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ARTICLE INFO ABSTRACT

The developments achieved by electric machines in recent decades were more significant in terms of their
resizing and in the ways in which they are activated than in the field of materials used for their manufacture.
The electric machine project proposes the improvement of the technology of a three-phase synchronous
machine through changes in the material and in the manufacturing process of the rotor and stator cores. Cores
were constructed from four different materials: laminated sheets, Fe2%P alloy, commercial soft magnetic
composite material and soft magnetic composite material developed using iron and phosphoric acid (H;POy).
The machines were tested as generators on a test bench. The use of the powder metallurgy manufacturing
process to obtain cores of electrical machines proved to be a viable alternative to the traditional method of
making the cores of electrical machines. However, the results of operating tests at different frequencies
pointed to yields below 86% for the laminated core machine against 42% for the Fe2%P alloy, 38% for
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Somaloy and 41% for the developed material.
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INTRODUCTION

Electrical machines are machines and equipment developed over the
years with the aim of transforming electrical energy into mechanical
energy or mechanical energy into electrical energy. Electric machines
are indispensable equipment nowadays because they are present in
several applications that can be from small mechanical drives to large
electric power generators such as those used in hydroelectric plants.
The universe of electric machines is very broad, allowing these
equipment to be divided into categories such as the principle of
energy conversion, type of electric current used in the power supply,
shaft rotation speed, constructive characteristics of the rotor and
stator, among others. The evolution of electric machines is very close
to the limit of improvement. This has motivated research related to
changes in the manufacturing process and in the materials used in the
construction of rotor and/or stator cores. Powder metallurgy is a
manufacturing process that has gained increasing space in this area.
This process makes it possible to manufacture the rotor and stator
cores in single solid blocks. Depending on the chemical composition
of the alloy of materials used, it is possible to obtain an electrical
machine with characteristics superior to those built in a traditional
way with laminated silicon steel sheets. In addition, powder
metallurgy meets the ideals of the concept of "cleaner production"
and "sustainability" as it has low environmental impact characteristics

when compared to competing technologies, requires lower
consumption of transformation energy and enables high use of raw
material (above 95%). The studies carried out at the Mechanical
Transformation Laboratory of the Federal University of Rio Grande
do Sul have produced, over the years, a solid base of knowledge
regarding the use of powder metallurgy in the production of electrical
machine cores. In this research, the development of electrical
machines with cores obtained from the powder metallurgy process for
use at high operating frequencies was proposed. The cores will be
made from different materials and the machines will have their
performance evaluated on a test bench.

MATERIALS AND METHODS

The electrical machine used as a reference was the SWA 402-1.6-30
model from Weg's SWA line of servomotors. This machine has as
main features 400 W of power, operating voltage of 230 V, rated
current of 2 A, torque of 1.6 Nm, rotation of 3,000 rpm and 8
permanent magnet poles. The stator core produced with 0.5 mm thick
silicon steel laminated sheets and has 24 slots, 73 mm outer diameter,
42 mm inner diameter and 40 mm length. The rotor has an external
diameter of 39.2 mm, eight poles where the pairs of NdFeB magnets
are located, a center hole of 13 mm in diameter for the shaft and a
core of laminated silicon steel sheets with a thickness of 0.5 mm. and
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length of 40 mm. The electrical machine design maintained the main
characteristics of the reference model, where the main changes will be
in the rotor and stator cores. These cores will be produced according
to powder metallurgy processes, using as raw material an alloy of
Fe2%P, a commercially available soft magnetic composite material
(Somaloy) and another soft magnetic composite material developed
from iron and phosphoric acid (H;PO,). A set of laminated steel sheet
cores will also be produced. Seeking to maximize the performance of
the machines, the rotor core will use NdFeB permanent magnets. The
compaction of the cores was carried out in specific metallic dies for
each part format. They were designed and made in tool steel, seeking
to reproduce the parts of the cores with their geometry as close to the
final one as possible. This eliminates the need for further machining,
which is one of the advantages of the powder metallurgy process over
the traditional way in which laminated sheets are produced. The core
production process followed the steps of traditional powder
metallurgy: mixing, compaction and heat treatment. The mixture was
carried out between the metallic powder and zinc stearate in a mixing
equipment. Zinc stearate is a very important component as it acts as a
lubricant to reduce friction between powder particles and between
matrix components and powder during compaction. A value of 1% by
weight of lubricant with respect to the powder was added. The
mixture of powder and lubricant was left in the mixer for 20 minutes
to homogenize the components. The compression pressure used was
600 MPa, in order to guarantee the same physical properties in all
parts. Based on the measurements performed, the rotor core has an
area of approximately 878 mm? and the stator has an area of
approximately 1,760 mm? The force required to compress the parts at
600 MPa was calculated, resulting in 53.70 tonf for the rotor core and
107.65 tonf for the stator core. Each core will be formed by four
pieces that will be joined through the axis. The heat treatment of the
parts ended the manufacturing cycle of the cores. The oven without a
controlled atmosphere was programmed with a heating rate of 10
°C/min to 530 °C and after that, a 60minute plateau at 530 °C, after
which the pieces remained inside the oven for cooling to room
temperature. The sintered parts obtained using the Fe2%P alloy that
form the cores are shown in Figure .

(b)

Figure 1. Cores of (a) stator and (b) rotor

The final machine assembly process completes the design and
construction stages, allowing you to move on to bench testing. The
assembly was performed based on the availability of all the necessary
parts, such as rotor and stator cores, shaft, housing, NdFeB magnets,
side covers, winding, bearings and fixing screws. Figure 2 refers to all
the parts that make up the electrical machine developed before final
assembly.

Figure 3. Final assembly of the servomotor

RESULTS

The making of the rotor and stator cores of an electric machine from
the powder metallurgy process as well as the theoretical and practical
performance of this machine were evaluated in the course of this
work. The information collected during the research allowed the
analysis and interpretation of the results based on the theoretical
framework elaborated, in addition to its implications. The lubricant
mixed with the iron powder proved to be effective, reducing friction
during compaction and facilitating the extraction of the parts at the
end of each cycle. After extraction, all parts underwent a quality
control. This inspection was carried out to evaluate characteristics of
the compact, such as the presence or absence of cracks and the quality
of the surface finish. The result of the evaluations indicated that there
were no superficial cracks, all the pieces presented a uniform color
and a green density suitable for handling. The sintering process
provided the parts with the necessary mechanical strength so that the
complementary machining operation could be carried out later. The
tests of electrical machines were carried out with the objective of
analyzing their performance acting as generators, through the
relationship between the energy released and the energy introduced. It
was defined that the performance would be analyzed for a frequency
range from 10 to 80 Hz, with an increment of 10 Hz. This frequency
variation is carried out through an inverter, which operates the drive
of the induction motor, allowing the rotation variation on the motor
shaft. As the developed machine is coupled to the motor, the induced
voltage in the generator stator windings can be analyzed.
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Table 1. Performance test as a generator at 60 Hz

cores 1 101z 1 201z 1 30H, 1 401z 1 soHz 1) 60 Hz 1 70 1z 1) 80 Hz 1 90 Hz 1) 100 Hz
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Laminated sheets 29 46 57 64 68 70 71 72 73 73
Fe2%P 7 20 29 41 43 38 36 30 25 23
Somaloy 3 10 12 19 30 33 35 36 33 28
Material developed 10 15 20 27 38 43 43 44 45 42

All tests were performed with both servomotor cores made of the
same materials. Table 1 shows the performance of the four machines
for the frequencies tested. In Figure 2, it is possible to see the
operation of the bench during the test and the graph in Figure 3shows
the relationship between the variation in the operating frequency of
the machines and the performance in each one of them.

Figure 2. Performance test
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Figure 3. Yield x frequency variation

CONCLUSION

The search for technologies that allow sustainable development with
low environmental impact has driven the advancement of powder
metallurgy in the manufacture of electrical machines. Requiring a
lower consumption of electrical energy and providing a high use of
raw material, powder metallurgy seeks to produce electrical machines
with characteristics superior to those built in a traditional way.
Obtaining the stator and rotor core from the powder metallurgy
process is a perfectly viable alternative. Powder metallurgy eliminates
a number of costly steps that are required in the traditional laminated
sheet core production process. The developed material presented
some properties inferior to the others, it can be applied in specific
cases, demonstrating the capacity of M/P, being an alternative to the
current manufacturing processes. The tests to evaluate the
performance of electrical machines had to be performed only up to
the frequency of 80 Hz because there was detachment of the rotor
magnets. The type of fixation glue was changed, since this was the
most viable alternative found. A change in the constructive form of
the rotor core that would allow the magnets to be fixed without the
need for glue is one of the modifications suggested for future works.

The output values recorded in the stator coils and the voltage induced
by the movement of the rotor, which through the movement of its
permanent magnets and magnetic field generate an alternating
magnetic flux which flows through the stator generating an induced
voltage in the three windings of the machine, which means that the
higher the value of the induced voltage, the smaller the losses in the
material. During the development, design, assembly and testing, it is
concluded that the development of this type of machine needs
significant changes due to the complexity of its operation. As the
materials of the rotor and stator cores were changed, quantities such
as induced voltages underwent changes in the developed prototypes,
as shown in the graph that relates induced voltage as a function of the
frequency of the primary drive machine. The core materials being of
different magnetic properties resulted in different induced voltages.
The results presented in this work provided information about the
feasibility of using massive cores in electrical machines. This
argument is justified, since the electrical and magnetic data of the
alloys were unsatisfactory and that, after the construction of the
machine, it was tested and obtained an efficiency for the frequency of
60Hz of 70% of the laminated core machine against 38% for the
Fe2%P alloy, 33% for Somaloy and 43% for the material developed.

REFERENCES

BAS, J. A, PUIG, J., MOLINS, C.B. Soft Magnetic Materials in
P/M: Current Applications and State-of-the-Art. Modern
Developments in Powder Metallurgy, Princeton, New Jersey.
Metal Powder Industries Federation, v.18, 1988. p.745-756.

CERVA, L. L. Desenvolvimento de uma maquina sincrona com imas
permanentes e nicleo sinterizado utilizada em aerogerador. [s.1.]
UFRGS, 2014.

DA CAS, R. L. R. et al. Desenvolvimento de um motor universal para
furadeira com nucleos do rotor e estator a partir da liga
sinterizada Fe1%P. 110 Encontro de Metalurgia do Po, n. 51, p.
30,2014.

FITZGERALD, A.E, KINGSLEY, Jr. C, UMANS, S.D. Electric
Machinery. New York, McGraw-Hill Inc, 1990. 599p.

GERMAN, R.M. Powder Metallurgy Science. New Jersley, Metal
Powder Industries Federation, 1984, 279p.

GERMANN, R.M., BOSE, A.; Powder Injection Molding; Ed. MPIF;
p.520, USA, 1990.

HART, DANIEL W. Eletronica de Poténcia - Analise e Projetos de
Circuitos. Sdo Paulo: McGraw-Hill Inc, 2016.

JANSSON, P. Soft Magnetic Materials for A.C. Applications.
Hoeganes A.B., Hoeganes Swed, Powder Metallurgy, v.35, n.1,
1992. p.63-66.

KRAUSE, R.F., BULARZIK, JH., KOKAL, H.R. New Soft
Magnetic Material for AC and DC Motor Applications.
Magnetics Inc, Burns Harbor, IN, USA. Journal of Materials
Engineering and Performance, v.6, n.6, Dec. 1997. p.710-712.

LALL, C. The Effect Sintering Temperature and Atmosphere on the
Soft Magnetic Properties of P/M Materials, Advances in Powder
Metallurgy, v.3, 1992.

LALL, C; BAUM L.W. High Performance Soft Magnetic
Components by Powder Metallurgy and Metal Injection
Molding, Modern Developments in P/M, v.18, 1998. p.363-389.

LENEL, F.V. Magnetic Applications. Metals Hadbook, v.7, 1984.

p.638-641.
LUBORSKY, F.E., LIVINGSTON, I.D., CHIN, G.Y. Magnetic
Properties of Metals and Alloys. Physical Metallurgy.

Amsterdam: Elsevier Science, 1996.



55670 Monir Géethel Borba et al., Development of a three-phase synchronous electric machine via powder metallurgy

MARTINS, V. Utilizagdo do processo de moldagem por injegdo de NASAR, S.A. Handbook of Electric Machines. New York, McGraw-

p6s metalicos nanométricos (MIM) para o desenvolvimento de Hill, 1987.

rotor e estator em servomotor aplicado a area médica. [s.l.] PAULETTI, P. Construcédo e analise do desempenho de um motor de

UFRGS, 2015 inducdo trifasico com nucleo produzido via metalurgia do po.
MEEKER, D., Finite Element Method Magnetics. User’s Manual, [s..] UFRGS, 2012.

v.4.2,2010. TORO, VINCENT DEL, Fundamentos de Maquinas Elétricas, Rio de
MOYER, K.H. The Effect of Proposity on the Properties of Iron Janeiro, Prentice-Hall do Brasil Ltda., 1994, 550p.

Compacts. Riverton, N.J. Hoeganes Corporation, 1980.

seskeskoskoskookok



