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The paper presents how the performances of an electric microgenerator with double excitation used in aeronautical applications
have been improved, using special materials, with superior characteristics. Thus, if the usual ferromagnetic materials were used
in the initial model, in the improved model, a modern ferromagnetic material was chosen, with superior magnetic
characteristics, Supermendur (HiperCo 50), massive core for the inductor and lamination sheets for the armature. For the parts
that do not have a role in the magnetic circuit of the electric machine, there has been used a synthetic material, Ketron, material
with higher mechanical characteristics but with low specific weight, at the same time, minimizing the interior spaces. Finally,
this paper presents comparatively the electrical characteristics for the two electric machines, the one manufactured with usual,
classic materials (OL37 iron and FeSi #0.2mm for the laminations sheets), and the other one with special materials as HiperCo
50. The manufacturing technology is presented briefly for some of the parts.

appear in the coils, due to both interactions with inside and
1. INTRODUCTION outside permanent magnets, are gathering.

Benefiting from globally supported R&D programs . There ‘were manufactufed Mo cpnstructive models,
(USA, EU, ASIA) in both the military and civilian fields identical in terms of the size, dimensions, the number of
unmanned aerial vehicles (UAVs) have reached an poles and the characteristics of the permanent magnets.

unprecedented level of development. This type of aircraft Usual fegomagnetic matprials were used fqr the first modgl;
has become indispensable in modern conflicts and it is for th,e 1mpr0ved e}ectrlc generator, special ferromagnetic
expected to soon take the lead on the battlefield. If at the materials with superior characteristics were used.

beginning the use of UAVs was exclusively military (in

surveillance, detection, classification, identification, 2. THE CONSTRUCTIVE SOLUTION
tracking and neutralization missions), now they have a For both variants of the electric machines, the
wide wuse, also in the civilian field (agriculture, constructive solution is similar and is presented in Fig. 1.
infrastructure, transport, cinema) [1-3].

In order to be able to offer a greater autonomy of flight,
the companies involved in this field try to develop
propulsion systems - thermal or electric motors - as efficient
as possible and with the lowest possible costs [4—6].

For UAV systems equipped with both thermal and electric
propulsion (hybrid propulsion), it is very important to develop
electric generators with superior performance. They must
have as much power as possible and a weight as small as
possible, to maximize the payload of the UAV system [7-10].

Thus, an electric generator was created for a UAV
system with hybrid propulsion; the authors opted for a
synchronous variant with excitation by permanent magnets,
according to their own idea "with double excitation";
besides, this solution has been patented [11, 12].

This design, in a single-phase synchronous version, has
the armature fixed, in the shape of an empty cylinder, made
from laminations, on which the copper conductors are wire
wound and the inductor (rotor) is double, with two
concentric consolidated yokes having cylindrical sections,
flanking bilaterally the armature, externally and internally.

This design differs from the classic electric machines
because it has the coils are on both sides stator (toroidal
winding on the ring-shape stack of lamination) active both
at the external and internal air gap, located in the hetero-
polar magnetic field being generated by the outer inductor
respectively the inner inductor, made with permanent Fig. 1 — Constructive solution for electric generator with double excitation (1
magnets, solidified on the double rotor. — lower flange; 2 — outer yoke and case; 3 — outer magnets; 4 — winding; 5 —

A higher specific power of the electric machine is laminations; 6 — inner magnets; 7fa}xle; 8 — ball bearing; 9 — inner yoke; 10
obtained, due to the fact that the electromotive forces that ~ superior flange).

b) Cross section of the generator
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From Fig. 1 it can be seen the stator subassembly that
has a lower flange {1} with which it is attached to the place
of operation. On this flange is fixed, with special clamps,
the laminations stack (the stator made of FeSi or HiperCo
50), reinforced by soldering {5}.

The stator is flanked at the front by two insulating rings
with housings for the distributed coils {4}. Coaxial with the
stator and flange {1}, an axle {7} is fixed and it supports
the ball bearing {8} centered on the inner yoke {9}. The
electric machine works with a single radial-axial bearing,
with two rows of balls.

The rotor subassembly consists of the upper flange {10},
on which two concentric ferromagnetic rings are fixed,
made from steel or HiperCo 50 (2 and 9).

They act as yokes for closing the magnetic flux, on
which the permanent magnets are fixed, on the outer yoke
to the inside {3} and on the inner yoke to the outside {6}.

The magnets, which are positioned face to face, are
magnetized in opposite directions, in such a way that the
hetero-polar magnetic circuit of the electric machine closes
between the magnets, the lamination stack of sheets (stator)
and yokes (rotor), as shown in Fig. 2 [13-15].

The main differences realized between the two variants
of the electric generators in order to maximize the
performances, are the following:

A. Intervention on ferromagnetic materials

The materials used for the yokes of closing the magnetic
circuit at the level of the inductor and the armature where
considered.

In the initial experimental model these yokes were made
of conventional ferromagnetic materials, massive core using
OL37 iron for the inductor (for outer and inner rings that are
equipped with permanent magnets) and FeSi lamination
sheets, with thickness 0.2 mm, for armature (stator).

Fig. 2 — Structure of the hetero-polar magnetic field.

For the new generator model, in order to minimize the
cross sections of the armatures (and lower the overall
weight) but with increased magnetic stress, we opted for a
modern ferromagnetic material with superior magnetic
characteristics, Supermendur (HiperCo 50), both bulk for
the inductor and lamination sheets metal for the armature.

Table 1
The main characteristics of HiperCo 50
Variable Magnetic properties
Saturation induction 237T
Remanent induction 1.58T
The coercive field 98.5 A/m
Induction field at2 T 800 A/m

Table 1 presents the main characteristics of HiperCo 50,
as declared by the manufacturer [16].

We emphasize that for the generator model 2 the costs
are considerably higher, due to the higher purchase price of
the HiperCo 50 compared to the OL 37 iron, and due to the
heat treatment to which the final parts, manufactured from
HiperCo 50, must be subjected.

According to the manufacturer's specifications, the parts
made from special material Hiperco 50 must be subjected to
a specific heat treatment, in the atmosphere of H,, to obtain
the specified magnetic performance, according to [17, 18].

The high saturation induction level allows a 20 %
reduction of the yokes sections, having the effect not only
of reducing the overall weight of the assembly, but also
increase the size of the outer and inner air gaps, thus being
able to adopt a larger diameter of copper wire for the coils
that are made around the annular armature (0.95 mm
instead of 0.85 mm).

B.  Intervention on the materials of the resistance and
insulation structure

Based on the experience with the manufacturing and
experimentation of the first model, we extended the use of
the synthetic material Ketron to parts that do not play a role
in the machine's magnetic circuit, minimizing the amount
of metal and, at the same time, minimizing interior spaces.

B102

b) Improved model

Fig. 3 — General assembly of the two models for the electric generator
with double excitation.

We remind that Ketron has specific weight p =
1.31g/cm’, approximately 2.5 times lighter as aluminum,
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but with superior mechanical properties [19]. These
modifications are illustrated in the drawings of the
assembly in longitudinal section for the two variants,
shown in Fig. 3. It can be seen a clearly improvement of the
new model regarding the overall dimensions that conduct to
a much lighter micro-generator, which is important for
UAV systems.

3. PERFORMANCE MAXIMIZING EFFECTS

From an overall constructive-dimensional point of view,
there were no significant changes due to the improvements
made and presented above. As shown in Fig. 3, in the new
improved model the axial length decreases from 64 mm to
59.5 mm, that means by about 7 %, but the axial length of
the armature decreases from 44 mm to 33 mm. Regarding
the mass of the assembly, it decreases by about 22 %, from
1.83 kg to 1.45 kg, which is very important for aeronautical
applications.

Regarding the magnetic stresses, the FEMM 4.2 [20]
software was used to perform the numerical modelling and
simulation for the considered electric machine, for the two
constructive models.

Due to the symmetries, the model of the electric machine
can be reduced to 2D problem, which substantially reduces
the computation time and memory requirement [21-23].
The working regime was magneto-static, defined by:

VxA
V x =J, 1
(u(B)J .

where A [Wb/m] is the vector magnetic potential, J [A/m*]
the current density (perpendicular to the plane), and p(B)
[H/m] the magnetic permeability defined by curves B-H,
for nonlinear problems.

For the boundary conditions, under the assumption that
the magnetic permeability of the yokes is much higher than
the air, the magnetic flux leak outside the electric machine is
considered negligible, so the Dirichlet condition can be used:

A=0. @)

It was used a mesh network with triangular elements,
of 0.5 mm,
The

resulting in
solution was

with a maximum size
approximately 131,000 nodes.
interpolated linearly between nodes.

a) Magnetic flux density chart and magnetic flux lines for model 1
|Bluas= 1.8 T [15];
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b) Magnetic flux density chart and magnetic flux lines for model 2
|Blmax=2.1T.

Fig. 4 — The distribution of the magnetic field lines in the two variants.

There were taken into account two materials for the
magnetic yokes, FeSi sheets (armature) and OL 37 steel
(rotor rings) for variant 1, and HiperCo 50 for variant 2.
Both variants used NdFeB type N40SH, 40 MGOe
permanent magnets.

In Fig. 4 a) and b) the solution of the magneto-static
problem is presented for the two constructive models, in the
form of a colored chart of magnetic flux density module |B|
with overlapping of the magnetic flux lines.

In Fig. 5 a) and c) one can visualize the normal (useful)
component of the magnetic flux density, B,, in the two air
gaps, along a pole of the electric machine, for the
constructive model 1, and in Fig. 5 b) and d), for the
constructive model 2.
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Fig. 5 — The magnetic flux density variation on polar step for the two
models.

Both variants had been designed so that the normal
component results in approximately the same amplitude.
The model 2, that uses the HiperCo 50 material, Fig. 6 b)
with higher permeability than FeSi, Fig. 6 a) allowed a
higher density of the magnetic flux density in yokes (2.1 T
compared to 1.8 T) resulting in a reduction of
approximately 13 % in the volume of the yokes material.
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Fig. 6 — The first magnetization curve for the materials used for
the two models.

With the values of the quantities taken from these
representation, we predetermined by calculation the main
characteristic parameters of the micro-generator in the two
variants.

In connection with these we specify the following:

a) calculating by integration the area delimited by the
induction curves, respectively the magnetic flux on the unit
of axial length and referring to the maximum induction on
the polar step level, we determined the coefficients “o;” of
polar coverage for the two air gaps;

b) the coils of the ring armature are in number of 2p
(Fig. 7) and contains two layers of conductors type ET2-200,
produced by HELENIC CABLES SA; the adjacent
arrangement of the conductors at the height of the ring
armature determines the phasor addition of the electromotive
forces induced in the conductors from the active sides in the
two air gaps, so we considered two coefficients of conductor
distribution, &, (corresponding to the active sides of the two

air gaps);

1]

v+ ) ) . o) v+ (v + v o1 [+ = . . v o
7 - | {1l | sl 1=l sl ==
=HEHENENE N ENE NN
| 1§

P 2 all ||| 4 s ‘ 6 7 8 all (| 1o

Lo Nl sl e Mesd o) Bl 1o Hfles Bt "
|

LI ll . . L]

|

Fig. 7— Winding scheme consisting of 14 coils arranged two by two.

c) starting from the computational relation of the
instantaneous electromotive forces at the extremities of a
conductor (v¥*Bs*1, where v - tangential velocity, / - active
axial length, equal to that of permanent magnets, B; —
magnetic flux density in the air gap) and taking into
account by the polar coating (0;), Bz the maximum
induction level (Bsmax) in the two air gaps, as well as by the
distribution of conductors (k,,), we calculated the effective
value of the electromotive forces (fundamental harmonic)
at the ends of a coil and respectively at the terminals for
connecting the coils in a series-parallel arrangement (two
current paths in parallel with p coils each);

d) in order to calculate the electrical resistance of the
coils, we took into account a rectangular coil end.

In Tables 2 — 4 we present the comparative results for the
two micro-generator variants.

Table 2 presents the constructive data for the two micro-
generators models.

Table 2

Constructive data for the two micro-generators

Measurement Unit Model 1 Model 2
Number of pole pairs, p 7 7
Active axial length, / [mm] 16 16
Ayerage reference diameter in the outer 775 775
air gap, Deqe [mm]
Average reference diameter in the inner 62.5 62.5
air gap, Dyedi [mm]
Inductor yoke thickness [mm] outer ring 5 4
Inductor yoke thickness [mm] inner ring 4 4
Induced yoke thickness (sheet metal

. 5 425

ring) [mm]
Diameter of the winding conductor, d,. 085 0.95
[mm]
Number of conductors per layer 12 12
Number of layers 2 2

Regarding the comparative results of the numerical
simulations for the two micro-generator models, these are
shown in Table 3.

Table 3

Comparative results for numerical simulations

Measurement Unit Model 1 Model 2
Magnetic flux on the pole and axial
depth of 1 mm, ®,,. [Wb], in the outer | 11.39%10° | 10.8%10°
air gap
Magnetic induction in the outer air
£ap, Bsnaxe [T] 084 083
Magnetic flux on the pole and axial
depth of 1 mm, ®,,;; [Wb], in the inner 8.03*10° 7.6%10°¢
air gap
Magnetic induction in the inner air
£2p, Bomai [T] 0775 0.74

Table 4 presents the comparative results determined by
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analytical calculation for the two micro-generator models.

Table 4

Comparative results for the two variants of electric generators (values
determined by analytical computation)

Measurement Unit Model 1 Model 2
Polar pitch on the reference diameter in the
outer air gap, (e [mm)] 17.39 17.39
Polar pitch on the reference diameter in the
inner air gap, {i [mm] 14.025 14.025
Polar coverage factor in the outer air gap, . 0.78 0.75
Polar coverage factor in the inner air gap, o, 0.74 0.73
Partition coefficient in the outer air gap k. 0.86 0.83
Measurement Unit Model 1 Model 2

Partition coefficient in the inner air gap k., 0.80 0.76

Electromotive force on the coil (effective for

fundamental harmonics), U,; [V] 4.0 3.68
Electromotive force at the terminals (effective 56 51.5
value for fundamental harmonics), U, [V] '
Electrical resistance at terminals, R, [Q] 0.21 0.17
Output power (active) [W] preliminary to

reference speed n = 2,500 rpm and the 250 285

reference current density J=8.5A/mm’

Output power (active) [W] preliminary to
reference speed n = 2,500 rpm and the 289 332
reference current density J= 10 A/mm’*

From Table 4 (the preliminary calculations) it can be
observed that the output power is increased for the new
improved model by about 15 %.

4. TESTING OF THE MICROGENERATOR WITH
DOUBLE EXCITATION

The testing experiments of the two micro-generators
include experimental tests performed in both situations,
with and without load operation.

For the experimental testing with no load, the micro-
generators was fixed in the presented supporting
infrastructure and powered by a dc electric machine with disc
rotor, with suitable power and speed (1,000 W / 3,000 rpm),
Fig. 8.

Fig. 8 — No load testing of the micro-generator.

The voltage for no load testing of the generator was
obtained and it was U; =47 V at model 1 and U, =42.7 V
for model 2, at n = 2,500 rpm speed, with current routes in
series connection.

The rotation speed was measured with a tachometer type
DT1236L - 10...99,999 rpm 0.1 rpm = 0.05 %, Lutron. The
voltage was measured with a digital multimeter type
DMM4050 from Tektronix.

The micro-generator was powered by a dc electric
machine, controlled by a voltage converter, the motion was
transmitted using an elastic coupling and for torque
measurement was used a mechanical torque transducer. The
scheme of the load test assembly is shown in Fig. 9.

Power analyzer
lof Usf

. Speed
variator

Torque and speed Load resistance

transducer

Testing generator
DC Motor

Fig. 9 — The experimental stand scheme.

To perform the load test of the generator, were used power
coiled resistors with a value of 2 Q and 1 kW power,
configuring various values of resistive loads, from 2...20 Q.

Following the processing of the results of the performed
load tests, the main characteristics of the two variants of
electric generator were plotted, for each coils connection
variants: series and parallel of the two current routes.

The variant with serial connection has been proven to be
more favorable (output power vs current density at
2,500 rpm). For this variant we present the variation curve
of the output power depending on the current load at the
constant rotation speed of 2,500 rpm, for the two models of
the electric generator, in Fig. 10.
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Fig. 10 — Output power depending on the output current.

In the variant 1 (V1) model, the obtained output power
was 261 W, for a current measured of 7.87 A, and for the
variant 2 (V2) model it was 328.8 W for a current of 9.45
A. In the following, for the variant with serial connection,
the graph of the efficiency of the micro-generator was
plotted according of the output power, for the two
constructive models at the constant rotation speed of 2500
rpm, which is shown in Fig. 11. In the variant 1 (V1) model
a maximum efficiency of 55 % was obtained and the
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maximum output power was 275 W [15], at the rotation speed
of 2,500 rpm. For the variant 2 (V2) constructive model, a
maximum efficiency of 84 % was obtained and the maximum

power was 328.8 W, at the rotation speed of 2500 rpm.
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Fig. 11 — Efficiency of the generator depending on the output power.

Also for the micro-generator with serial connection, the
graph of the output power was plotted according to the
rotation speed, for the two constructive models, for a
constant resistive load of 4 Q. The comparative results are
shown in Fig. 12.

450

400 ra

350 A

300 e

%0 -

200 Aot

150 e

100 "P’Tq"

50 A~
0 -

——\2

Power[W]
N

—a—vyl

1.000,00 2.000,00

Speed [rpm)

3.000,00 4.000,00

Fig. 12 — Output power vs. operating speed for a 4 Q constant resistive load.

For the variant 1 (V1) construction model, an output
power of 320 W was obtained at a speed of 2,816 rpm, and
for the variant 2 (V2) model an output power of 417.7 W
was obtained at a speed of 2,916 rpm.

5. CONCLUSIONS

The paper presents the efforts made to improve the
performance and the obtained results for the development
of a low power electric generator for an UAV platform. It
should be noticed that these applications require maximum
performance of the components in given conditions of size
and mass, even if the costs are higher.

The improvements were mainly focused to use — for the
ferromagnetic yokes that close the magnetic circuit — a
special ~ material ~ with  outstanding  performance
Supermendur, compatible with higher magnetic demands
than conventional materials (soft magnetic steels, FeSi
laminations sheets). These improvements have led to the
possibility of the size reduction sections of the armatures,
increasing the level of compaction of the construction and
increasing the section of the coils conductors. Specifically,
the changes finally led, for almost the same dimensional
conditions, to an overall mass reduction by about 20 % and
an increase in converted power (from mechanical to
electrical) by about 25 %, from 261 W to 328 W and
increasing efficiency from 55 % to 85 %, i.e., by almost
50 %. Also it is observed, regarding the output power, that
the values obtained by analytical calculation are closer to
those obtained experimentally, when materials with
superior characteristics are used.
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