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ABSTRACT

Despite many advantages of Bristss DC motor, torque pulsation is one of the most important
disadvantages of it. At first, an optimum primary design of BLDC motor is done using PSO algorithm. Then,
other parameters for reducing tteeque pulsation are considered by the finite element method. It is shown
that the fractional slot structure has many advantages than the conventional one. Both cogging and ripple
torque have been reduced for the fractional structure. In the next stegs jmportant torque pulsation
parameters, such as magnet embrace, offset and skew are considered. Proper embrace, skew and offset ar
achieved for reducing the torque pulsation by the nonlinear-Bitétment analysis
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1- INTRODUCTION optimizing BLDC motor for reducing the torque pulsation
Nowadays, due to offering several advantagets presented. The goal of this paper is to desigipha®e,
compared to the other motors, permanent magnet Brus#-pole, 800 watt output power, 7000 RPM and 24 volt
Less DC motor (BLDC) is widely used in different BLDC motor with a minimum torque pulsation. After the
applications such as robots, air conditionetghymarines primary designing, some different techniques are

and etcSuch advantages include having highercéfficy  considered to minimize the torque pulsation.

and shrinking the maintenance costs and noise due to
eliminating brushesFurthermore, since it is fed with DC
current, it can be employed in situations where no A
power supply exists. Though the performanc8DC is
satisfactory, few features fothis motor still need
improving. Vibration and noise are two major
deficiencies of BLDC that must be addressed. Vibratio
and noise are the side effects of torque pulsafionque
pulsation is, in turn, the resultant of two different types o
torque, ie., ripple torque and cogging torque. Ripple

torque is produced by the interaction of stator winding

and magnet linking flux [1]Cogging torque shows the . BRUSHLESSDC MOTOR EQUATIONS

relation between the rotor magnets acting on the stator ] . ) )

teeth or poles independent of any currfgit In fact, The relationship between air gap flux density)(&nd
cogging torque is created due to the different reluctancégagnet flux density (Bis [2, 13]:

observed by the rotor magnet while it is rotating. The

In section two, motor equations are given. In section
ree, a optimized preliminary design for BLDC was

one, thanks to PSO (the Particle Swarm Optimization)
algorithm. In the next steps, the influences of other
parameters on torque pulsation, especially magnet offset,
ﬁmbrace and skew has been considered to arhfey
least torque pulsation, thanks to the finite element method
]using Maxwell software.

reason for this difference is the slot opening that causeg _ K| Br @
difference in the air gapsbserved by magnet rotor. In 9 e,
other words, pple torque is created by the mutual torque 1+ K, ——
while cogging torque is created by reluctance torque [1]. Lm

Cogging torque plays an important role in generating a PTIT )
undesirable noise and vibration in BLDC. So, it should bél‘he tooth body width is [2,13]:

reduced or even removed.
_ Bg2pRyg

There are somélifferent techniques for minimizing “b ‘m )
the torque pulsation. Some of them tried to modify the shsttt
excitation current [3®], while some others have focused The stator yoke width is [2, 13]:
on optimizing the motor design to achieve smoother T

torque[10-13]. The relationship between the number of ByoR:

magnet poles and the number of stator slots can ianuenQQS -_ 97T €)
cogging torque, because as each magnet passes by statol NmKsBsy

slots, it produces cogging torque [Zogging torque

frequency is the Lowest Common MultipleCM) of all  And the rotor yoke width is [2,13]:

slots and poles. By increasing theeduency, the

amplitude of cogging torque decreaséxreasing the ByPRro

number of phases has a significant importance ity = — (4)
reducing the torque pulsation. Increasing the phases NmK stBry

increases the torque pulsation frequency and decreases its

amplitude. The role of theumber of phases on torque whereWy, , Wsy andWry given in Eqg.s (2(4) are show
pulsation has been considered in [XPne of the in Fig. 1.In the ideal conditions and withgp, which is
fundamental methods to redutke cogging torque is equal to 1, the torque produced by each phase can be
skewing. Cogging torque is maximum without skewing expressed g2,1318]:

and can be eliminated with one slot pitch sk&kew can

apear on magnets omslots [1,2]. Changing the El

magnetizing direction of the magnet can affect the! = — 2NmNBy LstRyo | ®)
cogging torque. Skewing, changing magnetization, m

considering the role of stator winding distribution and the

number of stator slots have been considered in [14]. In

[15], the effet of pole shape on cogging torque is studied

and an optimal pole shape to reduce cogging torque is

achieved. In [16], the core shape is optimized to reduce

the cogging torque, and in [17], the magnet shape is

optimized according to the magnetization dii@t for

maximizing the baclEMF and minimizing the cogging

torque and THD.

In this paper, an efficient procedure for designing and
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Rr, g L, H%, Hs; andHs,. The three last parameters are
shown in Fig. 2. These parameters determine stator slot
construction, stator and rotor yoke thickness and rotor
configuration. The Particle Swarm Optimization (PSO)
algorithm is used to achieve the optimum values for the
free parameters.

Eqg.s (1) (7) are used for the purpose of the
optimization using PSO. There are many parameters in
these equations. Some of them are free parameters that
mentioned before and should be optimized. Btiter
parameters should be initializdxfore the optimization,
such asstator exterior radius, stator and rotor yoke flux
density and etc. These parameters are given in Table 1.
Stator exterior radius is usuallyfo be selected
experimentally. Stator yoke flux density, rotor yoke flux
density ad tooth flux density are selected below
saturation level of the ferromagnetic materialaBd /7,

FIGURE 1: BLDC MOTOR CROSS-SECTIONAL AREA [2] arethe magnet specifications. Selecting magnet sets these
parametersNow, motor design beging.he goal of this
paper is to design a-fhase, 4ole, 800 watt output

where Npis thenumber of slot per pole per pha3éere  power, 7000 rpm and 24 volt BLDC motdrirst of all,

are two coil sides per slot while each of them contains khe design begins with the traditional structure for three

turns. Hence, the resistance per slot becomes 513, phases i.e. 18lot, 4pole (coil span equal to 3 slots or
full pitch). To achieve the maximum slot fill factor and

"—st4N2 increase efficiency, the double layer winding is selected.
Ryot =———— (6) In this paper, PSO algorithm is used for optimizthg
KsAs free parameters. However, at first, a proper objective

function must be defined. The problem gt there is no
analytical relationship for expressitige torque pulsation,
so another objective function should be found. There are
0 2 three constants in BLDC motor; the torque constant, the
As :Nf[( Rso Wsy (Rpo & %'ﬁt)zl Wyf Rsp Wy back EMF constant and the motor constdiite torque

Based on the aforementioned equations and Fighel,
slot area can be expressed43.18]:

s constant andhe back EMF constant are dependent on N,
“Ro -0 dp) @ but until the slot area remains unchanged, the product NI
0 ht is constant [2]. Therefore they are not good indicators of
dey is the sum of HgandHs, that are shown in Fig. 2. the motor performance. The torque constant is defined
Eq.s (1)(7) are needed for designing a BLDC motor. ~ Pelow [2 13}
B: T
Wt o= ¥ Ky = — ®)

The back EMF constant is definedfaows [2, 13]

E
Ke = —2 ©)
"m

The motor constant is defined folls [2, 13]:

T

Km =
\IIZR

The motor constant, defined in (10), is a better

3- DESIGN AND OPTIMIZATI ON OF THE STRUCTURE OF performance indicator [2].
MOTOR FOR REDUCING T ORQUE PULSATION

(10)

FIGURE 2: STATOR SLOT FIGURE

The torque efficiency that the motor constant
A. A Fundamental Design of Motor Usinthe PSO expresses is different from thower efficiency.Since
Algorithm [19, 20] there are I currentcarrying coils involved in the torque
in (5), the total slot resistance would bg, times larger
There are some free parameters in the above equatiofi@n the slot resistance in (8)sing the ideal torque as
that should be selected properly in order to reach agated in (5), along with the total slot resistance and

optimal design and hence, reduce the torque pulsatiogssuming that the resistance of the end turns is negligible,
Free parameters are selected as follows:
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one can write the motor constant for one phase of this 7000*2
ideal motor [2, 13]: _

Stacking factor Ks= 0.95
Km = % :Bg F#o stLStN mo\g r (11) Stator yoke flux density (tesla) Bsy=0.9

! RS|0tNm Rotor yoke fluxdensity (tesla) By=0.9
The motor constant is not dependent on either current
or the number of turns Nso, it won't change as long as Motor length (meter) Ls=0.06
the slot fill factor is fixed. Therefore, the motor constant . - -
can be considered to be a good indication of the motor Resistance factor b= B
performance A bigger motor constant leads to a better Leakage factor K =095
performance. Thus, the motor constant is selectdtieas
objective function. Using Eq.s Y), initialized Reluctance factor Ki=1.1
parameters and the motor constant, PSO algorithm can be
used for optimizing the free parameters. After
determining free parameters, all motor dimensions are
achievable. Te torque equation in all rdblag machines TABLE 2
can be expressed [2, 13]: RESULTS OF PSOOPTIMIZATION
2 Rotor Magn Air Hs Hs Hs:
T =KD Lg (12) ra?jiﬂs thi:l?n(;ests %r ° ’ ’
It is known that the torque is proportional to the motor

length. One canincreasethe motor length to increase| R=144 | La=3mm | g=15 | Hs= Ha=1 | Hs=
torqueand reduce speed while the power is kept constant. ™™ mm_| 05mm | mm | 6.1mm

To achievethe desired speed, motor length is 0 be  The rotor exterior radius ¢§ is the sum of the rotor
altered inthe constant power. At first, motor length is radius and the magnet thickness. Using Table 2
considered 60 mm. Aftahe finite element simulation, if parametersand Eq.s (1) (7), other motor dimensions

the motor speed differed from 7000 RPIhe motor \yhich should be used in Maxwell software foe finite
length should be changed to adjust the speed. The staigement analysis, are achievable. These parameters are
exterior radius is set to be 38 mm, based the  ghown in table 3. K, Hey, Hex By, Bszand Boare shown
experiment. The magnet is NdFeBr of type 35 EH with Bj Fig. 2. Bg is set experimentally to 1.5 mnThe

equal to 1.2T and a relative permeability of 1.098he  ,ymper of conductors per slot and the number of strands
values of different constas and parameters, which aréy, each conductor are set by tiaxwell software

used forthe simulation, are shown in Table 1. automatically.Using Table 1, Table 2 and Table 3 data,

and the stator yoke should be equal to the stator exteri@psumed to be 1 and its skew and offset assumed to be
radius. zero for this simulation. Next, these parameters will be

studied. The designed motor crossectional area and

Re+lm 19 Hy Hy Ho weyr Rgo= 13) winding layout(coil span equal to 3 slotgre shown in
Fig. 3.

Furthermore, all of the free parameters have the
proper upper bound and lower band to change in the
correct span. These two constraints should be considered
in PSO programmingThe optimized values of the free

TABLE 3
L AST DIMENSIONS FOR BLDC MOTOR DESIGN

parameters, after PSO optimization, are showhable 2. Slot area 0.39875 crh
Tooth Thickness ¥ipb="5.7 mm
TaABLE 1 -
VALUES OF CONSTANTS AND PARAMETERS FOR BLDC MOTOR Stator yoke thickness ¥sy=11.5mm
DESIGN Rotor yokeghickness Yy=11.5mm
Number of slots
Ne=12 Slot parameter Bs1=5 mm
Number of poles Nm=4 Slot parameter Bs2= 8.1 mm
Tooth flux densitytesla) B.=12 Number of conductors per slot 14
Exterior stator radius (meter) Rso=0.038 Number of strands for each conductd 4
Magnet flux density (tesla) B, =121 Parallel branches 4
Magnet permeability e=1.099 Siot_parameter Boo= 1.5 mm
Slot fill factor Ks=0.65 Motor length La= 67.75 mm
Nominal rotor speed (rad/sec) Tm=
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AlWh/m]

9. 4859%-003
8.1308e-003
6.7757e-003

5. 4205e-003
4.@654e-003
2.7103e-003
1.3551e-003

0. 0000 +000
-1.3551e-003
~-2.7103e-003
-4.0654e-003

-5.4205e-003

-6.7757e-003
-8.1308e-003
-9, 4859-003

0 20 40 (mm)

BLteslal

1.9622e+00@
1.8396e+00@
1.7169e+000
1.5943e+000

1.4717e+000
1.3490e+008
1.2264%e+00@

1.10382+000
9.8115e-001

(b) 8.5851e-001
| 7.3588e-001

| 6.1325e-001

FIGURE 3: (a). DESIGNED MOTOR CROSS-SECTIONAL AREA . (b). l Lpneee

3.6798e-001
WINDING LAYOUT 2.4535¢-001
1.2272e-001

8. 5454e-0@5

Motor triangulation in Maxwell software is shown in
Fig. 4, and the flux lines and the flux density are shown ii
Fig. 5.

40 (mm)

(b)

FIGURE 5: (@). FLUX LINES . (b). FLUX DENSITY IN MOTOR
CROSSSECTIONAL AR EA

After the finite element simulation, the motor speed
differed from 7000 RPM. So, the motor length is changed
from 60 mm to 64.1 mm to adjust the speed to 7000
RPM. The torque waveform for the designed motor is
shown inFig. 6

VAV
A

2

N
Y

Maxwel2DDesign? A,
Gveine

AV

5/

0

FIGURE 4. MOTOR TRIANGULATION F OR FINITE ELEMENT
ANALYSIS

Torque (N.m)

obo 12 2k

ars sho 625
Time (ms)

FIGURE 6: TORQUE WAVEFORM FOR 12-SLOT, 4-POLE WITH
SKEW AND OFFSET EQUAL TO ZERO AND EMBRAC E=1
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The torque pulsation for designed motor is: Motor winding layout is shown in Fig. 7. The torque
waveform for this structure i.e. idot, 4pole, zero

Tmax - Taverage 1.6197- 1.3798 offset, and unity embrace and with skewing, is shown in

ulsation = £7.39% Fig. 8.The torque pulsation for this figure is 8.45%. As it
Tp 1.3798 ; n for )
average : is clear, the torque pulsatios feduced fothe fractional
(14) slot structure. Now, cogging torque is compared for these

two structures. Cogging torque diagram is also achievable
with Maxwell software. The cogging torque ftre first
design is shown in Fig. 9, (20t 4pole) and the
coging torque forthe second design is shown in Fig. 10.
(15-slot 4pole)

B. Fractional Slot Motor

The simulated motain the last sectiohad 12slot, 4
pole with 3 slots coil span (full pitch). Now the fractional
slot motor is consideredAs mentioned before, the
cogging torque frequency is the Lowest Common
Multiple (LCM) of the number of slots and number of
poles. Greater cogging torquigequency reduces its
amplitude. In fractional slot motor, LCM is bigger.
Furthermore, as stated in [2] and [13], the back emf
waveform in the fractional slot is more sinusoidal than
that of theconventional structures. Sinusoidal back emf
reduces torquepulsation. So, designing motor using
fractional slot structure has many advantages. Among the
possible configurations, combination of pole and slot with
maximum LCM is selected. There are two possible
combinations. Slot, 4pole with LCM equal to 36 and
15-slot, 4pole with LCM equal to 60. More than 15 slots ¢ re 7: WINDING LAYOUT FOR 15-SLOT, 4-POLE, SKEW =0,
is not feasible, because the slot area will be very small fofygrace =0.85wiTH COIL SPAN =3 (FRACTIONAL SLOT PITC H)
this specmc motor. Therefor, a ot, 4pole MaelzD0esige A,

combination is selected (with coil span equal to 3 slots’ * ] :
/ / / / / /
AV VY

Coil span is 144 electrical deees for this structure.
Changing the number of slots from 12 to 15 will change

Bsy, Bsa uwy, andthe slot area. The results of this E k=
modification are expressed in Table 4. Parallel branche Z
in fractional slot structurecould not be more than 1. g 1]
Number ofconductors and number of strands are properl &
set due to Maxwell software automatically. 2
TABLE 4 m_:
M OTOR DIMENSIONS WITH 15-SLOT, 4-POLE AND COIL SPAN =3
R 14.4 mm e 1% 1) 13 sh ]
Time (ms)
Lm 3 mm
g 1.5 mm FIGURE 8: TORQUE WAVEFORM FOR 15-SLOT, 4-POLE WITH
SKEW = 0 AND EMBRACE =1
Hso 0.5 mm - RibiprDesign! 4.
Hs1 1 mm i /
£ / ,
Hs2 6.1mm z ! / y
g / /
0 A
As 0.319 cm 3 = /
5 " /
|_
Yo 4.6 mm o s /
c /
¥sy 11.5 mm g% 100, /
0
0
Yry 11.5 mm /
B 1 5 mm Dl“l‘ X ’ ; ! ‘.n! ' ' ! I‘S‘J‘L‘U k m.‘uu
%0 ' Electrical Degree
Bs1 4 mm
FIGURE 9: COGGING TORQUE WAVEFO RM FOR 12-SLOT, 4-
Bs 6.5mm POLE WITH SKEW =0 AND EMBRACE =1
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Riptuig 4 Uwew €quals to 1 means one slot pitch skew in motor
. l ength for eg@forissiot 4pdlmis: sl ot .

15 15

= =2 @25
LCM(15,4) 60

Agkew™

Li k e wiesi® equallto 0.5 and one slot pitch can
f eliminate cogging torque for this caddow, the role of
/ l& skew on cogging torque will be considered, this is done

Cogging Torque (N.m)
1
e, = AN
I —

through the finite element method using Maxwell
= — . S— . —— software.The results othefinite element analysis for 15
= - Electical Degree i s slot, 4pole motor with coil span equals to 3, offset equals
to zero and ebirace equals to Wwith different skews are
expressed in Table 5.

FIGURE 10: COGGING TORQUE WAVEFO RM FOR 15-SLOT, 4-
POLE WITH SKEW =0 AND EMBRACE =0.1

Obviously cogging torque frequency is increased and,_ " sl,keV\Ii equals t? (z.SOagg L cogglntg torque IIS alrrtwr?st
its amplitude is decreased for-slt, 4pole structure. As Z€ro. In skew equals 1o 9.2>, cogging torque IS less than

expected, in the first figure, the amplitude is 0.1893 N. i.ts around skews, as expected. As mentioned before, the

while in the second figure, the amplitude is 26 6em.  Minimum skew with théowest cogging torque is needed,
As a result, usinghe fractional slot combination, the so skew equals to 0.5 is selected for the subsequent

torque pulsation is reduced from 17.39% to 8.45% anaptimizations.
the cogging torque is reduced from 0.1893 Nm to 25.6e

Nm. Hereinafter, other parameters &é’*?"'ﬁset, skew, é) wi
be considered through the fractional slot combination. IFFERENT SKEWS FORL5-SLOT, 4-POLE MOTOR WITH COIL
SPAN=3 AND EMBRACE=1 AND OFFSET-0
C. Skew Role
. . T | B S s | 3
Cogging torque equation can be expressefblésvs S g é’ o< | 5 = ]
[1,2]: 5 |ES |eE |23§|2F |28 22
= o . = s — - O
v |33 |82 |8 5 |8 s¢e
1 2dR =5 o S| 2 § g
Teog = - — (15) = | Z 2| 8
2 dg 0 1.427 | 1.3158| 8.45 | 26.6 e3 | 46.1 | 7000.3
As mentioned before, eliminating the cogging torque ! 5
is so important for reducing noise and vibratmmwell. | 0-1 | 1.4258| 1.3147| 8.45 | 19e3 | 46.1 | 7002.3
One ofthe fundamental methods for reducing cogging 7
torque is skewing. Cogging torque is maximum witholit0.2 | 1.4237 | 1.3125| 8.47 | 6.1e3 | 46.2 | 69994
skewing, however it can be eliminated with one slot pit¢ch 3
skew or skew equals to 1 in stator or magnet length [1,PJo.2 | 1.4221| 1.311 | 847 | 5.7e4 | 46.2 | 6999.9
Based on (15), reducindR/dq will reduce the cogging 5 5
torque. Using skewing, the ndR/dq decreases. Since
different parts of magnet have different reluctange0.3 | 1.4204 | 1.3093| 8.48 | 4.1e3 | 46.2 | 6999.4
variations relative to each other, their variations are not|in 8 5
the same phase, hence the net variation is redude@.s | 1.4144 | 1.3036| 85 47e3 | 46.3 | 7001.7
However,increase oskew from zero to one can increasge 5
the torque pulsation. Similarly, the (nechamc. 05 [ 120711 129641 854 | 251e | 264 | 70008
construction would become more complicated with 12 2
skewing[2]. So, finding the minimum skew, which can
eliminate the cogging torque, is desirable. Agq 1 | 1.3436| 1.2347| 882 | 4.13e | 474 70025
demonstrated in [2], theninimum skew for eliminating 13
cogging torque can be obtained:
N D. Embrace Role
askewzis (16) . . .
LCM(Ng, Npy) Embrace isthe magnet arc. According to Fig. 11,

o embrace is defined as follows:
In 12-slot, 4p o | L,canlbe given as

b
12 12 Embrace= — 17

Askew™ g

LCM(12,4) 12
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0.80 1.237 1.1171 | 10.74 | 7003.4 | 51.25
0.81 1.24 1.1202 | 10.69 | 7001.8 51
0.82 1.2446 1.1254 | 10.59 6999 50.75
0.83 1.2491 1.1305 | 105 6998.3 | 50.49
0.84 1.2529 1.1348 | 10.4 6998 50.25
0.85 1.2561 1.1388 | 10.3 7000 50
0.86 1.2597 1.1433 | 10.18 | 7001.8 | 49.75
FIGURE 11! EMBRACE SHOW 087 1.2657 115 | 1007 | 69983 | 49.54
{ is the pole pitch. Changinye embrace changeke 0.88 1.2723 1.1574 | 9.93 7000 49.3
air gap flux density. Air gap flux density has a direft 589 T57E TT6a5 T 981 55573 51
impact on the stator induction back emf. An efficient ™ ‘ ' ' ' ‘
back em}c results in a lower torque pulsatlor_l. So, emp acg 12846 11712 | 969 70013 | 4885
has an important role othe torque pulsation. In thig

section, embrace role will beonsidered viathe finite
element method using Maxwell software. For considerind- Offset Role

its role, the finite element analysis will be done for  Now the last important parameter is considered.
different embraces and the embrace, which has the 'e"ﬁhgnet offset is shown in Fig. 12. Offset changes the
torque pilsation will be selectedTo achieve a high magnet shape. Magnet shape affects air gap flux density.
efficiency, the embrace ranges from 0.7 to 1 [2]. Torng mentioned in the previous section, air gap flux density
prevent excessive drop ithe motor length, the upper aftects the torque pulsation. So, likenbrace, different
limit of the embrace is reduced to 0.9. The resultthef  qets result in different torque pulsations. The finite
finite element analysis for a igot, 4pole BLDC motor  glement mothod and Maxwell software have been used
with skew equals to 0.5 and offset equals to zero withy considering the offset role. Like embrace, different
different embraces are given in Table 6. offsets are being tried and the offset with the least torque
One can infer from the above table that as the value @plsatim will be selected. The _result of this analysis for
embrace increases from 0.7 to 0.77, the torque pulsatiglifferent offsets for the last designed motor with embrace
percentage goes up. However, angtHar increase in the €quals to 0.9, 15lot, 4pole, skew equals to 0.5 and the
embrace value results in a declining trendtftorque ~ Motor length equals to 48.85 mm are shown in Table 7.
pulsation percentage. An embrace value equals to 0.9 The maximum possible value foffset with this rotor
results in the least torque pulsation equals to 9.69%. Sgyctyre is 7.3. The last three offsets have the least torque

the embrace is set to 0.9 for the next optimization. pulsation.
TABLE 7
TABLE 6 DIFFERENT OFFSETS FOR EMBRACE =0.9,15-SLOT, 4-POLE,
DIFFERENT EMBRACES FOR 15-SLOT, 4-POLE WITH SKEW =0.5 SKEW = 0.5WITH COIL SPAN =3
AND OFFSET=0
_ Offset(mm | Maximu | Aver Torque Speed | Mot
embrace | Maximum | Average | Torqu Speed Motor ) mtorque | age | pulsation | (RPM) or
torque torque e (RPM) length (N.m) torqu (%) lengt
(N.m) (N.m) pulsati (mm) e h
on (%) (N.m (mm
0.70 1.205 1.0901 10.55 6999 54.72 ) )
0 1.2846 1.17 9.69 7001.3 | 48.8
0.71 1.2067 1.0912 10.59 7002 54.3 12 5
1 1.3469 1.23 9.43 6998.5 | 48.8
0.72 12105 | 1.0944 | 10.61 | 7002 53.9 09 5
2 1.4115 1.29 9.16 7003.2 | 48.8
0.73 1.2168 1.0997 10.64 6997.7 53.55 31
3 1.4771 1.35 8.91 7001.3 | 48.8
0.74 1.2168 1.0992 | 10.7 | 7003.9 | 53.15 62 2
4 1.5456 1.42 8.74 6999.8 | 48.8
0.75 1.2193 1.101 10.74 7002.9 52.8 14 6
5 1.6155 1.48 8.72 6999.5 | 48.9
0.76 1.224 1.1052 | 10.75 | 6999.2 | 52.5 59 5
6 1.6828 1.54 8.67 6999 49.1
0.77 12272 | 11078 | 10.78 | 6999.8 | 52.18 86 5
7 1.7473 1.60 8.68 6999 49.3
0.78 1.2301 1.1104 10.78 7003.1 51.85 78 5
7.3 1.7655 1.62 8.69 6998.7 | 49.4
0.79 1.2363 1.1165 10.73 7001.4 51.55 a4 4
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FIGURE 12: OFFSET SHOW

E. Winding Factor Role

Another component which can affect the torque
pulsation is the winding factoA bigger winding factor

results in more efficiency and less torque pulsation. In thi’

previous simulations for the 15 slot motor, coil span was
3 slots. Winding factor for this structure is 0.909854. By
changing coil span from 3 to 4 slots, winding factor
becomes 0.951436. So, it is expected to reduetorque
pulsation. In this case, coil span is 192 electrical degree
Winding layout is shown in Fig. 13. For the last three
offsets, changing coil span from three to four has bee
considered and the ressiire given in Table 8.

The least torque pulsation is achieved with offset
equals to 7.3mm. Th®rque pulsation redus¢o 8.45%
which is suitable for this motoiThe flux lines and the
flux density for the motor with the least torque pulsation
are shownn Fig. 14.

The torque waveform for 18lot, 4pole, embrace
equals to 0.9, skew equals to 0.5 and offset equals to 7
with coil span equals to 4 slots are shown in Fig. 15, an
the motor crossectional area for this structure is shown
in Fig. 16.

Motor rated current for this structure is 37.6 A. The
flux density in different parts of the motor is shown in
Table 9.

TABLE 8
DIFFERENT OFFSETS FOR EMBRACE =0.9,15-SLOT, 4-POLE,
SKEW = 0.5WITH COIL SPAN =4

Offset | Maximu Average Torque Speed Motor
(mm) m torque torque pulsation (RPM) length
(N.m) (N.m) (%) (mm)

6 1.6414 1.5091 8.76 7003.6 46.3
7 1.6982 1.5646 8.54 6998 46.6
7.3 1.7106 15773 8.45 6998.9 46.6

Vol. 44, No. 2, Fall 2012

AlWh/n]

5.6337e-003
4. 8287e-003

B 4.02382-003
3.2188e-003
2.4138e-003
1.6089e-003
8.0389e-004
-1.8724¢-006

| -8.0604e-004
-1.6110e-003

-2, 4160e-003
-3.2209e-003

-4.0259¢-003
-Y4.8389e-003
-5.6358e-003

0 35 70 (mm)

BLteslal

1.2493e+000
1.1712+000
1.08931e+000

| 1.0150+000

9. 3697-001
8.5889e-001
7.8081e-001
7.8273e-001
6. 2466e-001
5. 4658e-001
4, 6850e-001
3.9043e-001

. 3.1235e-001
2.3427e-001
1.5619e-001
7.8116e-002
3.9055e-005

i

Figure 14

.
0 35 70 (mm)

(b)

. (@). Flux lines and (b). Flux density in motor
crosssectional area
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FIGURE 15: TORQUE WAVEFORM FOR 15-SLOT, 4-POLE,
EMBRACE =0.9,0FFSET =7.3WITH COIL SPAN =4
TABLE 9
FLUX DENSITY IN DIFFE RENT PARTS OF MOTOR
Stator Stator Rotor Air-Gap Magnet
Teeth flux Yoke flux Yoke flux flux flux
density density density density density
(tesla) (tesla) (tesla) (tesla) (tesla)
1.67393 0.716784 0.716784 | 0.861199 | 0.696755

Designed motor efficiency becomes 78.144% and its
weight is 1.5334 kg. Motor final parameters are given
in Table 10.

FIGURE 16: M OTOR CROSS-SECTIONAL AREA FOR 15-SLOT, 4-
POLE, EMBRACE =0.9,0FFSET =7.3,SKEW =0.5WITH COIL SPAN
=4

68

TaABLE 10
FINAL PARAMETERS OF D ESIGNED MOTOR
Parameter Value
R 14.4 mm
Lm 3 mm
g 1.5mm
Hso 0.5 mm
Hs1 1 mm
Hs2 6.1 mm
As 0.319cn?
Yip 4.6 mm
Fsy 11.5 mm
Fry 11.5 mm
Bso 1.5mm
Bs1 4 mm
Bs2 6.5 mm
Number of phases 3
Ns 15
Nm 4
Coil span (slot pitch) 4
Skew (slot pitch) 0.5
Magnet embrace 0.9
Magnetoffset 7.3 mm
Motor length 46.6 mm
Motor efficiency 78.144%
Motor weight 1.5334

4- CONCLUSION

In this paper, an efficient procedure was presented for
designing and optimizing the BLDC motor for reducing
torque pulsation. Firstly, a classic design withslot, 4
pole was done by employing the PSO algorithm and
using the motor constaat the objective function. Then,
the role of fractional slot was studied throutjie finite
element analysis. Proper number of magnet poles and
stator slots plays a sigiint role inthe reduction of
torque pulsation. It was shown that the fractional slot
structure reduces torque pulsation and cogging torque.
After that, skew was investigated in the designed
fractional slot motor. Using skewing of half slot pitch,
coggingtorue was eliminated for a idot, 4pole BLDC
structure. Then, the role of two important parameters i.e.
offset and embrace were investigated usthg finite
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element method. Proper embrace and offset that cause the

least torque pulsation were obtaineit last, winding
factor role was considere@®y increasing the coil span
from three to four slots for 18lot, 4pole, winding factor

increases and torque pulsation decreases, as expected.

5- APPENDIX
TABLE 11
PARAMETERS AND VARIABLES DEFINITION
Ns Number of Rso Statorexterior
slots radius
Nm number of R Rotor radius

magnet poles

By Air gap flux Rio Rotor exterior
density radius (R+ Lm)
B, Magnet flux R Resistance of
density one phase
Yt Tooth Rsiot Resistance of
thickness one slot
Ysy Stator yoke } Resistivity
thickness
Yry Rotor yoke Lst Axial stack
thickness length of motor
K, Reluctance | Winding current
factor
Ki Leakage factor € magnet
permeability
Lm Magnet D Motor diameter
thickness
Bt Toothflux g Air gap
density thickness
Ks Slot fill factor Tm Rotor nominal
speed
N Number of Kt Stacking factor

turns per coil

As Slot area T Motor torque
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