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Abstract: A pico hydropower plant is an energy harvesting system that allows energy production
using the power of the water flowing in small watercourses, and in water distribution network.
Axial Flow Flux Permanent Magnet Synchronous Generator (AFPMSG) are particularly suitable
for this application, being efficient machines that achieve high power with small dimensions. This
paper presents a parametrical study of several configurations and topologies of three-phase and
single-phase AFPMSG, for pico hydropower application, to assess the most suitable dimensional
characteristics for the most energy production using a safe voltage of 25 V. The AFPMSGs here
considered has a simple single stator and rotor configuration, commercial-type permanent magnets,
and concentric windings, to facilitate their cost-effective construction and the spread of their use also
in developing countries. For each AFPMSG considered, the power output was calculated using 3-D
modelling and Finite Element Analysis; besides, the different parameters and features that affect the
power output were evaluated at different rotational speeds. The results achieving a power density up
to 100 W/cm?3, at 1000 rpm with energy produced to 1.7 kWh/day.

Keywords: pico hydropower; energy harvesting; hydropower; axial flux permanent magnet;
synchronous generator; hydro generator

1. Introduction

Hydropower is an important renewable resource used for the production of electric-
ity [1], able to reduce greenhouse gas emissions [2]. In comparison to other renewable
resources and fossil fuels, hydropower is a zero carbon footprint technology that uses a
resource available in several parts of the globe, allowing applications in industrialized and
remote areas [3].

The realization of high-power hydropower plants generally requires the creation
of an artificial lake or invasive hydraulic structures causing significant environmental
impacts [4], such as the habitat dispersion in aquatic and marine ecosystems, and socio-
economic impacts. Moreover, climate change and the global temperature increase, in the
last years, have caused a reduction in the flow rate of watercourses due to the evaporation
process [5] which could compromise the energy production and limit the payback ratio
and the profits of large hydropower plants. In the next years, climate change is forecast
to reduce the profitability of large and small hydropower plants by 20% [6]. In 2019,
the worldwide installed capacity amounted to 1308 GW with an annual production of
4306 TWh; according to data published by [7], installed capacity has increased of 1.2% in
comparison to 2018.

In certain countries such as Italy, the use of resources of lesser water capacity is
increasing due to the complete utilization of large watersheds or large rivers started several
years ago. This trend is highlighted by the reduction in the average size of hydroelectric
plants in service. Indeed, the average size of hydroelectric plants decreased from 8.2 MW
in 2007 to 4.4 MW in 2018, and, considering only plants smaller than 1 MW, the average
size increased from 0.37 MW in 2007 to 0.27 MW in 2018 [7,8]. During the same years, the
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number of hydroelectric plants with a capacity under 1 MW increased from 1194 to 3123,
up 162% while the number of larger hydropower plants with a capacity more than 10 MW
increased by 5% [9,10].

A multitude of plant sizes is available for hydroelectric power generation. The Euro-
pean Commission classifies hydroelectric plants based on their rated power in large hy-
dropower plants (with rated power greater than 10 MW) and small hydropower plants [1].
In the same way, small hydropower plants are categorized into mini hydropower plants up
to 2 MW, micro hydropower plants below 500 kW, and pico hydropower plants less than
5 kW [11].

Pico hydropower plants can be realized through limited changes to existing water
infrastructure. This allows to harvest energy in small watercourses, water waste treatment
plants [12], and water distribution networks [13]. These systems can be connected to
the grid [14] or used in stand-alone mode to supply local electrical loads, especially in
remote areas. Specifically, some applications make it possible to power LEDs [15], small
electrical loads [16,17] and laptop batteries [18] producing power from 114 W to 2 kW.
Pico Hydropower plants can, also, be realized with cost-effective technologies [19], which
present an annual life cycle cost from $74/year to $150/year to power a 200 W domestic
load [20]. This price is competitive in comparison with the price for the production of
energy from other renewable sources [21]. In recent years, technological innovations in the
pico hydropower field have focused on the creation of low-cost and user-friendly systems
to supply domestic load [22]. The constructive challenge is related to the miniaturisation of
the electric generator and the choice of construction parameters to maximize the electrical
energy produced under different operating conditions.

The generators normally used in hydroelectric plants are:

e Induction Generators (IG):
a. squirrel-cage IG;
b. doubly fed IG;
e  Synchronous Generator (SG):

C. brushed SG: with Direct Current (DC) or static excitation;
d. brushless SG: with rotating diode bridge or Permanent Magnet (PM).

IG is commonly used for large hydropower, thanks to the low maintenance costs in
the squirrel cage configuration. Doubly fed are commonly used for wind generation [23].
However, they have innovative applications in the large hydropower field, thanks to their
many advantages, including the ability to generate power at variable speed and high
water flow rates [24]. Brushed SG with Direct Current (DC) or static excitation brushed
SG is used in large hydropower applications due to the low efficiencies for a size smaller
than a few MW [25]. Brushless SG is designed using a rotating diode bridge excitation
system or PM; these generators are very popular thanks to the low maintenance costs
due to the lack of brushes. The PMGS with rare-earth PM is an efficient solution in small
hydropower [26] compared to the use of ferrite, which leads to a decrease in generated
torque, due to the residual flux density of about one-third [27]. PMGS can be realised in
a radial configuration (cylindrical) [28] or an axial configuration (disc-type), called Axial
Flux Permanent Magnet Synchronous Generator (AFPMSG) [29]. AFPMGS are efficient
machines that achieve high power with small dimensions [30]. Moreover, AFPMGSs are
easily achievable and low-priced, and the largest part of its cost is due to the manufacture
of Permanent Magnets (PM). Furthermore, AFPMGS are designed for different rotational
speeds in different papers, achieving high performance even [31] at 600 rpm, [17] 400 rpm
and [32] at 859 rpm.

This paper presents a parametrical study of several configurations and topologies
Axial Flux Permanent Magnet Synchronous Generators (AFPMSG), for pico hydropower
application. It aims to find the most suitable dimensional characteristics of the AFPMSG,
in particular the outer diameter, that allows the most energy production in a cost-effective
manner. The three-phase and single-phase considered AFPMGS topologies were designed
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with simple-to-build, small size, and commercially available PM configurations to reduce
the cost of manufacturing and further this technology accessible to developing country
populations. Moreover, AFPMGS proposed topologies were realized with a peak voltage
value induced on the windings lower than the 25 V (safety voltage threshold), to design
an intrinsically safe generator against electrocution, which can be employed in different
applications without the requirement of additional safety systems. For each considered
topology of AFPMSG, 3-D modelling and Finite Element Analysis (FEA) were performed
to identifying the optimal setup of the different parameters and features which affect the
power output. The magneto dynamic behavior and the flux density in the air-gap, the
induced voltages on the stator windings, and the power generated by the no-load test and
load test were evaluated for 48 configurations. These configurations were obtained by
varying the air-gap thickness, the number of polar pairs, the PM size, the internal diameter
value, the number of turns and slot fill factor value. The simulations also allow to evaluate
the AFPMSG performances at different rotational speeds to assess the coupling between
the proposed generator and a turbine. Furthermore, the configuration of the AFPMGS that
achieved the best results was studied for a rotation speed range of 100 to 1000 rpm. The
results show that AFPMGS for pico hydropower application into the small watercourse and
water distribution network is an efficient solution for harvesting energy, allowing loads to
be supplied in both stand-alone and grid-connected systems.

2. Mathematical Model of an Axial Flux Permanent Magnet Synchronous Generator
for Pico Hydropower Application

A pico hydropower for stand-alone or grid-connected systems can be realised by
coupling a turbine with an electric generator. The power produced by the pico hydropower
system is fed into the grid or used to supply loads.

The rated voltage of a pico hydropower system is from 12 to 120 V in DC [33] or
from 120 to 480 V in AC, with frequencies of variable value according to the speed of the
turbine [34]. The connection of the plant to the power grid or to loads generally requires a
step-up transformer to increase the voltage level [35]. To supply the loads, the system can
be equipped with energy storage made up by a storage battery and by its power electronics
systems [36]. The energy storage provides the loads when the hydropower system is not
producing sufficient power. A Dump Load can be also connected to the stand-alone system
for dissipating the excess electricity produced. A summary overview of the application is
shown in Figure 1.

Power Grid
Connection

Power Supply for Loads

S}

Water Pipeline Step-UP ;?%
Pressurized Transformer [~ l C
Water &
i A RO,
Turbine

A

Energy storage
Single/three-phase Storage Battery Single/three-phase
Rectifier Bridge Inverter Bridge
- o
+ =
AC/DC DC/AC
Conversion 12v Conversion

Figure 1. Overview for pico hydropower application.

For pico hydropower applications, it is possible to use impulse or reaction turbines
or pump as turbines [37], according to the water flow and site head. The water flow can
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be stored and subsequently conveyed in a pipeline or a penstock. This allows the varying
the water flow rate and the head. The pico hydropower plant can also be realized in a
run-of-river manner, using the water flow of a river [38].

In pico hydropower plants AFPMGS are commonly used, which can be realized
with one or several rotors and stators, depending on the power output required for the
application [39]. Moreover, for high turbine rotation speeds, it is also possible to realize
AFPMGS with a high number of polar pairs. The AFPMGS can also be realized with or
without stator slots (slotted or slotless) [40] and armature core (cored or coreless) [41],
by installing PMs on the rotor surface ore inside of the rotor and using a single-phase
or a three-phase configuration. A single-phase generator is simpler and cost-effective
to manufacture and maintenance, and can directly supply single-phase loads, while a
three-phase generator is commonly used for industrial applications and can be connected
directly to the power grid, but its maintenance cost is higher than that of a single-phase
generator [42].

The sizing of the AFPMGS is generally carried out according to the output power
(Pout). In order to determine the power output of the generator, represented by Equation
(11) assuming to neglect the resistance and loss inductance of the stator [38], it is necessary
to take into account the quantities indicated in Table 1 and well known in the literature.

Table 1. Equations for calculating the generator output power.

Mathematical Equation Equation Number Reference
Pout = n? Jo e(®)i(t)dt = nmK,Epl 1) [43]
f
Epk = 1<eNpthE (1 - 7\2)D5 @) [39]
- 14+A Dy
Lk = ATK; — 2m Ny 3) [44]
2l3p0BrHe
= _“orore 4 45
& Brg+ 23poH. @) [45]
Ke = ﬂ\/ENKWd)f ®) [29]
Kw = Kq Kp (6) [46]
sin(7t/my)
Kg=——F"F7"""— 7 46
d qy sin(7t/2myq;) @ [46]
a
Kp = cos(ﬁ) ®) [46]
1 .1e(t)i(t)
Kp = = dt ©) [43]
PoT Jo Epilpk
I
— Pk
> (10) [47]

2
1 i(t)
T Jo (ka> dt

The general-purpose sizing equation considered in this paper, allows to evaluate the
Pout as a function of the AFPMGS construction parameters (rotor; stator; PM; windings) as
shown in Equation (11) [48,49]. The procedure for determining the different constructional
parameters of the AFPMGS according to the desired P, is shown in Figure 2.
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Figure 2. Choice of AFPMGS parameters and constructive characteristics.
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The AFPMGS outer diameter Dy is set by the pico hydropower construction character-
istics as the diameter of the coupled turbine [50]. The internal diameter (D;) of the generator
can be selected using Equation (12) [43] from the set of A, which impacts the topology and
the features of the generator such as p;; the type of windings; etc. Several studies suggest
different A values, such as: 0.58 [51], 0.63 [52], 0.315-0.375 [43,49], 0.6-0.7 [53].

D; = Dy-A (12)

To maximise the magnetic field generated by the PMs, the number of PMs (Npys) and
their size (length I, height I;) are chosen by covering the maximum available rotor area
(Ay) [54], as indicated by Equations (13) and (14) [55]. The study [55] proposes an edge
value not covered by PMs (¢,) of 0.8722 for an optimal construction value. The number of
stator slots (s1) and p;, has been chosen of equal value to Npy to maximize the number of
active sides of the coils and therefore the P,,; [29].

3-)-@3-)];

Npp = -— (14)
I,

A =

The typology and the characteristics of the windings (such as the layout, the number of
layers, the peripheral development of the coils, the design of the coil heads; the connection
between the coils, etc.) are identified by the parameters defined by Equations (15)—(17) [29,56],
such as the number of coils per phase (#1.); the number of slots per pole per phase (g1) and
the electrical angle between the slots of the same phase (y).

51

ne = % (15)

51
16
n ppmi (16)
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Y= ?Pp (17)

The pole pitch (7,) indicates the distance between the slots containing the active sides
of a coil, the tooth pitch (7.) indicates the distance between the slots. These parameters are
shown in Equations (18) and (19) [53], according to the average radius of the generator (R;).

T, = 27tRyy (18)
Pp
27tRy,
T = 19
= Gi/py) (19

The optimal winding number of turns can be calculated by Equation (20) [29] through
the stator current (I;) and the current density (A).

tDy(1+ A) A

N =
4miV/2 I,

(20)

Once the number of coils is determined, it is possible to find the maximum cross-
section of the conductor of which the winding is formed (Sy) by the size of the slot
cross-section (S;); the number of winding layers (15) and the slot fill factor (f;) [57] as shown
in Equation (21) [46].

o Scfc
So = N (21)

3. Parametrical Study of Three-Phase and Single-Phase Axial Flux Permanent Magnet
Synchronous Generators for Pico Hydropower Application

A parametrical study of three-phase and single-phase Axial Flux Permanent Magnet
Synchronous Generators for pico hydropower application was developed to determine the
performance achievable by miniaturising an AFPMGS.

Three different construction topologies of the generator, views and with a cross-section
of the rotor to display the internal structure are shown in Figure 3a—c, were considered:

e M, isathree-phase AFPMGS with 2 polar pairs and single-layer concentrated windings;

e M, isasingle-phase AFPMGS with 4 polar pairs and double-layer concentrated windings;
e  Mjisasingle-phase AFPMGS with 3 polar pairs and double-layer concentrated windings.

Figure 3. M; (a); M, (b); M3 (c) topologies representation with a cross-section of the rotor, magnets
and coils.

Each topology has a single slotted stator and a single rotor with an outer diameter of
71 mm and a rotor height of 9.4 mm. The three configurations were realized with surface-
mounted PMs to facilitate its building process. The whole structure of the AFPMGS used
in this study has been designed considering cost effective choices. In fact, the diameters
(Dpm) of the 3 mm thick cylindrical PMs have been selected among those commercially
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available in order to allow the production a low-cost machine. The PMs of Neodymium
Iron Boron earth magnets (NdFeB) with H. of 860-995 kA /m and B, of 1.32-1.39 T were
used, due to their availability on the market at an affordable cost.

The concentrated windings were commonly used in small power generators [56] as
they are simple-to-build [58], and lower joule losses [59]. In Single-layer concentrated
winding used in M; topology, each side of the coil fully occupies the stator slot as shown in
Figure 4a; in double-layer concentrated winding used in M, and M3 topologies, two coils
are overlapped, each one occupying only half of the stator slot as shown in Figure 4b,c.

N s N S
I N D ——
A C B | A ¢ B |

1 2 B |4 |5 6/|7 18 19 11011 12

Star connection T—E—I—,

180° 180°

(a)

N S NSNSNS N S NS N S
I - 1N
G € 6 C3 G Cs G5 7 Cg € C1 G € ¢ C5 G
Mot oyt Mot ot
L2 l4slenls iz 304 s]s
‘ Series chnectioE : w Seri;.s connegtion

90° 90°  90° 90° 120°  120°  120°

(b) ()

Figure 4. Winding layout of topologies M; (a), M; (b), M3 (c).

The windings of the M; three-phase topology were realised with phases A, B, C
arranged with 120 degrees phase shift each other; while the single-phase M, and M3
topologies were realised with coils offset by 90 degrees to each other. Table 2 displays the
winding arrangement details: the first slot number identifies the forward coil slot, and the
second one the return coil slot. The coils A;, By, C; and Ay, B'y, C'1 of the M; topology was
star connected; while the coils c1, c3, ¢5, cy and ¢y, ¢4, c¢, cg of topology M, were connected
in series, and the two coils group were connected in parallel. The same occurs for coils ¢,
c3, ¢5 and ¢y, ¢y, ¢ of topology M.

Table 2. Winding arrangement details.

M, coil Al B1 C1 All B/1 C ,1
slot 1-4 6-3 5-2 7-10 12-9 11-8
M coil a 1653 c3 C4 5 Ce cy cg
2 slot 1-2 3-2 3-4 4-5 5-6 7-6 7-8 1-8
M coil 1 cp c3 Cy Cs Ce
3 slot 1-2 3-2 3-4 5-4 5-6 1-6




Energies 2022, 15, 6893

8of 17

The PM and winding phase configuration in the proposed topologies allows a design
symmetry of 180 degrees for the M; topology, 90 degrees for M, topology, and 120 degrees
for the M3 topology.

A copper conductor resin insulated with a cross-section of 0.8 and 1.4 is used for
the windings of the three-phase topology and single-phase topologies, respectively. The
cross-section of the conductor was sized to obtaining a current density value of 2 A/mm?.

The number of turns of the coil was set to maintain the peak voltage value induced on
the windings lower than the 25 V (safety voltage threshold). This allows the design of a
generator intrinsically safe against electrocution thanks to the use of the very low safety
voltage and which can be employed in different applications without the requirement of
additional safety systems. The construction features of the proposed topologies are shown
in Table 3.

Table 3. Topologies M, M; and M3 features.

Topology Name M; M, M;
Type of phases three-phase single-phase single-phase
Number of slots 12 8 6
Number of polar pairs 2 4 3
Pole pitch 3 1 1
Number of winding layers single-layer double-layer double-layer
Cross-section of the V\;mdmg 0.8 14 14
conductor (mm-<)
Number of coils 6 8 6
Number of coils in series per phase 2 4 3
Outer diameter (mm) 71 71 71
Slot height (mm) 16 24.4 322
Slot width (mm) 5.3 8.0 10.7
Stator length (mm) 25.5 335 41.6
Rotor length (mm) 9.4 9.4 94

For each of the proposed topologies, the following construction parameters were considered:

e theslot fill factor, f;, assumed 0.7 for the easy manufacture of the windings and 1 to
maximize the induced voltage on the coils and the magnetic flux produced;

e the ratio between internal and outer diameter, A of value 0.37, 0.58, 0.63, 0.70 typical
values for industrial use [43,49,51-53];

e the thickness of the air-gap, g of 0.5 and 1 mm values used in industry [48] that limit
the increase in air-gap reluctance and considers the manufacturing difficulties of a
small machine increasing the ease of assembly and maintenance.

The impact of these parameters on P,,; was evaluated in 16 different configurations
of each proposed topology as summarized in Table 4. The main constructive parameters
are shown in Figure 5, which indicates the definition of some parameters listed in the
previous table.

Legend:

€, is the rotor edge not occupied by PM
g is the air-gap

lg,, is the slot height

lg, s the slot width

13 is the PM height

DO is the outer diameter

Di is the internal diameter

DPM is the PM diameter

Figure 5. AFPMGS geometry and main parameters.
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Table 4. AFPMGS configurations.

Configuration Dpyp ey A D; N f g
Name (mm) (mm) (mm) r (mm)

1 1
2 200/220/390 1 05
3 14 0.45 0.58 41.2 1
4 140/154/270 0.7 0.5
Z 200/220/390 1 015
7 12 0.56 0.63 447 1
8 140/154/270 0.7 05
9 1
10 200/220/390 1 0.5
11 18 2.10 0.37 26.6 1
12 140/154/270 0.7 05
1 1
5 200/220,/390 1 05
15 10 0.32 0.70 49.7 1
16 140/154/270 0.7 0.5

All AFPMSG topology and configurations were developed with a 3-D modelling and
Finite Element Analysis (FEA) [60] in Ansoft Maxwell software, with the aim of evaluating
the effects of different construction parameters on the output power. The performances
achieved through no-load and load tests were evaluated with the following values:

e the voltage magnitude induced in the stator winding;
e the magnetic field value in the parts of the proposed generators.

To execute the load test, the M; three-phase generators were supplied with a current
of 1.6 A, the M, and M3 single-phase with a current of 2.4 A according to the cross-section
of the windings conductor.

The FEA was developed splitting the AFPMGS into different mesh sizes tetrahedra [61].
To evaluate the variables of interest in specific geometric details such as non-symmetrical
structures and corners, the tetrahedra dimension was smaller into the structure and bigger
in the air-gap [62]. Considering the small size of the generator, the mesh decomposition used
is set of 12,000, 14,000, 18,000 elements in the windings and of 40,000, 50,000, 60,000 elements
in the stator and rotor, for M;, Mj, and M3 topologies respectively. For each topology, the
representation of the tetrahedron division of the 3-D topologies is shown in Figure 6.

=
&
K
i
8
i
14
]
E

(a) (b) (c)
Figure 6. 3-D representation of mesh decomposition for My (a); M, (b) and Mj3 (c) topologies.

4. Results and Discussions

The parametrical study performed on the topologies and configurations of the pro-
posed AFPMGS has allowed to evaluate the magneto dynamic behavior as well as its
achievable performances. The authors have performed more than 100 simulations evaluat-
ing the power output, the induced voltage in the stator windings and the magnetic field
under an operating condition of 1000 rpm of rotor angular speed. Also, the performance
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and the magneto dynamic behavior of the highest power output AFPMGS under a 100 to
1000 rpm operating condition was investigated.

4.1. Assessment and Comparison of the Performance of the Proposed Topologies

By evaluating the peak-to-peak voltage magnitude (V}) induced in one phase of
the stator winding and the peak-to-peak magnitude of flux density in air-gap (By) the
48 proposed configurations were tested in no-load and load condition with a speed of
1000 rpm. The results of the tests are compared in Figures 7 and 8. Topologies M, and
M3 shown similar voltage magnitude trends for the various configurations, with a higher
value for 9, 10, and 12 configurations. For these configurations, the topology M3 presents a
higher V), value due to the use of a higher number of turns. The magnitude flux density in
air-gap in M; configurations using 18 mm and 14 mm diameter magnets are higher. The
magnitude flux density in the air-gap of configurations with g of 1 mm presents a lower
value than configurations with g of 0.5 mm.

Induced voltage in one coil of stator windings

§‘30
2.0
LTHTnTT
0.0

HRN TNV NS ~ANT O HNTIOLVASHANNTNOHANTNOL0ANS—~ANT VY
il lelelalelataiDl D .mmmmrlmmrum cheheh cheh choheh T
jepenienpentanpanientanion SUNUNUNUNUNUNUES 15 b3 13 (5 135 1 NNNNNNN.«.—.—.—.-.«.—«.-M‘.A ) o o ch oh

&/4&&442&222 vH?Z&&&&Z&&EE 2222&444&&4&2@222424

Topology and onfiguration name

mNo-load voltage ~ mLoad voltage

Figure 7. The induced voltage of one phase in the no-load and load tests for different configurations.

Peack-to-peack magnitude of the flux density in the air gap

TRANTHOLRANS—ANNT N QN TVHO C/JG\O-—«‘IN‘?"!/C-—«‘IN“T!{O( RPS =N FNO

0.6

Bp (T)

HHHHHHHHHHHHHHHHHHHHHHHH Addidididid ST PNENTSTNrray
22422////2 Ezzzzzzazazazzz &2&224 45&52222222

Topology and configuration name

22

mNo-Load test mLoad test

Figure 8. The flux density in air-gap for no-load and load tests of different configurations.

The AFPMGS performances were compared determining the power output of each
configuration according to Equation (11), taking into account the connections between the
coils. As shown in Figure 9, the highest values of P,,; were reached by the M, topology
realised with configuration 10, which allows to obtain an output power of 70.5 W.
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Output power in the proposed models and configurations
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Figure 9. The output power of different topologies and configurations.

4.2. Analysis of the Highest Performance Topology under Different Working Conditions

The 10 configurations of M, model were designed with a N-5 layout of the PMs,
which provides a balanced flux path within the AFPMGS core. The magnetic flux density
vector path is shown in Figure 10. The magnetic flux density generated during the working
conditions of the AFPMGS is higher inside the coil and assumes values of 0.5-1.23 T without
saturating any component; besides part of the flux is leakage on the external surfaces of the
stator and rotor and assumes values of about 0.2-0.5 T.

: / B2(D)

d X \ {
N - k. 2 W (] -
-\\ 1] ( | ¢ 7 oM 1S "& i b 12325

5.0632x10%

2080110

T 1 T 85454x107
| W ¥ ‘ | 95106 x10%
(% : R i

1422 x10%
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Figure 10. Magnetic flux density vector path of M, with configuration 10.

To simulate the performance of the proposed AFPMGS coupled with a turbine under
different operating conditions, the magneto dynamic behavior of the configuration 10 of
M, topology was evaluated by carrying out tests under load, varying the rotor speed from
100 to 1000 rpm with a 100 rpm step. Figure 11 shows the magnetic field trend at the air gap
during a rotation at 100 and 1000 rpm. The waveform achieved using 1000 rpm is close to a
sinusoidal trend due to the design and configuration settings for the generator, that allow
to reduce the distortion caused by circular PMs placed too close together. Harmonics of the
Magnetic flux density trend at 100 rpm waveform were identified using the Fast Fourier
Transform (FFT), as shown in Figure 12.
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The magnitude flux density in the air-gap obtained for the speeds between 100 and
1000 rpm has decreased from 0.8 to 0.44 T. This decrease is linear in the speed range of
100-500 rpm. In conclusion, using the configuration 10 of M, topology a power output of
29.7 W at 100 rpm and a maximum power of 70.5 W at 1000 rpm was achieved.

5. Conclusions

Pico hydropower applications allow the harvesting of energy using the power of the
water flowing in small watercourses, water waste treatment plants, and water distribution
network. The miniaturisation of this technology realised with AFPMGS, allows to generate
high power values with small dimensions and to supply small domestic loads enables the
electrification of rural areas in a cost-effective manner. The authors proposed a paramet-
rical study of several configurations and topologies of extra low-voltage AFPMGS. The
parametrical study was performed by evaluating 3 different topologies (M;; My; M3), one
single-phase and two three-phases, realized with one stator and rotor, commercial NdFeB
PMs, concentric winding with 1 or 2 layers. The P,y of these topologies was evaluated in
48 different configurations, obtained by varying the constructive parameter as A, f., and
g, through the 3-D modellization performed on the Ansoft Maxwell software and the use
of FEA analysis. This analysis allows to evaluate the output voltage trends and the flux
density distribution on each component of the generator, including the air-gap.

Among the different configurations, the P, highest values, for a generator of 0.687 cm3,
were equal to 70.5 W at 1000 rpm and equal to 29.7 W at 100 rpm, corresponding respectively
to 1.7 kWh/day and 0.71 kWh/day in continuous working. These P, values were obtained
for the configuration 10 of the single-phase M, topology, (Dp =71 mm, g = 0.5 mm, A = 0.375,
8 surface-mounted PM, Dpy; = 18 mm, double-layer concentric winding with 8 coils, N = 200
and f.=1).

The pico-hydropower system here investigated, due to the AFPMGS small size, can be
installed in water pipelines to supply household loads or storage batteries, supporting the
on-site production of electricity from renewable sources. In further studies the application of
pico-hydropower plants installed in the urban water system as water distribution network
will be considered, with the aim to investigate the capacity of these systems to feed high
load values, supporting the decarbonisation and increasing the distributed generation.
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Nomenclature

A total electrical load (W);

Am current density (A/ mm?);

Ay rotor surface (mm2);

Bg flux density in air-gap (T);

By peak-to-peak magnitude of flux density in air-gap;
B, remanence (T);

Dy outer diameter of the generators (mm);
D; internal diameter of the generators (mm);
Dpy diameter of PM (mm);

e(t) phase air-gap EMF (V);

er rotor edge not occupied by PM (mm);



Energies 2022, 15, 6893

14 of 17

Ny,
Npm
ng

Pp
Pout
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Greek Alphabet

Ul
A

Y

Tp

Tc

Ho
Abbreviations
3-D

AC
AFPMGS
NdFeB
DC

FEA

IG

PM
PMSG
Rpm

SG

FFT

peak of phase air-gap EMF (V);

frequency of the inverter (Hz);

slot fill factor;

thickness of the air-gap (mm);

coercive field of the PM (kA /m);

stator current (A);

phase current (A);

peak of current (A);

slot height (mm);

slot width (mm);

EMEF factor;

current waveform factor;

aspect ratio coefficient of the type of machines;
electrical power waveform factor;
electrical loading ratio on the rotor and stator;
height of the PM (mm);

width of the PM (mm);

thickness of the PM (mm);

axial length of the generator (mm);
number of phases;

number of phases of each stator;

winding number of turns;

number of coils per phase;

number of winding turns per phase;
number of PM;

number of layers of the winding;

number of polar pairs;

power output (W);

number of slots per pole and per phase;
average radius of the generator (mm);
number of slots;

cross-section of the slot (mm?);

maximum conductor cross-section (mm?2);
period of one EMF cycle (s);

peak-to-peak magnitude voltage induced in one phase of the stator winding.

generator efficiency;

ratio between the internal and outer diameter;
electrical angle between the slots of the same phase (°);
pole pitch;

tooth pitch;

vacuum permeability (H/m).

three dimensional;

alternate current;

axial flux permanent magnet synchronous generator;
neodymium iron boron earth magnets:
direct current;

finite element analysis;

Induction Generators;

permanent magnet;

permanent magnet synchronous generator;
rotation per minutes;

synchronous generator;

Fast Fourier Transform.
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