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Abstract: The reluctance machine is a potential candidate for electrical vehicle propulsion because of
its reliable structure, low cost, flexible flux regulation ability, and wide speed range. However, the
torque density is unsatisfactory because of the poor excitation ability and low stator core utilization
factor. To solve this problem, in this paper, a novel hybrid reluctance machine (HRM) with the skewed
permanent magnet (PM) and the zero-sequence current is proposed for electric vehicles. The skewed
PM has two magnetomotive force (MMF) components with different functions. The radial MMF
component provides extra torque by the flux modulation effect. The tangential MMF component can
generate a constant biased field in the stator core to relieve the saturation caused by the zero-sequence
current and thus improve the utilization factor of the stator core. Therefore, torque improvement and
the relief of stator core saturation can be simultaneously achieved by the skewed PM. In this paper,
the machine structure and principle of the proposed machine are introduced. And ultimately, the
machine’s electromagnetic performances are evaluated under different PM magnetization directions
and zero-sequence current angles by using finite element analysis (FEA).

Keywords: finite element methods; permanent magnet; reluctance machines

1. Introduction

With the growing concern regarding global warming, energy shortages, and pollutant
emission, there is a worldwide tendency to use electric vehicles (EV) and hybrid electric
vehicles (HEV) to replace traditional internal combustion engine vehicles. The electric
machine, as the key component in EV and HEV propulsion systems, is required to have high
efficiency, high torque/power density, and a wide speed range [1-4]. There are mainly three
main types of machines that are candidates for the excitation source, namely, PM-excited,
DC-excited, and hybrid excited machines.

PM-excited machines usually have higher torque production than DC-excited ma-
chines because the excitation ability of DC current is lower than that of the PM with a
limited slot area and heat dissipation condition [5,6]. High efficiency is also a merit of PM-
excited machines because PMs can produce a magnetic field without any input energy [7].
However, the PM machines face some drawbacks, such as their poor flux regulation ability
and resultant smaller speed range, due to the fixed PM flux [8]. In addition, the risk of
demagnetization and the high price of PM materials limit the application of PM-excited
machines [9]. Some trade-offs must be involved to balance the PM-excitation and DC
excitation, and therefore hybrid excited machines have become an emerging solution for
EV applications.

Hybrid excited machines can be classified into two types according to the location
of the PM material (rotor side or stator side). Machines with stator PMs have attracted
more research attention in recent decades because of the definite advantages of their robust
structure, high power density, and high efficiency [10]. The PM material is designed on the
stator side so that it does not suffer from the effect of centrifugal force. The rotor usually

Energies 2022, 15, 8384. https:/ /doi.org/10.3390/en15228384

https:/ /www.mdpi.com/journal/energies



Energies 2022, 15, 8384

20f17

consists of an iron core only and thus enjoys higher robustness so that a higher rotor speed
can be applied [11]. Among the hybrid excited machines with stator PMs, the switched
reluctance machine (SRM) is a promising potential solution [9]. The most attractive point of
the SRM is its simple and robust structure, as the rotor consists of an iron core only, and all
winding and PM are designed on the stator [12]. Compared with the original DC-excited
SRM from 1839 [13], the latter hybrid excited SRMs employ PMs in the machine, and the
torque production and efficiency are improved.

In general, according to the magnetic circuit topology, there are two main types of
hybrid excited SRM, namely, the parallel-excited type and the series-excited type. For
series-excited hybrid SRMs, although the torque is directly promoted because of the extra
field source from the PM, the high magnetic resistance constrains the field adjustment
ability of the DC coil. Additionally, the PM material faces a higher demagnetization risk
when the reversed DC current is applied at the flux-weakening region [14,15]. By contrast,
the PM material faces less demagnetization risk in the parallel-excited SRMs, and therefore,
it has attracted more research interest.

In recent years, various parallel-excited SRMs have been investigated [16-27]. The
PM material is usually assigned at the slot opening so that the stator core would not be
separated, and a low-order working harmonic can be utilized because the slot opening PM
does not change the reluctance of the stator core in the magnetic circuit. These machines
have similar configurations but different working principles and torque performance.
In [16], under the flux modulation effect, a hybrid-excited reluctance machine with the
radial magnetized PM is proposed. Under the flux modulation effect, although the DC
current and the PM have different main working harmonic orders, both of them can be
utilized by a concentrated winding configuration. However, the stator suffers from easy
saturation because the BH working range is limited within the first quadrant. In [17-19],
the parallel-excited PM is arranged with an opposite magnetization direction to the DC
current to expand the BH working range. In this way, the stator core utilization factor is
improved, and torque production is raised. However, the current is not sinusoidal, and
the torque ripple is still very high because of its half-cycle-conducting operation principle.
To address this issue, another alternate solution utilizing the flux modulation principle is
proposed in [20], where the sinusoidal current is applied, and the torque ripple is largely
reduced. The DC-saturation-relieving effect also extends the BH working range of the
stator core so that the relatively higher DC current can be applied. Based on this idea,
various hybrid-excited reluctance machines with tangential magnetized PMs have been
proposed, where the DC current can produce working air-gap harmonics under the flux
modulation effect, while the tangential magnetized PM can relieve the saturation of the
stator core [21-23]. However, the PM cannot provide an effective flux directly, and therefore
torque production is still unsatisfactory. In [24], a synthetic PM structure is outlined in
which a group of tangential magnetized PMs and the radial magnetized PM are used for
saturation relief and torque improvement, respectively. However, this PM structure is quite
complicated, and therefore, in [25], the skewed PM is used to replace the synthetic PM.
However, one concern for this type of machine is yet to be solved, namely the conflict with
the AC winding in the stator slot area caused by the introduction of the DC winding. AC
armature winding with the zero-sequence current is a possible solution, as here AC and DC
coils are combined, which reduces the copper loss under the same ampere-turn number
and increases the efficiency [26].

To give consideration to both torque production and flux regulation ability in hybrid
excited HRMs, this paper adopts the skewed PM to improve the torque production with the
flux modulation effect and to promote flux regulation ability and reliving-DC-saturation
relief simultaneously. In addition, the AC and DC windings were combined, and the
zero-sequence current was adopted as a torque generation source. This paper is organized
as follows. In Section 2, the machine structure and the working principle of the proposed
machine are presented. In Section 3, the electromagnetic performances are evaluated to give
design instructions for the proposed machine, especially as concerns the magnetization
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direction of the skewed PM and the zero-sequence current ratio. In Section 4, some
conclusions are provided.

2. Machine Structure and Operation Principle
2.1. Machine Structure

The structure of the proposed hybrid reluctance machine (HRM) is presented in
Figure 1. The rotor consists of iron core only, thus having good mechanical robustness.
The skewed PMs located at slot openings have two magnetization components. One
component is tangentially magnetized with alternate polarity in every adjacent PM. The
other component is radial magnetized and all PMs are outwards magnetized. In spite of
the slightly higher complexity of manufacturing of skewed PM than traditional PM, it is
acceptable due to the good electromagnetic performance of the proposed machine. There
are two groups of 3-phase winding, which are shown in Figure 2. The neutral points of
two winding groups are connected, which provides a path for zero-sequence current. The
current in all windings can be illustrated as:

Ta1 = V2Iesin(wt + @) + Iy
Ip; = V2Iesin(wt + @o — 120°) + Iy
Icy = V2Igesin(wt + @o 4 120°) + Iy
Tay = V2Igesin(wt + ¢o) — Iy
Ipy = V2Iaesin(wt + @o — 120°) — Iy
Icy = V2Igesin(wt + @o +120°) — I

M

where 141, Ip1, Ic1, La2, Ip2, and Ic; represent the phase current in phase Al, B1, C1, A2, B2,
and C2 respectively. lac and I are the AC and zero-sequence components of phase current.
w and ¢ are the electric rotation speed and initial position. As all excitation sources (PM
and winding current) are assigned at the stator side, the proposed machine enjoys good
cooling properties compared with traditional rotor-PM machines [27-30]. Furthermore, by
replacing the AC and DC coils with integrated winding, the copper loss can be reduced
under the equivalent magnetomotive force (MMF) produced by the current.

Armature winding
Skewed PM
Rotor
Stator

Figure 1. Structure of hybrid reluctance machine with skewed PM.

As is presented in Figure 3, the MMF of the skewed PM has two components, including
radial (Fpy;,) and tangential (Fpp;) components. The working principle of Fpyy and its
associated DC-saturation-relieving effect is introduced in the next part. The working
principle of Fpys, and its associated flux modulation effect is presented in the last part of
this section.
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Figure 3. PMs with different apys. (@) PM with only Fpyg. (b) PM with only Fpyy,. (¢) proposed PM
design with both Fpyy; and Fpyy,-

2.2. Fppy and DC-Saturation-Relieving Effect

This part shows the working principle of the tangential component of the MMF of the
skewed PM (Fpys;) and its associated DC-saturation-relieving effect with I.

To give an intuitive illustration, the flux paths of Fpyy; and Iy are presented in Figure 4,
where ®py; and @y are the fields from Fpyy and Iy, respectively. When the rotor is at
position A/B, the rotor permeance is at max/min value, and thus @ is at max/min value.
If ®pps is not used, the BH vibration range of @ is limited within the first quadrant, which
causes a low utilization factor of the stator core. To overcome this problem, ®pys; provided
a constant biased flux with opposite polarity with @,. However, ®pps; produces little
effective back EMF in the armature winding directly because it is short-circuited in the
magnetic circuit. The BH working range can be shifted to another quadrant as shown in
Figure 5 from AB1 to AB2 with Fpyy. As a result, the stator core can be better utilized, higher
Iy can be applied, and therefore, a wider voltage regulation range (VRR) can be achieved.

Position A Position B

Statorb 'FI-'<--.'-'-' 8 8 - t’.'.'—'l-* 8

I s

Roto . !
i

Figure 4. Flux path of the tangential component of the skewed PM and DC current.
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Figure 5. Schematic flux waveform in the stator tooth and BH working range.

To provide a quantitative analysis of ®py, the equivalent magnetic circuit is presented
in Figure 6, where F is the equivalent MMF of Iy. And Ry, Ry, Rt, Rpp;, and Ry are the
reluctances of the rotor yoke, stator yoke, stator tooth, PM, and air gap, respectively.

0 —Rpmt  Rg Ry Dy Fpmt

—Rpmt 0 Ry Rg Co2| _ | Fpme @)
Ry Rq 0 —Rpmt | [P Fo — Fppme
Rq R; —Rpmt 0 D, Fo — Fpwmir

Fppme = HeLpprcosapp
Fy = NtIp 3)
R1 = Rppe + ZRg + R,

F F Y
—H—4
Stator
(psl (ps2
i [] (]
Fruyy  Rpu Frur | Rpu
I~ —{ |
I e Re @, DR L
Rotor
L | L |
R, R,

(a) (b)

Figure 6. The no-load magnetic circuit of the proposed machine. (a) proposed machine (b) the
no-load magnetic circuit.

Based on the magnetic circuit, the no-load flux can be expressed in (2) and (3), where
H. is the coercive force of the PM, Lpyy is the tangential length of the PM, N; is the number
of the turns of armature winding, and apy; is the magnetization direction of PM. Therefore,
the flux in stator tooth (@) can be presented as:

2 2Rpmt

2
Bl S 4
R, RZ(R,+3Rg)> 0T Ry M @

Dyt = chl +q352 = (

_ (2 2Rpmt _ 2
where R, = <R2 + Rz(Ry+3Rg)>FO RZFPMt'
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It is validated in (4) that the flux from Fy and Fpy; have opposite directions because
the first term is always positive, while the second term is always negative. Both terms
are relevant to Ry, which depends on the rotor position. Therefore, both Fy and Fpys; can
contribute to back EMF and torque generation. However, the reluctance of the stator yoke
(Ry) and tooth (R¢) is very small compared with Rpyy;. If Ry and R; are neglected, R; is
approximately equal to Rpys. Therefore, (4) can be rewritten as:

2 2 2
Dy ~ + Fp— ——F 5
! <RPMt Ry + 3Rg) *" Rpr M ©)

As is presented in (5), the flux from Fpyy; is independent of Ry if R, and R; are neglected.
It implies that Fpy; only provides a constant biased flux in the stator core to relieve the
saturation. While Fy is still relevant to Ry in (5), which proves that it can contribute to
torque generation. When designing the skewed PM, the maximum and minimum value of
D should satisfy (6) to fully utilize the stator core.

Dst max + Pst.mi
q)st.mean _ st.max 5 st.min =0 (6)

By combining (3) and (5) with (6), we can obtain:

Rppmi Rppmt )
Nilp| 1+ + — H.L cosu =0 7
¢ 0( s + 6Rg | 2Rymmin + 6Ky cLpmicosapp (7)

Equation (7) gives analytical instructions for designing apps. If apps is too high, @st pean
will still be positive, and the stator tooth will be under-relieved. If apy; is too low, Ds; yean
will become negative, which means the stator tooth will be over-relieved. Both under-
relieved and over-relieved limit torque production. The detailed analysis for the appropriate
value of apys with FEA results is presented in Section 3.

2.3. Fppmy and Flux Modulation Effect

This part shows the working principle of Fpy;- and the associated flux modulation
effect. Fpyy, produces an effective back EMF in the armature winding directly. As the radial
magnetization component of the skewed PM is outwards for all PMs, the associated air gap
MMEF can be expressed in Figures 7 and 8, while the air gap permeance of the rotor (P,(6,t))
can be expressed as shown in Figures 8 and 9.

+o0
Fr(e): Z Fncos(nNslote)

n=1

2 ) Opm ®)
Fo= EFPMrsm <nNslot2>
Fpymy= HcLpmrsinappm
Py =
Pu(6,t)= 5>+ Y Prcos[kN (6 — whet)]

k=1

p=2p + PPl ©)
_ 2 . 97[
b= E(H — Dy)sin (nNr2>

where F,(0) is the air gap MMF of the radial component of the skewed PM, 0 is the
mechanical angle, Ny is the slot number, 8p is the PM central angle, Fpyy, is the equivalent
MMF of the radial component of the skewed PM, and Lpyy is the radial length of skewed
PM. P; is the permeance of the rotor salient poles, P, is the permeance of rotor slots, N; is
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the number of the rotor salient poles, wy, is the mechanical angular speed of the rotor, 0,
is the mechanical angle of the rotor tooth. The air gap flux density can be calculated as:

pay +Oan k

BPMr(O/t):Fr( Pr Gt Z Z

n=-—00 k=1

cos[(kNy 4+ nNgjp; )0 — kNywmet] (10)

2/ Ngot o F.(0) Opm R
A
FPMr
0
v S
Figure 7. Air gap MMF of the radial component of the skewed PM.
27/N, 4 O
< > P.(0,t) < >
Y
P, P,
A 4 e
4 »
A >

Figure 8. Air gap permeance of the rotor.

According to (10), the harmonic order of air gap flux density and corresponding
rotation speed can be expressed as:
P = |kN; + an
{ (k) | 7 N n=0,41,42,...,k=1,23,.... (11)

KNy wie
kNrJri’le[Ut

“(nk)

According to the flux modulation effect, the main working harmonic corresponds to
the case in which k = 1 and n = —1. Therefore, the order of the main working harmonic of
the radial component of the skewed PM satisfies (12).

P = ‘Ni’ - Nslot| (12)

where Py, Ngjot, and N, are the pole pair numbers of the armature winding, slot number,
and rotor pole number, respectively.

For the main working harmonic of the radial component of the skewed PM, the torque
contribution is in direct proportion to the back EMF if saturation is not considered. The
back EMF contributed by the main working harmonic is expressed as:

_ 444D, LsN;
Epm =60 PB%q,mkwnw(n,k) 13)
B == PM7;2( 1= 2)sin(NS"’QGPM)sin(—N“;”)sinocpM

where E,j, is the back EMF of the nth harmonic, B, ) is the corresponding harmonic
amplitude, kyy, is the winding factor, D, is the circumferential diameter of the air gap, and
L; is the stack length [31]. It is implied in (13) that the back EMF contributed by the main
working harmonic is in direct proportion to sin(apps). The higher apy; is, the higher the
back EMF and associated higher torque production.
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3. Electromagnetic Performance

This part evaluates the electromagnetic performance of the proposed machine. Firstly,
the analysis of the three essential design parameters is presented, namely the PM magneti-
zation direction («py), the zero-sequence current ratio («), and the current angle (), which
are presented in Figure 9. The following FEA results are based on the dimensional data in
Table 1 and Figure 10.

Table 1. Design Parameters of the HRM with Skewed PM.

Item Unit Notation Value
Outer radius mm R, 75
Stack length mm Ls 80
Rotor yoke thickness mm Try 5
Rotor tooth height mm Hy 5
Rotor tooth central angle deg (o 6.55
Air gap length mm g 0.5
PM magnetization angle deg apm 60
PM central angle deg Opm
PM height mm Hpm 4
Pole shoe height mm H; 1
Stator yoke thickness mm Tsy 10
Stator tooth central angle deg Ost 6
Inner radius mm R; 30
Estimated slot filling factor / ksf 0.7
Rated current density A/mm? D 6
Rated speed rpm Spa 600
Coil turns / N; 105
AC component of armature A Le 535
current
Zero-sequence current A Io 2.72
Stator slot number / Nijot 24
Rotor pole number / N, 22
Winding pole pair number / Paw 2
L
Iy
(a) (b) (c)

Figure 9. Schematic explanation. (a) PM magnetization direction apys. (b) zero-sequence current
ratio a. (¢) current angle B.
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3.1. Magnetization Direction

This part gives a detailed evaluation of the magnetization direction of the skewed PM
(app) in terms of the flux density vibration range, no-load back EMF, voltage regulation
rate (VRR), and torque production.

As was explained in the last Section, the purpose of Fpyy, is to provide an additional
excitation source, which can improve the back EMF and associated torque promotion
directly. The purpose of Fpyy; is to provide a constant biased flux to relieve the saturation
in the stator core so that the stator core utilization factor can be improved and the flux
regulation ability can be promoted. Therefore, a trade-off between two magnetization
components must be considered.

Figure 11 shows the vibration range of the no-load flux density in the stator tooth and
the associated back EMF with different apys. Byqx and By, are the maximum and minimum
values of flux density. E430 is the back EMF when « is set at 63°.

2.0 150
0= B
LS} |2 D 125
~1.0r | & Eo
= “ 1003
QO.S— o
7] | eyl
_§ 75 Z
50 50 =
. =
y 25
-2. : ' ' 0
0 15 30 45 60 75 90
apy (deg)

Figure 11. No—load vibration range of flux density in stator tooth and associated back EMF in the
armature winding with different xPM.

When «apy, is at 0°, the skewed PM has only the MMF tangential component, the flux
of which is much stronger than that of the zero-sequence current. Therefore, the stator core
is over-relieved. When apy, is increased, the tangential component of PM is reduced, and
therefore, the vibration range of the flux density moves up. In addition, the associated
back EMF is also promoted because of the introduction of Fpy;.. However, at the high apy,
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region, the flux from Fpyy; is too weak to relieve the saturation, which causes saturation
and an associated drop in the amplitude of the back EMF.

The voltage regulation rate (VRR) is also a key concern when designing the proposed
machine. It represents the voltage regulation ability of Iy, and therefore, it largely deter-
mines the speed range at the flux weakening region. In this paper, the VRR is defined as:

Ege — Egge

VRR =
Eyse

(14)
where Ege, E450, and Egge represent the back EMF with « of 0°, 45°, and 90°, respectively.
The VRR with different apys are evaluated and presented in Figure 12. The lower apy, is,
the higher the VRR that can be achieved. The average torque, another key concern for
design, is also evaluated in Figure 12. The highest average torque can be achieved when
apy is at roughly 60°, which basically agrees with the waveform of the back EMFE.

50 1.5
-o- VRR

g 40+ - Tavg 11.2
Q
= 30t —0.9§
g | E
o, 20¢ 10.6
)
4
< 107 10.3

0 . . . . . 0

0 15 30 45 60 75 90

apy (deg)

Figure 12. Average torque and VRR with different PM magnetization directions.

To give a deeper understanding of the principle of the skewed PM, a more intuitive
explanation for the torque increase due to this optimal magnetization angle is provided below.

The purpose of the radial component of the MMF of the skewed PM (Fpyy,) is to
provide an additional excitation source for the proposed machine. Therefore, the higher
Fppy is, the higher the torque contribution that can be achieved if the core saturation is
ignored. However, in a hybrid-excited machine, the zero-sequence current in the armature
winding may cause severe saturation, especially at high current conditions, which further
limits the torque production of the proposed machine. Therefore, the tangential component
of MMF of skewed PM (Fpyy;) is used to relieve the core saturation. The higher the zero-
sequence current is, the higher Fpyy; is required. In this paper, the current density is set to
6 A/mm?. Therefore, the correspondingapy is set to 60 deg.

3.2. Zero-Sequence Current Ratio and Current Angle

In the proposed machine, the copper loss can be reduced when zero-sequence current
is used to replace the traditional DC and AC winding design. The reason is presented below.
In the traditional design, the total copper loss (Py,;) can be expressed as:

2 2
Ptrad = Pac + Pdc = IacRaC + Ichdc (15)
_ kﬂCStotalkst R .= La,_—Ngc Sy
ac — NHC riNac — USﬂCka’ ac — Stotal (16)
I, — kdcstomlkst _ deNt%C _ Sy
de = Nic 7 Bde = Usdcksf’ de = Stotal

where P, and P, are the copper loss, I, and I are the current value, R, and R, are the
winding resistance, Sy and Sy, are the slot area that each coil takes up, L. and L, are the
coil length per turn, Ny. and Np are the number of turns of the AC/DC coils, kq is the slot
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filling factor, o is the conductivity of copper, and Sy, is the total slot area. In this machine,
AC and DC coils have the same length per turn because the concentrated winding is used
for both AC and DC coils.

Loye=Lsg =1L (17)
By combining (16) and (17) with (15), we can obtain:

StotalkstzL

" (18)

P trad —

By contrast, under the same current excitation, when the zero-sequence current is used
to replace the original AC/DC coils, the total copper loss (Pprop) can be expressed as:

LN?
_ (712 20\ Hivy
Pprop B (Iac * Idc) Ustotalksf (19)
where N; is the number of turns. By combining (16) and (19), we can obtain:
Stotarks D?L
Porop = —————— ;f (kflc + kgc) (20)

From comparing (18) with (20), it is obvious that Py is always smaller than Py,.
The following part investigates the influence that « and § have on machine performance.
According to the results of the previous part, the highest T, can be achieved at apy; = 60°.
Thus, in this part, apy is set to 60°.

Figure 13a shows the average torque with different a values when f is 90°. When
« is 0°, Iy attains its maximum value. However, there is no AC component in the phase
current, and therefore, no torque production can be obtained. With a low & region (roughly
0° to 30°), the average torque is almost in direct proportion to a. However, the increments
reduce as & grows because the excitation field from I is reduced. The torque even drops at
the high « region because the excitation field from Ij is too low. Considering the trade-off
between Iy and I,;, the maximum torque can be obtained when « = 63°.

_35 ; 35
2307 ‘ 30
325 -
520/ : 20
% 15! Optimal pointé 15
10| 10
25| | 5
18 36 a2 9 % 36 72 108 144 180
o (deg) B (deg)

(a) (b)

w
(=1

25

[
[=1

o L © »

g
Z
3
g
=

Figure 13. Torque production under different o and 3 values when aPM = 60°. (a) when 3 = 90°.
(b) when « = 63°. (c) overall results.
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Figure 13b shows the torque production with different § when « is 63°. It can be seen
that the curve is close to the sinusoid. This is because the machine can be approximately
seen as a non-salient pole machine when the fluctuation of the winding inductance against
the rotor position is small due to the specially selected slot/pole combination. The torque
production at the maximum torque per ampere (MTPA) point is very close to that of f = 90°.
Therefore, the traditional iy = 0 control for synchronous machines can be directly applied.

3.3. Magnetic Flux Distribution

This part provides an analysis of the no-load flux distributions under different ex-
citation sources. Figure 14 shows the flux modulation effect, while Figure 15 shows the
DC-saturation-relieving effect. In this example case, N; = 22 and Nyj,; = 24. Under the flux
modulation effect, it is clear that a two-pole-pair flux is built in Figure 14, which agrees
with (12). Figure 15a shows the flux from I, which is biased and opposite to that of ®pyy;
shown in Figure 15b. In Figure 15¢, it can be observed that the flux density in the stator
core is largely relieved when @pyy; is used together with @, which proves the effectiveness

of the DC-saturation-relieving effect.
5 2.0

0.0 0.5 1.0

1

Flux density (T)

(a) (b)

(a) (b)

Figure 15. Flux with DC-saturation-relieving effect. (a) @¢. (b) Pppy:- (¢) Pg and Ppyy.
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3.4. Winding Inductance

The open-circuit winding inductance is evaluated in Figure 16. Taking A-phase
winding as an example, there are two subphases in A-phase winding as presented in
Figure 2, namely, subphases A; and A;. When the rotor tooth is at the aligned position
with subphase Aj, subphase A, must be unaligned with the rotor tooth. Therefore, their
inductances can largely mitigate each other when considering the self-inductance of A-
phase winding. Therefore, the proposed machine can be approximately regarded as a
non-salient pole machine, and an i; = 0 control can be applied to the proposed machine.

80

= L, o Ly
= Ly < My

o
3
g T

Inductance (mH)
N
=)

N
S

0 60 120 180 240 300 360
Electrical angle (deg)

Figure 16. Open-circuit winding inductance.

3.5. Back EMF

This part gives an analysis of the back EMF in a subphase with different apys values
and the associated EMF contribution of the different excitation sources.

As is presented in Figure 17, Epy is the back EMF contributed by the skewed PM
when no current is applied in the armature winding. When apy, is 0, there is no Fpyy,, but
Fpp can still produce a little back EMF if the reluctance of the stator yoke is non-negligible,
which agrees with the analysis of (4). The higher apy is, the higher the back EMF is, which
agrees with the analytical result in (13).

120
o Eyg
100f | o E,
880- -o- Epy
=
m 60'
G
CCB 40t
O | | | | |

0 15 30 45 60 75 90
opy (deg)

Figure 17. Open-circuit back EMF contribution when a = 63°.
Ey is the back EMF when Ij is the only excitation source, and, therefore, it is irreverent

to apym. Egy is the back EMF when both [ and the skewed PM are used. At the low apy
region, the stator core is over-relieved. Therefore, the growth of E;j; has a similar tendency
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to Epp1. At the high apys region, the stator core is under-relieved, which causes the stator
core saturation and a drop in the back EMF at the high apjs region.

When apys = 60°, the back EMF is calculated as presented in Figure 18 with both I and
the skewed PM. E4;, E4» and E4 represent the back EMF of subphases Al and A2, and the
total back EMF of phase A, respectively. It can be seen that the even harmonics of subphases
Al and A2 mitigate each other while the odd harmonics are amplified. Therefore, there is
no even harmonic in phase A. The total harmonic distortion (THD) of the phase A winding
(8.94%) is lower than that of subphases Al and A2 (17.53%). Therefore, the torque ripple
caused by the even harmonics can be eliminated when subphases Al and A2 are used
simultaneously.

240 240
| -+ FE
2160 = 200 > B
E 80 E 160} —O— EA2
= O = 120
S -80 % sof
A_160 @ 40|
240560 120 180 240 300 360 0535 4 5 6 7 8 9
Electrical angle (deg) Harmonic order
(a) (b)

Figure 18. Back EMF of subphases Al and A2 and phase A with Ij and the skewed PM. (a) waveform.
(b) harmonics.

3.6. Torque Components and Torque Ripple

The torque productions under different excitation sources are evaluated in Figure 19a,
where Tpp, Tg, and T, represent the average torque with the skewed PM, Iy and both the
PM and Ij. The torque production is in direct proportion to the back EMF if saturation
is not considered. Therefore, the tendency of the torque is similar to that of back EMF
shown in Figure 17. However, compared with the no-load condition, the introduction of
the AC component in the armature current causes easier saturation in the stator core, which
requires a higher Fpyy; to relieve the core saturation. Therefore, although the maximum
back EMF is obtained at an apy; of roughly 75°, the maximum torque is achieved at an apy;
of approximately 60°.

-0 DCand skwed PM
50f [~ DConly
-o- Skewed PM only

Torque ripple (%)
(98]
S

0 1 1 1 1 1 0 1 1 1 1 1
0 15 30 45 60 75 90 0 15 30 45 60 75 90
apy (deg) apy (deg)
(a) (b)

Figure 19. Torque production with different excitation sources. (a) average torque. (b) torque ripple.

The torque ripple under different excitation sources is presented in Figure 19b. There
is a large torque ripple when the skewed PM is removed, which is due to two reasons. One
is that the lack of Fpyy, the purpose of which is to demagnetize the stator core, leads to the
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working range of the local flux density lying in the nonlinear region of the BH curve, which
causes a high torque ripple. Another reason is the absence of the torque contribution from
Fppmy. The torque contributed by Fpyy, is in direct proportion to the amplitude of Fpyy, if the
core saturation is neglected. When skewed PM and DC current are used simultaneously,
the torque ripple is largely reduced compared with that of the machine with the skewed
PM. Whenapy, is from 0 to 60 deg, the torque ripple is reduced as apy; increases. This is
due to the rise of apps bringing higher Fpyy,, which results in a higher torque contribution
from Fppy.. However, at the high apys region, FPMLt is not strong enough to relieve the core
saturation caused by the DC current. Therefore, the torque ripple is even higher when apy
exceeds 60 deg.

3.7. Core Loss and Efficiency

This part gives an analysis of the core loss and efficiency of the proposed machine. the
PM magnetization direction («py) is set to 60 deg, in consideration of the tradeoff between
the torque production and voltage regulation rate (VRR). The current angle (B) is set to 90
deg, which means an i; = 0 control is adopted. The core loss and efficiency under different
zero-sequence current angles (x) are evaluated in Figure 20. The current density is set to 6
A/mm?, and therefore the copper loss is a constant in this part.

100, 100
fes!
S 5
P g.
72} o
2 g
o =
S 5
20+ -o- Efficiency | 120
-0~ Core loss
(e : : : : 0
0 15 30 45 60 75 90

o (deg)

Figure 20. Core loss and efficiency under different a.

When « is set to 0 deg, there is no AC component in the armature current, and therefore
no electromagnetic torque can be generated. Consequently, the efficiency is zero when « is
set to 0 deg. In the low « region, with the increase in the AC component in the armature
current, the torque and associated efficiency are increased, in spite of the rise in the core
loss. The efficiency is almost unchanged in the high a region, which reaches roughly 90%.

The core loss and efficiency under various speed are presented in Figure 21, where «
is set to 63 deg. It can be predicted that high efficiency can be achieved, and it is almost
unchanged when the speed is above 600 rpm.

1000 100
800F 180
o el

=
26001 160 &
E g
2400 1=
S S
200} -o- Efficiency | 1o
o+ Core loss
0

0‘ L L L L L
0 500 1000 1500 2000 2500 3000
Speed (rpm)

Figure 21. Efficiency under different speed.
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4. Conclusions

In this paper, a novel HRM with the skewed PM and the zero-sequence current
excitation is proposed. The key novelty is that the zero-sequence current is introduced with
the skewed PM for higher torque production, better VRR and lower copper loss. With the
air gap flux modulation effect, enhanced torque production can be achieved by Fpy;, while
with the relieving-DC-saturation effect, VRR expansion can be achieved by Fpyy,.

It is recommended that the magnetization direction (apys) be designed as 60° in
consideration of the trade-off between torque production and VRR. The torque production
is improved by 11.3%, and the VRR is enlarged by 0.306 when the HRM with the skewed
PM (apps = 60°) is compared with the traditional design having only radial PM component
(app = 90°). Compared with traditional tangential magnetized PM (apps = 0°), the VRR
of HRM with the skewed PM is lower by 0.914, although the average torque is 1.54 times
higher than that of its traditional counterpart. Therefore, the proposed HRM topology
proves to be a potential solution for electric vehicle propulsion.
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