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ABSTRACT Due to the widespread use of electric motors in various industries, it is very important to have
optimally designed motors in that they have high efficiency and lower negative effects on the quality of the
power grid. Therefore, in this paper, the effects of winding type (wide and concentrated) on ripple torque in
internal permanent magnet motor (IPMM) are investigated. In order to reduce the ripple torque and to
increase the average torque, by making optimal holes in the rotor surface and using the sensitivity analysis
method, the structure of the IPMM is improved. In this method, the number, dimensions and location of
holes are optimized using the sensitivity analysis approach, which reduces the ripple torque of the motor.
Using a concentrated winding instead of a wide winding, the toothed ripple torque is reduced by
approximately 75% while maintaining the average torque value. Also, by making holes in the rotor surface
and optimizing them using the finite element technique and sensitivity analysis, it is demonstrated that the
amount of ripple torque by 20%. In the proposed approach, it is proved that in the concentrated winding, in
addition to reducing the spatial harmonics, the average amount of torque can also be improved. Obtained
results of the simulation confirm the effectiveness of the proposed method.

INDEX TERMS Permanent Magnet Synchronous Motor, Sensitivity Analysis, Ripple Toothed Torque,
Harmonic Effects

I. INTRODUCTION

addition to creating mechanical noise and differences in the

A. BACKGROUND

Today, interior permanent magnet synchronous motors
(IPMSMs) are largely utilized in domestic and industrial
applications. This kind of electric motor, due to the type of
design, has various models with different applications and
noticeable efficiency. Having two useful components of
reluctance and electromagnetic torque has caused these
motors to have high power density. For this reason, it is
suitable for use in applications that face limited volume and
weight, for example in electric vehicles (EVSs). The major
problem faced by internal permanent magnet synchronous
motors or any other electric motor is torque. Torque pulse, in
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quality of motor performance, causes torque fluctuations in
the internal permanent magnet synchronous motor. Spatial
harmonics in the magnetic field of air distance have three
spatial harmonics of the field in air distance. The spatial
harmonics in the magnetic field have three sources [1-3].

In terms of toothed ripple or cogging torque, several known
methods were presented to reduce it in many kinds of motors
that have a uniform (multilayer) axial structure [4, 5].
However, owing to differences in motor structure, these
techniques cannot be used in all electric motors. For instance,
the most common method for reducing cogging or toothed
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ripple torque in transverse flux motors is to tilt or skew all
armature cores with radial or axial gap topologies [6, 7].
Some kinds of toothed ring cores have also unequal distances
(steps or pitch) between them, between adjacent teeth [8] or
with crooked teeth [9] to suppress cogging or toothed torque.
There were also other ring cores which have segmented skew
combinations [10]. Nonetheless, not all of these previous
loop cores involve tilting multiple surfaces or unequal step
structures to reduce a single harmonic component of a
specific toothed torque. Thus, it is possible to limit the
toothed torque with its low amplitude.

B. STATEMENT OF THE PURPOSE

Due to the widespread use of internal permanent magnet
(PM) motors, industry and engineers have been forced to use
these motors as much as possible; one of the ways to achieve
this goal is to reduce toothed ripple torque, which was
useless and lowers motor efficiency [11, 12]. Methods to
solve this problem have already been found, all of which are
costly or have not properly reduced the desired defect, and in
this study we try to find a way to reduce toothed torque that
has both better efficiency and lower cost [13].

One of the basic needs of industrial societies is the use of
electrical energy to produce mechanical energy required by
small and large industries, and electric motors are the main
converters used to convert electrical energy into mechanical
energy and vice versa [14, 15].

Some recent papers focused on improving the applications
of PM electric motors, for instance in the reference [16], a
finite element (FE) approach for developing performance of
a PM micro-motor was proposed. Authors of the paper [17]
analyzed the implementation of directly photovoltaic (PV)
powered DC permanent magnet motor. In addition,
permanent magnet generator has been investigated in the
paper [18] where used a novel industrial double stator cup
rotor, and in the reference [19], the temperature and
saturation changes impacts on control of PMSM were
analyzed considering motor loss effects with several control
approaches. In reference [20], an appropriate forecasting
torque control design for 4-level open-end winding PMSM
drive has been proposed. One of the common defects in
magnetic motors that causes the efficiency of these motors
to be low and prevents them from approaching high
efficiency is the presence of a torque called toothed torque.
The problem in this research is based on this approach.
Accordingly, the main structure of the problem is formed
and also according to the purpose of reducing this torque, a
new way to solve this problem is expressed. As a result, this
will increase the efficiency and effectiveness of the motor.

C. RESEARCH PURPOSES

The practical objectives of this research are to propose a
new approach to reduce the ripple toothed torque in order to
provide better efficiency that lead to increase the
performance of internal permanent magnet motors
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considering total harmonic distortion. This is done by
making optimal holes in the rotor and examining its effect
on reducing this torque. So this research will aim to present
theoretical and mathematical approach to tackle the
mentioned issues and then, providing a proposed optimal
and applicable design internal permanent magnet motor.
The theoretical concepts of this issue will be presented in
the Section II.

In order to confirm the proposed method for selecting the
desired winding, we compare the results of the proposed
concentrated winding with the results of wide winding.

D. HYPOTHESIS

In this article, hypotheses are generally divided into basic
categories:

* The beginning and end parts of the rotor have the most
changes compared to the middle part.

« If one part of the rotor changes superficially and the other
part changes deeply, it reduces the toothed ripple torque.

* The width or concentration of the winding and the number
of holes affect the ripple torque.

E. RESEARCH INNOVATION

In this research, the causes of toothed torque in the internal
permanent magnet motor are presented based on a new
model in calculating and evaluating existing real problems,
and if this torque exists, a solution to this problem is
presented. In this regards, creating physical holes on the
rotor as well as modeling and then examining and
evaluating the impact of this method are the innovation of
this research. Accordingly, following the reduction of the
problem associated with the presence of ripple torque, this
solution can be a new idea in reducing the impact of this
torque as well as increasing the efficiency and functional
efficiency of magnetic motors.

F. ARTICLE STRUCTURE

In Section 2, we will make an introductory statement about
permanent magnet motors as well as their design principles.
In Section 3, we will model the proposed problem. Three-
phase structures that can support this type of winding are
then presented. Appropriate criteria for selecting the
appropriate composition of the groove (stator slots) on the
pole are discussed. In order to further confirm the selection
of the desired winding, we use the results of the centralized
winding with the results of a typical wide winding. In
Section 4, the expressed models are simulated in software
and then the results of the simulation are reviewed and
analyzed. And finally in the Section 5, conclusions are
expressed and also suggestions are made to continue the
process of this research.

Il. THEORETICAL CONCEPTS

Given what has been said about the performance of the
internal permanent magnet synchronous motor, the need to
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optimize the performance of these motors becomes apparent.
Determining the design parameters of a permanent magnet
synchronous motor, which has torque without fluctuations,
has always been of interest to experts.

A. CLASSIFICATION OF PERMANENT MAGNET
ELECTRIC MOTOR

There are various methods for classifying PMMs [21],
including the orientation of the magnetic field, the position
of the rotor relative to the stator, the shape of back
electromotive force (BEMF), and the excitation and
location of the magnet in the rotor. Depending on the
position of the permanent magnet or the structure of the
rotor, there are three types of permanent magnet
synchronous motors in the industry:

« Surface permanent magnet motor (SPM)

* Permanent magnet electric motor with permanent surface
magnetism

« Internal permanent magnet motor (IPM)

Figure 1 shows the common schematic types of induction
and permanent magnet motors.

B. PRESENTED ALGORITHM FOR DESIGN OF THE
PERMANENT MAGNET ELECTRIC MOTOR

In this section, we explain how to achieve the desired
parameters in electric motor design:

1- Making decision to design electric motor, depending on
the application of the motor, whether it has an internal rotor
or an external rotor

2- Determining the dimensions of the electric motor
depending on the application

3- Selecting the most suitable stator slots’ pole
combination. In designing a permanent internal magnet
motor, the number of poles depends on the following:

* Magnet material used and magnet strength

* Type of rotor used internally or externally

* Mechanical strength of rotor and magnets

* Rotor rotation speed

* Desired inertia

4- Selecting the thickness of the air gap. It is usually
desirable to keep the air gap as small as possible.

STATOR STATOR
WINDING

SECONDARY
CONDUCTOR

STATOR
WINDING

Induction Motor

SPM Motor

The flowchart of the proposed motor design is shown in
Figure 2. Appropriate experimental values of air distance

are given in Table I [22].
TABLE |
APPROPRIATE EXPERIMENTAL VALUES OF AIR GAP
Size of electric motor Thickness of air gap (mm)
Small Electric Motor 0/254 - 0/127
Average Electric Motor 0/508 — 0/381
Big Electric Motor 0/889 — 0/635

Determining the type of motor in
(wiring and magnets)

i

Determining motor size (diameter and
length)

i

Determining the optimal groove
composition on the pole

i

Determining the thickness of air gap
and permanent magnet

i

Determining the ratio of a permanent
magnet arc to a pole step

i

Determining the width of the groove
(stator slots), back iron and their ratios

T
v

Solving field and circle number
calculations

S the required powel
produced at maximum
speed?

Yes

Correcting field and

circle number values

Mith the new field value, are the Tty
density limits in the teeth and the
current density met?

No and their ratios

Calculating the width of the
»| groove (stator slots), back iron

FIGURE 2. The flowchart of the proposed motor design

STATOR
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PERMANENT
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FIGURE 1. Common schematic types of induction and permanent magnet motors
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5- Determining the thickness of a permanent magnet. The
thickness of a permanent magnet is usually determined to
reduce the risk of demagnetization. In addition, the
characteristic of a permanent magnet is effective in
attenuating the optimal flux. For the initial design, the
thickness of a permanent magnet 5 to 10 times the thickness
of the air gap is usually suitable.
6- The ratio of the permanent magnet arc to the pole step is
selected so that it has the lowest possible toothed torque.
7- Determining (A,): the ratio of groove (stator slots) width
(wy) to the total groove width and tooth width (w), which
is defined in equation (1). One pole step is shown in Figure
3.

WS

A = — 1
S owgt+w, D

—_— —

h,

h 4

W,

T A
¥__

T,

FIGURE 3. One pole step

8- Experimental values for (i) are between 0.35 - 0.65. A
value of 0.5 is selected for the initial design. We should
determine (4,) the ratio of groove (stator slots) height (k)
to groove width, which is equal to:
g = 2 2

hs — W ( )
The values of () are selected between 2 and 3, with the
initial value of 2.5 being selected. If this ratio is high, it
means that the stator slots are deepened and therefore the
Back Iron is reduced and therefore it becomes saturated and
the production torque is reduced. Also, the inductance of
the scattering of the groove becomes problematic. If this
coefficient is small, it means that the groove is very small
and the current density value exceeds the nominal value.
9- The groove opening width (w,) should be selected as
small as possible to reduce the toothed ripple torque.
Of course, the amount of groove opening depends on the
method of placing the winding in the groove. This value
can affect the scattering inductance of the groove, so it is
considered as a design parameter.

10- Tooth tip is also considered because it is effective in
dispersion inductance. With an approximate calculation, its
value is considered equal to its width.

11- Determining the thickness of the iron behind the flux;
assuming that the flux density in the air gap is equal to 0.8
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Tesla. This thickness is chosen so that the maximum flux
density is 1.8 Tesla.

12- Determining the value of remnant flux-density (B,).
Different parameters affect the appropriate selection of Br.
For example: the maximum flux density in the air gap, the
teeth and the iron behind the groove should not exceed the
nominal value, on the other hand, in paper [22], it has been
shown that the use of permanent magnets with high B, can
significantly reduce the size of the inverter. If the motor
terminal parameters are known, the N value of B, can be
analytically obtained from the equation (3) as:

K, BN,
Y == 3

Where y,,, is flux-linkage, K; is the fixed coefficient of
motor and is obtained using the dimensions of the machine
and the type of winding, and p is the number of pair poles.
The values are selected so that the characteristic current is
equal to 1 per unit and the optimal flux attenuation
condition is met. At this stage, the basic design parameters
are obtained. In the following, the whole motor steps are
simulated and the values of these parameters are changed to
estimate the constraints.

13- At this stage, the motor is simulated at maximum speed
and the amount of power produced at maximum speed is
obtained. If the output power is not equal to the rated output
power, the value of Br changes to the required value.

14- 1t is checked that the electric motor gives the desired
torque and power at the base speed, the amount of flux
density in the teeth and air distance is checked. The grain
size and yoke vary to the required value to estimate the flux
density limit. The amount of current density in different
applications is given in Table 11 [20, 23, 24].

TABLE Il
CURRENT DENSITY VALUES
Motor conditions current density (A/mm2)
Completely covered 15-5
Outdoors or cooling with air fan 5-10
Equipped with coolant 10- 30

15. If the parameters change, we return to step 12 and the
steps are repeated; until the restrictions and constraints are
fully met.

C. Three-phase structures with a concentrated winding
Three-phase electric motors with centralized winding are
often limited to windings with a step of less than 120 °.
These windings are less efficient than the number of slots-
per-phase-per-pole (SPP) = 1. As the number of poles of the
electric motor increases, the number of structures on which
the concentrated winding can be applied increases
considerably. This makes it possible to introduce an electric
groove on phases smaller than one. Due to the three-phase
nature of the electric motor, possible combinations of
grooves on the pole that can provide a true balanced
winding meet the following condition:
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S
(GCD(s,2p))
The first parameter is the greatest common divisor (GCD),
also (s) represents of the number of stator slots, and (2P) is
the number of rotor poles of the electric motor; and c is a
positive integer. Arrays that have higher efficiencies have
less than or equal to 0.5 phase grooves on the pole. It is also
possible to have three-phase arrangements with grooves on
the pole on a phase larger than 1 or 2, but these makeups
are not effective and have lower efficiency.

3¢ (4)

D. CRITERIA FOR PROPER SELECTION OF GROOVES
ON THE POLE

There are several groove-pole combinations that can
support centralized windings. The parameters here are the

lowest common multiple (LCM), and the number of stator
slots poles and rotor poles (s, 2P) of the electric motor.
The second important parameter is the ratio of the number
of grooves multiplied by the number of poles and the LCM
between them, denoted by K.
We have it mathematically as follows:
sX2p
~ (LCM(s2 ®)
2p))
Table 11 summarizes the LCM values for each of the
grooves on the poles. Evaluation of the K parameter to
select the appropriate groove composition on the pole is
provide in Table IV

TABLE Il
THE LCM PARAMETERS (S, 2P) TO SELECT THE APPROPRIATE GROOVE (STATOR SLOTS) COMPOSITION ON THE POLE

s, 2p 2 4 6 8 10 12 14 16 20 22 26 28
3 6 12 6 24 30 12 42 48 60 66 78 84
6 - 12 6 24 30 36 42 48 60 72 78 84
9 - - 18 72 90 36 126 144 180 198 234 252
12 - - - 48 60 72 84 48 60 132 156 168
15 30 60 210 240 60 330 390 420
18 - 36 126 144 180 198 234 252
21 - 42 336 420 462 546 84
24 96 120 264 312 168
TABLE IV either the number of revolutions should be increased or the

THE K PARAMETERS TO SELECT THE APPROPRIATE GROOVE (STATOR SLOTS)
COMPOSITION ON THE POLE

s,2p 2 4 6 8 10 12 14 16 20 22 24
3 11 - 1 1 - 1 1 1 1 -
6 2 2 - 2 2 - 2 2 2 2 -
9 1 3 1 1 3 1 1 1 1 3
12 2 4 - 4 2 - 2 4 4 2 -
15 - 1 5 - 1 1 5 1 -
18 6 2 2 6 2 2 2 2 6
21 1 1 - 7 1 1 1 -
24 4 8 2 2 8 4 2

In order to achieve the highest average torque output, we
need to calculate the effective number of stator windings
that participate in torque generation, so we have to
introduce a new item k,,,; which represents the effective
number of turns of stator windings that participate in the
production of torque. The maximum k,,, is selected to
achieve the highest average output torque. The reason for
this is in the following as [25]:

1
T= EkwlnlntSBgmaxAgImaxcos(y) (6)
Where n, represents the number of layers per groove, n, is
the number of revolutions of a tooth, S defines the number
of grooves, Bypq, denotes maximum value of airflow flux
density during pregnancy, A, represents the air gap level,
Imax Provides the maximum phase current and y is the
angle between the direction of the stator current vector and
the q axis, which is perpendicular to the rotor of the rotor of
the permanent magnet (in electrical degrees).
According to this relation, If k,,, is low, they participate to
produce torque. If k,; is low, to produce the same torque,
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current needs to be increased, which in total increases the
copper losses. The term synchronous component is used to
emphasize that this coefficient refers to a component of the
spatial winding function (for example m.m.f. distribution)
that participates in the production of torque, and lower-
degree harmonics play no role in the production of average
torque.

2- The choice of the highest LCM, the reason for this
choice is that the smallest common coefficient of 2p and s
represents the number of cogging torque pulses (N) in a
complete mechanical rotation [26] which:

N = LCM(s, 2p) @)
Since the higher cogging torque typically follows lower
amplitude of this torque, the highest possible value for N
should be chosen.

3- Choosing a makeup with high values of K [27], the value
of K is important, because it expresses the degree of
symmetry of the electric motor. In fact, K represents the
sum of radial forces. If the value of K is one or any
individual number, it means that the radial forces have high
values. Also, the symmetry of the excitation current of the
windings reduces or eliminates these radial forces.

4- Depending on the nature of the application that the PM
motor can have, there is a good reason to use a single-layer
winding; certain combinations of grooves on the pole can
support the single-layer winding. Therefore, this should be
considered in selecting the groove on the pole on the phase.
According to the above points, we can choose the right
combination of groove-pole.
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E. Determining the arrangement of the concentrated
winding on the groove
This part describes how to arrange a centralized winding to
achieve the highest efficiency. For fractional values g, two
indivisible integers can be represented [27]:

b
q=7 ®)
As an example, we consider a combination that has 12

grooves and 14 poles.

9)

F. DETERMINING THE EFFECT OF CENTRALIZED
WINDING ON INCREASING FLUX ATTENUATION
CAPABILITY IN SPM MOTOR

The SPM of motor is a very poor choice for wide access to

high speeds under constant power. The main reason for this

can be found in the SPM of motor characteristic flow,

which is defined as follows:

=™ (10
d

In this regard, ¥, is the effective value (rms) of the
permanent magnet bond flux, and L4 is the inductance of
the d-axis (which is equal to the inductance of the g-axis in
SPM). I, defines the amount of current that, if applied
along the d-axis, cancels out the entire permanent magnetic
flux and a complete attenuation of the flux will occur.
Therefore, the condition for attenuation of the optimal flux
in PM motors occurs when the characteristic current is
equal to the nominal current (Iz = I,) where IR is the
nominal current of the electric motor.

G. CONCENTRATED GROOVE-FRACTIONAL WINDING
ARRANGEMENT ANALYSIS

In this section, a combination of 12 grooves and 10 poles is
selected as a suitable combination for analysis. This
compound is classified in the family g = 2.5. In this section,
we analyze this combination. The reason for choosing this
combination is:

1- Single layer winding can be used.

2- It has a high k,; equal to 0.966.

3- Ensures low torque cogging due to high LCM value (s,
2p).

4- Its radial forces are zero due to having an even value of
K.

The single-layer centralized winding with SPP = 2.5 is
compared with the conventional wide winding with SPP =
1. The analysis method is based on the winding function
introduced in the reference [27]. The phase A winding
arrangement of both designs is shown in Figure 4. It can be
seen that there is a significant difference between the two
designs. In a centralized winding with SPP = 2.5, for every
10 poles of the rotor, 2 windings of phase A are placed in
four grooves. This winding is referred to as winding
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number 1. In comparison, a wide winding with 30 grooves
and 10 poles (SPP = 1) has 5 windings laid in 10 grooves.

AR

B
=
=3

FETETETITE

FIGURE 4. Comparison between fractional groove concentrated
winding (SPP = 2.5) and wide coil

The constraint of the bond flux is the same. The first step is
that both coils have a constant magnetic flux of equal
magnitude. The centralized coil with SPP = 2.5 has N1
revolutions per coil and the wide coil with SPP = 1 has N2
revolutions per coil (All coils of each phase of the series are
assumed). The permanent magnet bond flux is calculated as

follows:
21

‘Pazvaefff N,(6)B(6)d0 (weber.Turns) (11)
0

Where W, represents Phase A permanent magnet bond flux,
rg is radius of air distance, L. gives effective axial length
of the electric motor, N, is Phase A winding function, 6
represents the angle is around the air gap, B provides
density of permanent magnetic flux in the air gap.
Since the synchronous component of the permanent magnet
coupling flux is considered, only the principal component
(first harmonic) of the B field is considered. It is assumed
that both designs have the same rotor structure. Therefore,
B is the same in both designs:
B, = Bax Sin(pf) (Tesla) (12)
Bmax 1S the maximum principal component of the constant
magnetic flux density at air distance and P is the rotor pole
pair number. For instance, for 12 grooves 10 poles we have:
61/2
Y, = 2rgleffj N; Bpay Sin(pf + 907)d0
—01/2 (13)

4
= 7:qleff X EkwlNleax

Where 0, is equal to « / 6 and k,,; = 0/966 for q = SPP =
2.5. Also, for 30 grooves and 10 poles:

%2 N, .
P, = Zglefffo 7Bmax sin(p@)do =1,l.rr (14)

X kazNZBmax

Where 0, is equal ton /5 and k,,, =1 forq=SPP =1
According to the statement, both coils must have the same
synchronous component of the permanent magnet magnetic
flux; therefore:

= TWINZ =2.6N, (15)
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Figure 5 shows the centralized winding function fraction
groove 12 grooves 10 poles. Figure 6 also displays wide
winding function 30 grooves 10 poles [28].

Windingg
Function
[Turns] N1 N

w12 = 1312

|
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-

Angle
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—» /6

.N1

FIGURE 5.
poles

Centralized winding function fraction groove 12 grooves 10
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N,J2

e

AL,
wal 0 U U B UL ey

FIGURE 6. Wide winding function 30 grooves 10 poles

H. INDUCTION CALCULATIONS FOR SPM MOTOR
Indoor and cross-phase inductance for the two windings
mentioned in the previous section is calculated analytically
in the SPM motor. For this purpose, we use the following
two relations [26].

T l 21
Lea :’Lzefff NZ (0)d6
0

(H) (16)

Ly, = “"r;# f nNa (8)N,(6)d6 (H) (7)

Where L,, is inductance insider phase A, L., gives the
cross-inductance between phase A and B; g provides air gap
thickness. We need to define L, as an inductance of axis d,
where Ly = Lgg + Ly

The inductances will be equal for both windings; for 12
grooves 10 poles with centralized groove - fraction:

(H)

Lag = N{ = Lop =Lgc =0 (18)
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[mech radians

_ Horgleff N2 T

L = H a9
o= NS (H)
For 30 grooves 10 poles is equal to:
UoTyl T L
aa = —Z 221 NZZE Loy = % (H) 20)
l 2
Ly = Horzeff NZZ?T[ (H) 21

The ratio of inductances under the same bond flux
conditions will be equal to:
L 4

= N2
——eone — 1 — 338
Ld—dis 2NZ
This is a very important result because it shows that for a
fixed coupling flux, replacing the wide coil (SPP = 1) with
the groove-fraction coil (SPP = 25) increases the
inductance of the d-axis by more than three times. Give. As
a result, the characteristic current of the electric motor (Ich)
is reduced in the same proportion, and with a suitable
design, the condition IR=Ich can be provided.

(H) @2

I. INDUCTANCE CALCULATIONS FOR INTERNAL
PERMANENT MAGNET SYNCHRONOUS MOTOR

One of the problems in the analysis of the internal
permanent magnet synchronous motor that causes internal
complexity is the saturation of iron in some parts of the
rotor and stator and also the inequality of the inductance of
the d and g axes. Therefore, providing an analytical analysis
can be very useful.

In this paper, we carry out the finite element technique to
calculate the inductance of the d and g axes. The calculation
method is as follows. In this method, as in the
permeabilization method, the effect of the magnet is
removed without removing the magnetic driving force.
Besides, the bond flux is calculated for two different
working points close to each other. In order to eliminate the
effect of the coupling flux of the g axis, when calculating
the inductance of the d axis, we consider the g axis current
constant. According to reference [27], inductance of axis’s
d and g can be given in equations (23) and (24), also details
of the inductance calculation method is given in Figure 7.

Pa1 — Paz
Lg = ( )iq=constant @3
Igy = Igz
Pg1 — Pq2 24
Ly = (1 — )id:constant @
ql q2
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FIGURE 7. Inductance calculation method [27]

Then, by presenting a new design and using the sensitivity
analysis method, the proposed design has been improved.
In this method, by making a series of holes in the rotor
surface, the toothed ripple torque is reduced and as a result,
the torque rips. The variables considered in this design in
the sensitivity analysis include the position and radius of
each of the holes created. Using these holes, we were able
to reduce the torque ripple in the proposed motor by more
than 8% without reducing the average torque.

Toothed torque is caused by the reaction between the rotor
poles and the internal gear structure of the stator and is
independent of the stator current. To calculate the amount
of energy stored in the air distance according to the position
of the rotor, these pulses can be calculated as follows.

Weo

o _ (25)
20, a0,

Tcogging =

In any angular position of the rotor (0), the total energy
stored in the volume of the machine can be created by
integrating the energy element per unit volume in the entire
air space. This is done by integrating the magnetic flux
density profile in the middle of the air gap, in the no-load
mode of the electric motor B, (r, 8), in a groove step (Wr +
Ws) that includes the width of one tooth and one groove. It
is acceptable. Finally, by calculating this integral
numerically, the toothed ripple torque will generally be
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calculated as equation (26). The following equation is used
to calculate the energy stored in air space.

L6g
f f f d dodl (26)
06,0

Where r, is the radius of the air distance, 6; and 6, are the

angle of one step of the groove, and L is the length of the
motor. As shown in the above equations, the flux density in
the air gap is one of the most important factors in creating
toothed torque. Based on these relationships, in case of
decreasing the number of flux density harmonics and also
increasing the first harmonic amplitude, the toothed torque
can be reduced. To determine the position and number of
holes created, we use the static state of the rotor and
determine the flux density. Figure 8 shows the initial design
by considering holes with a radius of one millimeter on the
rotor surface. This initial design is then transformed into an
improved design using the sensitivity analysis method.

hs

a

A BN
\\ \‘y" TN //

=

‘ ‘

V\‘a‘f

/’:

FIGURE 8. Proposed motor with 12 holes per pole on the rotor surface

IIl. SIMULATION RESULTS

A. ANALYZING PROPOSED MOTOR WITH 12 HOLES
PER POLE ON THE ROTOR SURFACE

In order to achieve the optimal dimensions of the holes
created, we use the sensitivity analysis method. For this
purpose, we change each hole from the minimum radius
(0.5 mm) to a radius of 1 mm, but the H6 hole will change
to 1.6 mm; we also calculate the torque at the base speed
(1100 rpm) for each of the modes to calculate the optimal
hole radius.

Figure 9 shows the configuration of numbering the holes.
The number of modes for each hole is three modes (0.5,
0.75 and 1 mm).

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3041739, IEEE Access

IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

"1

FIGURE 9. The configuration of numbering the holes

In the first step, to calculate an optimal dimension for all
the holes, we change the radius of all the holes together
from 0.5 to 1 mm and measure the torque at the base speed.
An important factor to consider in this section is the torque
ripple factor; this factor is given in Equation (27).

Tmax - Tmin

F= X 100 (27)

Tavg

In this equation, T4, iS the maximum value of the torque
amplitude based on velocity. T,,;, is the minimum value of
the torque amplitude at the base velocity, and T,,, is the
mean value of the torque. The F function is a percentage
and the main goal in this process is to minimize the value of
F. The recovery process should be such that it keeps the
value of F to zero by keeping the average torque constant.
Figure 10 shows the torque variation curve for radius
changes of all holes from 0.5 mm to 1 mm.
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FIGURE 10. Torque variation curve over time for hole radius changes
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As shown in Figure 10, the best mode has an average
torque of 37 Nm and a ripple of 4.5%. Then, in order to
obtain the optimal dimensions of each hole, we change its
radius from 0.5 to 1 mm and calculate the two factors of
average torque and F to obtain the optimal dimension.
Figure 11 shows the torque variation curve over time for
H1 hole radius changes. As shown in Figure 11 the best
case is the same radius of 0.5 mm for H1. As a result, this
radius remains constant at this value, and this value is
considered the optimal value for this hole. Figure 12 also
illustrates the torque change curve for H2 hole radius
changes. As can be seen from the Figure 12, the torque
decreases with increasing radius of the ripple hole, the
average torque also decreases with decreasing torque ripple.
Therefore, the best case is considered to be a radius of 0.75
mm. Figure 13 displays the time-varying torque change
curve for H3 radius changes from 0.5 mm to 1 mm over time.
As shown in this Figure and the data obtained, the best case
is a radius of 0.5 mm. Figure 14 shows the torque change
curve over time for H4 radius changes. As can be seen from
this Figure, the best case for the R4 hole is a radius of 0.5
mm.
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FIGURE 11. Torque variation curve over time for R1 hole radius
changes
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FIGURE 15. Torque change curve over time for H5 radius changes FIGURE 17. Designed cross section of the motor
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FIGURE 18. Flux lines for the proposed 12-pole 10-pole motor

TABLE V
RECOMMENDED ELECTRIC MOTOR PARAMETERS
Parameters Value Parameters Value
Number of grooves 12 Number of poles 10
Number of phases 3 Groove on the pole on the phase 2/5
Series number of rounds 72 Number of parallel routes 1
External radius of the rotor 74.4 (mm) Internal radius of the rotor 50 (mm)
External radius of the stator 110 (mm) Internal radius of stator 75 (mm)
Thickness of air gap 0.6 (mm) Permanent magnet thickness 3.5 (mm)
The thickness of the iron bridge above the 1 (mm) Effective electric motor length 00
air-bridge 100 (mm)
Groove opening width (w,) 2 (mm) The thickness of the iron behind the groove 12 (mm)
Groove height 17 (mm) Top width of the groove 23.9 (mm)
The width of the groove 15.8 (mm) Permanent magnet length 34 (mm)
Permanent magnetic arc angle 32 (degree) Permanent magnetic residue 1.5 (Tesla)
Nominal characteristic current (IR) 17.38 (Arms) Rated voltage 110 (Vrms)
Figure 19 displays the radial field created in the middle of 0s
the air gap for the proposed electric motor. Figure 20 shows 1
the tangential field in the middle of the air gap for the w0
propulsion electric motor. 1
¥ ]
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T 5]
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E ] ]
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250 215 \ : \
1 1] 00 10 15040 000 25000
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o s 1020 —_— 1500 ol 1S FIGURE 20. Tangential field change curve for the proposed motor (SPP
=25)

FIGURE 19. Radial field at no load for the proposed motor
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Figure 21 depicts the excitation voltage and its harmonic
spectrum for the proposed motor. In order to validate the
proposed method, the simulation results for the proposed
motor (SPP = 2.5) and the motor with wide winding (SPP =
1) are compared. Figure 22 compares the ripple torque

generated by these two motors.
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FIGURE 21. Anti-drive voltage curve for motor with SPP = 2.5 and at
nominal speed 1100 rpm
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FIGURE 22. Comparison of ripple torque for the proposed motor (SPP
= 2.5) and motor with wide winding (SPP = 1)

Torque ripple factor (TRF) is presented in equation (28).
Given the equal amplitude of the current for both motors, the
torque for both motors is shown in Figure 23 per maximum
current. The average torque of these two motors is 37 Nm.
The TRF is 11.1% for the proposed motor and 35.15% for
the motor with wide winding.

T
TRF =%x 100

av
Figure 24 displays the voltage variation curve at the base

speed for the proposed motor and the wide-motor motor. The
first harmonic of both curves is effective at 107 volts. As
shown in the Figure 24, the input voltage due to the injection
current is less harmonic for the wide-winding motor than for
the centrally wound winding motor.

(28)
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FIGURE 23. Production torque for the proposed motor and the motor
with wide winding
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FIGURE 24. Input output voltage change curve in both motors

In order to compare the maximum output speed as well as the
output power of the electric motor, we change the speed from
zero to the maximum electric motor speed, and calculate the
amount of power for each of the different modes. In order to
calculate the power of the vector angle of the motor current
on the maximum circle of the motor current, we change it
from 90 degrees to 180 degrees. Figure 25 presents the power
change curve in terms of speed for the proposed motor.
Figure 26 also depicts the output power change curve in
terms of speed for the motor with SPP = 1. From Figures 25
and 26, which are power curves in terms of speed, it can be
concluded that the motor with centralized winding has better
flux attenuation conditions. Figure 27 illustrates the meshing
(wiring) configuration for performing the finite element
analysis process for the proposed electric motor. Besides,
torque and terminal voltage curve produced by the proposed
motor at a speed of 12000 rpm are depicted in the Figure 28
and Figure 29 respectively.
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FIGURE 25. Power change velocity curve for the proposed motor with SPP =1

FIGURE 27. Wiring configuration for performing the finite element analysis process for the proposed electric motor
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FIGURE 29. Terminal voltage curve at 12000 rpm for the proposed
motor

The D and Q axis inductances for the proposed motor are

shown in Figures 30 and 31, respectively.
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FIGURE 30. D-axis inductance change curve in terms of current

Figure 32 also presents the magnet of a permanent magnet
for maximum velocity and two adjacent poles. As shown in
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this Figure, neither of the two adjacent poles has lost its
magnetic property, and as a result, there is no problem with
the permanent magnet of the motor, even in the worst
conditions.
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FIGURE 31. Q-axis inductance change curve in terms of Q-axis current
changes
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FIGURE 32. Permanent magnetic residual vector at maximum speed

C. Harmonic analysis

In order to determine the number of holes created on the
surface of the rotor, we use the study of the flux density
harmonics in the air distance. By reducing the number of
holes created, we examine two important factors to create the
best case to reduce torque ripple without reducing the
average torque. Here, the first factor can be the first harmonic
amplitude. The higher the amplitude of the first harmonic,
the higher the bonding flux will have more torque and power.
The second factor is the amplitude of other harmonics
compared to the first harmonic or total harmonic distortion
(THD); as this factor decreases, the shape of the flux density
gets closer to the sine, and as a result, the toothed torque
decreases. To reduce the number of holes created on the rotor
surface, we reduce the number of holes on the D-axis in pairs
to achieve high first harmonic amplitude and a low THD.
Figures 33 and 34 show the flux density and harmonic
spectrum of the proposed motor in the state without creating
a hole on the rotor surface, respectively.
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FIGURE 34. Harmonic spectra and THD flux density in the hole-less

state

Figures 35 and 36 provide the flux density and harmonic
spectrum for the proposed motor state with one millimeter
holes on the entire surface of the rotor. In this case, each pole

has 14 holes on the rotor surface.
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FIGURE 36. Harmonic spectrum for 14-hole mode

Figures 37 and 38 illustrate the flux density and harmonic
spectrum for the proposed motor with 12 holes at each pole,

respectively.

Figures 39 and 40 depict the flux density and harmonic
spectrum for the proposed motor with 10 holes per pole on
the rotor. The harmonic voltage values for the proposed
motor at 12,000 rpm are shown in Figure 41.
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FIGURE 41. harmonic voltage values for the proposed motor at 12,000 rpm
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As can be seen from these Figures, placing the rabid hole on
the rotor surface increases the first harmonic amplitude and
also decreases the THD drastically. In order to achieve a
more efficient design, the number of holes created has been
reduced. As can be seen from the obtained results, the best
condition of the motor is with 12 holes per pole on the rotor
surface. Because THD increases with decreasing number of
holes and this increase in THD will increase the toothed
torque range.

IV. CONCLUSION

In this paper, the effect of wide and concentrated winding
types on toothed ripple torque in internal permanent magnet
motor has been investigated. By making holes in the rotor
surface and by using the sensitivity analysis method, the
structure of the internal permanent magnet electric motor was
improved in order to reduce the toothed ripple torque and
increase the average torque. In this method, the number,
dimensions and location of holes were optimized using the
sensitivity analysis method, which reduces the ripple toothed
torque of the motor using two structures. In this regards, the
electric motor torque was reduced to two suitable structures.
By using a centralized coil instead of a wide coil, the toothed
ripple torque has been reduced by approximately 75% while
maintaining the average torque value. Also, by making holes
in the rotor surface and optimizing it using the finite element
method and open sensitivity analysis, the amount of ripple
torque was reduced by 20%. Using the proposed method and
using a concentrated winding instead of a wide winding, in
addition to reducing spatial harmonics, the average torque
value was also improved.
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