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ABSTRACT Cogging torque is an unfavorable hindrance in Permanent Magnet Brushless DC (PMBLDC)
motor. In medium-low power PMBLDC motors, the surplus oscillations and intolerable noise happen
because of the harmonic magnetic forces created by cogging torque. This paper introduces a new approach
for the diminution of cogging torque. This method is based on placement irregularities in rotor magnets, and
for this a new combination of pole arc and pole pitch was considered. The reference model has a pole pitch
of 90° and pole arc of 63°. The new pole pitch is attained by the application of shifting technique on the
permanent magnet and for the new pole arc it was resized. An analytical expression using the Virtual Work
Method (VWM) Method was derived for locating the pole pitch and pole arc with nominal cogging torque in
the PMBLDC motor. The technique is explored using 3D Finite Element Analysis (FEA). The comparison
of the simulation and analytical results of cogging torque is accomplished. It is figured out that the cogging
torque minimization in the analytical results exhibited acceptable agreement with FEA analysis.

INDEX TERMS BLDC motor, cogging torque, finite element analysis, virtual work method, pole pitch and

pole arc.

I. INTRODUCTION

As the availability of permanent magnets increased, alloys
of permanent magnets were used instead of electromagnets
in the rotors of electric motors. The presence of permanent
magnets helped motors to improve its performance like speed,
torque etc. and at the same time reduced in size of the motor.
The most commonly used permanent magnet motors are the
Permanent Magnet Brushless DC motor (PMBLDC) and
the Permanent Magnet Synchronous Motor (PMSM). Both
the motors have its own advantages and disadvantages.

The BLDC motors are more effective compared to the
conventional DC motors. Electronic commutator are used in
BLDC motors instead of mechanical commutator of conven-
tional DC motors. A closed loop control system is used to
control the speed and position of the rotor. The hall sensors
present in the stator detects the position of rotor and send
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signals to the controller in the VSI. The controller enables
the particular transistors and send supply to the correspond-
ing stator winding. The permanent magnet on the rotor is
attracted by the energized stator winding and the very next
moment another set of winding will be energized and the
rotation of the rotor continuous in this way.

There are different types of BLDC motors are available,
such as surface mounted permanent magnet, interior perma-
nent magnet, spoke type BLDC motor, slotted BLDC motor,
slot less BLDC motor and dual stator BLDC motor. Com-
pared with conventional motors very high speed, compact in
size, greater power density, and longer life span are some
advantageousness of BLDC motor and it also have some
disadvantages like vibrations, acoustic noise, reduction in
flux density. Among these disadvantages the main obstruc-
tion for the smooth running of BLDC motor is cogging
torque.

BLDC motor have permanent magnet on its rotor, and
silicon steel laminations on its stator. There is always an
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attraction between the permanent magnets and silicon steel,
as aresult magnet interlocking happens between the rotor and
stator. It restricts the smooth running of BLDC motor and
produce vibration and noise. An extra energy is required to
overcome this magnet locking and this is known as cogging
torque. Vibration leads to the reduction in the life span
of the motor and cogging torque causes to tone down the
performance of the motor. On account of this, it is necessary
to minimize the cogging torque in BLDC motor.

There are lot of techniques are available for minimizing
the cogging torque. Some methods are based on the design,
and some others are based on the soft computing techniques.
The method of reducing the cogging torque in the design
condition itself is more common than the second method.
Skewing the permanent magnet, change the pole arc, pole
pitch, and magnet thickness, irregularities in the placement of
magnets are some methods based on the rotor. Just like that
while considering the stator design, skewing the stator slot,
providing bifurcations in the tooth are some commonly used
methods.

Hwang et al. [1] proposed larger slot opening for mini-
mizing the cogging torque and for this they recommended
changes in the stator tooth width. Breton et al. [2] suggested
two different methods for the minimization of cogging torque
in BLDC Motor. The first method is based on the asym-
metrical magnetic distribution. To achieve this asymmetrical
structure, the angle between the permanent magnet is kept
different. In the second method they suggested auxiliary slots
without any copper winding.

Bianchi and Bolognani [3] explained in detail the different
methods for the reduction of cogging torque. Skewing the
permanent magnet, changing the PM Pole arc width, PM Pole
arc with different widths, are some effective methods for the
rotor side and for stator side they recommended notches in the
teeth. Caricchi et al. [4] tried a new design to compare various
technical solutions. Such as PVC or Somaloy used in slot
wedges, magnet skewing, angular shifting between the rotor
discs, and mounting of magnets having distinct widths and
arranged with either regularly spaced or in shortened pitch
fashion on the discs are some methods.

Yoon [5] suggested that an effective slot angle with 18° is
better for cogging torque reduction. Yang et al. [6] proposed
an optimization method of improved domain elimination
algorithm for minimizing the cogging torque of a permanent
magnet motor. After this optimization an improved DEA and
FEM are used to find the best pole arc coefficient. They
concluded that the cogging torque is greatly reduced, and
the computing time decreases notably by using the proposed
technique.

Gonzdlez et al. [7] consider the effect of magnet shape and
stator displacement on cogging torque reduction. They pro-
posed skewing the magnet on the rotor side and displacement
between stator sides. Hwang et al. [8] recommended a novel
rotor pole shape that consists of a uniform surface and an
eccentric surface. Shin et al. [9] recommended Latin hyper-
cube sampling strategy to optimize a magnet pole shape.
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The proposed LHS algorithm consists of the multi-objective
Pareto optimization and evolution strategy.

Lin et al. [10] suggested that the cogging torque is derived
from the co-energy, not only in the air-gap, but also in the
slot regions of the machine. The total cogging torque is
synthesized from the contribution of each slot. The authors in
reference [11] recommend stator side modification for reduc-
ing the cogging torque. They propose a T-shaped bifurcation
in the stator tooth. Choi et al. [12] suggested that length to
width ratio is an important parameter that affects the cogging
torque. They recommended that stator core with skew angle
is an effective method. This skew angle varied concerning the
length to width ratio. Fazil and Rajagopal [13] proposed an
airgap profile for minimizing the cogging torque in BLDC
motor. The air gap profile is defined by dip, dip angle,
leading edge, trailing edge, and inter magnet space. Aydin
and Gulec [14] proposed a cost-effective magnet skewing for
reducing the cogging torque. They recommended triangular
skew shape for minimum cogging torque.

Rahman et al. [15] proposed an additional pushing assistant
magnet and sub assistant magnet in the shape of spoke for
reducing the cogging torque. By using the technique, the
minimum cogging torque obtained is 0.7 Nm. U clamped
magnetic poles, the authors in reference [16] tried to reduce
the cogging torque. The authors in reference [17] suggested
bifurcations in the stator for reducing the cogging torque
in BLDC Motor. Park et al. [18] suggested a stator shape
optimization technique. They provide notches in different
angle and different sizes in stator for minimizing the cogging
torque. The cogging torque of the optimized model was
reduced more than 35.6%. Lee et al. [19] focused on stator
skew model, they tried to increase the teeth thickness. The
authors in reference [20] recommended bifurcations in the
active region and a fuzzy logic controller for BLDC Motor.
Hwang et al. [21] proposed a V-shaped magnet configuration
for minimizing the cogging torque. The notches on the outer
part of the magnet helps to reduce cogging torque. The
authors [22] recommended that pole pitch shifting is a better
method for minimizing the cogging torque. They suggested
that 3° phase shift of rotor poles helps to minimize the
cogging torque. Garcia-Gracia et al. [23] proposed closing
the slots by sliding in a pre-slot part made of the same
ferromagnetic material as the stator.

The authors [24] suggested that for minimizing the cogging
torque, rotor with asymmetrical structure is a better choice
and to achieve this, they recommended rotor pole magnets
with different thickness. Leitner et al. [25] recommended
auxiliary slots and stator claw skewing for minimizing the
cogging torque. They obtained 75% reduction in the cogging
torque. Goryca et al. [26] suggested that a motor with the
symmetric stator and asymmetric rotor or asymmetric stator
and symmetric rotor is the best option for minimum cogging
torque.

Han et al. [27] proposed shape optimization for minimizing
the cogging torque. For this the RNM combined with GA and
suggested rounded core shape of the outer rotor type is the
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better choice. Markovic et al. [28] suggested that the best way
to reduce the cogging torque is to use commercial software
packages for the optimization in combination with the pre-
sented conformal mapping method. Lee et al. [29] proposed
new stator and rotor designs for minimizing the cogging
torque. They introduced partly enlarged air-gap made by rotor
unequal out diameter and stator core structure with pole shoe
modification. Kang et al. [30] derives mathematically the
cogging torque and experimentally validated. Kim et al. [31]
suggested that magnet shape and magnetization direction are
the one of the important factor and optimization of magnet
shape and magnetization direction helps to minimize the
cogging torque.

A 4 -pole 12 -slot BLDC motor is considered for the entire
research work. The basic structure designed has the pole arc
is 63° and the pole pitch is 90°. In this technique of reducing
the cogging torque a 1° phase shift is given to the permanent
magnet in the rotor to change the pole pitch. After changing
the pole pitch by 1°, the pole arc is changed from 63° to
67° in the same position. The cogging torque is measured at
each change. Similarly, the pole pitch is changed from 1° to
7°. The cogging torque is measured in each pole pitch and
pole arc combination and everything is compared at the end.
An equation is derived based on the VWM and this technique
is evaluated analytically. This is followed by a comparison of
the analytical result and the simulation result.

The organization of the paper is: Proposed structure of
BLDC Motor in section 2. The effect of changing pole arc
and pole pitch on cogging torque is represented in section 3.
Performance analysis is shown in section 4 and in section
5 comparative FEA analysis for cogging torque reduction
techniques. The conclusion is shown in section 6.

Il. PROPOSED STRUCTURE OF BLDC MOTOR

The stator construction of the BLDC motor is like a
Permanent magnet Synchronous motor and an induction
(asynchronous) motor. The rotor of the BLDC Motor has a
Permanent Magnet, and the stator consists of winding is like
the induction motor. BLDC Motor also contains Hall sensors
and electronic servo systems. Hall sensors are placed in the
stator to detect the rotor position and the servo system helps
control the motor. Table 1 shows the design parameters and
specifications of proposed BLDC Motor.

Figure 1 shows the extracted view of BLDC motor. The
main dimensions depend on the specific electric loading and
specific magnetic loading. A 4 -pole, 12- slots 1 hp Surface
Mounted Permanent Magnet BLDC motor is the base model
is used for summarizing the cogging torque. 48 V dcis used to
give the excitation to the stator winding through the inverter.
The rated current of the motor is 5.05 A, and the rated speed
is 5000 rpm. The outer diameter of the motor is 60 mm, the
stack height is 50 mm and the permanent magnet has 2.5 mm
width. The outer and inner diameters of the rotor is 33 mm
and 16. 7mm. The pole arc consider is 63°, pole pitch is 90°
and the air gap length is 0.5m.

VOLUME 10, 2022

TABLE 1. Design parameters of motor.

Parameters Specification
Power 1 hp
Supply Voltage 48V
Rated Current 5.05 A
Number of poles 4
Number of Slots 12
Rated Speed 5000 rpm
Outer Diameter 60 mm
Stack Height 50 mm
Inner Diameter Rotor 16.7 mm
Outer Diameter Rotor 33 mm
Air gap Thickness 0.5 mm
Magnet Thickness 2.5 mm
Pole Arc 63°

Stator Back Iron
‘With
Stator Stator Tooth
Windings,

Permanent
Rotor Core Magnets

Rotor Shaft

FIGURE 1. Extracted view of BLDC motor.
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FIGURE 2. Flux density distribution in symmetrical structure.

FLUX PLOT ANALYSIS

Flux plot analysis is a common FEA analysis technique. This
analysis aids in determining the usable, normal, and tangen-
tial flux densities in the air gap, which play the most important
role in the BLDC motor’s performance. The flux density
is uniform throughout the BLDC motor. The FEA result is
multicolored, with each hue representing the flux density
fluctuations. Yellow shows the highest flux density distribu-
tion, whereas red denotes the hotspot. The motor is harmed
as a result. It causes damage to the motor. Figure 2 shows the
flux density distribution in symmetrical structure.
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TABLE 2. FEA result of conventional BLDC motor.

Model Normal flux Tangential Flux Cogging
Density Density Torque (Nm)
(Wb/m?) (Wb/m?)
Conventional
BLDC Motor 0.71 0.95 0.54

Cogging Torque (Nm)

03 Rotor Position (mechanical Degree)

FIGURE 3. Cogging torque of conventional BLDC motor.

Table 2 shows the FEA result of conventional BLDC motor.
Normal Flux density is 0.71 Wb/m?, tangential flux density
is 0.95 Wb/m? and cogging torque is 0.54 Nm Figure 3 shows
the graphical representation of cogging torque in conven-
tional BLDC Motor.

Ill. EFFECT OF CHANGING POLE ARC AND POLE PITCH
ON COGGING TORQUE

A better way to reduce the cogging torque is to optimize the
pole arc and pole pitch of the permanent magnet. To obtained
the better combination of pole pitch and pole arc having
minimum cogging torque, the first step is to give a 1° phase
shift to the pole pitch and then changes the pole arc from
63° to till 67°. And tried out the method till the pole pitch
phase shift equal to 7°. The cogging torque is measured in
each pole pitch and pole arc combination and everything is
compared at the end. An equation is derived based on the
VWM and this technique is evaluated analytically. This is
followed by a comparison of the analytical result and the
simulation result. The procedure for finding combination of
the pole arc and pole pitch with minimum cogging torque is
shown in Figure 4.

A. ANALYTICAL EXPRESSION OF COGGING TORQUE
According to [34] cogging torque is produced as a result
of interaction between the PMs and the slotted armature.
Because of this interaction, in the absence of current also an
energy variation is happened inside the motor.

Ey=Ey; +Ey airgap +Ey pm (D

Here Eyj, Ey aireap and Ey py, are the energy variation in the
iron, air gap and permanent magnet. When compared with
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Prepare the model of

PMBLDC Motor with

Pole arc 63° and Pole
Pitch 90°

v

Calculate the cogging
torque and plot the graph

v

Increase the pole arc of B
and D to 1°

Make displacement of
PM by applying phase
shift
v
Phase shift (in degree)
$=0,1,2,3,4,5,6,7

|
v v v v

A+S A-S A+S A-S
B-S B+S B+S B-S
C+S C-S C-S C+S
D-S D+S D-S D+S

v v v v

Calculate the cogging torque and plot the graph

}

Compare the graph and find the shifting angle with
Minimum Cogging torque

s the pole arc to Pole
Pitch Ratio =0.75

Calculate the cogging torque and plot the graph

v

Compare the obtained graphs with symmetrical
graph and find the pole arc and magnetic width
combination with minimum cogging torque

FIGURE 4. Flow chart for finding the pole Arc and pole pitch with
minimum cogging torque.

energy variation in air gap and PM, only a minor variation is
occur in iron. Therefore

Ev = Ev airgap + Ev pm (2)
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FIGURE 5. Simplified representation of stator and asymmetrical rotor
PMs.

The cogging torque can be estimated using the energy
approach by comparing the energy fluctuation with the angu-
lar velocity. The VWM is used for deriving the analytical
expression. The cogging torque can be stated as

0E,
o

Here, « is the angle between a certain tooth center and certain
permanent magnet center. From equation 2 the energy in
the motor includes the energy in the air gap and that in
the permanent magnet. Then energy in the motor can be

expressed as
E, = f / / B2dv )
2u0

The energy Ev depends on the structure data, performance of
permanent magnet and the relative position «. At the relative
position &, the expression of air gap flux density at the surface
of armature can be expressed as

3

Tcog = -

I
B, o) =B;()———— 5
(0, @) = By( ) el &)
where, B;(0), g(0, @) and Iy, are the remanence, effective
length of the air gap length and length of permanent magnet.
Substituting equation (5) in (4), then

L B.(® L 24 (6)
o ///( O (9 o)

2
20 ///B @ [ 2. a>} v

The Fourier expansion of

o0
Bi®)=a0+ )  ~

where, p is the number of poles and 0 is the pole pitch.

Figure 5 shows the simplified representation of stator and
asymmetrical rotor. The rotor has asymmetrical magnets,
with pole magnets of varying widths Im1 and Im2. To make
the calculation easier, we compute the cogging torque of the
machine with the pole arc Im1 first, then the cogging torque
with the pole arc Im2. The effective magnetic energy of the
machine with asymmetrical rotor magnets is then calculated
by linearly superimposing these and calculating the average.

The analytical statement of cogging torque for asymmetri-
cal magnet can be expressed as

mwzlg 00
Teog = (R2 RHY

Ey

Ey

| @ncos 2np6o (8)

Bisanzsinnsa )
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TABLE 3. Analytical results of cogging torque with Different pole pitch
and pole arc combination.

Shifting Pole Pitch Pole Arc (°) Cogging
Angle A-B, B-C, C-D, A,B,Cand D Torque
and D-A (Nm)
0° 90°,90°,90°,90° 63°,63°63°,63° 0.54
1° 91°,89°,91°,89°  63°,65°,63°,65° 0.31
2° 92°,88°,92°,88°  63°,65°,63°,65° 0.29
3° 87°,93°,87°,93°  63°,66°,63°,66° 0.16
4° 94°.86°,94°86°  63°,65°,63°,65° 0.32
5° 85°,95°,85°,95°  63°,64°,63°,64° 0.30
6° 96°,84°,96°,84°  63°,65°,63°,65° 0.39
7° 97°,83°,97°,83°  63°,65°,63°,65° 0.34
025 o 10 (63°,65°,63°,65°)
o -0 (63°,65°,63°.65)
- A\ 30 (63°,66°,632,667)

015 4 (63°,65°,630,657)

0 —a-50(63°,64°,63°,64°)
—a-6°(63°,65°,63°,657)

—o-T°(63°,65°,63°,65°)

140

Cogging Torque (Nm)
o
-

02 Rotor Position (Mechanical

Degree)

0.25

FIGURE 6. Graphical representation of cogging torque.

2
Bisanz = i]:; sin nSZLpap Ziil cosns [% (k — 1)] (10)
where s is the slot number, Ls is the stator length,Rr is the
outer radius of the rotor, Rs is the inner radius of the stator,

Table 3 shows the analytical results of cogging torque for
every combination of pole pitch and pole arc. Figure 6 shows
the graphical representation of cogging torque.

B. MANIPULATION OF COGGING TORQUE BY FEA

The goal of this project is to manipulate the pole pitch and
pole arc combination with the least amount of cogging torque
possible. Pole pitch is 90°, while pole arc is 63°. Shifting
the permanent magnet from 1° to 7° changes the pole pitch.
The pole arc is also altered from 63° to 67° for each pole
pitch modification. Each combination’s cogging torque is
determined. This result is compared, and the combination
that produces the least cogging torque is chosen. Figure7
shows the FEA result of the Basic structure having 90° pole
pitch and 63° pole arc. The mechanical and electromagnetic
characteristics and cogging torque are shown in figure.
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FIGURE 8. (a) Combination of pole arc with 1° phase shift, graphical representation of (b) speed (c) acceleration (d) Load Torque (e) Magnetic Torque

(f) Cogging Torque.

In first step the 1° magnet shift is considered. As a result,
the best combination of pole pitch will be (A-B (91°), B-C
(89°), C-D (91°), and D-A (89°)). In this pole pitch com-
bination, the pole arc changes from 63° to 67° is tried out.
The resulting best combination of the pole arc will be (A-63°,
B-65°, C-63°, D-65°). In this combination the cogging torque
will be 0.33Nm. Figure 8 shows the better combination of
pole pitch and pole arc of 1° phase shift. The mechanical and
electromagnetics are also shown in the figure.
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In the next step 2° magnet shift is considered. Here the best
combination is obtained A-B (92°), B-C (88°), C-D (92°),
and D-A (88°). Here the minimum cogging torque of 0.3Nm
is obtained when the pole arc combination is (A-63°, B-65°,
C-63°, D-65°). Figure 9 shows the better combination of
pole pitch and pole arc of 2° phase shift. The mechanical
and electromagnetics are also shown in the figure. When
3° magnet shift is applied, the combination of pole pitch
is obtained A-B (87°), B-C (93°), C-D (87°), D-A (93°).
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FIGURE 10. (a) Combination of pole arc with 3° phase shift, graphical representation of (b) speed (c) acceleration (d) Load Torque (e) Magnetic Torque

(f) Cogging Torque.

Whereas the best combination of pole arc is (A-63°,
B-66°, C-63°, D-66°) and the cogging torque value is
0.18Nm. Figure 10 shows the better combination of pole
pitch and pole arc of 3° phase shift. The mechanical and
electromagnetics are also shown in the figure.

After the 3° shifting the permanent magnets are shifted
to 4°. Then the pole pitch value is obtained A-B (94°),
B-C (86°), C-D (94°), and D-A (86 °). For this combination
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the minimum cogging torque obtained is 0.36 Nm. Which
is obtained with the pole arc combination of rotor magnets
is A-63°, B-65°, C-63°, D-65°. Figure 11 shows the better
combination of pole pitch and pole arc of 4° phase shift.
The mechanical and electromagnetics are also shown in the
figure. In the next step 5° shift for permanent magnets is tried
out. At this condition the pole pitch value is A-B (85°), B-C
(95°), C-D (85°), and D-A (95°). Minimum cogging torque
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of 0.32 Nm is obtained with the pole arc combination of rotor
magnets is A-63°, B-64°, C-63°, D-64°. Figure 12 shows the
better combination of pole pitch and pole arc of 5° phase shift.
The mechanical and electromagnetics are also shown in the
figure.

In the next step the shift to the permanent magnet is 6°.
The pole pitch value obtained for this combination
is A-B (96°), B-C (84°), C-D (96°), and D-A (84°). The
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better combination of reduced pole arc for this condition is
A-63°, B-65°, C-63°, D-65° with minimum cogging torque
is 0.41 Nm. Figure 13 shows the better combination of pole
pitch and pole arc of 6° phase shift. The mechanical and
electromagnetics are also shown in the figure.

7° magnet shift is applied to the permanent magnet and
the pole pitch value is A-B (97°), B-C (83°), C-D (97°), and
D-A (83°). Minimum cogging torque of 0.37 Nm is obtained
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with the combination of reduced pole arc is A-63°, B-65°,
C-63°, D-65°. Figure 14 shows the better combination of
pole pitch and pole arc of 7° phase shift. The mechanical and
electromagnetics are also shown in the figure.
Electromagnetic torque refers to rotational motion caused
by electromagnetic forces. It’s the result of a time-varying
electromagnetic field caused by a changing voltage or rotor
motion with the stator as a reference. It is the torque required

VOLUME 10, 2022

to begin the motor’s revolution. It’s usually the same as the
load torque. The load torque is the output of electromagnetic
torque (torque produced over an armature in an air gap).
Parameters like damping torque and moment of inertia plays
an effective role while considering the machine design, this
may also have an effect on final torque value.

The torque induced by the load current over the shaft is
known as load torque. Load torque depends upon the speed

116717



IEEE Access

T. A. Anuja et al.: Modification of Pole Pitch and Pole Arc in Rotor Magnets for Cogging Torque Reduction in BLDC Motor

0.35
—e—0°(63°,63°,63°,63°)

—o-1° (63°,65°,63°,65°)
20 (63°,65°,63%,65°)
@ 30 (63°,66°,63°,66°)
—8—4° (63°,65°,63°,65°%)

0.3

0.25

F8 0 0o 3 0 g g0t 0000g oot °TENMIM
02 9P o . 8 8 g O 6°(6365,6365)

I e - -

& S - t*ff T oo o0 9% 9 g o *7°63656365)

0.15 p
9

0.1 [ S e o e o SR S SO P

Magnetic Torque(Nm)

0 2 4 6 8 10 12
Time (ms)

FIGURE 15. Comparison of Magnetic torque after applying different pole
pitch and pole arc combination.

1.6E-09 —8-0°(63°,63°,63°,63°)
o 1° (63°,65°,63°,65°)
1.4E-09
- 20 (63°,65°,63°,65°)
L2509 o 3° (63°,66°,63°,66°)
» —e—4° (63°,65°,63%,65°)
E 1E-09 o —8-5° (63°,64°,63°,64°)
% —8—6° (63°,65°,63°,65°)
=
S sE10 —8—7° (63°,65°,63°,65°)
H
5
T 6E-10
<
-
4E-10
2E-10

Time (ms)

FIGURE 16. Comparison of Load torque after applying different pole pitch
and pole arc combination.

which is a direct factor for varying the speed which also
affects the electromagnetic torque..Because load torque is
related to load, when load torque increases, the speed lowers
and the electromagnetic torque falls as well. Figure 15 and
16 shows the comparison of magnetic torque and load torque
of different pole pitch and Pole Arc combination. From the
performance characteristics it is concluded that rotor with 3°
pole pitch and the pole arc (63°, 66°, 63°, 66°) has obtained
the maximum load torque.

Net torque is the sum of the individual torques. In no-
load condition the net torque is almost equal to magnetic
torque. Figure 17 shows the comparison of net torque while
applying different pole pitch and Pole Arc combination. From
the Figure it is well clear that when the pole pitch shift is 3°
and the Pole Arc (63°, 66°, 63°, 66°) have the maximum net
torque.

Figure 18 shows the comparison of speed of BLDC motor
after applying different pole pitch and magnet shift combina-
tion and from the speed curve it is very clear that the starting
itself the combination of pole pitch 3° and pole arc (63°, 66°,
63°, 66°) has attained more speed than other combination.
Acceleration is also greater for this combination than other
combination. The comparison of acceleration after applying
different pole pitch and pole arc combination is shown in
Figure 19.
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TABLE 4. Comparison of best combination of pole pitch and pole arc
with minimum cogging torque.

Pole Pitch Pole Arc (°) Cogging
A-B, B-C, C-D, and A,B,Cand D Torque
D-A (Nm)
1° 91°,89°,91°,89° 63°,65°,63°,65° 0.33
2°  92°,88°,92°,88° 63°,65°,63°,65° 0.3
3°  87°,93°,87°,93° 63°,66°,63°,66° 0.18
4°  94°.86°,94°,86° 63°,65°,63°,65° 0.36
5% 85°95°,85°,95° 63°,64°,63°,64° 0.32
6°  96°,84°,96°,84° 63°,65°,63°,65° 0.41
7° 97°,83°97°,83° 63°,65°,63°,65° 0.37
250 e 09(63°,63°,63%,63°)
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FIGURE 18. Comparison of speed after applying different pole pitch and
pole arc combination.

When compared with the basic structure, the structure
shown in figure 10 shows the supreme characteristics like
speed, acceleration, load torque and magnetic torque.

Table 4 shows the FEA result of the BLDC motor after the
application of cogging torque reduction technique. From the
Table 6 when the pole pitch is 1° and pole arc is 63° (A&C)
and 65° (B&D) the cogging torque is 0.33 Nm. When this
pole pitch is increased to 2°, the cogging torque is reduced
to 0.3 Nm. Then the pole arc is 63° (A&C) and 65° (B&D).
In the next step the pole pitch is increased to 3° and the
pole arc is 63°(A&C) and66°(B&D), the cogging torque is
reduced to 0.18Nm. Again, the pole pitch is increased to 4°
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FIGURE 20. Comparison of cogging torque with different pole pitch and
pole arc combination.

the cogging torque is 0.36 Nm, then the pole arc is 63° (A&C)
and 65° (B&D). The cogging torque obtained is 0.32 Nm
when the pole pitch is 5° and pole arc is 63° (A&C) and 64°
(B&D). In the next step the cogging torque value is 0.41 Nm.
Then the pole pitch value is 6° and the pole arc is 63° (A&C)
and 65° (B&D). When the pole pitch is increased to 7° and
the pole arc is 63° (A&C) and 65° (B&D), then the cogging
torque is 0.37 nm. Figure 20 shows the comparison of cogging
torque of different combination of pole pitch and pole arc.

From the above comparison when step the pole pitch is
increased to 3° and the pole arc is 63° (A&C) and66° (B&D),
obtained the lowest cogging torque 0.18Nm. Compare with
the base rotor, the new asymmetrical structure has a 66.6%
reduction in the cogging torque.

C. FLUX PLOT ANALYSIS
Flux plots analysis is a quick way to look at the flux density
distribution and estimate how much useful flux is available.
The flux plots of the conventional motor and the suggested
BLDC motor are shown in Figure 21. The usable flux is
shown in yellow on the flux charts. The usable flux density of
the basic design is 1.37 Wb/m?, while the proposed design is
1.41 Wb/m?. When applying pole pitch and pole arc change
in the rotor magnets, the flux density increases. It causes the
reluctance to change comparatively better than the existing
method and results in cogging torque reduction.

Table 5 compares the flux density of symmetrical and
asymmetrical magnets in the BLDC Motor, The symmetrical
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FIGURE 21. Flux plots in proposed BLDC motor.

TABLE 5. Flux density comparison of Symmetrical and asymmetrical
Rotor PMs.

Model Rotor with Rotor with
Symmetrical  Asymmetrical
PMs. PMs.

Normal Flux Density 0.71 0.82

Wb/m?

Tangential Flux 0.95 1.1

Density Wh/m?

Cogging torque (Nm) 0.54 0.18

rotor’s normal flux density is 0.71 Nm, while the asymmet-
rical rotor’s is 0.82 Nm. The tangential flux density of a
symmetric rotor is 0.95 Wb/m?, while that of an asymmetric
rotor is 1.1 Wb/m?. Compared with the conventional structure
the normal flux and tangential flux densities of proposed
structure is increased. The cogging torque for symmetrical
structure is 0.54Nm and for asymmetrical rotor it is 0.18 Nm.
While considering the BLDC motor with symmetric rotor
magnets the motor with asymmetric rotor magnet obtained
a 66.6% reduction in the cogging torque. The comparison of
flux densities and cogging torque are shown in Figure 22.

IV. PERFORMANCE ANALYSIS
The important performance characteristics of BLDC motor
are power, torque, speed, and efficiency. The basic equations
are shown below.

The power input to the motor is calculated by

VI = [2eph + 2IRph +2Vaq] 1 (11)
where,
eph = back emf generated per phase in the armature
winding.

I = Armature current

Rpnh = Resistance per phase of the armature winding
Va4 = Voltage drops in the device.

Back emf generated per phase in the armature winding

eph = 2Bt Tphom (12)

B, = Flux density induction in the air gap
r = radius of the air gap

1 = Length of the armature

Tph = Turns per phase

wm = Angular Velocity.
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FIGURE 23. Comparison of mechanical power of BLDC motor with
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The output power can be calculated as

Pm = 2epnl
= 4B, Tphoml (13)
Torque Developed in the motor
P
T = — = 4BgtTpl (14)
Wm

The performance analysis was explained in detail previ-
ous chapter. Figure 23 shows the comparison of mechani-
cal power of BLDC motor. The base model has the power
673.43 watts. The combination of 3° shift (A-B (87°), B-C
(93°), C-D (87°), D-A (93°)) and pole arc (A-63°, B-66°,
C-63°, D-66°) has 702.20 watts.

Figure 24 shows the comparison between mechanical
torque of symmetrical and asymmetrical rotor structures and
the conventional motor has mechanical torque of 1.29 Nm.
Compared with the symmetrical structure all the asymmetri-
cal structure has better mechanical torque. And the combina-
tion of 3° shift (A-B (87°), B-C (93°), C-D (87°), D-A (93°))
and pole arc (A-63°, B-66°, C-63°, D-66°) has attained the
torque of 1.34 Nm.

Figure 25 shows the comparison of efficiency between
the symmetrical and asymmetrical rotor structures where the
conventional motor has efficiency 90.27%. Compared with
symmetrical structure all the asymmetrical structures have
better mechanical torque. And the combination of 3° shift
(A-B (87°), B-C (93°), C-D (87°), D-A (93°)) and pole
arc (A-63°, B-66°, C-63°, D-66°) has attained efficiency of
94.13%.
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FIGURE 26. Comparison of speed of BLDC Motor with asymmetric rotor
PMs.

Figure 26 shows the speed comparison of symmetrical and
asymmetrical rotor structures where the conventional motor
has speed 4975 rpm. Compared with symmetrical structure
all the asymmetrical structures have better mechanical torque.
And the combination of 3° shift (A-B (87°), B-C (93°), C-D
(87°), D-A (93°)) and pole arc (A-63°, B-66°, C-63°, D-66°)
has attained the speed of 4990 rpm.

Table 6 shows the comparison of speed, mechanical power,
torque, and efficiency of conventional and various proposed
designs of BLDC motor. From this analysis it is evident that
the asymmetrical structure with pole pitch and pole arc com-
bination (3° and 63°, 66°, 63°, 66°) has better performance
compared with the base model and other proposed structures.

V. COMPARITIVE FEA ANALYSIS FOR COGGING TORQUE
REDUCTION TECHNIQUES

The Simple Gradient Descent method helps to reduce the
cogging torque by 2.72%, the Stator Claw Skewing technique
reduces the cogging torque by 28%. The notches in stator
minimizes the cogging torque up to 35.6% and closing the slot
by sliding pre slot helps to reduce the cogging torque up to
47.8%. The hexagonal shapes of rotor magnets reduces 52%
of the cogging torque and the reduction in magnet thickness
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TABLE 6. Performance comparison after applying different pole pitch and
pole arc combination.

Mechanical Torque Speed Efficiency
power (Nm)  (rpm) (%)
(watts)

Base Model 673.43 1.29 4975 90.27
(63°,63°,63°,63°)

1° 678.44 1.30 4899 90.94
(63°,65°,63°,65°)

0 692.07 1.33 4900 92.77
(63°,65°,63°,65°)

3° 702.20 1.34 4990 94.13
(63°,66°,63°,66°)

4° 678.30 1.30 4890 90.93
(63°,65°,63°,65°))

5° 685.25 1.31 4910 91.86
(63°,64°,63°,64°)

6° 671.77 1.29 4977 90.05
(63°,65°,63°,65°))

7° 678.44 1.30 4892 90.94
(63°,65°,63°,65°))

66.60%

¥ [32] simple Gradient Descent
method

m [25] Stator claw skewing

47.80%

® [18] Notches in stator

[23] Closing Slot by sliding pre-
slot

B [33] Hexagonal magnet shape)

u [24] Rotor pole magnets with
different Thickness

u Proposed - Pole pitch and pole
arc modification

% Reduction in Cogging Torque

B
I
&
~
|

Cogging Torque Reduction Technique

FIGURE 27. Comparison of cogging torque reduction techniques.

minimize the cogging torque up to 55.5%. While comparing
with the existing techniques, the proposed technique based
on pole pitch and pole arc change minimizes the cogging
torque by 66.6%. Figure 27 shows the comparison of different
cogging torque reduction techniques.

VI. CONCLUSION

This work offered a new cogging torque reduction method
based on magnet shaping. The thickness of the permanent
magnet is kept constant in this study. Pole pitch and pole arc
are taken into account when making structural adjustments.
For the best combination of pole pitch and pole arc, every
feasible combination was tested. In this, combination of pole
pitch (A-B (87°), B-C (93°), C-D (87°), D-A (93°)) and Pole
Arc (A-63°, B-66°, C-63°, D-66°) get minimum cogging
torque of 0.18 Nm. For analyzing the cogging torque reduc-
tion, an analytical expression is generated using VWM. The
findings of the simulation and the analysis are compared. This
asymmetrical shape results in a 66.6% reduction in cogging
torque.
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