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Abstract-- In this paper various techniques are applied to decrease cogging torque of overlap winding of permanent magnet flux
switching machine (PMFSM) with 24-slot/16-pole. Due to its unique design PMFSM have mechanical strength, batter torque density
and high flux linkage is a suitable candidate for electrical vehicle (EV). The major disadvantage of this design are high cogging torque
and torque ripple while keeping constant average torque. Four various techniques are applied to minimalize the cogging torque of
PMFSM to design it more suitable for PHEV applications. The legitimacy of these techniques has been observed by 3-D and 2-D
simulations. Among all techniques the optimal result of Hybrid_C2 technique which reduces the cogging torque 66.28% with 0.7% loss

in average torque.
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I. INTRODUCTION

O minimize the usage of fossil fuels and diminish

environmental pollution Hybrid Electric Vehicles (HEVS)
are used. HEVs is best solution to minimize energy crisis,
decrease global warming and CO, emission [1-5]. Due to
maximum utilization of fuels and storage of fuels are decreasing
day by day and cost is increasing. Nowadays the research
community attracting towards the HEVs due to their exclusive
property of using power (electrical) (fuel cells, batteries etc.).
Designing of the motor drives necessity have the properties of
maximum torque at minimum speed, high power density, low
torque ripples and noise, high robustness, minimum cost and
must be reliable [6-8]. For the drive machine PHEVs has crucial
condition as the flux weakening ability in high speed operation,
maximum torque/power density, huge load capacity, efficient
thermal intemperance, batter mechanical strength and
efficiency [9].

Flux switching permanent magnet machines (FSPMM) have
distinctive properties of maximum power density, optimal
torque capacity, and rotor robust structure. Due to the
compatibility of global warming conditions FSPMM is best
choice for the wind applications, aerospace, electric vehicles

traction and can also use where ruggedness is concerned [10-
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13]. The structure of FSPMM [14] is described by introducing
the permanent magnet between two successive slots of stator
which further possess the benefit of better temperature control
[15].

Two designs of FSPM machine i.e 12-S/7-P and 6-S/14-P
were proposed with Overlap Winding (OW) structure which
have high performance in term torque density due to larger pitch
factor. Using the OW configuration in PM machine decrease
harmonic and parasitic effects due to OW [18].

In this paper PMFSM with 24-S /16-P with OW structure is
briefly explaining. The main aim of this paper is to reduce the
cogging torque by various techniques. Different techniques
including: (a) Rotor pole- flange (b) Hybrid technique (c)
Skewing (d) pole arc. Detailed examination and analysis of flux
linkage, back-EMF, cogging torque, torque ripple, average
torque and efficiency have been examined and compared.

Il. COGGING TORQUE OF PMFSM MACHINE

The interaction between the rotor pole and stator PMs at no-
load is called cogging torque. Fig.1 depicts the cross section of
FSPMM. The FSPMM can be design b an existing coil and PM
on stator. Magnetic circuit consists of an existing coil and a PM.
The PMFSM total co-energy is calculated as [23-25].

1 1
W, = ELiZ + E(R + R)en? + Nig, (1)

Where, R,,,R , and ¢,, are reluctances perceived by MMF
and the magnetic field, magnetic flux, and magneto-
respectively. The average torque can be calculated form Eq. 2
and co-energy is differentiated with respect to mechanical
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angle.
T, = 6—6Cwith i = constant 2)

Where, 8 and W, are mechanical rotor angle and total co-
energy respectively. By solving Eq. 1 and 2, can be calculated
electromagnetic torque as:

1,dL 1 _dR .
Te—zl E—E(pm E'FNLW (3)

In Eg. 3 only the 2nd term is use for cogging torque.
Therefore, the cogging torque can be calculated by considering
the reluctance variation between the permanent magnet and
coil.

1 ,dR
Tcog - _E(pg E (4)

Where, ¢, is airgap flux and with rotating displacement

changes occurring in magnetic circuit

1
~ - 2
W, ~ Wyqp 2 fv B2(a)dV
1 2
= —fBr ()G%(a,0) dV (5)
2p0 Jy
Where, W,,,,, @, B(a), and G*(a, 6)are the energy store in

airgap, circumference angle of airgap, residual flux density, and
flux density rotor to stator respectively. The iron core
permeability is much high than the PM and airgap, so
neglecting the iron core energy variation. G2(a, ) and B,*(a)
Fourier expansion are

BA(@) =Bl + ) Buncos(mN,a) )
m=1

G*(a,0) = G + Zm_ G, cos[nN,(a + 8)] (7)

Where, Ng and N, are the stator pole number and rotor pole

number respectively and B2, = a,B?res,

Brm = 2Bres? Sn(masm

a denotes the co-efficient of stator pole arc and Bres is a
magnet residual flux density. G, Co-efficient Fourier series
expansion as

2 s
G, = —f G%(a,0) cosnfdo
T Jo

By solving Eq. 5-7 into Eq. 2 to achieve PMFSM cogging
torque equation

7N, Loy - _
Teog ) = T;t (R3 —RD) Z nG,Brnn, sin(nN,60) (8)
n=1

Where, R1, L, and R2 are the rotor outer radius, stack
length, and stator inner radius respectively. Different
techniques can be applied on design to reduce cogging torque.

Equation (9) calculated cycle of cogging torque:
N,
N = HCF{N, N} ©)
=N
Where N,, N, and N consider as a constant, rotor poles and
stator slots, number, HCF is highest common factor of N,.and
N, and Pc for cogging torque period [19].

Pc (10)
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I11. COGGING TORQUE REDUCTION TECHNIQUES

This technical research paper as an extended version of [22] will
provide a specific result analysis of PMFSM with 24-S/16-P
with OW. Fig.1 illustrated the PMFSM with OW structure and
has maximum cogging torque because due OW winding. The
design parameters are summarized in Table 1. In this article,
four various state of art techniques are used to minimize
cogging torque: rotor- pole -flange, hybrid techniques, skewing,
and pole arc as illustrated in Fig. 2.

Stator
Armature
Coil Permanent
Magnetic
Rotor
U-Phase == V-Phase = W-PHASE ==
Table 1: Design Parameters
Design Parameters Values
Phase number, m 3
Axial length (mm) 75
Outer radius of stator (mm) 64
Air-gap (mm) 0.35
Number of turn 70
Pole arc of rotor (degree) 4.875
Arc of PM (degree) 3.75
Rotor yoke arc (degree) 15
Pole arc rotor (degree) 4.875
Slot arc of Stator (degree) 3.75

T
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Fig. 2. (a) Rotor pole- flange (b) Hybrid technique (c) Skewing (d) Pole arc
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A. Rotor Pole-Flange

The changes in rotor structure can result to minimization in
cogging torque and produce a high circumferential area in air
gap. [19]. Eq. 4 and 8 clearly illustrated that cogging mainly
depend upon the variation of air gap permeance. The flux line
making circular shape in airgap where rotor pole and stator teeth
are not in align position, that facing high reluctance. To
minimizing cogging torque flux line shape are making smooth
as possible that can be achieved by adding pole shoe to the rotor
pole.

Fig. 3 (a) depicts the initial flux between single rotor pole
and single stator pole. The flux line considers to be straight in
airgap and circular shape behind the airgap to rotor pole. The
permeance equation then becomes [19]:

2poLger nw + 2g + S,
P= 1 ( ) 11
n nw + 2h an
Reluctance = — = — ! 12
e = = 2oLy In (nw +2h+ nSW) 12
nw + 2h

Where, S,,,w, F,, and FX are the yoke thickness of stator,
rotor position, the change occurring with respective to 6 in
cylindrical co-ordinates, width of flange, and depth of flange
respectively. Therefore, cogging torque is minimizing and due
to position of rotor w changed the reluctance of air gap and set
to zero to achieve the mandatory condition. Setting reluctance
distinguished with respect to position Of rotor w is equal to zero,
it can illustrate that S, = 0. This condition is not possible to
achieve zero cogging torque form this model without changing
geometry. However, to achieving this condition adding flange
or pole shoe to the rotor pole as shown in Fig. 3. The pole shoe
provides a flux path for every rotor and stator point in result the
variation occurring in reluctance with respect to position of
rotor. The airgap permeance equation becomes:

P::uoLstk nw + 2h + nF,
T w + 2h — 1F,
2UL nmw + 2h + ©S,, + 7F,
+ Ho stkln w y ( 3)
T nw + 2h + 2nF,
R =

QAT

1
* HoLsex [(nw + 2h + T[Fy) (nw + 2h + n§,, + rtFy)Z]

nw + 2h — TF, nw + 2h + 21,
(14)
Setting Z—i =0, by obtaining the following third order is:
n?F3, + F?,(3mA + 3n* S,)) + F,(2A*> + 2 7S, A) -
S,A2=0 (15)
Where A = mw + 2h is utilized for convenience. It is
possible to achieve a condition for Fy in term of “h” and S,y for
any position of “w”, the provides a theoretically zero cogging
torque by solving this equation. By solving Eq. 13 Sy; a value
of Fy can be achieved for a definite value of airgap “h” and
stator tooth width and zero reluctance variation is yielded.
Hence, zero cogging torque.
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Fig. 3. Flux paths between rotor pole and stator tooth (a) Without flange (b)
With flange

Fig. 4 (a) illustrated design view of rotor flange. The
simulation results describe the best range flange parameters.
Various rotor flange structure is analyzed, the following two
design have been illustrated and Fy and Fx are width and height
of the flange respectively. The flang_1 with parameters of
Fx=0.43mm, Fy=2.57mm and flang_2 with parameters of
Fx=0.40, Fy=1.94mm. In both design cogging torque is
minimized significantly and Fig. 4(b) shows the of flange
technique cogging toque.

B. Hybrid Techniques

Two various techniques are combined at same time to
minimized the cogging torque and average torque kept under
consideration. Due to higher circumferential area suppress
cogging torque by changing rotor poles shape in airgap to
increase flux density of magnetic material. Fig. 5 (a) shows
Hybrid_N1 which is the grouping of flange and notching and
flange and dimensions are achieved after deterministic
optimization. The optimize parameter for notch are h=1.25,
I=0.4mm and for flange are Fy=2.57, Fx=0.43mm. Peak to peak
cogging torque is reduced up to 20% due to this combination as
illustrated in Fig. 5(c) while electromagnetic torque is just
3.22% decreased. In second case of Hybrid_C2 in which flange
combined chamfering as depicts in Fig. 5(b). The radius of
rotor-pole-chamfering is 1.5 mm with same parameter of flange
and approximately 66.3% reduction occurred in cogging torque
and electromagnetic torque effected by 0.7% as illustrated in
Fig. 5(c).

C. Skewing

Fig. 6(a) illustrate the skewing technique and skewing one of
the best technique to reduce cogging and torque ripples.
Skewing of both the rotor, and stator stack can be performed
but due to complex structure of stator it is not highly
recommended for FSPMM. Skewing has the high order
harmonic in back-EMF and make it a sinusoidal wave form.
The skewing technique is widely used for cogging torque
reduction and it is effective and easy to be implemented but it
decreases average electromagnetic torque, high copper losses in
case of stator skewing, complex stator construction, stray
losses, and increase in inductance leakage have the
disadvantages [13]. In this technique the cogging completely
reaches to zero theoretically but in practical may not reach to
zero but be significantly minimized. Form Fig. 6(b) depicts that
cogging torque reduce up to 94.4% by applying skewing
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technique. The skewing angle [19] between two continuous
steps is 1.5° and total angle is 7.5° as depicts in Fig. 6(a).
N,
No = HCF{N,.Ny} (16)
21
nNsNp
Where, Ns,n,and Np are the stator slot number, skewing step

number and a constant respectively.
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D. Stator Pole Arc

Fig. 7(a) depicts the structure view of machine by which
applied the stator pole arc technique. Due stator pole arc
cogging torque reduction technique, the cogging torque is
reduced upto 62.26% and torque ripple ratio 75.55% as
illustrated in Fig. 7(b). While changing the stator pole arc, the
Fourier series of Bm can be deduced as [21].

a7
Where Br and a,, is the residual flux density and pole arc
to pole pitch ratio of the stator respectively.

2
— 2
B, = o Bf sinnaym

IV. COMPARATIVE STUDY
A. Cogging torque
In electrical machine designing the cogging torque is
unwanted force in machine which produce vibrations and noise

in machine. Various techniques are used to minimized cogging
torque. Fig shows comparison between in original/ initial and
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after technique applied cogging torque. Fig. 8 (a) represent the
cogging torque and peak-peak value is given in Fig. 8(b). The
scheme Hybrid_C2 with cogging torque of 6.73Nm, flang_1
with 10.60Nm and while the original with the highest 19.94Nm.

B. Average Torque / current

Fig. 9(a) depicts average torque verses current density at a
rated speed of 750 rpm and excitation current is 10.54A and
torque ripple reduction is illustrated in Fig. 9 (b). Hence, KT is
the torque ripple is calculated as:
. (Trmax — Tinin) * 100%

Tavg

Where,Tgyg, Tmax » and Ty, are average, maximal and
minimal torques in one electrical cycle. It is clear from Fig. that
flang_1 has the optimal electromagnetic torque while the least
torque ripple in skewing as illustrated in Fig. 9(b).

Kr
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Fig. 8. (a) Cogging torque and (b) Percentage reduction
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C. Linkage

Fig. 10 illustrated no load flux linkages only excited due to
permanent magnet. In essence, in order to make a clear analysis
all flux linkages are combined together. The original design has
maximum amplitude as compared with proposed techniques
flux linkages. The amplitude of flange is 96.43% of the original,
hybrid has 96.26%, skewing is 84% and pole arc is 93% in Fig.
10.

D. Efficiency
Losses in machine are the function of load and speed. At
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low-speed the electromagnetic losses are dominate in machine.
Three types of power losses in machine are iron losses, copper
losses, and mechanical losses (produce by ventilation and
frication).

Iron loss is high impact on machine performance, which is
calculating precisely. Iron losses are calculated 3D-FEA and
2D- FEA and material is 35H210 [23-24].

Pr = KhBI%/Iaxf + Kc(Bmaxf)z + Ke(Bmaxf)LS

Where K¢, Ke, Bmax, and Ky are the eddy current loss, co-
efficient of excess eddy current loss, maximum flux density,
and hysteresis loss respectively. Fig. 11 depicts the efficiency
bar graph at different cogging torque reduction technique and
the original machine efficiency is 85.52%. The maximum and
minimum efficiency are 85.51% and 81.36% at pole arc and
Skewing technique repetitively. The copper losses for all
techniques being the same and are calculated as a loss of about
472.18 Watt.

(19)
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V. CONCLUSION

Due to plenty of advantage of PMFSM compared with
conventional design so PMFSM become an ideal candidate
PHEV drive system and in existing design have drawback of
high cogging torque in OW-configuration configuration. In this
research paper, four various techniques were used to reduce
cogging torque in existing design i.e. rotor flange, hybrid,
skewing and pole arc. All the 2D- FEA along with 3D-FEA
analysis results illustrated that cogging torque was reducing
adequately by all of applied techniques. Skewing proved to be
the best in reduction of cogging torque but the average torque
is reduced to some extent and it also affects rotor saliency.

But the maximum cogging torque lessening and optimal
electromagnetic torque was attained by Hybrid method and
back-EMF is not disturbed much.
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