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ABSTRACT In this paper a novel Inset Permanent Magnet Consequent Pole Synchronous Machine
(IPMCPSM) with H-type modular stator core for higher average torque (7,), torque density (7y), power
density (P4) and efficiency (n) with features of reduced torque ripple ratio (7}-) and harmonics content in
back-EMF (EMFryp) are proposed. Detailed static analysis of the proposed IPMCPSM under variable flux
gaps at all and alternate stator teeth is investigated. Performance analyses disclose that with variable flux
gaps in proposed IPMCPSM, beside improved flux weakening capability due to flux focusing effects, elec-
tromagnetic performance is greatly improved. Additionally, due to physical isolation of the adjacent phase
modules with modular topology, mutual flux influence is de-coupled that improve phase self-inductance to
mitigate the short-circuited current under fault condition whereas mutual flux decoupling mitigates mutual
inductance that ultimately improves overall machine fault-tolerant capability. Furthermore, effectiveness of
the proposed IPMCPSM with H-type modular stator is elaborated with comparative study of conventional
E-core and C-core topologies. Detailed comparative analysis reveals that proposed IPMCPSM suppresses
EMF typ, improve 1 by 18.9%, diminish 7 up to 55% and boost T,, and P; maximum up to 2.66, 2.59 times,
respectively with enhanced flux focusing effects and fault tolerant capability.

INDEX TERMS AC machines, consequent pole, flux gap, permanent magnet machine, modular stator,

H-type stator, modular permanent magnet machine.

I. INTRODUCTION
Flux Switching Machines (FSMs) are double-salient robust
machines that offers high-torque and power density therefore,
considered as prominent candidate for high-speed brushless
AC applications. FSMs incorporates features of Permanent
Magnet machines and Switch Reluctance Machine (SRM).
Thus, based on PM excitation source, it is classified as Per-
manent magnet (PM) FSM (PMFSM) [1]. PMFSMs are suit-
able to Electric Vehicles (EVs), electric propulsion, Hybrid
Electric Vehicles (HEV), electric power-assisted steering,
electric craft, renewable and automotive and many industrial
applications [2].

Due to position of PM as well as design topology,
permanent magnet machines differ. In case of PMFSMs,
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circumferentially magnetized alternate PMs polarities are
sandwich between stator and armature coils [3], whereas in
case of interior PM synchronous machines (IPMSM), inset
PMs rotor are employed. Furthermore, surface-mounted PM
machine (SMPMM) deploy PMs on rotor surface.

Considering excitation source, majority of PM excited
machines employee’s ferrite and rare-earth Sintered
Neodymium-iron-boron (NdFeB) PMs however, because
of potential surge in PM demand and deficiency of raw-
materials, overall machine price greatly rises with PM. This
is because of comparatively high quantity of the PM utiliza-
tion. Considering the PM material supply period volatility,
PM machine design optimization with no PM or less PM
are noticeable while retaining much of the performance
advantage over competing machine types, such as induction
machines and synchronous reluctance machines, which tend
to have markedly lower torque density [4].
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In regard of PM utilization and cost-efficient machines,
many researchers in the recent years are attracted by conse-
quent pole (CP) on rotor and stator sides. Authors in [5]-[7]
reported rotor-CP machine whereas CP-stator are investi-
gated in [8]-[10] and dual modulation (both rotor and stator
CP) is reported in [11]. In comparison with rotor-CP and
stator-CP, despite of double PM volume utilization, dual
modulation machine evident mechanical restriction. Stator-
CP exhibits merits of reduced core-losses due to suppression
of lower order space harmonics however, due to allotment of
phase winding and PM excitation in stator, electrical loadings
reduced that deteriorates performance.

Compared to conventional SMPMM, rotor-CP topologies
reduce PM volume utilization to half. In rotor-CP structure,
either North or South-pole are employed, and the adjacent
salient iron pole behaves as virtual South or North-pole.
In context of application, due to reduced PM usage, CP struc-
ture are preferred in Hybrid excited machines [12], in com-
parison with PM Vernier machines [13] and flux reversal
partitioned stator [14]. Furthermore, rotor radial position and
retaining force enhance regulation capability of rotor-CP
structure that make it prominent candidate for bearingless PM
motor [15]-[17].

Optimization and comparison of fractional slot SMPMM
with rotor-CP shows that SMPMM with rotor-CP achieve
same performance as fractional slot SMPMM at 33% less
PM usage. Moreover, 26% more average torque is achieved
in consequent pole permanent magnet flux reversal machine
than the existing conventional design [18] whereas author
in [19] achieved almost the same output torque as conven-
tional SMPMM that and save approximately one-third of
amount of PM. Moreover, author in [20] reported that uti-
lizing CP topology, torque per unit magnet volume machine
can be improved by 38% while the output torque is only 8%
less than conventional SMPMM.

In regard of IPMSM with consequent pole topology, study
reported in [21] demonstrated that output torque can be
improved by 2.76% while reducing the PM volume by
20.29%. Keeping the PM volume same, comparative perfor-
mance analysis of consequent pole modular machines with
modular structure inset PM machines is reported in [9] which
demonstrated that the higher average torque in consequent
pole modular machine is obtained than that of corresponding
inset PM machines. It is worth noting that, despite of lower
average torque, IPM with consequent pole exhibits reduced
torque ripples and cogging torque and improved torque den-
sity. This torque density is further improved in hybrid dual
PM machines utilized for EVs application [22].

However, despite of rotor-CP mechanical constraint, con-
sequent pole PM machines suffers from intrinsic uni-polar
shaft flux leakages accompanied with even-order back-EMF
and air-gap flux density harmonics content. This issue is
investigated in [23] utilizing multi-layer winding whereas
authors in uses hybrid PMs rotors with different magnetiza-
tion pattern that effectively truncates back-EMF higher order
even harmonics and eliminates rotor shaft flux leakages.
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FIGURE 1. Cross sectional view of SMPMM (a) Non-modular stator
(b) Modular stator.

Considering stator structure, the above-said topologies
are non-modular. In case of modular topologies with seg-
mented stator lamination, despite of improved thermal and
mechanical integrity, modular design shows advantages of
easy winding process in comparison with non-modular topol-
ogy. Therefore, offered improved fault tolerant capability
with low on-site maintenance. For this purpose, rotor-CP
achieved excellent flux-focusing that enhance torque density
and suppressed iron bridge flux leakage retaining torque
ripples and efficiency [24] whereas rotor-CP with modu-
lar stator topology is investigated for low-order space har-
monics suppression. Modular stator with through flux gap
in the form of E-core structure are investigated in [25] as
shown in Figure. 1. Beside high PM usage, performance
degrades in E-core stator structure for rotor pole num-
ber less than stator slots. It shows positive impact only
in case when rotor poles number are greater than stator
slots.

Despite of stator-CP machines, modular topologies with
segmented PM, segmented rotor and segmented stator lam-
ination have been a research interest. Authors in [26], [27]
investigated segmented PM machine whereas segmented
inner rotor are discussed in [28]. Analysis reveals that in
comparison with stator PM segmentation, rotor segmentation
suffers from mechanical constraints under high-speed appli-
cation. Therefore, stator segmentation is preferred. In this
regard, Authors in [29] studies segmented stator PM machine
whereas a comparative study of modular stator with conven-
tional machine is analyzed in [30]. It is found that stator
segmentation greatly helps in improving fault-tolerant capa-
bility of machine due to physical isolation of the stator phase
modules [31].

In order to overcomes the aforesaid demerits, in this paper,
rotor-CP and modular stator of SMPMM are integrated to
develop a novel Inset Permanent Magnet Consequent Pole
Synchronous Machine (IPMCPSM) with H-type modular sta-
tor core with depicted flux gap at alternate and all stator teeth
as shown in Figure. 2 which is an extension of author previous
work [32]. It is noteworthy that both all teeth flux gap and
alternate teeth flux gap are similar but different in number of
flux gaps. In all teeth flux gaps, there are physical isolation
of stator at each pole whereas in alternate pole, flux gaps

VOLUME 10, 2022



W. Ullah et al.: Consequences of Flux Gap on Intriguing Features of Modular Stator IPMCPSM

IEEE Access

FIGURE 2. Geometric formation of novel H-type stator core

(a) Non-modular conventional CP (C) Non-modular proposed H-type
stator core (c) Modular H-type stator with alternate teeth flux gap and
(d) Modular H-type stator with all teeth flux gap.

are reduced to half and alternate stator pole are physically
isolated.

Some of the major contribution of this paper includes
development of the proposed IPMCPSM by first converting
SMPMM to rotor-CP that reduces PM volume to half and sec-
ondly H-type stator topology is formed by introducing flux
gap at alternate and all stator teeth as shown in Figure. 2(c-d).
Intriguing feature of proposed IPMCPSM modular topology
and comparative performance is investigated with varying
flux gap width whereas simplified mathematical model is
opted to explain working principle as well as back-EMF and
torque generation mechanism. Finally, superiority of pro-
posed modular IPMCPSM is justified by detailed compari-
son of proposed H-type stator with conventional E-core and
C-core CP as shown in Figure. 3.

In the following, Section II explains modular stator rotor-
CP design and operating principle. Enhancing capability of
proposed IPMCPSM is analyzed in Section III. Section IV
investigates electromagnetic performance analysis whereas
conventional and proposed design is evaluated in section V
and finally, some conclusion is drawn in Section V1.

Il. MODULAR STATOR ROTOR-CP DESIGN AND
OPERATING PRINCIPLE

For the proposed IPMCPSM with H-type modular stator,
depicted design parameters are listed in Table 1 and shown
in Fig. 4. To avoid local saturation, total active tooth body of
stator teeth in stator core is retained same regardless of varia-
tion of FGs width. With focus on modular topology, depicted
geometric parameters i.e., air-gap, rotor shaft, PM width,
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FIGURE 3. Cross sectional view of conventional CP (a) E-Core (b) C-Core.

TABLE 1. Depicted design specification for proposed IPMCPSM with
modular H-type stator and rotor-CP.

Symbol Value Unit
R 13 mm
Ry; 11 mm
Wpey 3 mm
g 0.5 mm
Sh1 8.5 mm
Sha 5.1 mm
FG 0-4 mm
Wy 3.6 mm
Whp 39 mm
Hg 17.5 mm
Js 15 A/mm?
N 180 -
PMs Remanence (B,) 1.2 T
Stator outer diameter 90 mm
Ly 25 mm
A i E{ﬂ

\

FIGURE 4. Design specification of proposed modular IPMCPSM.

tooth body, stack length, winding turns per phase, PM volume
and height of the stator for both modular and non-modular
are kept same for fair comparison. Thus, it is made sure
that for fair comparison purpose, not only conventional but
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also proposed modular/non-modular electric and magnetic
loading remain same, whereas the possible stator slot (Ns) and
rotor pole number (N,) are computed as [25]

Ny = 2N, +2d (1)

A simplified mathematical formulation explains working
principle of the proposed IPMCPSM in both modular
and non-modular form illustrates that considering rotor
saliency with PM position and excitation, generated MMF is
expressed as [33]

fom @)=Y Fpmcos[iN, (0 — Q0] (2)
i=1,2...

where €2,, t and 6 are rotational speed of rotor, time and
mechanical position at stationary coordinate respectively
whereas Fjy, is i"-order Fourier coefficients of generated
MMF.
Air-gap permeance model considering effects of stator slot
(M) and rotor poles number in the form of Fourier series is
expressed as

Ar@®.0)= ) AscosiN, (0 —Q0] (3
i=0,1...

o
As@,1) = ) Agcos[iNy0] )
j=0,1...

whereas A,; and Ag; are ith and jth order air-gap permeance
Fourier coefficients respectively. It is noteworthy that air-
gap permeance periodicity changes with the variation of Ny,
therefore, substitute with actual number of stator slot.

Utilizing MMF generated due to PM excitation and per-
meance of the air-gap, flux density in the air-gap is expressed
as

Bg—pm 0,1) :fpm 0,1) As (0,1) Q)
00 00
- Z Z Bpm,,
i=1,2...j=0,1...

x cos [(iN, & jNy)0 — iN Q1] (6)
whereas the phase back-EMF as per flux density of the air-
gap and phase winding function becomes

J 2
E,(t) = 7 RgLs/Bg_pm (@, t)Npyr (6) do @)
0

whereas Ry = Ry + Rp; + Wy, and Npyr(0) is phase winding
function for single layer winding. For all and alternate pole
winding function is expressed as

o0
Npwr @) = D Npuy,, cos (mb) 8)
m=1,3,5...

As per author in [16], higher order triplen harmonics of
winding cancelled and the phase back-EMF with dominant
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Stator

Rotor R

FIGURE 5. Simplified MEC model of conventional SMPM.

|iN, & jNg,| order harmonics are

[ee} oo m=|iN;£jNg|
Ep (1) = Ryl Zi:l,Z... Zj=0,1,2... Zm=1,2,3... Epay
x cos(iN, 2,1 )

Analysis reveals that for IPMCPSM in C-core and
H-core stator in non-modular and modular form, rotor pole
pair i.e., (N, = 5), and higher order harmonics contributing
in back-EMF are analyzed in the proceeding sections.

lll. ENHANCING CAPABILITY OF PROPOSED IPMCPSM
This section analyses enhancing capability of proposed IPM-
CPSMs in comparison with SMPMM machine utilizing mag-
netic equivalent circuit (MEC) model. In initial design phase
both SMPMM and IPMCPSM utilizes same stator config-
uration, but different rotors as shown in Figure. 1(a) and
Figure. 2(a) respectively. Enhancing capability is explained
with analytical technique i.e., MEC with key assumptions as
listed

1) Rotor and stator core permeance are infinite

2) End effect and leakage flux are neglected

3) Relative recoil permeability of PM is same as air-gap

4) PM is modeled as MMF source with series reluctance

In conventional SMPMM design, main magnetic flux paths
are cumulative effect of North and South PM poles with
opposite polarities forming MEC with two MMF source as
shown in Figure. 5. In each magnetic pole, air-gap flux can
be computed using MEC model as

2Fpm
2Rpm + 2Rgm + Rse + Rye

Utilizing the aforesaid assumption, air-gap flux for the
MEC is modified as

(10)

Pe_supm =

2F, pm

Y (11)
2Rpm + 2Rgm

Po_supm =
whereas Fj, is generated PM MMF, R, is PM magnetic
reluctance, Ry, is stator core reluctance, R,. is rotor core
reluctance and Rg,, is air-gap reluctance facing PM poles.

For proposed IPMCPSM, all North or south PMs Poles
are replaced by salient iron pole which act as virtual PM
poles and provide alternate magnetic flux path to the rest of
PMs. It is notable that CP rotor configuration reduces half of
the PM usage. From MEC model of IPMCPSM as shown in
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Stator

Rotor R.

FIGURE 6. Simplified MEC model of proposed IPMCPSM.

Figure. 6, it can be clearly seen that PM MMF source is single
and in each magnetic pole, air-gap flux can be computed as

Fpm
Rpm + Rgm + Rgi + Rse + Rre

Based on above-mentioned assumption, air-gap flux for the
MEC is modified as

(12)

Pg_ipmcrsm =

_ Fm
Rpm + Rgm + Rgi

whereas Rg; is air-gap reluctance facing salient rotor iron
pole.

Air-gap flux comparison of conventional SMPMM and
proposed IPMCPSM shows that in IPMCPSMs, MMF source
as well as reluctance of PM is reduced to half. This reduction
is caused by saving PM consumption and doesn’t lead in
proportional reduction in air-gap flux. Thus, output elec-
tromagnetic performance is not significantly proportional.
Therefore, CP rotor topologies increases PM utilization with-
out proportional influence in electromagnetic performance.
Moreover, due to salient iron rotor pole CP structure exploits
reluctance torque and hence, improve torque density in
IPMCPSMs. Detailed investigation of average torque and
torque density is discussed in electromagnetic performance
analysis with varying FGs and applied current angle.

13)

Pe_ipmcrsm =

IV. ELECTROMAGNETIC PERFORMANCE ANALYSIS

A. NO-LOAD ANALYSIS

Under no-load condition when no current is applied to arma-
ture winding, phase flux linkage, peak-to-peak-flux flux,
back-EMF, cogging torque and harmonic spectra of flux link-
age and back-EMF are thoroughly investigated under variable
flux gaps to investigate the consequences of flux gap on key
metric performance.

Phase flux linkage of IPMCPSM under varying FGs are as
shown in Figure. 7 which reveals that with all pole flux gaps,
it can be clearly seen that FGs have enhancing performance
whereas for alternate pole flux gaps, there is negative impact
on phase flux linkage and the peak values decreases. The
increasing nature of phase flux linkage in case of all pole flux
gap is visible in enlarge portion of Figure. 7(a) which is due
to flux focusing effecting and enhancement of fundamental
component of phase flux linkage as shown in Figure. 8.
Despite of the increase in fundamental component of phase
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FIGURE 7. Phase flux linkage of proposed H-type stator core IPMCPSM
with (a) All pole FGs and (b) Alternate pole FGs.
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FIGURE 8. Harmonics spectra of phase flux linkage of proposed H-type
stator core IPMCPSM with (a) All pole FGs and (b) Alternate pole FGs.

flux linkage, higher order harmonics continue to decrease
with the increase in flux gaps resulting lower total harmonic
distortion as shown in Figure. 9. It is noteworthy that in
comparison of alternate pole FGs, THD of alternate pole FGs
greatly increases with the increase in the FGs width which
is contributing to working harmonics content that improve
overall phase flux behaviour.

Furthermore, under no-load condition, consequence of
varying flux gap on open-circuit induced back-EMF with har-
monic spectra are shown in Figure. 10 and Figure. 11 respec-
tively. It can be clearly seen that as soon as width of the flux
gap continue to increase, the resultant induced back-EMF
falls. In comparison with alternate pole flux gaps, all pole
flux gap IPMCPSM with modular H-type stator core weaken
effects of flux gap on phase back-EMF. Fundamental compo-
nent of phase back-EMF as illustrated in Figure. 11 shows
that for proposed IPMCPSM with all poles flux gaps,
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FIGURE 9. Variation of peak-to-peak magnitude of phase flux linkage and
fundamental component of harmonics in proposed H-type stator core
IPMCPSM with all pole and alternate pole FGs.
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FIGURE 10. Back-EMF waveform for proposed H-type stator core
IPMCPSM with (a) All pole FGs and (b) Alternate pole FGs.

back-EMF fundamental component increase in start and then
decreases slightly whereas for alternate poles IPMCPSM,
this fundamental component of phase back-EMF start to
decrease with the increase in flux gap width. This analysis
evident that flux gap has negative consequences in intrigu-
ing behaviours of modular IPMCPSM with alternate flux
gaps.

It is worth mentioning that for phase back-EMF, amplitude
of fundamental component increases with the increase in the
flux gap that enhance flux focusing effects. This flux focusing
effect can be achieved at feasible flux gap width. Based on the
harmonic spectra of phase back-EMF as shown in Figure. 11,
it can be clearly seen that for all pole flux gap, appropriate
flux gap width of 0-2 mm results an improved flux focusing
effects.

Despite of fundamental component, consequence of vary-
ing flux gap width contributing to back-EMF are |iN, & jNg,|
as illustrated in Table 2. This harmonics component varies
with respect to rotor poles and stator slot combination. The
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FIGURE 11. Harmonics spectra of back-EMF of proposed H-type stator
core IPMCPSM with (a) All pole FGs and (b) Alternate pole FGs.

TABLE 2. harmonic order contributing in phase back-EMF.

Non-modular Modular H-type stator core

Alternate pole FGs All pole FGs
I5+12j] = |5+ 6j| = [5 +12j] =
Sth 7th 19th 1th Sth 7th 5th 7th 19th

higher order harmonics content such as 5 and 7 order is
undesirable due to its contribution in torque ripples.

Comprehensive analysis of the harmonic spectra for all
pole flux gaps reveals that dominant 57 initially increase
with flux gap of 1-2mm whereas it than decrease between
3-4 mm width whereas the 7 order harmonic component
continue to decrease. In case of alternate pole flux gap mod-
ular IPMCPSM, higher order harmonics (5" and 7™) first
increases and then decreases. Not only torque ripple, but
the aforesaid higher order harmonics have also influence on
cogging torque which is shown in Figure. 12 and explained
as per periodicity calculated as

LCM (ky, Ny) /N, (14)

whereas k, = 1, N, and N are rotor pole number and stator
slot.

This shows that torque periodicity of modular IPMCPSM
with alternate pole flux gaps reduces to half in comparison
with all pole flux gaps. Instantaneous cogging torque wave-
form for both all and alternate pole flux gaps IPMCPSM are
shown in Figure. 12 whereas variation of the average torque
and torque ripples are shown in Figure. 13.

B. ON-LOAD PERFORMANCE

Under loaded condition, proposed H-type modular
IPMCPSM with varying flux gap width at all and alternate
pole flux gap under rated current density of 15 A/mm? are
investigated for average torque and torque ripple ratio as
shown in Figure. 13. Analysis unveil that with the increase
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FIGURE 13. Torque characteristics of H-type modular IPMCPSM with
varying FGs.

in the all-pole stator flux gap width not only average torque
but also torque ripples decreases at first and then increases
again. In case of alternate stator flux gap shows negative
consequence on average torque and torque ripples in such
a way that torque ripple ratio increases and average torque
decreases. Again, this is due to dominancy of the higher order
especially 5" and 7" harmonic in back-EMF.

It is noteworthy that in comparison with non-modular
stator structure, the proposed modular stator with flux gaps
varies air-gap permeance due to introduction of dummy slots
through flux gaps that impact the core losses of machine as
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FIGURE 15. Effects of FGs width on efficiency @1200 rpm.

display in Figure. 14. In case of all pole flux gaps, the stator
is formed of 12 modules whereas in case of alternate pole,
it results 6 stator modules therefore, influence of the core
losses in both cases significantly becomes dominant. Varia-
tion of the core losses under all pole and alternate pole stator
flux gaps are shown in Figure. 14. It is evident that regardless
of the rotor and stator pole combination, core losses continue
to decrease in both types of the flux gaps. This reduction in
core losses is due to suppression of higher order harmonics
content and reduction of the mutual flux coupling at stator
poles.

C. DYNAMIC PERFORMANCES ANALYSIS

Machine efficiency is key factor that play major role in
dynamic analysis in design stage. Since modular structure
are developed with variation of the stator flux gap at all
and alternate stator pole that introduces dummy stator slots
this results variation of the air-gap permeance that ulti-
mately effect overall machine performance as well as effi-
ciency therefore, detailed variation of the machine efficiency
with variation of the flux gaps are computed as shown in
Figure. 15. Analysis evident that in case of all pole stator flux
gap, the proposed design show positive influence resulting
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FIGURE 16. Torque characteristics of all pole FGs H-type stator IPMCPSM
versus current phase angle of (a) Average torque and (b) torque ripple
ratio.

slight increase in efficiency whereas for alternate stator pole
flux gap, efficiency of machine decreases due to reduction of
flux concentration of each phase.

In order to visualize the effect of advance current angle
on output average torque, this part investigates influence of
advance phase angle of applied current on average torque
and torque ripples to sort out the optimum current angle
that results maximum average torque and minimum torque
ripples. This analysis is performed under various applied
current with the advance phase shift at all and alternate
stator flux gap as shown in Figure. 16 and Figure. 17,
respectively.

From Figure. 16(a), analysis evident that for all pole stator
flux gaps, with the increase in flux gaps width the resultant
average torque response enhance. Moreover, this average
torque profile improves with applied current phase angle.
At the same time, from Figure. 16(b), it can be clearly seen
that at this condition the torque ripples reach to minimum
values. This analysis evident that maximum average torque
and minimum torque ripple ratio for all pole flux gaps is
achieved at 35-40 phase angle. Similarly, in case of alternate
stator pole flux gaps, variation of the average torque and
torque ripple ratio is shown in Figure. 17. Since, average
torque improves with flux gaps, this results an improved
torque density as well. Variation of the torque density pro-
file for both all and alternate stator flux gaps are shown in
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Figure. 18. This analysis unveil that maximum torque density
is achieved at the same advance phase angle (35-40 degree)
where maximum average torque and minimum torque ripple
is achieved.

Under dynamic performance analysis, variation of the flux
gap on torque vs speed and power vs speed are investigated as
illustrated in Figure. 19 and Figure. 20 respectively whereas
efficiency map is illustrated in Figure 21 and Figure. 22.
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Based on analysis, it is evident that due to higher phase flux
linkage, flux gaps show slight influence on flux-weakening
capability.

Furthermore, utilizing flux focusing merit of the pro-
posed modular IPMCPSM with flux gaps, improved
flux-weakening capability can be further achieved. It is note-
worthy that in torque-speed and efficiency map, the average
torque computed are slightly higher than the one reported in
table 3 and table 4 due to consideration of the inverter setting
and control technique.

[

0 *ouapya

D. FAULT-TOLERANT CAPABILITY e

(@)
Magnetlc ﬂu.x density distribution in s.tator core varies with FIGURE 21. Efficiency map of proposed H-type IPMCPSM with all poles
the introduction of the flux gaps that diverges magnetic flux (a) FG=1 (b) FG=2 (c) FG=3 and (d) FG=4.
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TABLE 3. Quantitative electromagnetic performance of H-type stator with
all teeth FGs @ speed=1200 rpm.

Flux gap width

Items 0 1 2 3 4 Unit
0] 0.157 0.165 0.171 0.176 0.178 Wb
D 692 283 341 694 10.78 %
EMFp,, 2386 1590 1628 3000 33.19 %
T, 4.35 3.94 4.13 3.98 3.76 Nm
T, 0.63 0.89 0.99 1.02 0.97 %
T, 958 867 91 877 829 Nm/kg
P, 1681 1592 1642 1607 1553  kW/kg
R, 1.70 1.41 1.19 1.03 0.90 w
St 15.82 15.99 15.19 14.77 14.30 w

n 76.57 76.51 76.77 76.39 74.95 %

TABLE 4. Quantitative electromagnetic performance of H-type stator with
alternate teeth FGs @ speed=1200 rpm.

Flux gap width

Items 0 1 2 3 4 Unit
O] 0.157 0.144 0.141 0.141 0.137 Wb
Dy 692 466 276 179 223 %
EMFryp 23.86 17.25 12.19 11.36 13.71 %
T. 4.35 4.14 4.04 3.99 3.82 Nm
T, 0.63 0.68 0.73 0.71 0.74 %
Ty 95.79 91.32 89.07 87.92 84.17 Nm/kg
P, 16.84 16.31 16.01 15.85 15.40 kW /kg
Ry 1.70 1.49 1.22 0.99 0.94 w
Sl 15.82 15.52 14.91 14.41 13.97 w

n 76.57 75.88 75.41 73.99 73.07 %

path. This variation of magnetic flux paths decouples mutual
flux that as a result both self and mutual inductance greatly
varies. Therefore, self and mutual inductance are computed
follow

Li=——>° (15)

M;; = (16)
whereas L; and M;; are self and mutual inductance respec-
tively, ®;, ®;, and ®, is self-phase flux linkage of phase i,
and mutual-phase flux linkage of phase j, is phase flux linkage
due to PMs, respectively whereas /; is DC injected current in
phase i.

For simplicity purpose, here only phase A is discussed
whereas the rest of two phases will resemble phase A. Self
and mutual inductance of phase A is computed at varying
flux gap of stator by injecting a constant DC current to arma-
ture winding. The calculated self and mutual inductance at
varying stator flux gap is display in Figure. 23 and Figure 24
respectively.

Analysis evident that with the change in rotor position
and stator flux gap width, both self and mutual inductance
varies. In case of all teeth stator flux gap, there is drastic
variation in self-inductance whereas this variation in case of
alternate teeth flux gaps is very slow due to dominancy of
the mutual flux coupling. In the same way, with the variation
of the flux gap in all teeth and alternate stator teeth, mutual
inductance continues to decrease and approaches to zero due
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FIGURE 23. Influence of FGs on phase self-inductance for (a) All pole FGs
and (b) Alternate pole FGs.

to suppression and decoupling of mutual flux as shown in
Figure. 25.

Thus, it is evident that introduction of flux gap in sta-
tor teeth results an increase in self-inductance and decrease
in mutual inductance which greatly reduces the ratio of
mutual to self-inductance resulting an improved fault tol-
erant capability because flux gaps physically isolate two
adjacent phases thus, under fault condition, due to higher
phase self-inductance, short circuit current is mitigated
whereas due to low mutual-inductance, mutual effects of
the faulty phase over healthy phase are truncated thus,
offer improve fault tolerant capability. Furthermore, mod-
ular structure with stator flux gaps offers excellent stator
colling in comparison with the conventional non-modular
structure.

In addition, from Figure. 25 it is clear that due to partition
of armature winding between the upper and lower stator
slot, both winding contributes to the main flux i.e., inner
armature fully incorporate however, outer stator slot winding
contributes partially that results an improve performance in
average torque. Furthermore, to achieve the target of higher
average torque since the stator yoke is shortened in compar-
ison with the conventional design (as shown in Fig. 25(a)),
the flux path is shortened, due to which the reluctance is
greatly reduced and contributes to achieve higher average
torque.
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V. CONVENTIONAL AND PROPOSED DESIGN

To justify usefulness of the proposed IPMCPSM with module
stator with flux gap, performance analysis of conventional
(E-core and C-core CP as shown in Figure. 3) and proposed
design with key metric functions i.e., phase flux linkage
(®), phase flux linkage THD (®7yp), back-EMF, back-EMF
THD (EMF 1hp), average torque (7,), torque ripple ratio
(T;), torque density (Ty), power density (Pg), rotor core
losses (R.), stator core losses (S.;) and efficiency (1) is
systematically compared. It is worth noting that modular
H-type stator core and conventional C/E-core topology share
same rotor-CP and stator dimension whereas different stator
structure. The above-mentioned topologies of H-core, E-core
and C-core are compared for varying FGs width as listed in
table 3 to table 6 whereas waveform and harmonic spectra are
shown in Figure. 26 to Figure. 30. Note that in this computa-
tion, influence of inverting rating and control technique is not
taken into account due to which the average torque obtained
is slightly lower than the one obtained in torque-speed curve
and efficiency map.

From Figure. 26 and Figure. 27 it can be seen that flux gaps
show positive impact on phase flux linkage of C-core struc-
ture which is mainly due to flux focusing effects on C-core
which helps in improving flux weakening capability. More-
over, this increase in the phase flux linkage is due to reduc-
tion in the magnitude of 3" order harmonics. Whereas FGs
shows negative impact of E-core structure and magnitude of
phase flux linkage decreases. In additional, comparing ®7xp
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FIGURE 26. Phase flux linkage of conventional IPMCPSM with (a) E-core
and (b) C-core.

from table 5 and table 6 for C-core and E-core, it can be
seen that with the introduction in the FGs overall harmon-
ics increases whereas for H-core stator structure as listed
in table 3 and table 4 with the introduction of the FGs,
the overall harmonics in phase flux linkage is effectively
suppressed which is mainly due to structure variation of
stator.

Quantitative performance analysis results that minimum
®ryp for all pole FGs of H-core stator is 2.83% with FG = 1,
whereas for alternate pole FGs minimum ®7yp obtained is
1.79% with FG = 3. Comparing minimum ®7yp of C-core
and E-core which is 4.32%), it is concluded that all pole FGs
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TABLE 5. Quantitative electromagnetic performance of C-type stator core
@ speed=1200 rpm.

Flux gap width

Items 0 1 2 3 4 Unit
O] 0.194 0.194 0.180 0.186 0.180 Wb
Dy 432 607 647 1027 12.61 %
EMFpp 1547 1905 2108 3130  37.90 %
T, 1.63 2.12 2.14 222 2.10 Nm
T, 1.40 1.20 1.15 1.18 1.29 %
T, 35.93 46.78 47.17 49.00 46.50 Nm/kg
P, 647  8.05 788 835 8.11 kW /kg
Ry 1.95 0.601 0.444 0.415 0.372 w
Sel 13.20 2.07 2.33 241 2.31 w

n 64.53 72.28 74.45 72.99 71.26 %

TABLE 6. Quantitative electromagnetic performance of E-type stator core
@ speed=1200 rpm.

Flux gap width

Items 0 1 2 3 4 Unit
0] 0.194 0.178 0.173 0.169 0.165 Wb
D 432 949 1211 1344 14.03 %
EMFryp 1547 2894 3734 4173 43.68 %
T, 1.63 1.46 1.39 1.36 1.33 Nm
T, 1.40 1.72 1.95 1.94 1.92 %
T, 3593 3226 30.82 30.07 29.45 Nm/kg
P, 647 605 589 583 577 kW /kg
Ry 1.95 1.78 1.70 1.66 1.61 w
St 1320 14.69 14.19 13.76 13.42 w

1 64.53 6094 59.72 5898 58.35 %

H-core suppressed 52.6% and alternate pole FGs truncate up
to 2.41 times.

Back-EMF and harmonic spectra for E-core and C-core
CP is shown in Figure. 28 and Figure. 29 respectively.
Analysis evident that with the placement of stator flux gap,
amplitude of fundamental harmonic component declines that
reduces peak to peak magnitude of back-EMF whereas and
higher order harmonics increases which introduces harmon-
ics. Comparing with back-EMF and harmonic spectra of
H-core as shown in Figure. 10 and Figure. 11, it can be
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FIGURE 28. Back-EMF waveform of conventional IPMCPSM with
(a) E-core and (b) C-core.

Y
s

o
S

I
S

Phase back-EMF (V)
g g

>

Harmonics Order
60 T T (a\)

o
S

S
S

Phase back-EMF (V)
oW
S 2

=

0 1 2 3 4 5 6 7 8 9 10 1 12
Harmonics Order

(b)

FIGURE 29. Harmonics spectra of back-EMF of conventional IPMCPSM
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seen that H-type IPMCPSM suppress higher order harmonic
component reduces which suppress EMF ryp.

Performance analysis unveil that minimum EMF ryp for
all teeth FGs of H-type modular stator core is 15.90% with
FG = 2, whereas for alternate teeth FGs minimum EMF typ
obtained is 11.36% with FG = 3. Comparing with minimum
EMF typ of C-core and E-core which is 15.47%, analysis
concluded that alternate teeth FGs H-core truncate 36.17%
whereas in all teeth FGs it is increased by 2.7%.

In dynamic performance, efficiency (1) play major there-
fore compared for H-type, E-core and C-core as shown in
Figure. 30 and listed in table 3 to table 6 for proposed and
conventional design. From the analysis, it is concluded that
FGs have positive impact on n with C-core whereas negative
impact on E-core. With the introduction of FGs, 1 tend to
reduce in E-core whereas for C-core, first it increases and
then decreases. Quantitative performance analysis results that
maximum 7 for all teeth FGs of H-core stator is 76.77%
with FG = 2, whereas for alternate teeth FGs maximum 7
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FIGURE 30. Comparison of efficiency for conventional E/C core and
proposed H-type IPMCPSM with all teeth and alternate teeth FGs @
speed=1200 rpm.

obtained is 76.57% with FG = 0. Comparison with maxi-
mum C-core and E-core 1 of 74.45% and 64.53% respectively
reveals that all teeth FGs H- core improve n by 3.1% and
18.96% whereas alternate teeth FGs increases n by 2.8% and
18.65% when compared with conventional C-core and E-core
CP topologies.

Performance analysis reveals that highest 7, of H-type
modular stator core is 4.35 Nm with FG = 0. Comparing
with maximum 7, of C-core and E-core i.e. 2.2 Nm and
1.63 respectively, analysis concluded that H-core IPMCPSMs
results T, higher by 97.7% when compared with C-core and
2.66 times higher 7,, when compared with E-core.

Quantitative analysis exposes that least 7). of H-type mod-
ular stator is 0.63% Nm. Comparing with lowest C-core and
E-core T, of 1.15% and 1.4% respectively, study expose that
H-core diminish 7} by 45.21% and 55% when examined with
C-core and E-core respectively. Similarly, comparing 7,; and
P, of proposed H-type stator core with C-core and E-core
CP topologies, analysis reveals that reveals that 7; and P, to
2.66 and 2.59 times respectively.

To sum up, proposed H-type stator topologies of
IPMCPSM results up to 2.45 times lower ®7gp, 36.17%
suppresses EMF tgp, improve n by 18.9%, diminish 7, up
to 55% and boost T, and P; maximum up to 2.66, 2.59 times
respectively with better flux focusing effects that improve
flux weakening capability.

VI. CONCLUSION

In this paper novel H-type modular stator core IPMCPSM is
investigated for static and dynamic performance with various
stator flux gap width and compared with existing state of
the art including E-core and C-core. Electromagnetic per-
formance comparison of conventional and proposed design
reveals that proposed [IPMCPSM diminish EMF rgp, improve
n by 18.9%, diminish T, up to 55% and boost T, and Py
maximum up to 2.66, 2.59 times respectively. Moreover,
modular stator with flux gaps offers physical isolation of
adjacent phases which results improved flux focusing effects
to improve flux weakening capability and enhanced fault
tolerant capability.
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