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ABSTRACT This study proposes an analytical method (AM) for V-type consequent-pole permanent magnet
(V-CPM) machines to quickly determine the suitable permanent magnet (PM) volume while reducing the PM
volume compared to that of the V-type interior PM (V-IPM) machine. Special air-gap magnetic flux density
modeling is adopted in the AM, which consists of 4 asymmetric regions under one PM and the iron pole
of the V-CPM. This specific modeling is utilized for the V-CPM topology, which has a different magnetic
saturation trend from the conventional surface-mounted CPM (S-CPM). Hence, additional consideration
of rotor saturation by novel method has been done compared to the previous works. To achieve average
torque similar to that of the V-IPM machine, a V-CPM machine is designed by the proposed AM to have
the same fundamental harmonic value of air-gap flux density. Furthermore, two conditions are considered
for the V-CPM machine design to prevent unnecessary saturation and to minimize torque ripple. All the
performance metrics of the designed V-CPM machine are compared with those of the other machines to
demonstrate its superiority.

INDEX TERMS V-type consequent-pole, interior permanent magnet (IPM) machine, analytical method,

air-gap flux density.

I. INTRODUCTION

The V-type interior permanent magnet (V-IPM) machine is
widely used in industrial and home applications, owing to its
high torque density and high efficiency [1]. Compared with
the surface permanent magnet (SPM) machine, the V-IPM
machine offers a higher torque density, wider flux-weakening
speed range, no need of sleeve, and higher efficiency [2], [3].
However, with the increase in the price of permanent mag-
net (PM) materials, the manufacturing cost of PM machines
has increased. Therefore, reducing the PM volume in PM
machines has become important.

To decrease the PM volume, the consequent-pole per-
manent magnet (CPM) has attracted much attention
[4]-[8]. Depending on the application, the research targets for
employing the CPM structure vary and can be divided into
2 types. First, some studies focus on improving the output
performance, which is based on a similar PM volume to that
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of the investigated machine [5]. Second, for a similar output
performance to that of the investigated machine, the PM
volume reduction is the key target [4], [6], [8]. In [4], the
quasi-trapezoidal PM is employed in the CPM machine
to improve the torque and reduce the volume of the PM;
meanwhile, the total harmonics of back-EMF is reduced
and the proposed structure shows stronger demagnetization
capability. In [5] and [6], the CPM machine with the staggered
rotor is investigated while the even-order harmonics of the
phase back-EMFs are eliminated. The axial magnetized PM
is embedded in the middle of the rotor in this CPM structure to
improve the air-gap flux density and output torque. From [4]
to [6], the CPM is widely used based on the SPM structure.
In contrast, a spoke-type CPM machine with the asymmetric
rotor is proposed [7]. The spoke-type CPM has proven to have
a large output torque and low torque ripple. In [8], the pole-
shaping method combined with the V-type CPM (V-CPM)
structure is employed to provide the flux-focusing effect,
whereas the V-CPM structure can increase the PM utilization
and decrease the PM volume.
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Most existing studies of CPM were based on the
finite-element method (FEM) which is time-consuming
[9], [10]. In contrast to FEM, the AM is fast and can
clearly reflect the relationship between the magnetic field and
machine parameters [11], [12]. However, few studies focused
on the analytical method (AM), most of which were based
on surface-mounted CPM (S-CPM) machines. In [13], AM is
adopted to find the optimum pole number for the bearing-
less S-CPM machine to produce small oscillations of the
magnetic suspension force. The magnetic suspension force
is calculated based on the air-gap flux-density distribution.
In [14], the AM based on the approximation calculation of
the magnetic flux distribution in the air gap is proposed to
investigate the voltage harmonic characteristics. The results
show that a specific number of slots in the concentrated
winding could eliminate the even-order harmonics of the
induced EMF. In [15] and [16], the partial differential equa-
tions derived from Maxwell’s equations are used as the AM
to investigate the magnetic flux density of the S-CPM with
an inner and outer rotor, respectively. In [17], an AM based
on the magnetic equivalent circuit of the S-CPM machine
is proposed to derive the optimal pole-arc ratio, the result
shows that the optimal pole-arc ratio is determined by the
ratio of the air-gap length to the PM thickness. In [18],
the optimal split ratio and the optimal pole-arc ratio of the
S-CPM machine are considered simultaneously; the analyti-
cal method is the same as that in [17]. However, the previous
AMs of the S-CPM machines cannot be employed directly
in the IPM machines with CPM structure. This is due to the
different magnetic saturation of the rotor part in the V-CPM
machines compared to the S-CPM machines. In the S-CPM
machine, the rotor saturation is usually neglected, owing
to its negligible area [17]. However, the rotor saturation in
the V-CPM machine is focused on the rib bridge, which is
rather thick for its suitable mechanical strength [8], [20]. This
indicates that the magnetic saturation of the rib bridge must be
considered additionally in the V-CPM machine analysis. The
method of utilizing AM for designing has been done multiple
times for S-CPM machines as can be seen from numerous
references [11]-[19]. However, method of utilizing AM for
designing V-CPM machines considering its unique topology
hasn’t been done properly.

In this paper, an AM is proposed for the V-CPM machine
to determine the suitable PM volume quickly. Because of
the unique topology of V-CPM, additional magnetic satura-
tion on the rotor part was considered in the proposed AM.
In Section II, the topologies of the V-IPM machine and the
investigated V-CPM machine are described. In Section III,
the AM is proposed to analyze the air-gap flux-density
distribution of the V-IPM machine and V-CPM machine.
In Section IV, a V-CPM machine with less PM volume
is designed. Parameters are derived under the proposed
AM, to achieve a similar average torque with the V-IPM
machine. The open-circuit air-gap flux density, Back-EMF,
the torque performance of the designed V-CPM is evaluated
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and compared with the V-IPM machine with FEM. Finally,
Section V states the conclusion.

Il. TOPOLOGIES

For the V-IPM machine, a stator slot and rotor pole combina-
tion of 40 slots and 8 poles with five phases have been a great
example, especially for reducing the torque ripple [21]. This
is considered in the early stage of design as the consequent
pole structure causes high cogging torque hence high torque
ripple. Figure 1 (a) and (b) describes the stator and rotor
of the conventional V-IPM machine, respectively. Winding
layout can be seen in Figure 1 (a), which is five phase integral
slot distributed winding with single layer. This is adopted
as a reference. The parameters of the conventional V-IPM
machine are listed in Table 1.

Rotor core Airbarrier
e S

/ PM -

’th

E‘T‘?Air barrier

©

FIGURE 1. 40-slots/8-poles PM machine with different rotor structures
(a) 40-slots stator with winding layout. (b) Conventional V-IPM rotor.
(c) V-CPM rotor.

To decrease the PM volume, the consequent-pole PM
structure has been applied in the conventional V-IPM rotor
as shown in Figure 1 (c), [8]. As can be seen from the
figure, one of the two PM poles is substituted with an iron
core. The basic parameters shown in Table 1 are held the
same for all the investigated machines, such as the stator
parameters, stack length, air-gap length, phase current, and
materials.

This paper aims to design a V-CPM machine that achieves
similar average torque to that of the V-IPM machine
while having decreased PM volume. To design the V-CPM
machine, the rotor parameters are selected with the aid of the
proposed AM.
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TABLE 1. Specification of the conventional V-IPM machine.

Item Unit Conventional
V-IPM machine

Stator slot/rotor pole - 40/8

Number of phases - 5

Stator outer diameter mm 155

Air-gap length mm 0.5

Rotor outer diameter mm 97

Effective length mm 46

PM length mm 10.8

PM width mm 43

Rated speed rpm 1500

Rated current A 10.8

Turns per phase 40

PM remanence T 1.2

Steel saturated remanence T 1.8

Ill. ANALYTICAL METHOD FOR AIR-GAP FLUX DENSITY
A. V-IPM MACHINE
The following assumptions were made for the proposed AM:

1. The saturation of the stator steel is ignored.

2. The slotting effects of all investigated machines are
ignored.

The graphical representation of the saturation and air-gap
regions under one pole pair in the V-IPM machine is shown in
Figure 2. The magnetic saturation of the rotor iron occurs
in the rib which is highlighted as yellow as shown in
Figure 2 [21]. The general details of the flux distribu-
tion based on the analytical method are referred from [11]
and [22]. From these references, the complicated flux paths
in the rotor of the V-IPM machine are shown. To simplify
the flux path, the proposed AM only includes half of a single
pole-pair and its corresponded flux line, as the flux paths of
a single pole-pair are symmetric.

FIGURE 2. 1/8 of the V-IPM machine with the graphical description and
air-gap regions.
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The air gap facing the PM, air barrier, and iron of the
half pole is divided into three regions, which can be seen
in Figure 2 as Region @, @, and @, respectively. In Figure 2,
a1, oo, and a3 are the angles of Regions @, @, and ®),
respectively. a is the angle of the air barrier. The slotless
air-gap flux density waveform with the trapezoidal waveform
in the V-IPM machine is shown in Figure 3 [23]. In Region
@, the flux lines pass uniformly through the air gap into
the stator, which results in the constant slotless air-gap flux
density By, . Bm_m is the maximum value of the slotless
air-gap flux density. As the magnetic flux tends to flow
through the lowest reluctance path the slotless air-gap flux
density in Region @ can be assumed to be zero. Region @ is
sandwiched between Region @ and Region ®, and the slotless
air-gap flux density is assumed to decrease from its maximum
value to zero. The slotless air-gap flux-density distribution of
the S-Pole is symmetric to that of the N-pole. [21]

D@3

- Bm;m

FIGURE 3. Waveform modeling of the slotless air-gap flux density of the
V-1IPM machine.

The magnetic flux paths of the V-IPM machine are shown
in Figure 4. In general, the reluctance of stator steel R, and the
reluctance of rotor steel R, are neglected. This is because the
permeability of steel is much higher than that of the air gap
or PMs when there is no significant magnetic saturation in
steel. By placing the air barriers beside the PMs, the end flux
leakage of PMs will be reduced. Due to the air barriers, rotor
iron bridge will be saturated and then act as air gap rather
than flux leakage path. Because the flux path which crosses
air barriers has a very small portion of magnetic flux density

A rihz
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FIGURE 4. Flux paths of the V-IPM machine.
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FIGURE 5. Magnetic equivalent circuit of the V-IPM machine.

compared to other flux paths, the reluctances of air barriers
Rp1 and Ry are neglected, [24], [12]. The simplified magnetic
equivalent circuit is shown in Figure 5.

In Figure 5, @en is the flux source of the PM. ¢,,; and ¢,
are the PM flux and air-gap flux, respectively. R, and R,
are the reluctance of the air gap and PM, and ¢, are the
flux passing through the two different ribs. Unlike that of the
SPM machine, the rotor saturation of the V-IPM machine is
considered in the magnetic equivalent circuit. Ry;p1 and Ryip2
are the corresponding reluctances of two different saturation
ribs. By applying Kirchhoff’s law, the magnetic equivalent
circuit equations are expressed as

Node:@rem = @g + @rib1 + @rib2 + Pm, (1
Loop:2*¢, Ry = 2%¢,, R 2)

Then, the air-gap flux ¢, can be calculated as
06 = rom — vt — Prve) () 3)

8 rem rL T Rm + Rg

and the parameters in Eq. (3) can be expressed as
DPrem = B;ﬁh;mlstk’ @
@rivt = Bl ipy stk (5)
Lriba ™

Grivt = By =5~ Lok ©®)

where B; is the residual flux of the PM, hy,, is the thickness
of PM, [, is the length of the PM, and /;;»1 and [, are the
thicknesses of iron ribs 1 and 2, respectively. These param-
eters and others to be discussed are shown in Figure 6 for a
better description.

By, is the saturation flux density of iron steel, pg is the
permeability of a vacuum, u, is the relative permeability of
PM, and [y is the stack length of the machine.

The air-gap reluctance is related to the pole arc angle. a4 is
half of the pole arc angle of the N-pole, which is the sum of
a1 and . The PM and air-gap reluctances can be expressed
as

R, = hpm
:u'oﬂrlpmlstk
2 2 )
R, =

 moR+ Dealge  poR+ 51 + )l
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FIGURE 6. Parameters of the V-type PM for the equations.

where R and g are the rotor outer radius and thickness of the
air-gap length, respectively.

Meanwhile, the relationship between the air-gap flux den-
sity By,_jpm and the air-gap flux ¢, can be expressed as

Op g
Pg = / Bm_ipm(e)(R + E)lslkdev (®)
0

where 6, is half the pole-pitch angle of one PM. In a V-IPM
machine, the value of 6, is equal to 7 /p.

By substituting Eq. (1)—(7) into (8), the maximum value of
the slotless air-gap flux density can be expressed as

B m = Ye
TR+ S + D)l

The slotless air-gap flux density By, jp, could also be
expressed as

&)

By m 0<06 <)

Bm_m
a—(Oél +ay—0) (156 <aj+az)
2

2
0 (1top << ——a1—a)
p
Bm m =
- —B 2
— O - = Fa) +a)
(0%) p
2 2
(——a1—ap <0 <— —ap)
p
2 2
—By m (——-—a1 <0< —

p
(10)

To check the validity of the AM analysis of the slotless
air-gap flux densities of the V-IPM machine, each air-gap flux
density obtained by AM and FEM is compared in Figure 7.

The AM result shows good agreement with the FEM result,
which proves the reliability of the AM result.

The Fourier series expansion of By,_jp, can be calculated
as

]

Bm_ipm = aEO + ZBgn_ipm cos (#)
n=1 (11)
T
2 p’
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FIGURE 7. Slotless air-gap flux density waveform of the V-IPM machine.

where p is the number of poles. The value of ag is O when
Bm_ipm is an even function, as shown in Figure 3. Hence,
the equation can be expressed as

00
npo
Bm_ipm = ZBgn_ipm cos (T) (12)

n=1
Then, the harmonic components of the slotless air-gap flux
density Bgy_ijpm can be expressed as

2 ! np6
Bgn_ipm =7 / Bm_ipm cos (——)do
I Jo 2
P > np6
= = By_ipm cos (——=)d6 (n=1,2,3..).
T Jo - 2
(13)
From Eq. (10), Bgy_ijpm also could be expressed as

B gn_ipm

o] 9
=2 f Bum cos(ﬂ)de

7 Jo
ozH»otzB
+£/

ial

(al + ap — 60) cos (—)d@

27
— O — "t +ar) cos (—)d9
p

—Oll —a2

¥ 9
+3 v By m cos(%)de

2
T % g

m=1273.),

(14)

where B,, ,, is calculated in Eq. (9), the pole number p is 8.

When n is equal to 1, 2, 3, etc., the amplitude of the har-
monic components of Bg,_jp, can be calculated, as presented
in Figure 8.

B. V-CPM MACHINE

Figure 9 shows the graphical representation of the air-gap
regions under one pole pair in the V-CPM machine. The
flux saturation of the rotor iron is shaded with yellow. The
saturated iron rib is between the PM pole and the iron pole
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FIGURE 8. Harmonic components of the slotless air-gap flux density of
the V-IPM machine.

Stator

FIGURE 9. 1/8 of the V-CPM machine with the graphical description and
air-gap regions.

and is divided into 2 regions. The flux line flows through the
left saturation region and will return to the right saturation
region, as shown in Figure 9.

The air gap facing the PM is divided into 2 regions, shown
as Regions @ and ® in Figure 9. «; and «s are the cor-
responding angles of Regions @ and ®), respectively. «s is
half the angle of the air barrier, which is indicated as a»
in Figure 2. The air gap-facing iron pole comprises Region ®
and Region @. o is the angle corresponding to Region @. a7
and ag are half of the pole-arc angle of the PM pole and iron
pole, respectively. Based on the above analysis, the slotless
air-gap flux density waveform in the V-IPM machine is shown
in Figure 10. The directions of the air-gap flux densities in
Regions ® and ® are opposites. Notably, the air-gap flux
density waveform of V-CPM has no dead zone, as shown
in Figure 10, unlike the V-IPM, as shown in Figure 3. More-
over, the amplitude of air-gap flux density for each pole
is different due to the asymmetric flux distribution of the
V-CPM.

The magnetic flux paths of the V-CPM machine are shown
in Figure 11. Similar to the V-IPM machine, the stator steel
reluctance Ry, rotor steel reluctance R, and air barrier reluc-
tance Rp; and Rpp are also neglected. Unlike that of the
S-CPM machine, the rotor saturation of the V-CPM machine

VOLUME 9, 2021
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FIGURE 10. Waveform modeling of the slotless air-gap flux density of the
V-CPM machine
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FIGURE 12. Magnetic equivalent circuit of the V-CPM machine.

is considered in the magnetic equivalent circuit. R, and
R,y are the corresponding reluctances of the two different
saturation ribs. The simplified magnetic equivalent circuit of
the V-CPM machine is shown in Figure 12.

In Figure 12, in contrast to the V-IPM machine, there is
only one flux source ¢, in the magnetic equivalent circuit
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under one pole pair. By applying Kirchhoff’s law, the mag-
netic equivalent circuit equations are expressed as

Node : ¢rem = Pg + @ribt + @rib2 + Pm, (15)
Loop : q);Rgfm + (p;Rg,i = ‘p;sz’ (16)
where R, ,, and R, ; are the reluctance of the air gap in the PM

pole and the iron pole, respectively. The air-gap flux density
@g can be expressed as

05 = (Prem — Prib1 — Priv2)"( Ko ). (I7)
Rm + Rg7m + Rgﬁi
The air-gap reluctances can be expressed as
8
Ry m =
- A
o (18)
8
Ry m =
/’LOAg_i

where A, ,, and A ; are the cross-sectional area of the air gap
above the PM pole and the iron pole and are expressed as

Agm =R+ %)Owlstka (19)
Agm =R+ g)CXSlstk- (20)

The difference in the two air-gap reluctances is due to the
different pole-arc angles between the PM pole and the iron
pole, which are shown as 7 and «g in Figure 9. The relation-
ship between the air-gap flux density By,_cpm and the air-gap
flux @, 1 and @g > can be expressed as

Op g
Pg 1 = / Bm_cpm(e)(R + E)lstkde
0 .

0
Pg 2 = /O Bn_cpm(@)(R + g)lnkde

where By,_cpm is the slotless air-gap flux density of the
V-CPM machine. 6, and 6; are half of the pole-arc angle of the
PM pole and the iron pole, respectively. In V-CPM machine,
Oy + 6; = 2m/p, where 6, = a7 and 6; = «ag, as shown
in Figure 10. ¢, | and ¢, > are the air-gap flux of the PM
pole and the iron pole, respectively. Furthermore, according
to Gauss’ Law, the integration of the slotless air-gap flux
density in the PM pole region is the same as the iron pole
region. Hence, the air-gap flux ¢, can be expressed as

Pg =Yg 1 = Pg 2. (22)

Thus, By, _, and B, ; are the maximum values of the slot-
less air gap in the PM and iron poles, respectively. Their
values are unequal, as shown in (23) and (24).

(3 Pg
By om = = (23)
TR+ D — Dk R+ ) + S
Bni=— Ye
" (R + $)(as — Sk
- Y (24)

R+ 5 — a1 — )y
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The slotless air-gap flux density By;_cpm could also be
expressed as

By m 0<6<ap)
Z_m(al +as—0) (a1 <0 <o +as)
5
Bmﬁi
Bpm=1—2(—a —as) (25)
ad
(a1 + o5 <0 < ay +2as)
21 21
By i (——-—a <0< —

To check the validity of the AM analysis of the slotless
air-gap flux densities of the V-CPM machine, each air-gap
flux density obtained by AM and FEM is compared in
Figure 13.

0.9

--AM —FEM

0.6 -/ |4

03 | I

Air gap flux density (T)

-0.6

Position (mech.deg.)

FIGURE 13. Slotless air-gap flux density of the V-CPM machine.

The AM result shows a good agreement with the FEM
result. This confirms the reliability of the AM result. Because
Byy_cpm in Figure 10 is an even function, the Fourier series
expansion of the By,_cpy, is given as

00
np6
Bin_cpm = ZBgn_cpm cos (T) (26)

n=1
Then, the harmonic components of the slotless air-gap flux
density Bgy_cpm can be expressed as

B gn_ipm

2

1
o
_= / Bun_cpm cos ("22)d6
) 2

2
> 0
=£/ " B omcos (20)d0 (n=1,2,3.). (27)
T Jo - 2
From Eq. (25), Bgn_cpm could also be expressed as
o1 npo
Ben com = g f By m cOS (%)d&
0
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at+as p 2]
+2 2 e + s = ) cos ()

ay

a1+2as B, : ya
+£f “do - —o@)cos(%)d@

apto

P ;

D n
+ 207 By icos(as n=1,2,3..),
e 2

(28)

where By, ,, and B, ; are calculated in Eq. (23) and (24) and
the pole number p is 8.

When n is equal to 1, 2, 3, etc., the amplitude of the
harmonic components of Bg;, pn, can be calculated. The AM
result of the proposed V-CPM machine is compared with the
FEM result, as shown in Figure 14.

OAM ©FEM
0.8

0.6
0.4

0.2

. Hﬂﬁﬂﬂﬂﬂﬁnnmmﬁ

1 2 3 4 5 6 7 8 9
Harmonics order

Air gap flux density (T)

FIGURE 14. Harmonic components of the slotless air-gap flux density of
the V-CPM machine.

IV. DESIGN PARAMETERS DETERMINATION AND
PERFORMANCE COMPARISON

A. DETERMINATION

The target of the V-CPM design is to achieve similar average
torque to that of V-IPM while decreasing the PM volume
compared to V-IPM.

In general, the average torque Tgyerqge Can be expressed as

Taverage = SEvvbI = SNRalstkIerngla (29)
where Ej is the fundamental Back-EMF, [ is the amplitude
value of the phase current, w, is the mechanical angular
velocity of the rotor, N is number of turns per phase, R, is
the air-gap radius, k,, is the fundamental winding factor, and
By is the fundamental slotless air-gap flux density. The reluc-
tance torque was neglected as it has only a small contribution
to the output torque [8].

In Eq. (29), all parameters except B, are held the same
and constant for the V-IPM and V-CPM machine designs.
To achieve a similar average torque with the V-CPM machine
to that of the V-IPM machine, it is designed with the same
fundamental air-gap flux density. By utilizing Eq. (27) for the
fundamental air-gap flux density of the V-IPM, the value can
be calculated as 0.8. In Figure 16, Surface 1 corresponds to
the fundamental air-gap flux density of the V-IPM machine

VOLUME 9, 2021
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Unnecessary saturation region

FIGURE 15. Design parameters of the V-type PM.

with a value of 0.8 (Bg1_jpm = 0.8). Consequently, our first
target can be expressed as follows:

Bg1_ipm = Bg1_cpm = 0.8. (30)

To derive the PM volume of the designed V-CPM machine,
the parameters of the PM are calculated. The PM pole-arc
angle has the most crucial influence on the air-gap flux-
density distribution of V-IPM machines [17], [25], [26], [27].
Furthermore, the length of the PM [,,,, and the angle of PM «
not only affect the PM pole-arc angle but also greatly affect
the air-gap flux-density distribution. Thus, the PM length
lm and PM angle « are set as design variables. The other
parameters are kept the same as those of the V-IPM machine.

Then, the fundamental air-gap flux density of the V-CPM
machine according to the variation of /,, and « is calculated
and can be expressed as follows:

Bgl_cpm :f(lpma a). (3D

This is shown as Surface 2 in Figure 16, which is the funda-
mental air-gap flux density of the V-CPM machine according
to the variation of /,;, and «. Line 1 is the intersection of
Surfaces 1 and 2. The projection of Line 1 onto the l,y,- «
plane is presented as a red curve in Figure 16.

Surface 2: B gy cpm = f(lpm, @)

Surface 1: By jppn = 0.8

09 =
Line 1

0.3
Projection of Line 1:

0o = f(lym ) = 0.8

FIGURE 16. The fundamental air-gap flux density of the V-CPM machine
according to the variation of Ipm and o.
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To choose the best torque performance, namely, an average
torque similar to that of V-IPM with low torque ripple, two
conditions were considered from the design parameters along
the projection of Line 1. These two conditions were the
avoidance of unnecessary saturation and minimization of the
9th harmonic for low torque ripple [21], [28], [29].

First, the avoidance of unnecessary saturation was con-
sidered. It must be noted that if the PM is too close to the
inner diameter of the rotor, unnecessary saturation will occur,
as indicated in Figure 15. To avoid unnecessary saturation,
the distance d from the end of the magnet to the inner
diameter of the rotor is set to be greater than 2 mm. d can
be expressed as

% o
d =R —=Ri) = [hpm sin(7) + (Upm + 1) cos (5)

+ (Rp — Rp cos 1) + Lyipt ] (32)
Rp = R — Liip1

where R; is the inner radius of the rotor.

When A is equal to 2 mm, Eq. (32) is a function of
lpm and «. The relationship of /,, and « in this function is
shown as the saturation-prevention line in Figure 17.

T

—Projection of Line 1 !

22.00 !
==Saturation prevention line !

1

i

@=138.3° —

Lo

14.00

a

FIGURE 17. Solutions and the maximum value of lpm; under different .

The maximum value of [,, is applied for different « in
the saturation-prevention line. The projection of Line 1 is
also shown in Figure 17, where only the lower region below
the saturation-prevention line meets the first condition. The
saturation-prevention line and projection of Line 1 meet at
o = 138.3°. It can be concluded that only solutions with
o > 138.3° are suitable for the V-CPM to satisfy the first
condition.

Second, the 9th harmonic was minimized for low torque
ripple. Because of the asymmetric air-gap flux density of
consequent-pole topology, the torque ripple of the CPM
machine is usually large. The analysis of the harmonic com-
ponent of the air-gap flux density is utilized to reduce the
torque ripple. According to [21], [28], [29], torque ripple
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FIGURE 18. 9th harmonic of the solutions with « > 138.3°.

occurs due to the air-gap flux density harmonic components.
Among the harmonics, the 9th harmonic effects the torque
ripple the most because of its correspondence to the stator
MMF harmonics. Hence, the 9th harmonic was the focus of
consideration. As a result, the 9th harmonic Byg_ ¢ With
o greater than 138.3° is calculated and expressed as shown
in Figure 18. According to Figure 18, the smallest value of
Bgg_ cpm is found when o = 162.6°.

Based on the selected parameter values from the above
process, V-CPM1 was designed based on the « and [, val-
ues listed in Table 2. V-CPM1 was evaluated through FEM
analysis in the next section.

TABLE 2. The parameters of V-CPM1.

Item V-CPM1
Lom 13.86 mm
o 162.6°

B. ELECTROMAGNETIC PERFORMANCE COMPARISON

1) OPEN-CIRCUIT AIR-GAP FLUX DENSITY

The flux-density distribution and flux lines of the V-IPM,
V-CPM, and V-CPM1 machines are shown in Figure 19. The
highly saturated areas around the air barriers are indicated
as red circles in Figure 19, which are considered in the AM.
Figure 20 shows the slotted open-circuit air-gap flux-density
distribution and corresponding harmonic components of the
three investigated machines. The air-gap flux density fun-
damental harmonic component of the V-CPM is lower than
that of the V-IPM. For the V-IPM and V-CPMI1 machines,
the air-gap flux density fundamental harmonic components
are almost equal. The air-gap flux density waveforms of
the V-CPM and V-CPM1 machines are asymmetric, which
results in even-order harmonics of the air-gap flux density.

2) BACK-EMF
The back-EMF waveform and its harmonic components of
the V-IPM machine, the V-CPM machine and the V-CPM1
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FIGURE 19. Slotless flux-density distribution (a) V-IPM (b) V-CPM
() V-CPM1.

machine are predicted by FEM as shown in Figure 21.
As shown in Figure 21 (b), the fundamental components
of the back-EMF of the V-IPM, the V-CPM, and V-CPM1
machines are 82.78 V, 60.1 V, and 82.32 V, respectively.
The fundamental component of the back-EMF of the V-CPM
machine is much lower than that of the V-IPM machine,
but the V-IPM machine and V-CPM1 machine have similar
fundamental components. This is due to the similar funda-
mental air-gap flux density of the V-IPM and the V-CPM1
machines. Meanwhile, the difference between the back-EMF
RMS values of the V-IPM and V-CPM1 machines, which are
62.5 V and 61.5 V, respectively, is less than 2%.

3) TORQUE PERFORMANCE

Figure 22 shows the cogging torque waveform of the V-IPM
machine, V-CPM machine and the V-CPM1 machine, pre-
dicted by the FEM. It can be seen the cogging torque of
the V-CPM1 machine is higher than that of the V-CPM and
V-IPM machine. The peak-to-peak values of the cogging
torque of the V-IPM machine, the V-CPM machine and the
V-CPM1 machine are 0.14 Nm, 0.12 Nm, 0.25 Nm, respec-
tively. Even though these three machines have the same stator
slots and the same number of rotor poles, the cogging torques
of the three machines are different because of the different
no-load air-gap flux density [17].

The electromagnetic torque waveforms predicted by the
FEM are shown in Figure 23. The FEM analysis results
of three machines are enumerated in Table 3. The V-CPM
machine has lower average torque than the V-IPM machine.

VOLUME 9, 2021
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To obtain similar average torque to that of the V-IPM
machine, V-CPMI is designed in the previous Section. The
average torque of the V-IPM, and V-CPMI1 machine are
12.5 Nm and 12.2 Nm, respectively. This is because the two
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TABLE 3. Characteristics of comparison.

Items V-IPM V-CPM V-CPM 1
Cogging torque  0.28 0.24 0.50

(Nm)

Torque (Nm) 12.5 9.36 12.2

PM volume 34.18 (100%) 17.09 (50%) 21.96 (64.3%)
(em?)

PM utilization 0.366 (100%) 0.547 (149.6%)  0.555

ratio (g) (151.3%)
Efficiency 90.7% 88.2% 90.7%

Torque ripple 18.0% 24.3% 24.2%

machines have almost the same fundamental air-gap flux
density. Meanwhile, compared with the V-IPM machine, the
V-CPMI1 achieves similar average torque with less PM vol-
ume. To highlight the usage of PM clearly, the PM utilization
ratio is utilized. PM utilization ratio is defined as follows:

Torque
PM volume'

Although the V-CPM machine has lower average torque
than the V-IPM machine, the PM utilization is increased.

PM utilization ratio n = (33)
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As listed in Table 3, the PM utilization ratio of the V-CPM
machine and the V-CPM1 machine are greatly increased
by 49.6% and 51.3%, respectively, compared to that of
the V-IPM machine. This indicates that the CPM topology
could improve PM utilization. The V-IPM machine and the
V-CPM1 machine have similar efficiencies, owing to their
similar output power and iron loss. This indicates that when
the V-CPM1 is used to replace the V-IPM machine, the effi-
ciency consideration could be negligible. Therefore, it can be
said that the V-CPM1 machine can achieve the target torque
performance with reduced PM cost compared with the V-IPM
machine. Even the torque ripple of the V-CPM1 machine is
somewhat larger than that of the V-IPM, but V-CPM1 can
replace the V-IPM machine in some applications when the
torque ripple is not strictly specified.

V. CONCLUSION

This paper proposed an AM for the design of V-CPM machine
to reduce the PM volume and retain a similar average torque
compared to that of the V-IPM machine. An AM for the
slotless model of V-IPM and V-CPM machines was proposed
with different air-gap regions. The slotless air-gap flux-
density distribution and amplitude of the harmonic compo-
nents of the V-IPM and V-CPM machines were calculated
with a constructed magnetic equivalent circuit. In particular,
the constructed magnetic equivalent circuit for V-CPM con-
sidered the unique magnetic saturation in the rotor part of
the V-CPM. The design target of the V-CPM was to achieve
similar average torque to that of the V-IPM machine while
reducing the PM volume. Hence, the fundamental air-gap
flux density of the V-CPM was designed to be equal to that
of the V-IPM machine. Then, to achieve the best torque
performance of the V-CPM machine, two conditions were
considered. V-CPM1 was designed by considering these two
conditions; hence, unnecessary saturation and torque ripple
were minimized while maintaining the average torque. The
performance of the V-IPM, V-CPM, and V-CPM1 machines
were analyzed and compared with the aid of FEM. As a
result, the V-CPM1 machine achieved similar average torque
with a 36.7 % reduction of PM volume compared to that of
the V-IPM machine. The PM utilization ratio has increased
by 51.3 % accordingly. However, due to the cogging torque
increase, the torque ripple of V-CPM1 has increased 6.2 %
more compared to the V-IPM. The results indicated that
the V-CPM1 machine had good agreement with the average
torque of the V-IPM machine, even with reduced PM volume.
Moreover, the duration of the AM was much less than that of
the FEM. Hence, it was demonstrated that the proposed AM
is an attractive method to design V-CPM machines in various
applications.
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