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Abstract:  This paper proposes a new design study for a three-phase permanent magnet motor. The radial
flux machine has 12 pole type magnets in its rotor internally and a surface mounted stator has 36
coils surrounding the cores. Initially, a magnetostatic study has been performed, and then a 2D
transient finite element analysis has been realized in order to verify the new design concept. Then,
a harmonic analysis is performed to see the harmonic impact on the design performance and
achieving a good prototype. The new-designed machine is promising since it gives symmetrical
field structure under operation and the electromagnetic torques and current waveforms
characteristics are good for different angular spreading of magnet.
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1. INTRODUCTION

The advances in engineering and technology have contributed to many areas such as machine control,
electrical vehicles, communication, military defense technology and renewable energy. Among them,
efficient motor design has become most important one, since the moving parts of robots, vehicles and
industrial production line devices mostly require motors with different designs and structures. They have
been either permanent magnet (PM) machines or magnet-free machines; they should obey the rules of
magnetic force excitation.

In a last few decades, the electric usage in various applications has been intensely increased. Indeed,
that demand has been multiplied for a more energized world, where the fossil fuels are replaced by other
sources [1-2]. The synchronous PM machines have a great interest in the industrial world [3-7]. That
enforces the engineers to design better machines according to their operation aims: better dynamic
performance, higher efficiency, lower power consumption, higher torque per volume, etc. [8-13] can be
counted. The structure of a PM machine gives superiorities for the control of their speed and position.
In fact, the armature field can be precisely controlled and it can be always synchronized with the rotor.
Thus, it becomes convenient to implement precise position control and speed on PM machines. Several
structure types of synchronous PM machines are possible. Indeed, these varieties are related with
magnets and their arrangements at the rotor unit. The rare earth Neodymium (NdFeB) magnets, which
have the largest flux densities among the PMs can provide the best magnetic force performance
compared to those made by conventional magnets [9-11]. Depending on the magnet topology in the
rotor, PM machines can be classified as radial flux and axial flux machines [12-13]. While the PMs are
arranged in the inner cylinder on the rotor unit in the radial flux machines, so that the torque is produced
from magnetic flux that is perpendicular to the rotor shaft [14-15], the magnets are arranged on a disk,
so that the magnetic flux flowing parallel to the shaft produces the torque in the axial flux machine [14-
18].

The shape of the signal of the electromotive force (EMF) of the machine depends very much on the type
of winding used. So, in the case of PM machine, we have to look for a winding that gives the closest
signal to a sinusoid. The majority of machines were designed with distributed stator windings or
concentration stator winding. The use of concentration winding was not popular due to a poor torque to
magnetomotive force (MMF) ratio. However, in the early 21st century, some authors [19-21] proved
that by an appropriate choice of slot and pole combination, as consequence, cogging torque can also be
reduced. The present design uses concentrated double-layer windings. This type of coil arrangements
exhibits better properties compared to the traditional distributed windings. The machines that use this
type of winding can have each coil wounded around one stator tooth. This makes the machine winding
process, in principle and in practice, easy and in expensive, and consequently, the machine type is an
interesting option in mass production.

Since the present design uses the finite element analysis (FEA), brief information can be mentioned
about the simulation method. Strictly speaking, this method is based on the evaluation of the field values,
calculated at the finite elements on the meshed structure. The method is frequently used in
electromagnetic and mechanical simulations due to its high accuracy. The Maxwell equations can be
solved for both steady-state and transient operations [16], however it may require much simulation time
for transient solutions in order to drive the system to its actual state. Therefore optimal mesh number
and time step are critical parameters for a simulation. A compact 2D model can lead to a much shorter
solutions due to the smaller meshed area and then it can be easily transformed into a 3D solution. In the
recent simulation packages, the FEA covers the optimization tools in order to seek the most appropriate
parameters for a design. In detail, the quantities to be optimized can be saturation, induced currents,
hysteresis, air gap, winding volume, etc. [23-25].
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The finite element analysis gives very accurate results with short computation time using the
magnetodynamic solution type. However, the harmonics problem cannot be neglected because the rotor
motion must be taken into account. Most of the design procedures used for electrical machines are
focused to achieving a better performance with the lowest possible harmonic content.

The present design reports the electromagnetic findings on a new PM motor in terms of FEA. The study
includes both 2D simulations and transient solutions with harmonic analysis. Although the design has
been continuing, the preliminary findings on magnetic fluxes, voltages, currents and mechanical torques
are presented.

2. DESIGN

The starting configuration for the proposed PM motor is shown in Fig. 1. In this 2D appearance, the
motor has been drawn in master-slave representation in a 60 degrees surface and can be simulated over
a full-cycle surface, too. The PM motor has an inner rotor and an outer stator unit. In that structure, the
inner rotor includes a shaft from stainless steel at the middle, a surface mounted cylindrical core over
that stainless steel, and the magnets have been embedded into the rotor core for better flux distribution
from rotor to stator. The machine has 12 salient poles, and the magnets in total and they are oriented
towards the air gap.

0 45 80 (mm)

Figure 1. 2D configuration of the proposed motor.
In the stator part (Fig. 1), a double winding system is positioned in each slot to provide a two-fold

excitation. In that context, the stator has 18 slots in total and the windings are distributed to form a three-
phase excitation on the machine operation. A detailed geometry is presented in Table 1.
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Table. 1. Design parameters of the machine

Components

Features

Inner radius of rotor
Outer radius of rotor
Inner radius of stator
Outer radius of stator
Phase number

Coil number
Magnet pole number
Magnet thickness
Stator core material
Rotor core material
Magnet material
Shaft material

Wire material

Core type

Air gap

55 mm

94 mm

94.5 mm

160 mm

3

36

12

6 mm
M22-29G
Ferrite
NdFe30
Stainless steel
Copper
Radially laminated
0.5 mm

Briefly it can be stated that the present machine has a 64 cm diameter and the length can be increased
in accordance with the desired power scale. Windings have a radial length of 2 cm. Thus the excitation
from the windings can be transmitted to machine better to provide a good mechanical torque.

2.1. Excitation and Winding Connections

In order to excite the windings, a three-phase excitation is provided as presented in Fig. 2.

My ST
0.750hm La
+
el
Lb
Vb 0.750hm
£y Af TR
D L
My LG
0.750hm Lc

Figure 2. Three phase external excitation circuit for the stator windings.

This type excitation can provide us a good media to compute the transient solutions. Each phase
windings can be fed by Vi voltages having a certain phase and each phase has modeled with stranded
coils, and a resistance of R=0.75 Q. However, other external circuits can also be applied to excite the
machine. In our simulations, we have adjusted the voltage for one phase “127 Volt”. The external circuit
connections allow us to simulate the operating conditions of the motor with the motor’s real power

supply connections.



The type of stator winding used in an electrical machine is determined by the number of slots Q, the
number of poles p, and the number of phases m. These parameters of the machine determine g, the
number of slots per pole and phase as Eq. (1):

Qs
= @)
In the concentrated winding, the opposite polarity of the corresponding phase coil is located in the next
slot as shown in Fig.3. Depending on the type of stator winding, they can be single-layered or double-
layered stator. The choice depends on the desired machine performance characteristics. Single-layer
winding creates high self inductance and low mutual inductance which leads to better fault-tolerant
capability. On the other hand, double-layer winding has lower air gap MMF harmonic components,
thereby resulting in smaller torque ripples and lower magnet eddy current losses [19,21]. In this paper,
the winding layouts are classified as double-layer as shown in Fig. 3.

Figure 3. Double-layer concentrated winding.

2.2. Electromagnetic quantities

According to general laws of electromagnetic, energy conservation can be applied to estimate the
actuator performance in terms of global quantities. The electromagnetic quantities such as currents in
the phases and magnetic fields can be examined through the simulations and the motor performances
can be determined. However, before the transient tests, the maximal flux level should be determined
throughout the flux path in order to prove the optimal thickness in core slots.

In such machines, the electromagnetic torque and power relation can be summarized as Eq. (2):
P (t) = (D @ )

Here I, is the electromagnetic torque of the machine and o represent the rotational speed in radians
per seconds. The electromagnetic power is then expressed simply by the sum over all phases at a constant
rotational speed, thereby the electromagnetic torque is determined by Eq. (3):
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Where v and i are EMF and the current in a phase, respectively. The current in each phase is written as
Eq. (4):

Tem®

o 4)

The EMF is calculated from the variation of flux passing through a coil using the Faraday law. When
the rotor rotates in a polar pitch (i.e.z/p), a magnet takes the place of an adjacent magnet and the flux ¢
in the coil is then reversed as Eg. (5):

Ny, do do 1)
=2 =N, — 5
2 dodt " Ptm/p ®)

The EMF is calculated from the variation of flux passing through a coil using the Faraday law. When

the rotor rotates in a polar pitch (i.e.z/p), a magnet takes the place of an adjacent magnet and the flux ¢
in the coil is then reversed as Eqg. (5):

do ©)

e= nskW%

That process generates the EMF depending on the flux variation. Here N, is the number of conductors
per phase (the number of conductors is equal to twice the number of turns) and ¢ is the unit flux
corresponding to a turn in a phase. Unlike distributed windings, concentrated windings perform a
winding factor below the unit. This means that due to the different distribution of slots @, and poles p,
the electromotive force (EMF) induced in each phase is not the addition of the absolute value of the
EMF induced in each conductor, since they are phase shifted. According to the Faraday’s induction law:

Y= BeSp (7

Where e is the electromotive force induced, n is the number of turns per slot, and k,, is the fundamental
winding factor. Then a function for the flux over the air gap can be written as Eq. (7):

S,
Iem = phIBe ?e (8)

where S, is the surface of a magnetic pole and B, is the mean value of the induction in the air gap,
respectively.

By combining Egs. (3,4) and (7), the torque expression is transformed into Eq. (8):

U N¢e
Npp = | v| —x— | +1 =3 9)
BeDSme%

Where v is the integer part, U is the supply voltage, N, is the total number of slot, D is the bore diameter
and L,, is the length of iron. For radial flux PM machines, the total air gap area is expressed as Eq. (10):

S, =nDsL, (10)
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Considering Egs. (8,9), the current in a phase is expressed as a function of the induction in the air gap,
the electromagnetic torque and the dimensions of the machine as Eq. (11):

Tem
[ =—7F+—— 11
NphBeDsLm ( )

2.3. Material parameters

The stator and the outer part of the rotor are made of a soft ferromagnetic material unlike the magnets,
which are made of hard ferromagnetic materials. Fig. 4 presents the B-H curve of the magnet material
(i.e. NdFeB). That material has a higher residual flux density and a higher coercive force compared to
other magnet materials. Generally, the temperature limitation for PMs is under 120° due to their
temperature-dependent demagnetization curves. In the recent studies, that limit has been raised to 180
°C for the alloy mixture Nb specimens.
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Figure 4. Material characteristics of a NdFeB specimen [26].
Table 2 summarizes the motor ratings in terms of its power, rated voltage and frequency. For our

preliminary design, 3 kW power has been considered as sufficient, where as the length of the machine
can be increased and that can lead to higher power values.

Table 2. Motor ratings

Ratings Values
Output power 3 kwW

Rated voltage 127V
Frequency 60 Hz

19



JOURNAL OF ENERGY SYSTEMS

3. RESULTS and DISCUSSION

3.1. Finite Element Analysis

In the present design, FEA starts with the definition of the machine geometry and the boundary
conditions for fields and determination of mesh structure. The radial flux motor has a cylindrical
geometry as usual and the material properties of components such as magnetic permeability, dielectric
constant and current density are key points to define at the input geometry. In terms of boundary
conditions, Drichlet conditions, where the value of the solution field is held constant and Neumann
conditions, where the derivative of the solution field is set to zero, are key definitions. Especially in
magnetic problems, the Drichlet condition forces magnetic flux lines parallel to the boundary, whereas
the Neumann condition forces the flux lines perpendicular to the boundary. Besides, a periodicity for
solutions can be used to define a single pole pair of a multi-pole machine by setting boundaries on
opposite sides of the geometry to be equal.

To predict the performance of the machine accurately, a 2D finite element analysis is applied to the new
design obtained by the equivalent magnetic circuit. In order to assess the dynamic performance of the
proposed flux control, the machine runs from steady state to 300 rpm. However, to achieve the overall
feature of the machine, higher speeds should also be examined as will be performed for future works.
In the present work, the global mesh structure is defined as in Fig. 5.

2

y = bt "".-:
0 50 100 (mm)
Figure 5. The mesh structure of the proposed machine.

The FEA model has been utilized to explore the potential field issues to provide the functions such as
flux density B and flux ¢. The results of the magnetostatic solutions and flux density lines distribution
are shown in Fig. 6(a,b). While the vector representation is depicted in Fig. 6(a), Fig. 6(b) gives the
magnitudes of the flux density. According to these analyses, it has been proven that especially the fields
in slot sides are acceptable with the current thickness value of core teethes. These regions have the
maximal values of flux densities around 1.8 T, which is sufficient for the machine. Only the value
increases up to 2 T for the inner edges of slots and that is in the limit.

Since the values for each node can be known, the geometry (i.e. thickness) of the stator teeth can be
optimized easily. Note that the simulation has been calculated for the extremely small air gap (i.e. 0.5
mm), and in the optimized conditions (i.e. 1.5 mm air gap value), the field values should be decreased
further. For the relation of magnetic flux density and air gap, we refer to one of our earlier studies [27].
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Figure 6. (a) The vector representation of the magnetic flux density, (b) The strength of the magnetic flux
density.
3.2. Transient case and harmonic analysis
In the transient case, initially the excitation formula should be stated as Eq. (12-13):
V = Voax * SiN(Wygq * t + ;) (12)
p s
Wrqq = (360 * Urpm * %) * 180 (13)

Note that the motor is excited with a balanced three-phase connection and a sinusoidal excitation is
applied as general. At each time step, the phases have a 120-degree shift between the each as usual. In
the formula above, V,,ax,@raa: Yrpm and p represent maximum value of winding voltage, pulsation of
the excitation, speed of the motor in rpm and number of pair of poles respectively.

Transformation of periodic curves into Fourier analysis to determine the harmonic of the waveforms is

widely used in characteristics of electrical machine [28] or others [29]. We perform a harmonic analysis
of performance of the PM machine. The analysis of the PM machine is discarded since we know that,
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for this type of machine, the signal of its magnetic fluxes, voltages, currents and mechanical torques is
rich in high order harmonics.

3.3. The Back EMF

The back EMF in windings B and C can be easily obtained from that of winding A by 120 and 240
electrical degrees offset, respectively. Fig. 7 shows the back EMF and its harmonic spectrum at 300 rpm
for the no-load case. At the speed 300 rpm, the maximal peak to peak voltage is found as 126 V. The
waveforms are obtained as sinusoidal and the phase shifts are preserved perfectly for the three phases.

The EMF waveforms is a periodic electrical signal by 2 period that admits an asymmetry with respect
to the abscissae, as well as the signal of the EMF is marred by harmonics of higher ranks even if the
fundamental prevails. This is due to the slot effect on the EMF signal. The harmonic analysis gives us a
glimpse of the signal quality of the EMF.

roo i i = sk exies)
= 50 Y V H YV v Y —Back EMFc ||
L AR RRAAOACAR
% sl I
A aoll I AT
V ! U J

Time [s] (a)

PERIODIC SIGNAL ( THD=1.5175)

AR AR AR D
St VUV VU VR R U VY
85 sm as aes a7 a1 a8 385 39 3% 4

HARMONIC ORDER

(b)

Figure 7. The back EMF waveform at the rotor speed 300 rpm for (a) Total simulation time (phase A, B, C) and
(b) Detailed overview and harmonics (phase A, no-load, 127 V, 300 rpm).

Simulations have been carried out for different speed as seen in Fig. 8. According to the transient

simulations, the maximal amplitudes increase to 129 V for 1200 rpm. It is noted that the rotor speed and
the amplitude of back EMF have a linear relation as usual.
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3.4. The Current
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For a new machine, the current profile becomes very important in order to determine the wire cross
section at the windings and the losses. The currents flowing through the phases and its harmonic
spectrum are plotted in Fig. 9 at 300 rpm. The maximal currents amplitude are simulated as 8.5 A at 300
rpm. These currents are sufficient for the wires to carry and also the phase shifts are observed very well.
This indicates that the machine design is stable for each phase at 300 rpm.
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Figure 9. Current waveform at the speed 300 rpm for (a) Total simulation time (phase A, B, C) and (b) Detailed
overview and harmonics (phase A, no-load, 127 V, 300 rpm).

The currents flowing through the serial connected windings of phase A are plotted in Fig. 8. Initially, it
is stated that the waveforms are identical for each phase. In the minimal and maximal parts of the current
waveforms, there exist weak distortions from the ideal sinusoidal signal. The results of performing
Fourier harmonic decompositions on one phase of current are plotted in Fig. 9 as a function of harmonic

order.
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3.5. The Magnetic Flux

Fig. 10 shows the magnetic flux characteristics and its harmonic spectrum of the motor for no-load
conditions. After the transient solutions, three phases show the same flux value with =0.36 Wb for 300
rpm. Note that the sinusoidal appearance in waveform gives a clue for the induced phase voltage. The
phase differences over the phases are also clear.

The harmonic spectrum of the magnetic flux is shown in Fig. 10. It can be seen that other than the
fundamental component, the only spatial components that have significant values: < 10 of harmonic
order.

4
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Figure 10. Magnetic fluxes at 300 rpm during (a) Total simulation time(phase A, B, C) and (b) Detailed
overview and harmonics (phase A, no-load, 127 V, 300 rpm).

3.6. The Mechanical Torque

The preliminary simulations end with the mechanical torque findings as shown in Fig. 11.The overall
simulation on mechanical torque variation is plotted in Fig. 11(a), whereas the last part of the entire
simulation is depicted in Fig. 11(b) for 300 rpm. According to those findings, the machine can produce
the torque average value of 65 Nm, however the torque curve has negative and positive torque values
since the simulation has been realized under no-load condition. The presence of a regular oscillation can
be observed as a result of the magnetic force depending on the rotor position.

In the steady state, the torque reaches to a nominal value with a regular oscillation and that is observed
due to the saturation effect and the geometry of the machine.
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Figure 11.Torque variation at 300 rpm during (a) Total simulation time and (b) Detailed overview from last

part.

3.7. Rate of Ripple Torque Wave

Some applications require a couple with a minimum of undulations. We try to minimize these
undulations caused by the structure studied. The ripple rate is defined as Eq. (14):

Toax — Dimi
(%) = M 100 (14)
moy

We consider a parameter that allows us to reduce the ripple rate of the torque i.e angular spreading of
the magnet in order. The undulations of the torque are due to the structure of the machine and the
waveform of the supply current. Fig. 12 shows that the corrugations of the torque are related to those of
the expansion torque. The minimum ripple of the resulting torque corresponds to angular spreading of
the magnets of 50%.
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Figure 12. Torque variation at 300 rpm for different angular spreading of magnet.
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4. CONCLUSIONS

In the present study, a new PM motor design has been presented. The magnetostatic and transient FEA
findings have proven that the 3-phase motor is promising for its torque and current values for lower
electrical loads. The magnetostatic findings have also proven that the stator core teethes are optimized
for 0.5 mm. The new machine can be excited by three phases. The average torque value has been
calculated as 65 Nm for no-load case. The presence of the harmonic must be carefully considered during
the machine design process in order to minimize their impact on performance analysis. Various
techniques are available for minimizing these undesirable effects, but such topics fall beyond the extent
of this study.
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