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Abstract: In this study, the influence of the position of the rotor iron bridge on the DC-winding-induced voltage pulsation in a

partitioned stator wound field switched flux machine is investigated. Analytical and finite element (FE) analyses show that both the

open-circuit and on-load DC-winding-induced voltages can be minimized by positioning the rotor iron bridge adjacent to the inner air

gap closer to the DC winding. This is due to a smoother inner air-gap magnetic reluctance while maintaining the average

electromagnetic torque at 92.59% of the maximum value. The analyzed machine with the rotor iron bridge adjacent to the inner air

gap is prototyped, and the experimental results validate the analytical and FE results.
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1 Introduction

Nowadays the unstable supply chain and price
of rare earth element materials may limit the
large-scale application of permanent magnet (PM)
machines in electric vehicles and many other

applications [1-4]

Alternatively, wound field
synchronous machines in which the field excitation
is provided by a DC winding can be applied to
address this challenge Bl which can be divided into
two categories according to the location of the DC
winding.

One is a wound rotor synchronous machine with
rotor accommodation for DC winding 61 and the
other is a wound-stator synchronous machine in
which both the DC and AC windings are placed in
the stator. The rotor of the wound-stator synchronous

machines is simple and robust and has neither
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magnets nor coils, similar to switched reluctance

machines !

Single-and three-phase wound-stator
synchronous machines with a single stator were
analyzed in Refs. [8-13], respectively. In Ref. [14], a
new type of wound-stator synchronous machine with
two stators wound by DC winding and AC windings
separately is proposed and analyzed; for example,
the 12/10-stator-pole partitioned stator (PS) wound
field switched flux (WFSF) (PS-WFSF) machine, as
shown in Fig. 1. Owing to higher space utilization,
PS-WFSF machines can exhibit a higher torque
density than conventional WFSF machines with a
single stator (4,

In Refs. [13, 15], the DC windings in WFSF and
PS-WFSF machines suffer from induced voltage
pulsation, which causes DC current pulsation in DC
winding, challenges the DC power supply, and
deteriorates the control performance. In Ref. [13], the
experimental results show that the DC-winding-
induced voltage causes a 19% DC winding current

ripple when the prototype is rotating at 500 r/min. In
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Ref. [15], skewing is introduced to reduce the
open-circuit DC-winding-induced voltage, based on
the deduced harmonic orders.

In this study, the influence of the position of the
rotor iron bridge on the DC-winding-induced voltage
in the PS-WFSF machine is investigated, based on the
contents reported in Ref. [16]. In Section 2, the
machine topology and operation principle of the
PS-WFSF machine are introduced. In Section 3,
harmonics  are

shows that the

DC-winding-induced  voltage

analytically modeled, and it
DC-winding-induced voltage harmonic contents can
be effectively suppressed by designing an appropriate
position of the rotor iron bridge, which is verified by
finite element (FE) analysis in Section 4. The
prototype is built and tested in Section 5 to validate the
and FE followed by the

conclusions in Section 6.

analytical results,

2 PS-WFSF machine

As shown in Fig. 1, the stator in the analyzed
12/10-stator/rotor-pole PS-WFSF machine consists of
an outer stator wound by AC windings and an inner
stator wound by DC winding. Different from the
double stator machines in which two stators are
electromagnetically duplicated U721 in PS-WFSF
machines they produce armature and excitation

magnetic fields in the air-gaps, respectively.

Fig. 1 Cross-section of the 12/10-pole PS-WFSF machine

having rotor iron bridge

Fig. 2a shows a single lamination block of a
PS-WFSF machine,

cup rotor consisting of several rotor iron pieces

which has a sandwiched

connected by the rotor iron bridge as shown in
Fig. 2b, similar to the magnetic gear analyzed in
Ref. [24]. The rotor iron bridge can help to ease the

assembling difficulty by connecting the rotor iron

pieces.
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Fig. 2 Linear illustration of 12/10-pole PS-WFSF machine

The dimensional parameters of the analyzed
12/10-pole PS-WFSF machine are listed in Tab. 1,
which can be referred to in Fig. 2. Based on the
restrictions of the dimensions from L,u to L
shown in Tab. 1, other dimensions in the same table
are obtained by global optimization with a genetic
algorithm for the maximum average electromagnetic
torque when the machine operates in brushless AC
(BLAC) mode with zero d-axis current control, i;=0.
It should be noted that the position and thickness of
the rotor iron bridge, that is, d;, and Ty, are not
considered in the global optimization. In this study,
the thickness is fixed at 7;,=0.5 mm to reduce
the torque density, while the influence of its
position dj, on the DC-winding-induced voltage is
investigated.

The key electromagnetic performances of the
original 12/10-pole PS-WFSF machine without iron
bridge are listed in Tab. 2.
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Tab.1 Key dimensions of the 12/10-pole PS-WFSF machine

Item PS-WFSF
Stack length, L,/mm 50
Outer radius of outer stator, R,,,/mm 45
Inner radius of inner stator, R;;;/mm 10.4
Width of outer air-gap, g,/mm 0.5
Width of inner air-gap, g/mm 0.5
Length of outer stator tip top, /,,/mm 0.5
Length of outer stator tip bottom, /,,,/mm 1.5
Length of inner stator tip top, /;,/mm 0.5
Length of inner stator tip bottom, /;,/mm 1.5
Yoke radius of outer stator, R,,/mm 43
Inner radius of outer stator, R,,;/mm 36.5
Radius of rotor inner surface, R,/mm 33
Yoke radius of inner stator, R;;,/mm 12.5
Arc of outer stator tooth, 6,,/(°) 6
Arc of outer stator tip, 6,/(°) 4
Arc of rotor piece outer edge, 6,,/(°) 27
Arc of rotor piece inner edge, 6,/(°) 24
Arc of inner stator tooth, 0,,/(°) 7
Arc of inner stator tip, 8;/(°) 5

Tab.2 Key performance of the original 12/10-pole
PS-WFSF machine without iron bridge

Item PS-WFSF

Rated rotor mechanical speed, ©2,/(r/min) 400
DC winding stack copper loss, pe,/W 60
Number of turns per DC coil, Ny 90
DC winding current, //A 3.64
AC windings stack copper loss, po../W 60
Number of turns per AC coil, N, 18
AC windings phase current, 7,,,,/Arms 15.24
Rated AC windings phase back-EMF @400 r/min, E,,,,/Vrms 4.08
Rated on-load average electromagnetic torque, 7,,/(N + m) 2.93
Rated on-load average electromagnetic power @400 r/min, P,,/W 122.53

Similar to other types of stator-excitation
machines, the operation principle of PS-WFSF
machines can be explained by the magnetic gearing
effect '>**”) Due to the modulation effect of the
rotor on the DC winding MMF and AC windings
MMEF, pairs of synchronized open-circuit and armature
reaction air-gap field harmonics will be generated, and
hence the average electromagnetic torque will be

produced in the air gap.

3 DC-winding-induced voltage

3.1 Inner air-gap permeance

Based on Refs.

permeance A,(d, t) can be expressed as

[27-28], the inner air-gap

A(80) =0 4,(0)4,(5:) (1)

0

where g; is the inner air-gap width, x4 is the vacuum
permeability, J is the spatial mechanical position of the
inner air gap, and 4,,(d) is the inner air-gap permeance
with the slotted inner stator and slotless rotor inner
side, as shown in Fig. 3a. 4;(J, ¢) is the inner air-gap
permeance function with a slotless inner stator and
slotted rotor inner side, as shown in Fig. 3b. They can
be expressed as Fourier series as

/1is (5) = /1is0 + S[s iMisi COS(iNsé) (28‘)

i=1

and
A, (8.6)= Ay +5,3 M, cos [ N, (5-2:-6, )} (2b)
=

where Si=241/n, S;=24s/n, Mis=—sin(iN,0)/i, M;;=
sin(jN,0,)/j. Aiso and A9 are the DC components of A;q
and 4;, respectively. Ny and N, are the number of
stator and rotor poles, respectively. € is half the sum
of the inner stator tooth arc and inner stator tooth tip
arc. 6, is half the inner arc of the rotor iron piece. Q,
is the mechanical speed of the rotor. §, is the initial

rotor position.
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Fig. 3 Illustration of inner air-gap permeance components

Ais(é) and Air(éa t)

Based on Egs. (2a) and (2b), 4;4(0)4:(, ?) in Eq.
(1) can be rewritten as

Ais (5)/11}’ (5’t) = AiSOAiVO+

A0S z M cosa+Ay,S,, ZMirj cosb+

i=1 j=1

1 0 ]

ES[SS”ZZMMMW(COSC+C0Sd) (3)
i=l i=1

where a, b, ¢, and d can be given by
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As shown in Fig. 4, the air-gap DC winding
MMF Fy is a

circumferential position ¢, which can be expressed as

square wave with the air-gap

Fourier series

Fy(8)=5; 3 Mp,sinp
=l )
p= %(Zm ~-1)N,6

where S=4N,.I/n, My=cos[(2m—1)N,01/2]/(2m-1).

F
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Fig. 4 Tllustration of DC winding MMF F

The AC windings are injected by three-phase

symmetrical sinusoidal currents, which can be

expressed as

iy= \/EIRMS sin(a)et)

s = N2 s sin| o, — 2%

g = RMs SIN| @, 3 (6)
. . 2n

ic = \/EIRMS sm(a)et +Tj

The AC winding MMF F4pc is illustrated in Fig.
5, where Fy, Fp, and F¢ are the A-, B-, and C-phase
MMFs, respectively. The AC winding MMF F4pc can
be given by

Fupc(6,8) =8 8¢ ZMABCnSinq

n=1
—4nd+N,Qt n=3r-2 @)
q=44n6+N,Q.t n=3r-1
0 n=3r

where Sypc= 3\/5 NaclkMs/n, MABCn:sin(4n93)/n, W, 18
the electric frequency, and w, is N,Q,.

Fig. 5 [Illustration of AC windings MMF F ;3¢

3.3 Inner air-gap flux density and DC-winding-
induced voltage harmonics

The inner air-gap flux density Bi(J, f) can be
given by

B, (5,t)=F(5,1)A(5.1) (8)

where F(9, t) is the air-gap MMF. When the saturation

in the lamination steel is neglected, it can be

expressed as
F(8,t)=F;(8)+Fpc(6.1) ©9)

Combining Egs. (1), (3), (5) and (7)-(9), the inner
air-gap flux density Bi(d, t) harmonic orders consist of
p, q, and |axf| (a=a, b, c or d, f=p or g). Since only
rotating field harmonics can induce voltage pulsation,
and the parameters ¢ and p are time-invariant, as
shown in Egs. (4) and (5), there is no DC-coil-induced
voltage due to p or |atp|. Hence, the rotating inner
air-gap field harmonics can be calculated and are listed
in Tab. 3.

Tab.3 Rotating inner air-gap field harmonics

Spatial . . . Rotating .
No. MMF harmonic Spatial harmonic orQers M electric Amplitude
12/10-pole machine o<
orders speed, @,
1 btp 10/£6x(2m—1) J Sily
2 K ey 10/£6x[2(mi)-1)] J S,Suls
3 d+p 10/£6%(2(m+i)-1] J SirSisly
10-6x[2(r-1)-1)] 1
10-6x(2r—1) 1
4 q Trms
10+6x[2(r—1)-1)] 1
10-6x[2(r+1)-1)] -1
10+6x[2(r+i—1)-1)] 1
5 axq Sislrus
10-6X[2(r+i+1)-1)] 1
Fase OX(EDE6X20—1)-1)]  j1
X x[2(r—1)—
6 b+q / Sirlrus
10x(E1)FOX[2(r+1)-1)] JEl
10X (j+1)E6x[2(r+i—1)-1)] JEl
7 ctq
10X (j£1)26x[2(—r+i) —1)] Jxl
; — - SirSislrms
10x(j£1)26x[2(rFi-1)-1)] JEl
8 d+q

10x(EDE6X[2(—Fi)-1)]  j
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As shown in Tab. 3, the open-circuit DC
winding MMF harmonics No. 1-3 will induce the jth
order harmonics in DC coils, where j is the harmonic
order of 4;:(d, t) given in Eq. (2b). When the position
of the rotor iron bridge is closer to the inner air gap,
that is, when dj, is larger, the inner air-gap rotor
saliency, and hence A in Fig. 3b and S;, in Eq. (2b),
is smaller. When the rotor iron bridge is adjacent to
the inner air gap, that is, when d;;, achieves the
maximum value dipnx=2.5 mm, S;. is zero. Hence,
the amplitudes of the No. 1-3 harmonics in Tab. 3 are
zero. This means that the open-circuit
DC-winding-induced voltage can be theoretically
reduced to zero by designing an inner air-gap
adjacent rotor iron bridge.

For the on-load operation condition, a zero inner
air-gap rotor saliency, and hence a S;=0, is also helpful
in reducing the inner air-gap field harmonic
amplitudes due to the armature reaction AC windings
MMEF in Tab. 3. By reducing the amplitudes of the No.
6-8 harmonics to zero, only No. 4 and No. 5
harmonics remain for the on-load operation condition.
This means that the on-load DC-winding-induced
voltage can also be reduced by designing a rotor iron

bridge adjacent to the inner air gap.

4 Finite element verification

As concluded by the analytical analysis in
Section 3, it is recommended to design the rotor iron
bridge in the PS-WFSF machine adjacent to the inner
air gap closer to the DC winding to achieve a smoother
inner air-gap magnetic reluctance and hence a low
DC-winding-induced voltage. This can be verified by
the FE predicted influence of the position of the rotor
iron bridge on the DC-winding-induced voltage and
average electromagnetic torque, as shown in Fig. 6.
Both the peak-to-peak values of the open-circuit and
on-load DC-winding-induced voltages E,pe, and Ejaa
reduced with a higher di. Owing to the reduced
air-gap field harmonic amplitudes, the average
electromagnetic torque 7, is also smaller with a larger
dip. Compared with the machine with d;;=0, the
average torque 7, of the machine with d;;=2.5 mm will
be slightly reduced by 7.41% from 2.18 N » m to
2.03 N « m, as shown in Fig. 7. However, the average
electromagnetic torque of the original PS-WFSF

machine without an iron bridge is 7,=2.93 N * m, as
shown in Tab. 2.
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Fig. 6 FE predicted variation of DC-winding-induced voltage
and average electromagnetic torque

with the position of rotor iron bridge
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Fig. 7 On-load electromagnetic torque waveform

for various d;;, (BLAC, i,=0)

Fig. 8 shows the FE predicted inner air-gap radial
flux densities in the machine with d;,=0 and d;=2.5
mm. As shown in Fig. 8, most of the static harmonics
in the machine with d;=2.5 mm are higher owing to
the increment in average inner air-gap permeance.
However, these static field harmonics cannot generate
the induced voltage in DC winding. Both open-circuit
and on-load inner air-gap rotating field harmonics can
be effectively suppressed by designing an inner air-gap
adjacent rotor iron bridge with d;»=2.5 mm, verifying
the analysis in Section 3.

As shown in Tab. 2, the
predicted by the
analytical model can be reduced to zero by designing

open-circuit
DC-winding-induced voltage
dp=2.5 mm. However, as shown in Fig. 9, it has some
non-zero harmonics due to the lamination steel
saturation, which is neglected in the analytical model
in Section 3. As a result, E,., can be reduced by
89.92% from 2.78 V in the machine with d;;=0 to 0.28
V with d;»=2.5 mm.
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V in the machine with d;=2.5 mm. However, not all
1o Openccircuit On-load harmonics achieve the smallest value when d;=2.5
mm. As shown in Fig. 10b, a smaller 6™ harmonic can
be obtained when di;=1 mm. This is caused by the
lamination steel saturation and the various initial
phases for different inner air-gap spatial harmonics

with a 6w, rotating electric speed—all of which

th T
>0 50 120 TOR——T) 300 360 generate the 6  DC-winding-induced voltage
Air-gap position/(mech. deg.) harmonic.
(a) Waveforms
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Fig. 9 Open-circuit DC-winding-induced voltages

at 400 r/min for various d;,

As shown in Fig. 10, Ej.e can be reduced by
57.28% from 7.14 V in the machine with d;,=0 to 3.05

(a) Outer stator (b) Inner stator
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(¢) Rotor (d) Assembled prototype
Fig. 11 Photos of the 12/10-pole PS-WFSF prototype

with d;;=2.5 mm

Since the influence of the DC power supply on the
induced voltage cannot be separated, the induced
voltage of the entire DC winding but that of DC coil 2 is
measured "), DC coils 2k (=1, 2, 3, ---, 6) are
open-circuited, while the rest are connected in series
with a doubled current for the same DC winding MMF.

Fig. 12 and Fig. 13 show the measured
open-circuit and on-load DC coil 2 induced voltages of
the prototype at 400 r/min, respectively. As shown in
Fig. 14, both agree well with their counterparts
predicted by FE, as well as the phase-A winding
back-EMF. This trend also applies to the static torque,
as shown in Fig. 15.
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Fig. 12 Measured open-circuit A-phase winding back-EMF
(CH1), DC winding current (CH2),
and DC coil 2 induced voltage (CH3)
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Fig. 13 Measured on-load rotor electric position (CH1),
A-phase winding current (CH2), DC coil 2 induced voltage
(CH3), and A-phase winding voltage (CH4)
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Fig. 14  Variation of measured and FE predicted A-phase

winding back-EMF, open-circuit and
on-load DC coil 2 induced voltages at 400 r/min
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Fig. 15 Variation of measured and FE predicted static torques
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6 Conclusions

In this study, the influence of the position of the
rotor iron bridge on the DC-winding-induced voltage
in a PS-WFSF machine is investigated. Based on the
MMF-permeance model, the air-gap harmonics of
the PS-WFSF machine were analyzed. This shows
that a proper iron bridge position can help reduce
air-gap harmonics, and hence the DC-winding-
induced voltage. As predicted by the analytical
model and verified by the FE model, it
recommended to design the rotor iron bridge
adjacent to the inner air gap closer to the DC
winding. This is to achieve a smoother inner air-gap
magnetic reluctance and hence a lower DC-
winding-induced voltage, although the average

electromagnetic torque is slightly reduced.
References
[11 Z Q Zhu, D Howe. Electrical machines and drives for

electric, hybrid and fuel cell vehicles. Proc. IEEE, 2007,
95(4): 746-765.



Zhongze Wu et al.: Influence of Rotor Iron Bridge Position on DC-winding-induced Voltage in Wound

Field Switched Flux Machine Having Partitioned Stators 27

(2]

[11]

M Cheng, W Hua, J] Z Zhang, et al. Overview of
stator-permanent magnet brushless machines. /EEE Trans.
Ind. Electron., 2011, 58(11): 5087-5101.

K T Chauy, C C Chan, C H Liu. Overview of
permanent-magnet brushless drives for electric and hybrid
electric vehicles. IEEE Trans. Indus. Electron., 2008,
55(6): 2246-2257.

J Q Zheng, W X Zhao, J H Ji, et al. Sleeve design of
permanent-magnet machine for low rotor losses. Chinese
Journal of Electrical Engineering, 2020, 6(4): 86-96.

1 Boldea, L N Tutelea, L Parsa, et al. Automotive electric
propulsion systems with reduced or no permanent
magnets: An overview. [EEE Trans. Ind. Electron., 2014,
61(10): 5696-5711.

H J Liu, L Y Xu, M Z Shangguan, et al. Finite
element analysis of 1 MW high speed wound-rotor
synchronous machine. /EEE Trans. Magn., 2012, 48(11):
4650-4653.

M Y Ma, Z Z Wang, Q Q Yang, et al. Vector control
strategy of a T-type three-level converter driving a
switched reluctance motor. Chinese Journal of Electrical
Engineering, 2019, 5(4): 15-21.

C Pollock, M Wallace. The flux switching motor, a DC
motor without magnets or brushes. in Conf. Rec. IEEE
1A4S Annu. Meeting, 1999, 3: 1980-1987.

Y Tang, J J H Paulides, T E Motoasca,
Flux-switching machine with DC excitation. IEEE Trans.
Magn., 2012, 48(11): 3583-3586.

L Xu, G H Liu, W X Zhao, et al. Design and analysis of a
new linear wound-field flux reversal machine based on
magnetic gear effect. IEEE Trans. Magn., 2015, 51(11):
8205004.

Z R Zhang, Y G Yan, Y Y Tao. A new topology of low
speed doubly salient brushless DC generator for wind
power generation. /EEE Trans. Magn., 2012, 48(3):
1227-1233.

S F Jia, R J Qu, J Li, et al. Principles of stator DC winding

et al.

excited vernier reluctance machines. [EEE Trans. Energy
Convers., 2016, 31(3): 935-946.

A Zulu, B Mecrow, A Armstrong. A wound-field
three-phase flux switching synchronous motor with all
excitation sources on the stator. /EEE Trans. Ind. Appl.,
2010, 46(6): 2363-2371.

Z Q Zhu, Z Z Wu, D J Evans, et al. A wound field
switched flux machine with field and armature windings
separately wound in double stators. /EEE Trans. Energy
Convers., 2015, 30(2): 772-783.

Z Z Wu, Z Q Zhu, C Wang, et al. Reduction of

open-circuit DC winding induced voltage in wound field

[19]

[20]

[24]

[25]

[26]

switched flux machines by skewing. IEEE Trans. Ind.
Electron., 2019, 66(3): 1715-1726.

Z Z Wu, Z Q Zhu, C Wang, et al. Influence of position of
rotor iron bridge on DC winding induced voltage in
partitioned stator wound field switched flux machine. in
Proc. of CEFC, 2018: 1-1.

A Toba, T A Lipo. Novel dual-excitation permanent
magnet Vernier machine. in Proc. IEEE IAS Annu. Conf.,
Phoenix, US, 1999, 4: 2539-2544.

Z Y Zong, L Quan, Y M Ge. A new double-stator
flux-switching permanent magnet machine for electric
vehicle application. in Rec. of Intermag., Dresden,
Germany, 2014: GP-5.

Y B Wang, M Cheng, Y Du, et al. Design of
high-torque-density ~ double-stator
brushless motors. [ET Electr. Power Appl., 2011, 5(3):
317-323.

Y X Zhang, M Y Zhang, W M Ma, et al. Modeling of a

permanent magnet

double-stator linear induction motor. /EEE Trans. Energy
Convers., 2012, 27(3): 572-579.

M Abbasian, M Moallem, B Fahimi. Double-stator
switched reluctance machines (DSSRM): Fundamentals
and magnetic force analysis. IEEE Trans.

Convers., 2010, 25(3): 589-597.

Energy

A H Isfahani, B Fahimi. Comparison of mechanical
vibration between a double-stator switched reluctance
machine and a conventional switched reluctance machine.
1IEEE Trans. Magn., 2014, 50(2): 293-296.

J C Yu, C H Liu, SY Liu, et al. Comparative study of
double-stator interior-PM vernier machines based on
electromagnetic-structural coupling analysis. /[EEE Trans.
Ind. Electron., DOL: 10.1109/T1TE.2020.3034848.

N W Frank, H A Toliyat. Analysis of the concentric
planetary magnetic gear with strengthened stator and
interior permanent magnet inner rotor. /EEE Trans. Ind.
Appl., 2011, 47(4): 1652-1660.

M Cheng, P Han, W Hua. General airgap field modulation
theory for electrical machines. /[EEE Trans. Ind. Electron.,
2017, 64(8): 6063-6074.

Z Z Wu, Z Q Zhu. Analysis of air-gap field modulation
and magnetic gearing effects in switched flux permanent
magnet machines. /EEE Trans. on Magn., 2015, 51(5):
1-12.

B Heller, V Hamata. Harmonic field effects in induction
machines. Amsterdam: Elsevier, 1977.

D W Li, R H Qu, J Li, et al. Synthesis of flux switching
permanent magnet machines. [EEE Trans.

Convers., 2016, 31(1): 106-117.

Energy



28 Chinese Journal of Electrical Engineering, Vol.7, No.3, September 2021

Zhongze Wu (S’15-M’18) received the B.Eng.
and M.Sc. degrees in Electrical Engineering
from Southeast University, Nanjing, China, in
2010 and 2013, respectively, and the Ph.D.
degree in Electrical and Electronic Engineering
from The University of Sheffield, Sheffield,
UK, in January 2017.

Since March 2021, he has been with
School of Electrical Engineering, Southeast

University, Nanjing, China, as a Researcher. His major research
interests include the advanced electrical machines and drives for electric
propulsion systems.

From January 2017 to August 2018, he was with Warwick
Manufacturing Group (WMG), University of Warwick, Coventry, UK,
as a Research Fellow in electrical machines. From August 2018 to
August 2020, he was with the Institute for Advanced Automotive
Propulsion Systems (IAAPS), Department of Mechanical Engineering,
University of Bath, Bath, UK, as a Prize Fellow, where he was a
Lecturer between August 2020 and January 2021.

Z. Q. Zhu (M’90-SM’00-F’09) received the
B.Eng. and M.Sc. degrees in Electrical and
Electronic Engineering from Zhejiang University,
Hangzhou, China, in 1982 and 1984, respectively,
and the Ph.D. degree in Electrical and Electronic

Engineering from The University of Sheffield,

Sheffield, UK, in 1991.
A\ Since 1988, he has been with The

University of Sheffield, where he is currently a
Research Chair of the Royal Academy of Engineering/Siemens with the
Department of Electronic and Electrical Engineering and the Head of
the Electrical Machines and Drives Research Group. His current
research interests include the design and control of permanent-magnet
brushless machines and drives for applications ranging from automotive
through domestic appliances to renewable energy.

Dr. Zhu is a Fellow of the Royal Academy of Engineering.

Chao Wang received the B.Eng. and M.Sc.
degrees in Electrical Engineering from Hefei
University of Technology, Hefei, China, in
2008 and 2011, respectively, and the Ph.D.
degree in Electronic and Electrical Engineering
from The University of Sheffield, Sheffield,
UK, in 2019.

Since 2019, he has been with Midea
Welling Motor Technology Company, Ltd., Shanghai, China, as an

Advanced Research Engineer, where he was an Engineer from 2011 to

2015. His research interests include the control of electric drives.

Wei Hua (M’03-SM’16) received the B.Sc.
and Ph.D. degrees in Electrical Engineering
from Southeast University, Nanjing, China, in
2001 and 2007, respectively. From 2004 to
2005, he was with the Department of
Electronics and Electrical Engineering, The
University of Sheffield, UK, as a Joint-
Supervised Ph.D. Student.

Since 2007, he has been with Southeast University, where he is
currently a Chief Professor of Southeast University and a Distinguished
Professor of Jiangsu Province. From 2010, he has also worked with
Yancheng Institute of New Energy Vehicles of Southeast University. He
has co-authored over 150 technical papers. He holds 50 patents in his
areas of interest. His teaching and research interests include design,
analysis, and control of electrical machines, especially for PM brushless

machines and switching reluctance machines, etc.

Kai Wang (M’13-SM’14) received the B.Eng.
degree from China

Hangzhou, China, in 2004 and the Ph.D.

Jiliang  University,

degree from Zhejiang University, Hangzhou,
China, in 2009.

From 2009 to 2010, he was with the
Memorial University of Newfoundland, St.
John’s, NL, Canada, as a Postdoctoral Fellow. From 2010 to 2013, he
was with The University of Sheffield, Sheffield, U.K. From 2013 to
2015, he was a Research Associate with the Sheffield Siemens Wind
Power Research Centre, Sheffield, UK., and a Research and
Development Engineer with Ansys Inc., Canonsburg, PA, USA. Since
2015, he has been with the College of Automation Engineering, Nanjing
University of Aeronautics and Astronautics, Nanjing, China. His current
research interests include the design and control of permanent-magnet

machines.

Wentao Zhang was born in Suzhou, China, in
1995. He received the B.Eng. degree in
Electrical Engineering and Its Automation in
July 2018 from Southeast University, Nanjing,
China, where he has been working toward the
M.Sc. degree since September 2018.

His major research interests include the
design, analysis, and control of the wound

field switched flux machines.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


