69.8% (PVC
casing) and 13.1% (St37 casing). Those values are relatively low as the power has to pass through a three-
step mechanical transmission. If assumed that the losses at the gearbox and the pulley belt is 5% each [21],
[22], by neglecting the transmission system, the generator efficiencies could reach around 84.8% (PVC
casing) and 28.1% (St37 casing). Compared to the efficiencies of other PMGs with the same topology, 86.2%
- 95.9% [23]-[25], this study is regarded to have a good preliminary attainment (generator using PVC casing
in particular). Nevertheless, if only 300 W of power ulitized to correspond with the turbine capacity, the
generator would be less efficient.

A valuable finding verified by the experiment results is that in the case of a certain material covers
stator surface, the design calculation should not refer to the air or water gap flux density but on the flux
density in the stator slots and teeth instead.
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3.3. The Temperature Distribution
Another parameter observed is the heat distribution as depicted in Figure 11.
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Figure 11. The simulation results of heat distribution, (a) St37 casing, (b) PVC casing

In the simulation, water is the outer boundary condition to create a realistic environment. Having
better heat conductivity, St37 casing can easily dissipate the heat to its surrounding. However, using PVC
casing, higher heat is held up in the winding, although still in a safe level for PVC material because it is
under 80°C or 353 K.

4. CONCLUSION

The performance measurement of a compact generator — hydro turbine system has been discussed in
this paper. The system is built by employing the construction of integrated stator with individual teeth and
yoke as well as utilizing turbine’s blade circumference as the rotor of the generator.The influences of the type
of the stator inner casing material, PVC and mild steel St37, to the generator performance have also been
investigated. A noteworthy result is the opposite values of flux density in the air gap and in the slots, where
the lattest affecting the output power. As demonstrated by the experiment results, generator using PVC
casing gives much better performance in many aspects, including the power, the waveform, and the harmonic
content.

Due to conforming to the turbine capacity, the generator becomes underused since only 300 W of
power should be generated out of 4000 W. Future work is still needed to match the turbine capacity, by using
an open flume turbine with the head more than 2 meters. Hence, the power equality between the turbine and
the generator can be achieved.
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