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27 December 2015 axial and radial directions, therefore the waveform characteristics become important for
Accepted 27 December 2015 this new machine. The detailed phase voltage measurements prove that the machine
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sufficient for such a new prototype machine. According to the detailed experimental
Keywords: measurements, the machine has THD values of 0.4% and 4.7% for resistive load and no-
Double sided load cases. In addition, the losses and the efficiency measurements are found to be very
Generator promising although the airgap optimization has not been completed. According to the
Loss simulation studies, the machine has the core and copper losses of 2.5 W and 23 W for
Waveform loaded cases, respectively.
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values [4]. Besides, the phase waveform can be obtained si-
Introduction

nusoidal from the output [5—7]. For instance, although the
power densities change from one machine to the other, the
machines with power densities from 6 kW/m?> to 710 kW/m?>
can be encountered in literature [8].

In reality, the geometry and flux topology are the key
points to increase the power densities in AFPMG. For instance,
Vansompel, et al. [9] explored the effects of core shapes,
laminations over the efficiency in an AFPMG by using FEA. In
addition, the effect of airgap and the core losses were also
investigated by the same group by using the same method in
terms of efficiency. It has been known that the core mass and
volume should be minimized in the designs since it affects the

The motivation on the axial flux permanent magnet genera-
tors (AFPMG) enhances due to their compactness, high power
densities and natural cooling mechanisms [1]. The invention
of the first axial flux generators went to 150 years before [2].
Indeed, the production of the NdFeB magnets has accelerated
the motivation for the design and generation of new perma-
nent magnet (PM) machines from 1980s and this trend still
continues due to some advantages of the PM usage [3]. Frankly
speaking, PM machines have better power density and cog-
ging torque value, cheaper construction and higher moment
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weight, efficiency and compactness of the machine [10]. In
AFPMGs, the stators and rotors can be designed in many
combinations. They can be double sided as in our research, or
more stators and rotors can be added [11]. The double sided
machines become much energetic than the single sided ones
due to the coil numbers [12].

The machines can be designed with different core types.
They can be designed as slotted or slotless. In most of the de-
signs, the laminated cores are used. While the slotted cores
assist to decrease the cogging torque, slotless designs manage
to lower the mutual and loss inductances [13]. However one
should keep in mind that the magnetic force between the cores
and magnets should be optimized in order to decrease the
cogging torque [14]. Indeed, the magnetic force causes extreme
mechanical stress and vibrations in the machine, the air gaps
in axial machines should be larger than those of radial flux
ones [12]. The airgap can be designed from 1 mm to 4 mm with
respect to the mechanical processing. It should be noted that
the airgap affects the entire output of the machine [15]. Thus,
the airgap optimization should be performed in a new design
[16]. In the coreless machines, the windings should be put into
a non-magnetic and insulating material such as epoxy, poly-
amide, etc. Due to the lack of the cores, there exists no core loss
and cogging torque and the machines becomes lighter. How-
ever, there can be eddy losses at higher speeds in the windings
[16]. On the other hand, the disadvantage of the machine is the
low magnetic fluxes ® compared to the machines with cores
and high copper losses. These are the main factors to decrease
the efficiency of AFPMGs [17]. The lower airgap values cause
higher power (P, as a result of inducting higher voltages in
the windings [18]. Whereas forming a stable airgap between
the rotors and stators is hard in the axial machines.

AFPMGs are especially appropriate for medium speed ap-
plications; therefore they can be used in robotics, electrical
vehicles, trains, etc [19]. In wind energy applications, they are
preferred to neglect the gear systems in the turbine.
Comparing the axial flux machines with the radial ones, axial
flux machines have lower cogging torques and volume and
higher power density and efficiency [20]. In addition, the
installation of axial flux machines is easier than the radial
ones due to the direct addiction to the blades. Jian and col-
leagues [21] found that the heating of the AFPM machines
could be caused by their higher power densities. Therefore, an
efficient geometry for the rotors and stators should be
designed and the large rotor and stator surfaces of these
machines can also help to solve this problem [19]. The air gap
is also vital to overcome from this heating problem [2]. How-
ever the key point in the design is to determine the appro-
priate shape of the permanent magnets, since all shapes of the
magnets cannot give perfect sinusoidal output. The use of Nd-
based magnets has an advantage on the determination of
their shapes. Technically, it is possible to produce different
shapes of magnets [22]. There can be different types of com-
binations for the stator and rotor designs. For instance, rotor
can be one sided and stators can be double sided or vice versa
[10,11]. However, the important point is that the double sided
machines can have double energy generation relative to the
one sided ones [23].

In this study, we report the recent analyses on the losses
and the harmonic analyses of the new AFPMG. Design of

Generator section gives a brief explanation on the design
and specifications of new machine. Theoretical background
on basic connection of phases and losses are given in
Theoretical background Section. Experimental Section repre-
sents the experimental details of the generator. The main
findings on the experiments and simulations are reported in
the next section. Finally, the paper ends with the concluding
remarks on the findings of the study.

Design of generator

In this work, the design and implementation of an axial/radial
flux PM generator with three phases are reported. Initially the
designed machine is depicted in Fig. 1. The machine has
double rotors at the upper and lower parts and a stator is
situated between these rotors. The stator has three main units
in order to provide a stable machine especially at high
rotations.

The rotors are connected to each other and rotate at two
sides on the same shaft. The design has a specific laminated
core structure and it has been proven in Ref. [22] that this
structure gives lower cogging torque values. Note that the
small laminated cores have certain advantages on the ma-
chine weight and eddy currents. Since the cores are slotless,
they are easy to produce, technically.

The windings, magnets and cores have circular shapes.
Since the machine is a three phase one, the design consists of
16 magnets and 12 windings and cores. Note that two wind-
ings sit on each core (Fig. 2). In the design, an air gap of 5 mm is
used. Due to many air gaps inside the stator unit and air gaps
between the rotor and stator, the design has an efficient nat-
ural cooling mechanism on the large rotor and stator surface.

The B—H curve of the core material is presented in Fig. 3.
The core material has high flux density value up to 1.5 T,
which is already sufficient for our application. In the entire
FEA simulations, this used for the core
characterization.

Each core has 40 laminated layers with the thickness of
0.5 mm each. Note that 40 layers are combined together in
axial direction, thus the flux loss is minimized in the axial
direction. The coils are positioned as in Fig. 2. In order to
decrease the copper losses, circular shape windings are
preferred in the design as mentioned in Ref. [23]. Another
design advantage is that the windings on the circular shapes
can be produced easily than the trapezoidal or triangular ones.
The magnets are located symmetrically near the upper and
lower ends of the cores in N—S—N-S orientation with opposite
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Fig. 1 — A new AFPMG design and units.
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Fig. 2 — The specific core structure and windings at both
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Fig. 3 — B—H curve of M530 — 50A stainless steel.

poles. Between the magnets, the electrical angle is adjusted to
30° in the simulations.

The combination of windings should be realized in such a
way that no phase shift cannot be produced from one winding
to other. In addition, upper and lower windings should be put
into the same connection as in Fig. 4.

The flux lines are shown in Fig. 5, when the generator
operates. Since the machine is three phase, the core and
magnet numbers differ. Indeed, some cores have high fluxes
such as the first, the fourth, the seventh and the tenth cores
from left to right, others have lower ones for a certain time.

The flux pattern forms closed lines among the magnets,
when the directions of magnets are positioned at the same
directions of cores for four windings as a result of three phase
formation. These maximal fluxes disappear, when the elec-
trical angle changes due to the rotation. Therefore an addi-
tional reluctance occurs for different electrical angles due to
16 magnets and 12 cores.

Theoretical background

The designed generator has both axial and radial directed flux
and it differs from the other axial machines in that context.
The radial directed flux assists to decrease the cogging torque.
The equivalent circuit is summarized in Fig. 6.

Fig. 4 — The connections of individual windings. B(S) is
used for upper(lower) windings of corresponding core.

According to three phase construction, the serial con-
nected windings are classified to three different clusters. Note
that each phase includes the windings situated at small and
large diameters in order to form identical output waveforms.
The net voltage of each phase is the sum of the generated
voltage of each winding. In that case, the total inductance of
one phase can be written as,

Lya = Lp1 + Ls1 + Lpa + Lsa + Lp7 + Ls7 + Lp1o + Ls1o (1)

Considering the net voltage drop on the load and windings,
one arrives at,

ULpA —Ura — VUpa = 0 (2)

If the voltage expressions are written explicitly,

dia  ia
dt " Lpn (Ra +Ria) ©)]
is obtained. Here, I is the generated current in the windings for
each phase. On the other hand, the induced voltage on a phase
can be written as,

dg(t)

Urpa (t) = 78NT (4)

Here, the factor 8 denotes the winding numbers in single
phase and N shows the winding turn. Thus, the generated
instantaneous power from three phases can be written as,

Poue = 3 U(t) i(t) (5)

if v(t) and i(t) are considered for single phase and the power
factor is set to 1.

In general, the losses of a generator occur as copper losses,
core losses and mechanical losses [13,19]. Since the losses
strictly depend on the input and output powers, one calculates
the losses related with the output power as follows:


http://dx.doi.org/10.1016/j.ijhydene.2015.12.172
http://dx.doi.org/10.1016/j.ijhydene.2015.12.172

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 12512—12524

12515

SN

=) NS NS

|

B 5 & W ..

M) N

WIN

B

Fig. 5 — Magnetic flux lines representation in the single phase machine.
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Fig. 6 — The equivalent circuit of the proposed machine.

Poue = mu(t) i(t) (6)

Here m, v(t) and i(t) denote the phase number, phase
voltage and current at the instantaneous time. Within this
notation, copper losses can be written as follows:

Py, =mi(t)* R, 7)

Eq. (7) is another form of Eq. (6). Since Joule heating occurs
in the windings, it can be represented by current i(t) flowing
inside the windings. Note that phase resistance is denoted by
R,. Stator is responsible for this losses due to the fact that all
windings are positioned inside stator. Core losses can be
negligible for the permanent magnets, since it is at the low
order. For the other part of the machine, these losses are given
by W/kg in terms of material type and feature. In general, core
losses consist of three losses, namely hysteresis, eddy and
anomalous losses [24]. In this manner, they can be summa-
rized as follows:

PFe:Ph+Pe+Pa (8)
Py = by BIEW, ©)
h = hso pk VVfe
f 2
P, =k <%Bpk> W (10)
f 15
P, =k, <%Bpk> Wy (11)

Here P, Pr, Pn, Pa, Wre, Byk, Ra, ke and ky, represent eddy,
core, hysteresis and anomalous losses (in W), core mass, peak
value of flux density (in T), coefficients of anomalous loss,
eddy loss and hysteresis loss. In the light of formulation
above, the efficiency can be calculated as follows [24]:

W:Axloo

12
Pout+AP ( )

Here AP denotes the total losses of the machine.

Experimental

Fig. 7 presents the prototype machine. Three different colors
(in web version) indicate three phase connections. On the
same shaft, two rotors made by Aluminum can freely rotate.

In order to avoid the mechanical frictions, 5 mm airgap has
been adjusted in that prototype machine, whereas the opti-
mized airgap can be obtained after the cogging torque and
waveform measurements. Fig. 7 is a slotless drum-typed
wired double sided and cored machine. At the middle, the
stator is kept fixed and the rotors can rotate due to two
bearings. The design features of the machine have been pre-
sented by Table 1.

As stated in the previous section, double sided machines
are better for power densities than the single side ones. In
addition, the double sided machines have better mechanical
balance since it has two moving parts at each side. Besides,
the double air gap opportunity of the machine in two sides of
stator can help to decrease the heat especially produced at
high rotation speeds. All these advantages can give a chance
to load the machine with high resistive electrical loads [25].
The construction of the machine is easy since the windings
can be obtained easily and put into the tips of the core. In
order to decrease the structural cost and the copper losses,
lower winding numbers are preferred, whereas extremely low
winding numbers lower the power generation [26]. The pre-
sent machine uses the drum-type circular winding, since this
type winding has certain advantages to lower the copper
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Fig. 7 — The front and side view of the designed and constructed machine.

Table 1 — Design parameters of the proposed generator.

Components Features
Inner radius of rotor R, (mm) 75
Outer radius of rotor R, (mm) 105
Inner radius of rotor R; (mm) 120
Outer radius of rotor R; (mm) 150
Inner radius of stator disc (mm) 70
Outer radius of stator disc (mm) 155

Coil inner diameter (mm) 30

Coil outer diameter (mm) 40
Phase 3
Winding turns 200

Coil number 24

Wire diameter (mm) 0.75
Magnet type NdFeB
Magnet shape Circular
Magnet number 16
Magnet diameter (mm) 30
Magnet thickness (mm) 5

Core material M19
Core type Axially/radially laminated
Core number 12

Air gap (mm) 5

Core coefficients (W/m?)

Kn 164.2

K. 1.3

Ke 1.72

Kae 0

losses [23]. In order to get benefit from the coil active surfaces,
the diameters of the magnets and coils should be close to each
other.

Fig. 8 presents a core with two windings at the tips. The
cores are made by laminated core material given in Table 1.
While the upper tip of the core stays at the one side of stator,
other situates at the other start side. In the stator, there exist
12 individual cores and the machine has 24 windings.

Fig. 8 — A representative core and windings.

In the coreless machines, there exists no cogging torque
since they do not include any ferromagnetic material, thereby
these kinds of machines can move better at lower speeds. This
also causes no hysteresis losses. On the other hand, these
machines have high eddy losses due to the lack of flux
orientation inside the windings [27]. Therefore the flux density
becomes lower at the air gap and that causes to have much
lower power generation. Considering the above explanations,
the core losses become lower compared to the copper losses in
the cored machines, whereas the copper losses become higher
in the coreless machines [27,28]. In addition, the laminated
core structure also helps to decrease the core losses [9]. In the
prototype machine, we have used 40 core layers with 0.5 mm
thickness. Due to the original shape of core design, the flux is
directed in radial and axial directions. Fig. 9 shows the core
tips at two sides of stator.

In one of our previous studies [22], the superiority of the
radial/axial directed proposed core structure was reported. It
has lower cogging torque value compared to the linear bar
shaped core. This result mainly stems from the lower me-
chanical torque value due to the smaller diameter in one side
of the stator, since the torque depends on the magnetic force
and the distance of this force to the axis.
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Fig. 9 — The appearance of stator from two sides.

Fig. 10 — Rotor units.

The rotors of new generator are shown in Fig. 10. While one
series of magnets are located at the maximal diameter, the
other series of magnets are positioned on the smaller diam-
eter. They are structured in disc form. The magnets are made
by rare earth material with high magnetic flux density.

Total 32 magnets with the dimensions of 30x5 mm are
positioned on the rotors. This orientation has the electrical
angle of 22.5° between each magnet.

Results and discussion
Electromagnetic simulations of fluxes and waveforms

In this part, the magnetic flux characteristics are presented for
the no-load operation. All simulations have been made by a
commercial code which uses the finite element method (FEM)
in a magnetodynamics process. Fig. 11 shows a representative
plot of the fluxes which are produced for three phases. This
result has been obtained at 1000 rpm. A clear symmetry is
seen in the waveforms with the appropriate phase shifts in
order to produce the three phase effect.

It is obvious that the fluxes are obtained as sinusoidal
waveforms, since the disc-type magnets rotate in a circular
trajectory. These fluxes induce the phase voltages as given by
Fig. 12(a,b) for corresponding rotor speeds. The voltage
waveforms are similar to each other at 300 rpm and 1000 rpm

for the no-load case. Only the amplitude and frequency in-
creases as usual. The amplitude of each phase is obtained
with the phase shift of 120°. At this speed (i.e. 300 rpm), the
maximal peak to peak voltage is found as V,, = 84 V.

When the rotor speed is increased to 1000 rpm, the
maximal peak to peak voltage is found as V,, = 280 V. The
waveforms are sinusoidal and the phase shift is still preserved
perfectly for the three phases. The detailed simulations have
proven that the generated voltage increases linearly with the
rotor speed as in the literature upto the studied speeds
[6,7,22,28,29].

z
E
z
= w——Phase A
2 w==Phase B
E e=Phase C

Time (ms)

Fig. 11 — Magnetic fluxes of phases at 1000 rpm.
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Fig. 13 — The amplitudes at 1000 rpm for the electrical loads of (a) 10 © and (b) 40 Q.

In Fig. 13, the output voltages on two representative
resistive loads are shown. The speed is adjusted as 1000 rpm
and the electrical load is added to the phases as 10 Q and 40 Q.
The resistive load causes changes in the amplitudes as usual
and a comprehensive study has been performed for the elec-
trical loads for this reason.

The currents flowing through the phases are plotted in
Fig. 14. The maximal currents are simulated as I = 4.47 A and
I = 2.71 A over the ohmic loads 10 Q and 40 Q at 1000 rpm,
respectively.

These current amounts are sufficient for the wires to carry
and also the phase shifts are observed very well.

Electromagnetic simulations of cogging torque

The simulations on the cogging torque values are given in this
subsection. In order to produce the cogging torque values for
different electrical angles, the magnetostatic solutions have
been obtained for every 1 ° of rotation. A sample cogging tor-
que plot is presented in Fig. 15.

The cogging torque occurs when the magnets pass nearby
the tips of the cores due to the increase of the magnetic force.
This effect tries to rotate the machine in the reverse direction
and produces a counterpart towards the forward motion of
the machine. Indeed, the cogging torque is defined by the

reluctance variation in the angular direction of the rotor as
given by,

1 ,dR
~2%ap
Here @, is the airgap flux, © is the rotor angle and R is the
airgap reluctance. Since the machine works as 3 phase, the
magnetic force cycles for every 7.5°. In the proposed gener-
ator, the maximal amount was calculated as 500 mNm, which
is fairly low value for this energy scaled machine. According to
our earlier theoretical analyzes [22], the phase number of a
machine also affects the maximal cogging torque values.
Strictly speaking, in a single phase machine the torque values
increase substantially compared to the three phase machines
since all the core tips get maximal magnetic force synchro-
nously. If both results are compared, a 3-phase generator has
certain advantages over the single one, since the angles of
magnets differs with the cores substantially. Thus this ge-
ometry helps to reduce the cogging torque values in three-
phase machines.

Teog = (13)

Electromagnetic simulations of losses

Fig. 16 shows the core loss at 1000 rpm rotor speed. Note that
this data has been simulated for no-load case, thereby it can
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Fig. 14 — Current waveforms over the resistive loads (a) 10  and (b) 40 © at 1000 rpm.

be stated that the current flowing the windings should be
higher. According to detailed simulations, the core loss has
been 0.45 W at the rotor speed of 300 rpm. However Fig. 16
proves that the core loss increases up to 2.5 W for the speed
of 1000 rpm. Frankly speaking, the increase in rotor speed
causes high change in magnetic flux. Thus, this change yields
to higher losses in cores. This situation is also obvious from
Eq. (9).

Since there exists no-load, the Copper loss vanishes in that
case. However, a certain core loss exists due to the hysteresis
and eddy terms. The core loss stays at 2.5 W, which is very low
as in Fig. 16.

In the case of 30 Q electrical load, the losses are given in
Fig. 17 for 1000 rpm rotor speed. The core loss value is around
2.5W, whereas the Copper loss increases up to 23 W due to the
electrical load.

This increase in Copper loss stem from the winding cur-
rent. This result can be seen well in Fig. 18.

When the load current increases the linear increase in
Copper loss can be seen clearly from Fig. 18. However, the core
loss does not change too much; indeed it slightly decreases for
increasing current. According to these plots the resistive load
current I = 2.85 A produces a Copper loss of 45 W.

In Fig. 19, the core losses at various rotor speeds are
plotted. The reported rotor speeds are 300 rpm, 500 rpm and
1000 rpm.

o
o

Torque (NM)

0 25 5 75 10 125 15 175 20
Rotor Angle (deg)

(=]
[
w
(=]
w

Fig. 15 — The cogging torque values vs. electrical angle.

As an overall trend, the rotor speed enhances the core
losses. When the speed is 300 rpm, the losses are around
0.6 W, whereas it increases to 2 W at 1000 rpm. The trends of
the plots are also different with respect to load. At lower
speeds, the cores are almost constant with respect to elec-
trical load. Whereas it increases up to 30 Q linearly in the case
of 1000 rpm, then it becomes constant beyond this load value.
If a comparison is made for 40 Q, the core losses are 0.7 W,
1.2 W and 2.4 W for 300 rpm, 500 rpm and 1000 rpm.

In Fig. 20, Copper losses are shown with respect to resistive
load for various rotor speeds. As the general trends of the
plots, the increase in load causes a decrease in Copper loss.
For instance, at 300 rpm, the Copper loss changes from 11 W to
3 W. Similarly, at 500 rpm, the Copper loss decreases from
23 W to 7 W. In the case of 1000 rpm, the Copper loss decreases
from 47 W to 18 W. Thus it is understood that the low load
values increases the current flowing through the windings
and it causes an enhancement in loss. Therefore, in order to
decrease the losses an optimal load value should be adjusted
at the output terminals.

The total losses are given in Fig. 21 for various speeds.
Since the core losses are very low compared to the Copper
losses, the total losses show the trend of Copper losses as in
Fig. 20.

Core Loss (W)

0 L L . . ,
0 10 20 30 40 50 60

Time (ms)

Fig. 16 — Core loss at 1000 rpm rotor speed in the no-load
case.


http://dx.doi.org/10.1016/j.ijhydene.2015.12.172
http://dx.doi.org/10.1016/j.ijhydene.2015.12.172

12520

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 12512—12524

W

[
A
T

Core Loss (W)

0 10 20 30 40 50 60

Time (ms)

(@)

Copper Loss (W)
t

Time (ms)

(b)

=@=Core Loss
~&—Copper Loss

Loss (W)
)
o
T

20

10 |

o L &—T—— e — —®
18 20 22 24 26 28

Load Current (A)

Fig. 18 — Load current with respect to losses.

When the rotor speed increases the total loss of the
generator increases, but the main criteria for lower losses is
that the load should be high enough to set the losses minimal
for the machine.

Experimental results of the proposed machine

The setup for the laboratory tests is shown in Fig. 22. The
experimental unit basically includes a controller unit which
enables us to adjust the rotor speed, an induction motor

3.0
~0—1000 rpm
25 | =#=500rpm
—8—300 rpm
gzlo L
Bis |
£ °
S0 ——
o-t P —e- :I
DO
0.0

10 20 30 40
Ohmic Load (ohm)

Fig. 19 — The variation of core loss with respect to resistive
load in the cases of 300 rpm, 500 rpm and 1000 rpm.

10 20 30 40
Ohmic Load (ohm)

Fig. 20 — Copper loss variations with respect to resistive
load in the cases of 300 rpm, 500 rpm and 1000 rpm.

which drives the proposed AFPMG, coupling units for the
AFPMG and electrical loads.

In no-load operation, a representative clear sinusoidal
waveform is presented in Fig. 23. The output is obtained as
Vyms = 87.8 V for each phase. This value has been measured at
1000 rpm and gives 120 ° of phase shift as expected.

At 1000 rpm, the sinusoidal waveform gives the value of
Vyms = 87.8 V from each phases. According to detailed THD
measurements, there is no important harmonics in the output

[
o

Core + Copper Loss (W)
[
o

10 20 30 40
Ohmic Load (ohm)

Fig. 21 — The total losses with respect to resistive load for
the speeds of 300 rpm, 500 rpm and 1000 rpm.
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Fig. 22 — The setup for the measurement of the proposed AFPMG.
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Fig. 23 — No-load output waveforms of three phases of
AFPMG at the rotor speed of 1000 rpm.

at this speed. Fig. 24(a,b) give the phase voltages for the elec-
trical loads of 10 Q and 40 Q. It is obvious that while the
effective value is V,,s = 24.07 V for R, = 10 Q, it is increased to
Vims = 57.8 V for Ry = 40 Q. Thus, this also indicates that the

off i 100ms

simulations and experiments give the similar character to
identify the optimal load conditions.

The harmonic analyses of the waveforms are given in
Fig. 25(a—d) for load and no-load cases. In no-load cases, the
THD values have been measured as 4.7% for 300 rpm and
1000 rpm. In that case, it has been proven that the machine
stability is very well and the waveform characteristics do not
change with respect to speed.

Note that the load connection to the output of the machine
decreases the harmonics substantially and makes much sta-
ble waveform (see in Fig. 25(c,d)). Strictly speaking, the THD
values decrease to 0.4% from 4.7%, when 30 Q load is attached.
In the case of no-load case (see in Fig. 25(a,b)) only the third
harmonic survives.

A much detailed findings from the THD analyses are given
in Fig. 26. From this figure, it is obvious that the electrical load
lowers the harmonicity of the machine, significantly.

However, the THD values are nearly fixed for finite loads
from 5 Q to 30 Q. Thus it is proven that the machine gives a
very stable output signal in terms of harmonics. The THD
values are measured around 0.4% for all resistive loads at

off H 5.00ms

[T

(b)

Fig. 24 — Voltage waveforms with resistive loads (a) 10 Q and (b) 40 Q at 1000 rpm (the probe is scaled to x10).
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Fig. 25 — The THD values at the speed of (a) 300 rpm and (b) 1000 rpm in the no-load case. The THD values at the speed of (c)

600 rpm and (d) 1000 rpm in the case of 30 Q load.

increasing speeds. According to some test results, 0.2% THD
has also been measured for some load values at various
speeds.

The power plots of the proposed machine are given in
Fig. 27 for many rotation speeds. With increasing speed, the

6

. \,
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0
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Fig. 26 — THD values from experiments for various load
cases.

generated power increases substantially. There exist the
general shifting characteristics of the maximum power points
with increasing speed.

Indeed, the maximum power points shift to higher resis-
tive loads for increasing load. For instance, the maximum

200 rpm
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400 rpm
3500 rpm
w600 rpm
~—{ ——700 rpm

800 rpm
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
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Fig. 27 — Output power via electrical load at different
speeds.


http://dx.doi.org/10.1016/j.ijhydene.2015.12.172
http://dx.doi.org/10.1016/j.ijhydene.2015.12.172

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 12512—12524

12523

90
80
70 200 rpm
—- e300 rpm
0
s 60
St w— 400 rpm
g 50} i
s 500 rpm
o
§ 40 F w600 rpm
30 + 700 rpm
s b 800 rpm
w0 | 900 rpm
w1000 rpm
0

25 30 35 40 45 50 55 60 65 70

Ohmic Load (Ohm)

(a)

100

90

80

70

iciency (%)
3

0 N L " 2 N . .
200 300 400 500 600 700 800 200
Rotor Speed (rpm)

(b)

1000

Fig. 28 — Efficiency measurements with respect to (a) electrical load and (b) rotor speed.

power is obtained at 8 Q for 200 rpm, whereas it shifts to
33  at 1000 rpm. Thus it is a very important graph to explain
the load characteristics of the machine. Between these
speeds, the load, where the maximal point sits, increases
smoothly. For instance, output power becomes 46 W, 106 W
and 250 W at 300 rpm, 500 rpm and 1000 rpm, respectively.

The efficiency of the machine can be measured by
considering the main losses at various speeds as in some
earlier studies (Fig. 28(a,b)). However, it can also be measured
directly by comparing the input and output power by a power
analyzer, experimentally. While Fig. 28(a) shows the efficiency
plots with respect to resistive loads, Fig. 28(b) presents the
efficiencies with respect to rotor speed.

A Fluke type power analyzer is used for the experimental
measurements. While the lowest efficiency has been found for
200 rpm, the maximal one has been measured for 1000 rpm. It
is considered that the mechanical effects play important roles
to limit the efficiency at lower speeds. The prototype machine
reaches to 92.5% efficiency at the rated speed (i.e. 1000 rpm).
Another reason for the efficiency loss is the airgap width. In
order to minimize the mechanical frictions and protect the
electrical units, a larger airgap has been used. It is expected
that the efficiency will be increased further by assigning
smaller airgap value. In that case, a better mechanical stabi-
lization should be ascertained.

According to Fig. 28(b), the efficiency becomes maximal at
30 Q beyond the speed of 800 rpm. However, it is worse for
other loads. It has been also observed that higher loads such
as 60 Q@ may yield to higher efficiency values such as 85% as
seen from the graph. Due to the mechanical instabilities in the
setup, we could not try the higher speeds and we have left this
issue to future studies.

Table 2 — Rated values of three phase AFPMG.

Rated power 250 W
Rated current 144 A
Rated voltage 58V
Rated speed 1000 rpm
Efficiency 92.5%

In Table 2, the measured rated values of the proposed
machine have been summarized. However, some optimiza-
tion research can be realized just after a better mechanical
processing, since the airgap optimization is important for
these machines in order to achieve better efficiency and
power density.

To conclude, the airgap of 1.5 mm should be tested for the
cogging torque and generated energy density studies. We
believe that the machine is promising to achieve good cogging
torque value and efficiency.

Conclusions

A new three phase permanent magnet machine has been
designed and implemented. The tests on the waveform pat-
terns and theoretical findings prove that the new machine can
generate 250 W at the rated speed. The optimized load for the
rated speed has been found as 33 Q and the efficiency gives the
value of 92.5% according to the experimental measurements.
Although the proposed machine has separated 12 cores with a
special shape, its THD values are very well with good sinu-
soidal output. Frankly speaking, 0.4% THD value stands for
loaded cases, whereas it increases up to 4.7% without elec-
trical load.

The new generator is considered as a good candidate for
wind turbine applications and it does not require any addi-
tional waveform improver, since it creates a sinusoidal
output. The most important loss is found to be Copper loss
and it can be decreased for high resistive loads substantially.
Core losses have been found to be very low and promising for
such a new machine.
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