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and high efficiency. In direct-drive PM machines, since

Abstract—This paper proposes a novel hybrid-excited additional gear box based transmission mechanism is
dual-PM machine for electric vehicle propulsion. The key  gliminated, simplified structure and improved efficiency can be
is to use an integrated stator winding to replace the  achjeved. In recent years, a relatively new class of PM

armature winding and the field winding in conventional . . . Lo
hybrid-excited machine. The stator winding is excited by machines with flux modulating capability is proposed [10-17].

AC current with DC bias, in which the AC component is This kind of machine usually has high torque density due to the
used to produce the rotating armature field, while the DC ~ magnetic gearing effect, and flexible pole-slot combination,
bias current is used for flux regulation. Therefore, the  which is especially suitable for low-speed direct-drive
function of the AC and DC windings can be incorporated  applications. Nevertheless, it is not easy to regulate the air-gap

and realized by using just one set of winding. The torque  fia|q que to the their fixed PM excitation. Generally, flux

density and flux regulating capability can be improved, and . Lo - . . i
the winding configuration is also simplified. In addition, weakening operatl_on Is realized via nengltlve d-axis current or
dual-PM excitation structure combines the advantage of ~advanced conduction angle control, which reduce the output

stator-PM doubly salient machine and rotor-PM magnetic  torque at the flux weakening region[18].

geared machine, which can further enhance the torque Hybrid-excited machines (HEMS) are proposed to deal with
capability. The operating principle and control strategy of  the aforementioned problems. The air-gap field can be directly
the proposed machine are discussed. The electromagnetic o jated via the DC current in the field winding. Good flux

gleerrf: gmanrith oadre (Tsstfé?vld) u;'n?n aé'mﬁés'{%ﬁg;g?ypzmﬁ regulating capability can be achieved and position sensor is not

manufactured and experimental tests are conducted to necessary for the flux control. A consequent-pole HEM with
verify the effectiveness of the machine design. PM excitation in the rotor and field coils in the stator is
proposed in [19]. The air-gap field can be effectively regulated

Index Terms—DC bias, dual-PM, flux regulation, by applying DC current in the field coils without the
hybrid-excited machine. demagnetization risk for the PM pieces. However, the torque
density is reduced as the air-gap associated with the DC
winding section does not participate in the torque transmission.
DUE to the increasing concerns on energy crisis and  Hyprid-excited doubly salient machines (HE-DSMs) with both
environmental pollution, electric vehicles (EVs) have  pwms and field coils located in the stator are widely investigated
attracted much attention and been widely investigated by  jn [20-25]. The magnetic bridges in [23, 24] and air bridges in
researchers for their theoretical zero emission [1-6]. Usually the [21] are introduced as low reluctance paths for the flux
driving motor for EV propulsion should have the following  regulation, and hence effectively reduce the required field
features: 1) High torque density to provide enough driving  exciting ampere-turns. Hybrid-excited flux switching machines
force during start-up, climbing and accelerating; 2) High (HE-FSMs) are also extensively studied in [26-31]. By
efficiency to increase the driving distance; 3) Good flux  shortening the length of PMs in original FSPM machines,
regulating capability to widen the constant power speed range.  additional place is saved to house the field windings. The PMs
Permanent magnet (PM) machines are promising candidates  can be located in the top or bottom or middle of the stator slots
for EV propulsion [7-9], for their inherent high torque density  [30]. Both HE-DSMs and HE-FSMs with rotor merely made up
of salient poles, have very robust rotor structure and
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below the base speed. Meanwhile, the maximum flux
regulating range is also restricted by the slot space used for the
field coils housing.

This paper presents a novel dual-PM machine excited by AC
current with DC bias. Compared with the existing HEM
topologies, the proposed machine offers two prominent
advantages. One is the dual-PM excitation, which integrates the
advantages of stator-PM doubly salient machine and rotor-PM
magnetic geared machine. The other is the integrated stator
winding excited by AC current with DC bias, which
incorporates the function of armature winding and field
winding. During constant torque operation, the DC bias current
is set to zero, all the current serves as armature current to
produce electromagnetic torque, while in constant power region,
the DC bias component is added for flux weakening. The
AC/DC ratio is adjusted according to speed/ torque
requirements. Therefore, the slot space is always fully utilized.
For a given current density, the proposed machine has better
potential to achieve both high torque density and wide flux
regulating range. Meanwhile, the winding configuration is
simplified as only one set of winding is used. The operating
principle and control strategy are discussed in detail. The
electromagnetic performances are studied using time-stepping
finite element method (TS-FEM) and verified by experimental
tests.
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Fig. 1. Configuration and winding connection of the proposed machine.
(a) Configuration. (b) Winding connection.
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Il.  CONFIGURATION AND WINDING CONNECTION

A. Configuration of the proposed machine

Fig. 1 (a) shows the configuration of the proposed machine,
which consists of one rotor and one stator. The PMs are

employed on both the rotor and stator, namely dual-PM
excitation. All the PMs are radially outward magnetized. Each
PM and its adjacent iron tooth form one pair of magnetic poles
and dual magnetic-gearing effect can be achieved [32]. The
difference in the permeability of the PMs and iron teeth is the
key to ensure effective magnetic coupling among the magnetic
fields excited by the stator windings and the two sets of PMs.

B. Winding connection

Fig. 1(b) shows the winding connection of the proposed
machine. Concentrated coils are employed to reduce the length
of end winding, hence to reduce the copper loss and increase
the efficiency. The concentrated coils are excited by AC current
with DC bias. Each phase is divided into two sub-phases as
shown in Fig. 1 (a) and separately controlled. During the
flux-weakening operation, sub-phase 1 is excited by 3-phase
sinusoidal AC current with positive DC bias, while sub-phase 2
is supplied with sinusoidal AC current with the same amplitude
and frequency, but with negative DC bias, as followed.

in = lacCOS( 27 ft) + lac

e = lacCOS (277 ft — 277/3) + lac

ic1 = lacCOS( 277 ft — 477/3) + lac 1)
in2 = lacCOS (277 ft) — lac

iz = lacCOS (27 ft — 277/3) — lc

ic2 = laccos (27 ft — 477/3) — lae

where iaeic: and iazs2co are the currents of the sub-phase 1
and sub-phase 2, respectively. lac and f refer to the amplitude

and frequency of the sinusoidal AC current, while ldc refers to
the DC bias current.

The flux excited by the DC bias current shares the same
magnetic path with that of the stator PMs, which enables the
DC bias current to achieve flux regulating effectively. Different
from negative d-axis current control in conventional vector
controlled drives, the flux regulating of the proposed machine
is realized via zero-sequence current, which is generated by
applying DC bias current in the stator winding. The DC bias
current only involves a small voltage drop since the DC
reactance is very small. Therefore, the voltage used for
generating g-axis current is increased, and the machine can
keep a relatively high torque production capability when runs
above the base speed.

I1l. - WORKING PRINCIPLE

The working principle of the proposed machine is based on
the magnetic-gearing effect. Apart from the original
fundamental harmonics excited by the PMs and the armature
currents, many other field harmonics are generated when
modulated by the salient segments in rotor and stator.
Harmonics with the same pole-pairs and the same rotating
speed will couple together to produce steady electromagnetic
torque. The rotor PM pole-pairs pr, stator PM pole-pairs ps

and armature field pole-pairs pa are governed by [33]
Pr= Ps+ Pa (2)



The frequency of the armature current f is determined by
the rotating speed n and rotor pole-pairs pr.

npr
f=—r 3
50 (©)

The stator slot number N is twice the pole-pairs of the stator
PMs.
Ns =2ps 4)
As shown in Fig. 1(a), both the stator and rotor have PM
excitation. The proposed machine can be regarded as
combination of a stator-PM doubly salient machine and a
rotor-PM magnetic geared machine.

A. Stator-PM doubly salient machine

If the rotor PMs are removed, a stator-PM doubly salient
machine is obtained. The open-circuit field distributions at
different rotor angular positions are shown in Fig. 2, where
Ororor refers to the rotor position.

(a) (b)

© @
Fig. 2. Open-circuit field distributions at different rotor positions when

rotor PMs are removed. (a) Grotor =0°. (D) Grotor =8.18°.(C) Grotor =16.36°.
(d) Orotor =24.54°.
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Fig. 3. Flux linkage when rotor PMs are removed.

The stator flux linkage and the back EMF at 800 rpm are
given in Fig. 3 and Fig. 4, respectively. One can find that
although the PMs in the stator are stationary, sinusoidal flux
linkage can be produced due to the variation of magnetic
reluctance when the rotor rotates. The flux linkage of each
sub-phase is synchronous, and the flux bias components in the
two sub-phases have the same magnitude but in opposite
direction. Therefore, to regulate the air-gap flux, the DC bias
currents in the two sub-phases should also have the opposite
polarity, as illustrated in Eq. (1). Balanced EMF waveforms can
be obtained as shown in Fig. 4. The EMF waveforms of the two

sub-phases are also synchronous and sinusoidal. When the two
sub-phases are connected in series, the proposed machine can
also work well as a traditional PM machine. The combined
EMF waveforms are given in Fig. 4 (c), which are even more
sinusoidal than the individual EMF waveforms of each
sub-phase. The EMF harmonics of each sub-phase winding and
the combined winding are given in Fig. 4 (d), and one can find
that all the EMFs have almost the same harmonic components.
The magnitude of the fundamental components in the EMFs of
the sub-phase windings are almost equal, the sum of which is
almost equal to the magnitude of the fundamental EMF
component of the combined winding.
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Fig. 4. Back EMF at 800 rpm when rotor PMs are removed. (a)
Sub-phase 1. (b) Sub-phase 2. (c) Combined winding. (d) Harmonics.
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Fig.6. Air-gap permeance model of stator.

B. Rotor-PM magnetic geared machine

When the stator PMs are removed, the proposed machine can
be regarded as a rotor-PM magnetic geared machine. The
magnetic field excited by the rotor PMs is modulated by the
stator teeth, and then couples with the armature field to produce
steady electromagnetic torque. The MMF of the rotor PMs is
assumed to be square wave with air-gap circumferential
position &, as shown in Fig. 5. The Fourier series expansion
Fewr(6,t) is given by [34]

FPMr(@,t) = i —4Fewr
k=1

in which, Fpwmr refers to the value of rotor-PM MMF, Qr is the
angular speed of the rotor, &rand 6o are the rotor pole arc and

sin kpr%cos kpr(6—Qt—60)  (5)



the initial rotor position, respectively. The air-gap permeance
model of stator is presented in Fig. 6, and its Fourier series is
given by
Pi+P2 i 2(P2- Pl)
2 n=135.. nz
where P1 and P2 are the value of stator permeance
corresponding to the position of stator PM and stator tooth,
s refers to the arc of stator tooth which is equal to the arc of
the stator PM. The magnetic field excited by the rotor PMs
Bewr(0,t) can be obtained by multiplying Fewr(6,t)and Ps(6)
BPMr(@ t) = FPMr(H t) Ps(@)
4FPMr(P1+ Pz

T

4FPMr Pz—P1 =

z Z ABx(cos a1+ cosaz)
1,3, k=1

Ps(0)= sin nps%cos nps®  (6)

ZBkcoskpr(e Qit - 6o)

k=1

n=.

kpr Qrt+90 (7)
(nps+kpr){ }
nps + kpr
kpr Qrt+90
nps —k
( P pr ){ nps — kpr }

1. Os 1. r
An==sin| nps— |, Bk = —=sin| kpr—
n(kak 5]

From Eg. (7), one can find that there are three groups
contained in the rotor PM harmonics. The first item is the
original harmonics of the rotor PMs, with kpr pole-pairs and

rotate synchronously with the rotor. The second and the third
items are nps+kpr and nps—kpr pole-pair harmonics,

corresponding to giand o2 in Eq. (7), respectively. According
to Eq. (2) and (3), the third items in Eq. (7) have the same pole
pairs and are synchronous with the armature field when
n=1k=1. Consequently, steady electromagnetic torque is
generated.

For the rotor-PM magnetic geared machine, the DC bias
current can also act as the air-gap field regulator, since the flux
generated by the DC bias current shares the same magnetic path
with the stator PMs, and the pole-pair number is equal to that of
stator PMs. When the field excited by DC bias current is
modulated by the rotor, the harmonics with nps+kpr and

nps —kpr pole-pairs are generated, which are synchronous with

the second and third group of harmonic items in Eq. (7),
respectively. Therefore, the magnetic field excited by the rotor
PMs can also be regulated by controlling the DC bias current.

IV. CONTROL STRATEGY

The whole stator winding is divided into two sub-phases and
separately controlled. The overall control block diagram is
shown in Fig. 7. The d-axis reference current is set to zero
during the control process. The AC component is totally
transformed to g-axis current to produce electromagnetic
torque, while the DC bias current is transformed to zero
sequence current to regulate flux. The Clarke transformer and
Park transformer for the proposed machine can be expressed as
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By substltutmg Eg. (1) into Eqg. (8), the zero-sequence
current io can be obtained, as followed.

i01=\/§|dc
i02:—\/§|dc
From Eq. (10), the zero-sequence current io is proportional

to the DC bias current ldc, so the control of ldc can be realized
by controlling io, as shown in Fig. 7.
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Fig. 7. Control block diagram of the proposed machine.

P1 controllers are used to regulate the dg0-axis currents to
reach their reference values. Detailed design method of Pl
controllers including how to select the gains are reported in [35].
Since the temperature rise is greatly influenced by the copper
loss, the total copper loss needs to be kept constant during the
flux regulating process. The equivalent current leis defined
and expressed in Eq. (11), when DC bias current is applied, the
value of AC component is subsequently reduced to keep the
equivalent current le unchanged, so the copper loss is
unchanged.

T 2
le 2\/_:[]_-.([[|acCOS(27T ft)+ |d<:j|2 dt = %4» |dc2 (11)



A. Generating the DC bias current

The key feature of the proposed machine is the utilization of
DC bias current to achieve air-gap field regulation. The stator
winding is divided into two sub-phases. Sub-phase 1 is supplied
by sinusoidal AC current with positive DC bias, while
sub-phase 2 is supplied by sinusoidal current with negative DC
bias. For traditional star-connected three-phase winding, the
sinusoidal current is produced by pulse width modulation
(PWM) scheme, as shown in Fig. 8 (a). Since the used inverter
is voltage fed, a DC bias voltage is generated first to produce a
DC bias current. The PI controller responsible to minimize the
error io” —io1, and generate DC voltages which are added to
reference voltage vector used for SPWM. To generate
sinusoidal current with positive DC bias, the turn-on period is
extended with the same value for all the pulses, as shown in Fig.
8 (b), while, to create sinusoidal current with negative DC bias,
the turn-on period for all the pulses are shortened with the same
value, as shown in Fig. 8 (c). The area of the shadow parts in the
left figures and the corresponding right figures are equal based
on the area equivalence principle.
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Fig. 8. PWM scheme with/without DC bias. (a) Conventional sinusoidal
wave. (b) Sinusoidal wave with positive DC bias. (c) Sinusoidal wave
with negative DC bias.

B. Flux weakening operation

For traditional HEMSs, the armature windings and field
windings are separately controlled. The armature current is
used as g-axis current to produce electromagnetic torque, while
the flux weakening is achieved by applying DC current to the
field windings. The maximum flux weakening current can be
expressed as

IHEM = AslotKslotJ L

Ndc + Nac

in which, J is the current density, Asiot and Ksiot are the slot
area and slot filling factor, respectively, while Nac and
Ndc represent the turns of armature winding and field winding,
respectively. However, for the proposed machine, the
maximum flux weakening current can be increased as the
armature winding and field winding are integrated into one set
of winding. Theoretically, the maximum flux weakening
current is given in Eq. (13) with AC component equal to zero,
which means all the current are used as zero sequence current to
regulate the flux.

(12)

|pro = AslotKslotJ (13)
The voltage equation in dq0 frame can be expressed as
Ud id La 0 O id 0 -Lqg O}lid 0
Ug [=Rs|ig|+| 0 Lqg O |plia|+Qr|La O Ofiq|+Qupi|l (14)
Uo io 0 0 Lo| |io 0 0 Offio 0

where p is differential operator, Rsis the resistance of each
phase, v 1 is the excitation flux, Ud,q,0, id,q,0and Ld,q0are the
voltage, current and self-inductance in dqO axis, respectively. If
flux weakening is required, it can be achieved by adjusting the
zero sequence current after 1d is set to zero. During steady

condition, the differential of current is zero and the voltage

equation can be rewritten as
ud =0
Ug = Rsiq+(0l//f (15)
Uo = Rsio

therefore the voltage from the inverter can be expressed as

U=yl +Uo® = \/( Reia+ Q1) +(Relo)’ (16)
One can find that the zero sequence current only involves a
small voltage drop since the resistance R.is usually very small.
The iq"is obtained from the speed controller, which is exactly
the same as the control in traditional permanent magnet
synchronous machines, and io" is obtained through
S \/U IimZ*(Rsiq‘ +er//f)2
lo = R
where uiim is the voltage limit of inverter.

A7)

C. Constant torque operation

When the proposed machine runs below the base speed and
no flux regulation is required, the zero sequence current is set to
zero. It means there is no DC bias in the excitation currents, and
all the AC current is transformed into the g-axis current. For
traditional HEMs, since the field winding is not excited and
useless during constant torque operation, the maximum output
torque can be expressed as

THEM = Py tAslotKslot] _Nee

Ndc + Nac
in which pis the pole-pair number, ¢ is the flux linkage

produced by the PMs. For this proposed machine, since all the
windings are excited as (-axis current to produce
electromagnetic torque, the maximum output torque is
improved, which can be expressed as
Toro = Py tAslotKslot]

(18)

(19)

V. DESIGN CONSIDERATIONS AND PERFORMANCE ANALYSIS

A. Design considerations

Since there are various combinations of the stator and rotor
pole-pair numbers for the proposed design, one of the
preliminary work is to choose the most feasible pa/ ps/ pr

combination for better torque performance. As higher armature
frequency indicates increased iron loss, machines with small
rotor pole-pairs are more preferable to reduce their armature
frequency according to Eg. (3). On the other hand, machines
with small stator/rotor PM number are more likely to have large
cogging torque. To realize the tradeoff between low iron loss
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and small cogging torque, the stator is designed with 12 slots.
The possible pa/ ps/ pr combinations can be 5/6/11 and

7/6/13. The average electromagnetic torque and torque ripple
rate, defined as the ratio of torque ripple peak to peak value to
average torque, are simulated and compared in Fig. 9, in which
the RMS value of AC current is 2A while the DC bias current is
zero. One can find that the 5/6/11 pole-pair combination has
larger output torque and lower torque ripple rate. Therefore,
5/6/11 pole-pair combination is used in the proposed design.
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W Torque ripple
50
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Fig. 9. Torque performance versus pole-pair combination.

The influence of the stator tooth width, rotor PM ratio
(defined as the ratio of rotor PM arc to rotor pole arc) and the
thickness of stator PMs as well as rotor PMs on the torque
capability and no load EMF are simulated, as shown in Fig. 10.
One can find that the maximum torque capability can be
obtained when the rotor PM ratio is 0.6. When the stator tooth
width increases, the output torque becomes slightly higher
because increasing stator tooth width can increase PM flux. For
the proposed machine, the stator tooth width is set to 5.8 mm.
Meanwhile, when the thickness of rotor PMs and stator PMs
increase, the output torque increases as well. The torque curve
becomes flat when the PMs are thick enough. In this proposed
design, the thickness of stator PMs and rotor PMs are 2 mm and
3 mm, respectively. The air-gap is the key component to
achieve electromechanical energy conversion. Increasing the
air-gap length will increase the reluctance of the magnetic path,
while small air-gap length increases the assembly difficulty. In
this proposed design, the air-gap length is 0.6mm.

15
Thickness of stator PMmm 12

25

Thickness of rotor PM,mm
(b)

Fig. 10. Design optimization. (a) Torque. (b) No load EMF.

B. Finite element analysis
The electromagnetic performances of the proposed machine
are investigated through FEA. Maxwell software package is

utilized for FEM analysis. The detailed design parameters are
given in Table I. In this proposed machine, there are three

excitation sources, namely the rotor PMs, the stator PMs and
the DC bias current. The magnetic fields excited by PMs are
fixed, while the DC bias current acts as the field regulator. The
regulating effect of the DC bias current to the magnetic fields
excited by the two sets of PMs are separately investigated as
shown in Fig. 11.

One can find that the magnetic fields excited by the stator
PMs and the rotor PMs can be effectively regulated via the DC
bias current. Both flux strengthening and flux weakening can
be achieved by reversing the polarity of the DC bias current.
For the field excited by the stator PMs, the regulating effect is
more significant since the flux excited by the DC bias current
and that from the stator PMs share the same magnetic path. The
original harmonics with 6 pole pairs and 18 pole pairs as well as
the newly emerged harmonics with 5 pole pairs, 7 pole pairs
and 17 pole pairs due to the modulation of rotor are all
effectively regulated by the DC bias current. Other high-order
harmonics with even smaller amplitude are ignored. For the
field excited by the rotor PMs, similar phenomenon can be
observed. The harmonics with 5 pole pairs and 17 pole pairs

due to the modulation of stator are effectively regulated.
TABLE |
DESIGN PARAMETERS

Fig. 11. Field distributions and harmonic spectrums in the air-gap. (a)

Stator outside diameter 90 mm
Stator inside diameter 57 mm
Rotor outside diameter 56 mm
Rotor inside diameter 30 mm
Length of air-gap 0.5 mm
Stack length 80 mm
Thickness of stator PMs 2mm
Thickness of rotor PMs 3mm
Width of stator tooth/PMs 5.8mm
Ratio of rotor PMs 0.6
Number of stator PM pole-pairs 6
Number of rotor PM pole-pairs 11
Number of armature field pole-pairs 5
Number of stator slots 12
Number of phases 3
Turns of conductors 160
Slot filling factor 65%
Current density 6.5A/mm?
Remanence of NdFeB 11T
Relative permeability of NdFeB 1.05
=
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Field excited by stator PMs. (b) Field excited by rotor PMs.

As the stator winding is concentrated, MMF harmonics exist




in the stator slots. The MMF waveforms produced by each
phase current are given in Fig. 12. The Fourier series expansion
of each phase MMF is given by
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Fig.12. Air-gap MMF produced by the AC components of stator current.

in which, ia, Ibandic are the AC current of each phase,
respectively. Nac refers to the turns of each coil. The complete
MMF in the air-gap excited by the armature currents can be
obtained by spatially combining the MMF waveforms of all the
phase windings, as given below

Fac(0,t) = Z cjsm( H—h(Zﬂf)tj
j=15,7...
Naclac . JPs
Cj=k——sin| — 0.
T x (12 ] (21)
e j=6i+1, i=012..
-1 j=6i-1, i=012..

One can find that the pole-pair number of the stator MMF
contains 1,5,7,11,13,17 and 19, etc. To further investigate these
harmonics, the magnetic field and harmonic spectrum excited
by the armature currents are given in Fig. 13. Clearly, the
harmonic pole-pair matches well with the results shown in Eq.
(21). The magnitude of the 5th order harmonic and the 7th order
harmonic are significantly larger than that of other harmonics.
Therefore, the pole-pair number of the fundamental harmonic
can be chosen as 5 or 7, as described in Section V-A. The
magnitude of the 5th pole-pair harmonic is even greater than
that of the 7" pole-pair harmonic, that is the reason why the
5/6/11 pole-pair combination can achieve higher output torque
than the 7/6/13 pole-pair combination, as shown in Fig. 9.
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Fig. 14 shows the flux linkage of phase B with different DC
bias currents. One can find that the flux linkage of sub-phase 1
and sub-phase 2 are totally synchronous. DC components can
be observed in the flux linkage of both sub-phase 1 and
sub-phase 2, with the same magnitude but opposite direction.
Through applying positive DC bias current, both the average
value and variation of the flux linkage can be weakened. Fig. 15
(a) shows the average value of the flux linkage when applied
with different DC bias currents. One can see that the average
value of the flux linkage decreases linearly with the increase of
DC bias current. The variation of flux linkage is given in Fig.
15 (b). It can be observed that with the increasing of DC bias
current, the variation of flux linkage decreases accordingly. As
a result, the back-EMF is weakened. The no-load back EMF of
each sub-phase and their harmonic spectrums at 800 rpm are
given in Fig. 16. Balanced sinusoidal back EMFs can be
obtained for both the sub-phase windings and the combined
winding. Fig. 17(a) shows the torque angle characteristics with
only stator-PM excitation, only rotor-PM excitation and both
stator and rotor PM excitations. The RMS value of the AC
current is 2 A, and the DC bias current is set to zero. One can
find that both the rotor PMs and the stator PMs can interact with
the armature field to produce effective electromagnetic torque.
The torque capability of the proposed machine is improved.
The steady state torque waveform is given in Fig. 17(b). The
average torque and torque ripple are 5.3 Nm and 0.5 Nm,
respectively, the torque ripple rate is acceptable. The iron loss
is calculated using FEM, as shown in Fig. 18 [36].
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Fig. 17. Torque characteristics. (a) Torque angle waveform. (b) Steady
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Fig. 18.Iron loss waveform.

A full-scale motor with high power is analyzed using finite
element method, which is applicable for four-wheel
independent-drive EV propulsion, and each wheel is employed
with a motor. The outside diameter and axial length of this high
power motor are 240mm and 120mm, respectively. The torque
angle waveform and steady state electromagnetic torque are
simulated and shown in Fig. 19. The rated torque is 158Nm
when the current density is 7A/mm?, and the rated power is
13kW. The peak torque and peak power are 384Nm and 32kW
when the current density is 17A/mm? and the proposed machine

is water cooled. The proposed machine is very suitable to be
used as in-wheel motor because it's designed with outer rotor.
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Fig. 19.Torque characteristics of a full-scale high power motor. (a)
Torque angle waveform. (b) Steady torque waveform.
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C. Experimental verification

To verify the validity of the proposed design, a prototype
with the parameters in Table | is manufactured and tested, as
shown in Fig. 20. The experimental platform is established as
shown in Fig. 20. The machine prototype is controlled with a
floating-point DSP(TMS320F28335)-based VSI. Load torque
is produced by a 1.5 kW servo machine working in generator
mode and connected to its servo controller providing adjustable
load torque. The experimental set up also includes a suit of
torque sensor, a DC voltage source and an oscilloscope.
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Fig. 21. Back EMF of phase A. (a) Sub-phase 1. (b) Sub-phase 2. (c)
Combined winding.
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Firstly, the no-load back EMFs at 800 rpm are tested and
compared with the FEA results. The EMF of sub-phase Al,
sub-phase A2 and combined winding as well as the harmonic
spectrums are shown in Fig. 21. One can see good agreement
between the results of experimental tests and FEA. Fig. 22
shows the steady state of phase current, measured torque
waveform and the rotating speed of the proposed machine.
Both the amplitude of the AC component and DC bias current
are set to 0.35A. One can find that the excitation current of
sub-phase 1 is biased by a positive offset, while the current of
sub-phase 2 is biased by a negative offset. The phase currents
are sinusoidal when applied with DC bias current. The
corresponding torque and tested rotating speed are 0.45 Nm and
329 rpm, respectively. Fig. 23 shows the transient response of
phase current, center line current | m and rotating speed before
and after applied with DC bias. The center line current is the
current flows between the two sub-phases. One can see that | m
is zero when there is no DC bias in the excitation current. The
current of sub-phase 1 and sub-phase 2 are almost equal with
amplitude of 0.35 A. After applied with 0.6 A DC bias current,
I m increases and reaches 1.8 A, which is three times the DC
bias since there are three phases in each sub-phase winding.
The rotating speed of the machine also increases due to the flux
weakening effect of the DC bias current. Current ripple can be
observed in the center line current, because the currents of the
two sub-phases are independently controlled and the control is
not completely synchronized. To show the dynamic responses
of the PI controllers, the currents of the two sub-phases, the
center line current and the reference zero sequence current are
shown in Fig. 24, in which the DC bias current is changed from
0A to 0.6A then to 0.3A and finally back to OA. The zero

sequence currentio is \/§times the DC bias current ldc, and

the center line current Im is three times the DC bias current ldc ,
and good dynamic response can be observed. The torque values
versus different rotor positions are tested and compared with
the FEA results, as shown in Fig. 25. The DC bias current is set
to zero, while the RMS value of AC current is 2 A. Again, good
agreement can be obtained between the results of experiment
and FEA. Finally, the torque-speed and power-speed curve are
tested and given in Fig. 26. One can find that the proposed
machine can maintain constant power operation over a wide
speed range. The efficiency is also calculated, which is 84%
when the machine runs at 800 rpm and the load torque is 5 Nm.
Compared with traditional PMSMs, the proposed machine has
relatively lower efficiency since its magnetic gearing effect
increases the reactive power and reduce the machine efficiency.
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VI. CONCLUSION

This paper proposes a novel hybrid machine excited by AC
with DC bias for EV propulsion. Dual-PM excitation is
employed in the proposed design, and this machine can be
regarded as the combination of a stator-PM doubly salient



machine and a rotor-PM magnetic geared machine. The torque
capability of the proposed machine can be improved since both
the stator PMs and the rotor PMs can contribute to the
electromagnetic torque generation. The stator winding is
artfully divided into two sub-phases. One is excited by
sinusoidal AC current with positive DC bias, and the other is
excited by sinusoidal AC current with negative DC bias, in
which the DC bias current serves as a field regulator.

The machine configuration and winding connection are
presented. Then the working principle of the proposed machine
is investigated, in which the stator-PM doubly salient structure
and the rotor-PM magnetic geared structure are separately
analyzed. Control strategy is studied and the electromagnetic
performances of the proposed machine are investigated by both
FEA and experimental tests. The results verify that the
proposed machine has good torque capability and flux
regulation can be effectively achieved via DC bias current.
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