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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Analysis and Reduction of On-Load DC
Winding Induced Voltage in Wound Field
Switched Flux Machines

Z.Z.\Wu, Member, IEEE, Z. Q. Zhu, Fellow, IEEE, C. Wang, J. C. Mipo, S. Personnaz, and P.
Farah

Abstract—DC winding induced voltage pulsation in
wound field switched flux (WFSF) machines causes DC
winding current ripple and field excitation fluctuation,
challenges the DC power source and deteriorates the
control performance. Hence, reducing this pulsation is
important in the design of a WFSF machine. In this paper,
based on the analytical models, rotor skewing and rotor
iron piece pairing are proposed and comparatively
investigated by the finite element (FE) method to reduce
the on-load DC winding induced voltage in WFSF machines
having partitioned stators and concentrated AC windings.
FE results show that peak to peak value of the on-load DC
winding induced voltage in the analysed 12/10-pole
partitioned stator WFSF (PS-WFSF) machines can be
reduced by 78.42% or 77.16% by using rotor skewing or
rotor pairing, respectively, whilst the torque density can be
maintained by >90%. As for the 12/11-, 12/13- and
12/14-pole PS-WFSF machines, by using rotor iron piece
inner arc pairing, the on-load DC winding induced voltage
can be reduced by 64.11%, 52.12% and 76.49%,
respectively, whilst the torque density can also be
maintained by more than 90%. Prototypes are built and
tested to verify the analytical and FE results.

Index Terms—AC winding, DC winding, DC winding
induced voltage, field winding, on-load DC winding
induced voltage, rotor iron piece pairing, skewing, vernier
reluctance machine.

. INTRODUCTION

WFSMs can be divided into two categories according to the
position of the DC field winding, i.e. the wound-rotor
synchronous machines (WRSMs) having DC winding in the
rotor and the vernier reluctance machines (VRMs) with both
DC and AC windings placed in the stator, which has been
proposed for more than 50 yeprs|[]] Compared with the
conventional WRSMs, the VRNs [P]-[B] perform without slips
and brushes, and hence higher stability and reliability.
Compared with switched reluctance machines (SHMs) [9]
VRMs can exhibit smaller torque ripple and noise due to the
nearly sinusoidal AC winding back-electromotive forces
(back-EMFsJ [10], but the simplicity and robustness of the
SRMs can be retained in the VRMs.

Several machine topologies are proposed and analyzed by
finite element (FE) method for VRWIs [A1]-[1]6], including both
single phas¢ [11][12]] and 3-phase counterpajts [[L3]-[[L6]
Besides the well-established FE analysis, analytical solutions
have been widely used to fast predict the air-gap field
distribution and design the VRMs, including both subdomain
method [17]-[19] and magnemotive force-permeance method
@ Efforts are also made to realize the industrial applications
of VRMs, as studied ip [1}] for the low-cost single phase
counterpart with a simple and compact controller, a [8]
[[20][[22]] for potentially applying the 3-phase counterparts in
traction applications. [n [28], for further enhancing the torque
density, a new type of VRM, the so-called partitioned stator (PS)
wound field switchedflux (WFSF) (PS-WFSF) machine in
which the AC armature and DC field windings are separately

OUND field synchronous machines (WFSMs) ardicCommodated in two stators is proposed, as shofvn in FFig. 1

cheaper than rare-earth permanent magnet (PI\W)r
synchronous machines due to the high price of rare-earth FR{VEN
material, and hence become a hot research topic refertly
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the 12/10-pole counterpart. Compared with the
tional single stator WFSF macHfine 13], the PS-WFSF
m'ichine can offer a higher torque density due to a higher total
slot area and a better utilization of space. As shofwn in TABLE |
of which details can be referred in Appendix A, compared with
ferrite surface-mounted PM (SPM) machine, the PS-WFSF
machine exhibits 46.91% higher torque per unit volume,
however, the efficiency is only 13.39% larger due to DC
winding copper loss. Although the rated torque of the
PSWFSF machine is smaller than that of the conventional
WRSM, their efficiencies are similar, i.e. 87.78% and 90.60%,
respectively, since the conventional WRSM hgvin
overlapping AC windings suffers from a longer end winding
and hence a higher copper losg. 1] [8], it is recommended that
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the torque density of the VRMs can be improved by usingduce harmonics in electric machines, of which the
high-temperature winding insulation, whilst the efficiency camechanism is to cancel harmonics by a pair of machine
be enhanced by applying thinner laminations to minimize tr@mponents, such as PM width pai28], teeth width pairing
iron losses. Moreover, since both DC and AC windings of tf{29]] pole width pairing [3q]. In the rotor-PM machines in
PSWFSF machines are located in the stator, the generated hehich PMs are accommodated in the rotor, PM width pairing
due to copper loss can be easily mitigdted ][10], oppositelynd teeth width pairing are applied in [P5] find ]29] to reduce
advanced rotor cooling is required for mitigate the rotor heat the harmonics and hence the torque ripple, respectively. In
the WRSMs. It is also worth noting that compared witlstator-PM machines with stator accommodation of PMs, rotor
WRSMs, a much more reliable rotor structure without windingole width pairing is applied ] to reduce the cogging
or PM can be achieved in the VRMs. torque, as there is neither winding nor PM in the rotor.

- In this paper, the analysis of the open-circuit DC winding
induced voltage in [2$] will be extended to on-load condition,

— ZELN -
’ . “ ,‘\*& EIAC armature windin by taking the impact of armature reaction into consideration.
// ’,\\'“ Skewing and pairing will be comparatively investigated to

Cl

Rotor iron piece reduce the on-load DC winding induced voltage. This paper is
organized as follows. In section I, on-load DC winding
Inner stator induced voltage in the PS-WFSF machines is analytically

modeled and the harmonic orders are analytically given and
DC field winding verified by FE results. In section Ill, applying rotor skewing in
PSWFSF machines to reduce the on-load DC winding induced
Outer stator voltage is investigated, whilst rotor pairing is applied to reduce
Ad it in section 1V, followed by comparison of reduction
Fig. 1. Cross-section of a 12/10-stator/rotor-pole PS-WFSF machine. effectiveness of various methods in section V. In section VI,

In[[25] it is found that due to the variation of air-gap
permeance, the PS-WFSF machines suffer from open-circ
DC winding induced voltage, which will cause DC winding
current rippl¢ [26[[27]] challenge the DC power source and Il ON-LOAD DC WINDING INDUCED VOLTAGE
deteriorate the control performance. The raised DC winding C o o
current ripple will cause a fluctuated field excitation and hence N[25]} it is found that the open-circuit DC winding induced

additional harmonic components in the AC winding induce¥0!tage in PS-WFSF machines is caused by the variation of the
voltages, with average torque and torque ripple being impact@i-9ap permeance, exhibiting as DC winding self-inductance
Rotor skewing is applied to reduce the open-circuit D&armonics,

winding induced voltage [n [2F]. Both the analytical and finite Wrr(0e) = Lep(6e) X I¢ (6e) 1)
element (FE) methods show that the open-circuit DC windinghereys is the open-circuit DC winding flux-linkage which is
induced voltage can be effectively reduced by skewingue to DC field winding current. sLis the DC winding
although the AC armature winding phase fundamentgplf-inductancede is the rotor electric position.

back-EMF and hence the torque density will be slightly When the saturation in the lamination steel is neglected, the

rtototypes are built and tested to validate the analytical and FE
ésults, followed by conclusions in section VII.

smaller. orntload DC winding flux-linkagey: can be divided into two
TABLE | parts due to DC field winding current and AC armature winding
COMPARISON OF PS-WFSF MACHINE, WRSM AND SPM MACHINE HAVING  current, respectively,
SAME SPACE ENVELOP AS TOYOTA PRIUS 2010 IPM MacHINE[[24]] Wr(8e) = Wrr(6e) + Pra(6e) )
ltem unit PSWFPSF WRSM_SPM. "~ \hereys is the on-load DC winding flux-linkage caused by AC
Winding current density 4J24]] A/mm?>  26.8 26.8 26.8 Vea o g 9 . g : y
Rated rotor spee@][24]] min___2795 2795 2795 armature windings, which can be divided into three parts
Rated torque, T Nm 39119 736.81 224.16 caused by A-B-, and C-phase currents, respectively, as,
Rated power, P kw 11450 215.66 65.61 lpfa(ge) — wa(ee) + lpr 6,) + wa (6,) (3)

AC windings stack copper loss,ug kW 3.17 3.78 571 N .
AC windings end copper lossup KW 501 881 12.90 whereym, wi, andyic are the on-load DC winding flux-linkage

DC winding stack copper loss,p kW 2.48 342 N/A due to A-, B-, and C-phase currents, respectively. They can be
DC winding end copper l0ssR kW 3.31 535 N/A given by,

Total copper loss,p kw 13.97 21.37 18.61 —

Iron 10SS, Ron kKW 1.73 092 041 Wra(0e) = Mpa(0e) X 14(8e)

Efficiency, 5 % 8778 9060 7741 Yrp(0,) = Mpp(0,) X I5(6,) 4)

Axial length, L mm 50 50 50 0.) = M.(6.) X 1-(6

Singe side AC windings heighth mm _ 28.69  41.66 40.39 H e (d e) f‘;]( e) CI(' e; b h
Singe side DC windings height;ysh  mm 24.15 27.84 N/A where Ma, Mg, an MC_ ar_et e mutual in UCFan_CeS etweer_] the
Axial length with end winding.l _mm __ 107.38_133.32 90.39  A-, B- and C-phase windings and the DC winding, respegtivel
Machine volume, V L 5.88 7.30 _4.95 It is worth noting that there is no DC component fak, Wz,

Rated torque per unit volume, TP\ Nm/L  66.55 100.96 45.30
Rated power per unit volume, PP\ kW/L 19.48 29.55 13.26

Besides skewing, pairing is another common method

and Mc, as the open-circuit AC winding flux-linkages due to
he DC winding current and these mutual inductances have no
C component in the PS-WFSF machjnes]23]ls, and t are
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the A, B-, C-phase currents, respectively. caused by AC winding currenig, is 3j (F1,2,3,...). In the
In M, M, and Mc can be given by, analyzed 12-stator-pole PS-WFSF machines having 10-, 11-
s 13- and 14-rotor-pole rotorsuikksksi=0 for even harmonics, as
Mra(8e) = Map(0e) = Z kwiM;cos(ife + 0;) analyzed ir[ [23]. Therefore, for the DC winding induced

=123, voltage due to armature reactions6 in all these 4 machines,

@ 2 . . . 0o
Mg (6e) = Mps(6e) = Z Je,,; M;cos [i (96 _ §n) + gi] G s summarlz?ri n TABLE] This can be evidenced by Figd. 2

As shown i BLEII | the resulted N=6 for the on-load DC

i=1,2,3,..

® 2 winding flux-linkage for all the analyzed machines, although
Mgc(6.) = Mcf(6,) = Z k., M;cos [i (9e + gn) + Hl-] the Nie for open-circuit condition for these machines varies, as
i=175,.. _ analyzed ifp [25].
where My, Mg;, and My are the mutual inductances between the TABLE I
DC winding and the A-, B- and C-phase windings, respectively.  ANALYTICAL PREDICTION OF PERIODS PER ELECTRIC CYCLE Npe
6 is the initial phase of thé"imutual inductance harmonic. Item 12-stator-pole PS-WFSF machir
ksiMi is the amplitude of thé'imutual inductance harmonic, in N 10 11 13 14
which ky is the " harmonic winding factor Open-ciroul 8 12 12 2
g ! Armature reactior 6 6 6 6
ewi = kpi X kg; (6) Orload 6 6 6 6

where k and ki are the i harmonic pitch and distribution ~ As shown in[ Fig. P anfl TABLEII] the 12/14- and
factors, respectively. They can be calculated based on th®/10-pole PS-WFSF machines suffer from higher on-load

analysis ifi [23). peak to peak value of DC winding induced voltaggtBan the
In[(4)] when 3-phase sinusoidal currents are injected in AL2/13- and 12/11-pole counterparts. This is similar to that of the
winding, 3-phase currentg, lls, and t can be given by, open-circuit DC winding induced voltage, as analyz¢d in][25]
Iy = Ipcos(8 + 6,) InTABLE IIT] Tayis the average rated on-load torque.
2 TABLE III
IIB = locos(0e + 6, — §T[) @) CHARACTERISTICS IN PS-WFSF MACHINES
| 2 Item Unit 12-stator-pole PS-WFSF machines
Uc = lacos(8 + 6, + §n) N - 10 11 13 14
where } is the AC armature winding current amplitudg.is °‘§Q:;§§§“E': = x 3;32 2:22 Z;gg ‘7‘;22
the A-phase current phase angle. Tavg - Nm 297 3.07 3.21 3.34
Submitting (4]-(7) tp (J)(3)]can be simplified as, As shown i (8), all the armature reaction DC winding
Wra(6,) = ZEk KMo flux-linkage harmonic amplitudes are proportional to both the
falle 2 pitdrTia AC armature current amplitude, shown in[ (7) and the
cos(6; — 6,), fori=1 (®) harmonic amplitudes of the mutual inductances, Mg, and
{COS[(i — 16 +6; — 0], fori=3j+1 Mic shown i (5), i.e. #aMi. Since the mutual inductance
cos[(i + 16 + 6; + 6,], fori=3j—1 harmonics shown [n (¥) are caused by the rotation of the salient
0,fori=3j rotor iron pieces, it can be concluded that it is the interaction
where §£1,2,3,... between the AC armature currents sho (7) and the mutual
8 inductances M, M, and Mc shown ir] (5) that produce the

armature reaction DC winding flux-linkage harmonics and
hence the induced voltage pulsation, and hence contribute to
those for the on-load operation condition.

Induced voltage (V)
o

—— s —— l-poﬂ [ll. REDUCTION OF ON-LOAD DC WINDING INDUCED
8 - 1213noe j214-poe VOLTAGE BY ROTOR SKEWING
0 60 ... 90 éZO 150 180 . . . .
Rotor position (elec. deg.) In[[25]]rotor skewing is proposed to reduce the open-circuit
o (a) Waveforms DC winding induced voltage. The results show that the
S,el asouy STiiones open-circuit DC winding mduced_ vqltage can be effectively
Sl 6oy 012/11-pole reduced, although the AC winding phase fundamental
5’1'5 | A 12/13-pole back-EMF will be slightly smaller. In this section, skewing is
E ol 2l applied to reduce the on-load DC winding induced voltage, as
gt shown as follows.
305 HI
Soolo ML WL Ao et A. Conventional Optimal Skewing Angle
123 456 7 8 910111213141516 17 1819 2021 22 23 24 . . . .. .
Harmonic or der The on-load DC winding flux-linkage: can be divided into
(b) Spectra two parts from DC field winding current and AC armature

Fig. 2. On-load DC winding induced voltages at 400r/min. P . P .
. . . winding current, respectively. Similar to the analysis of DC
As shown ifi (8), the cycles per electric period of the on-load 2 P y Y

> . ; winding self-inductance L in when the rotor is
DC winding flux-linkage and hence the induced-voltage Ncontinuously skewed with a skewing anglg M, Mg, and
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Mic in[(5)| andys in[(8)] can be modified as,

. TABLE IV
2k M; , L
Mg, (6,) = z BT cos(if, + 6;) sin( > ) ANALYTICAL PREDICTION OF Bq, FOR PS-WFSF MACHINES
i=1,2,3,... sk Item Unit 12-stator-pole®SWFSF machine
®© , N - 10 11 13 14
2k,,;M; 2 i6 — =
{ M5 (6,) = Z —W !cos [i <ee — _ﬂ) + 91‘] sin( 5") 9) Open-circuit 60 30 30 60
e 1O 3 2 Armature reactior ° 60 60 60 60
=LA On-load ° 60 60 60 60
2k,,;M; ) 2 10
M (6,) = Z ST cos [l (Ge + §7T) + 6,-] sm(—2 ) 4 — 10
o i=123.. sk . 012/13 pole 12/1-3|g s ol Sgﬁg:gg:g ;igﬂi:gg:ﬂ
€° f ©
3k, kg Ml 2 ot
_ pitdit™ita
Pra(0) = Y =P 3 |
i 1 | g
. sk . = S 2
cos(6; — 8,) sm(T),forl =1 S
0 o

i0 (10 1

6
cos[(i —1)8, + 0; — 6,] sin (TSk),fori =3j+1

2 .3 4 5
Step number

2 3 4 5
Step number

X 4 ” Fig. 5. Influence of step-skewing Fig. 6. Influence of step-skewing
. . (Wsk .o number Ng on average number on peak to peak value of
cos[(i + 1)6, + 6; + 6,] sm( 2 ),for i=3j-1 electromagnetic torque the on-load DC winding induced
c o (Bsk=6510=609). voltages at 400r/min
0, fm_" i =3j (Bsk=Bsko=609).
, respectively. As shown if Fig. } afd Fig] 5, skewing is indeed an effective

As shown iff (8) ar[dl0)] for the (i1)" on-load DC winding ay to reduce torque ripple but the average torque can be
flux-linkage and hence induced voltage harmonic Wh&tL,  maintained. However, as shown 6, when the
or (i+1)" onload DC winding flux-linkage and hence i”dUCEdstep-skewing step number is®6 andfy=0s=60°, on-load
voltage harmonic wherF8j-1, the ratio of its amplitude with E,p can be effectively reduced by 59.06% in the 12/10-pole
skewing angl@sto that without skewingsk, can be given as, pswFSF machine, but only 20.54% and 8.91% respectively in

2 10k (11) the 12/14- and 12/11-pole machines, even 1.04% higher in the

K 0, - 2 12/13-pole machine. This is due to the influence of current

For the & onload DC winding induced voltage harmonicangle on M, Mg, and M, which is neglected [n (b) ahd@)]
caused by the"™sand ™ mutual inductances between the DOWhen the current angle is changed, the steel element
field winding and AC armature winding harmonics, they can beermeability varies, resulting in a differenf\MM, and Mc, as
effectively suppressed by 80.90% and 86.36%, respectivelyell as ls. As shown if Fig. 7, on-loadpfvaries with current
whends=60°, as shown [n Fig]3. It can be concluded fra]( angle in all the analyzed 4 machines. This is specifically
that to effectively reduce thenonload DC winding explained for 12/13-pole PS-WFSF machine wiigk0s—=60°
flux-linkage and hence induced voltage harmonic, meanwhifd Ni=6 as follows.

maintaining the open-circuit AC winding phase fundamental ~* —— oot —=— TZiTpoe
back-EMF and hence torque density, the optimal skewing angle g™ —&— 12/13-pole i2bok |
fsko should be, - ’
0. - 21 S .
sko — Npe (12 g . 'y

As shown ifi TABLEIT|and (L2)] the optimal skewing angle E 2§ -
Osko to reduce the on-load DC winding induced voltage should I o " 0 1% 180
be 60° for all the analysed 12-stator-pole PS-WFSF machines Currentangle(elec.deg)
having 10-, 11-, 13- and 14-rotor-pole rotors, as shown Elg.vzi.mlﬁnglugnce of current angle on peak to peak value of the on-load

g induced voltages at 400r/min.

As well known, compared with the open-circuit original

2 — s || ~ — without skewingn with a skew anglés should lagds. Based
Sos ‘\\ T Tl s a 1211001 on this, the open-circuitggcan be effectively reduced to 0 by
gos | \\\\ \\ """ ! 12713 olq rotor continuously skewirlg [2F]. This is also applicable for the
04T N = 10 P orrload y, if the influence of current angle on the steel
Soo N NORIS] @ s element permeability is neglected. However, as shofvn in| Fig.

32 I el M g . a), Wi W|t_h a skew angl®s not_ only lag the original oné,

0 SkleSMnBOanﬁlse (ele%c égg.)go 1 ZSteS 4 s 6 but also distorted due to the impact of current angle on the

Fa 3 Infl ¢ keut a4 inl  <ton skewi ontload w1, resulting in that the totady is even similar to the

ig. 3. Influence of skewing Fig. 4. Influence of step-skewing - . o . —

angle on on-load DC winding number on torque ripple original one. This also S_|m||§r tgr shown 'n(b)'

induced voltages harmonics. (6=65c=60). Consequently, as shown. 9, the total on-logdwvth
0s=60° is even 1.04% higher than the original one without



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

skewing.

14
=
; 12
£
% 8
E 6
= 4 — — — - 05=25%
= T2 T [— 0s=5
T 0 Total Qriginal

0 60 120 180 240 300 360
Rotor position (elec. deg.)
(a) DC field coil 1, wn

14
)

12
=
€10
%, 8
_'E 6
- 4
x
>52
Lo

0 60 240 300 360

120 180
Rotor position (elec. deg.)

(b) DC field coil 2, wr.

Fig. 8. DC field coil on-load flux-linkage waveforms in the 12/13-pole

PS-WFSF machine with different 6 for 6«=60°and N =6 at 400r/min.

5.0

g
o

——— 025

Induced voltage (V)
o
o

25/ 0s=-5° 0s=5
0s=15 —-— - 0s=2% C
Total Original -
50 = 4 :

20 30 40
Rotor position (elec. deg.)
Fig. 9. On-load DC winding induced voltage in the 12/13-pole PS-WFSF

50 60

machine with different 6; for 6=60°and N =6 at 400r/min.
TABLE V

CHARACTERISTICS OF 12-POLE PS-WFSF MACHINES WITHOUT AND WITH

MODIFIED SKEWING

ltem Unit 12-stator-pole PS-WFSF machines
N; - 10 11 13 14

Original on-load E, V_ 9.06 4.32 4.58 7.46
Modified skewon-load gV~ 1.96 3.40 4.27 4.98
On-load E,, reduction % 7842  21.25 6.96 33.34
Original Tayg Nm  2.97 3.07 3.21 3.34
Modified skew Tg Nm  2.69 2.81 3.19 3.04
Tavwg reduction % 954 8.40 0.60 9.01
Original open-circuit k \ 2.10 0.63 0.36 4.86
Modified skew open-circuitfs V. 0.36 0.10 0.08 1.15
Open-circuit By reduction %  82.72  84.10 77.86 76.23

B e

® o N

o & o
&

N
o

Induced wvoltage (%)
S 3

o

B2
% Skewanglé(elec. deg) *°
Fig. 10. Influence of skewing
angle 6 on the on-load Egp in
12-stator-pole PS-WFSF
machines when Ng=6 at
400r/min.

=L 12/10-pol
[—=—12/11-pol
b 12/13-pol
—— 12/14-pol

30 60 90 120
Skew angle (elec. deg.)
Fig. 11. Influence of skewing
angle 6y on the Tag Iin
12-stator-pole PS-WFSF
machines when Ng=6.

B. Modified Optimal Skewing Angle

As shown irf Fig10] by modifying the skew anglé, the
onload B, can be further reduced, compared withAke=60°.
However, as shown the average torqueng will be
smaller if sk goes higher. To maintain more than 90% torque
capability in the skewed machine, the highest reduction of the
onload Ky, can be reached as 78.42%, 21.25%, 6.96%, and
33.34% in the 12/10-, 12/11-, 12/13- and 12/14-pole PS-WFSF
machines, whemy=84°, 84°, 24°, and84°, respectively, as
shown in TABLE \}.

As shown i , by modifying the skewing angig,
the on-load & in the 12/10-pole machine can be effectively
reduced from 59.06% to 78.42%, whilst the average torgyge T
is 9.54% smaller than the original machine without skewing.
However, after modifying the skewing andgle, the on-load
Epp in other 3 machines are still higher, which indicates that
other methods need to be applied to reduce the on-load DC
winding induced voltage.

As analysed in [2§], the open-circuit,Ean be theoretically
reduced to zero by continuous rotor skewing Wigk60°,30°,
30°, and60°® for the 12/10-, 12/11-, 12/13- and 12/14-pole
PSWFSF machines, respectively. When the step skewing is
applied, the open-circuit g& can be reduced by 98.59%,
95.20%, 94.13%, and 98.46% [?5], respectively. When the
skewing angle is for on-load condition, i#=84°, 84°, 24°,
and 84° for the 12/10-, 12/11-, 12/13- and 12/14-pole
PSWFSF machines, respectively, the open-circyjg dan be
reduced 82.72%, 84.10%, 77.86% and 76.23%, respectively, as
shown in Fig12land TABLE M. This means the suppression of
the open-circuit DC winding induced voltage will be slightly
deteriorated, if the skewing angle is for on-load operation
condition.

(&)

—o— 12/10-pole without skew =——e=—12/10-pole with skew
> 9
a 4 | | =B 12/11-pole without skew ==—H— 12/11-pole with skew
| | = 12/13-pole without skew ——a=—— 12/13-pole with skew
% 3 —— 12/14-pole without skew —s— 12/14-pole with skew
2 |
Q1
0
g,
3
£27
3 . .
0 60 120 ...180 240 300 360
Rotor position (elec. deg.)
(a) Waveforms
1.0
— N :
39V B 12/10-pole without ske
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(b) Spectra

Fig. 12. Open-circuit DC winding induced voltages of 12-stator-pole
PS-WFSF machines without and with modified optimal skewing (Ns=6).

IV. REDUCTION OF ON-LOAD DC WINDING INDUCED
VOLTAGE BY ROTOR PAIRING

In this section, paring of rotor iron piece to reduce the
ortload DC winding induced voltage is investigated as follows.
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As shown ifi Fig. P(b), the main harmonics of the on-load D&nd#;i is selected by two steps:
winding induced voltages in the 12-stator-pole PS-WFSF Step 1: If the average torque.gof a combination ofii; and
machines are the6and 12 harmonics. As shown [n_Fi§. 6, is smaller than 90% of the originalJ i.e. the highest T
[13la), both the rotor iron piece outer d@e and the rotor iron this combination is abandoned.
piece inner arcd; have an influence on the"6and 12 Step 2: Among the rest combinationg9ef andé;i» of which
harmonics amplitudes. However, whég varies, the initial the average torque is higher than 90% of the origingl find
phase of the®Bharmonics is always positive, as showmigout the optimal combination ofix and 62 which has the
b). This means that thé"armonic cannot be smaller thanhighest on-load §g reduction.
both of those of the pairs by the rotor iron piece outer arc P ==
pairing, although the 2harmonic can be reduced due to the '
bipolar initial phase waveform. However, whénvaries, the
initial phase waveforms of both th& &nd 12" harmonics are
bipolar, as shown [n Fid.3Jb). This indicates that theé"éand
12" harmonics of the on-load DC winding induced voltage can
be reduced by rotor iron piece inner arc pairing. Indeed, since , N ‘

6o mainly influence the outer air-gap permeance whilst ' corionpicemerael ' rctrionpiccemerac |
changes the inner on&; has a higher impact on the on-load (a) 12/10-pole (b) 12/11-pole
DC winding induced voltage which is related to the inner ——=\ N ——

Rotor iron piece inner arc
>

Rotor iron piece i:

air-gap permeance.

foe]

e Outer 6th

< —e— Outer 6th % 16 %
S || —=— outer 12th ~— 300 | —&— Outer 12t 2 248 6
i I 6th Z z
20 ([ S e B0 = mein e gl
=, 4 @ 120 E 2§ 22
s = 9 =4 185 2
0 \\ .
gz .-’ ﬁ 60 F 00 4 8 12 16 20 24 28 l1 6 11 16 21 26
'8 | o 120 R Rotor iron piece inner arc 1 Rotor iron piece inner arc 1
£, F 10 e i’ R (c) 12/13-pole (d) 12/14-pole
5 10 15 20 25 30 35 5 10 15 20 25 30 35 ig. 15. i i iece i -
Raidr ifon prece arc (86g) Rotor ifon prace atc (28g) Flg3 15. Influence of paired rotor iron plle;:e inner arcs on Tay
(a) Amplitudes (b) Initial phases - AR S Siomon
Fig. 13. Influence of rotor iron piece outer/inner arc on amplitudes and 2 — gﬁg-po:e ° m12/11-pole
initial phases of the 6™ and 12" on-load DC winding induced voltage 2’1 q S gosr 012/13-pole
harmonics in 12/10-pole PS-WFSF machine at 400r/min. % ‘ § 0.6 | ®12/14-pole
36 S 12 3 . = 09
N 31 29 > 8
5 102, 14
526 = 5 = ’ <
£ 8 = ‘ 2 —_— :
g 21 2 || {4 0 30 60, 90 120 150 180 6 12 18 24
L6 o = | Rotor position (elec. deg.) Harmonic order
&, 2 | — IS (a) Waveforms (b) Spectra
5 . 42 2 Fig. 16. On-load DC winding induced voltages after pairing at 400r/min.
« | 1 K f TABLE VI
; |
16 11 16 21 26 31 36 LS 0 1317 21 25 29 35 CHARACTERISTICS OF PS-WFSF MACHINES WITHOUT AND WITH PAIRING
Rotor iron piece inner arc 1 Rotor iron piece inner arc | Item Unit 12-stator-pole PS-WFSF machines
a) 12/10-pole b) 12/11-pole
N (@ pole (b) p N - 10 11 13 14
" Z N E 7 8 Original on-load 5, V. 9.06 4.32 458 7.46
P | P 7 Paired on-load 5~V 2.07 1.55 2.20 1.75
520 45 6 On-load Ey, reduction % 7716 6411 5212 76.49
56 5 s Original Tayg Nm 297 3.07 3.21 3.34
21 E .\ Paired Tug Nm 268 2.77 2.97 3.02
£ g | 2 2 . Tavg reduction % 9.90 9.89 7.67 9.55
z, ! N R Based on these two steps, the optimal combinatiori,of
. : \ a B and 6z are (19.5°, 35°), (15°, 31°), (21.5°, 27°), and (14.5
! 4Rmofimnl;ece](i)nne?;(:irc Iz4 * l RZ[Urilepicccli:ncrarzcll * 240) for the 12/10_’ 12/11_’ 12/13- and 12/14-p0|e PS-WFSF
_ () 12/13-pole _ ~ (d)12/14-pole machines, respectively. The on-loag, Bnd Ty of these 4
Fig. 14. Influence of paired rotor iron piece inner arcs on on-load Ey. analyzed machines with optimal pairing are compared with the

~As shown iff Fig14] by designing two different rotor iron original counterparts without pairingin TABDA Jand Fig.16|
piece inner arcs axially, a smallgr on-loag €an be achieved As shown i by rotor iron piece inner arc pairing,
in all the analyzed 4 machines. However, the averagge on.joad f, in the 12/10-pole and 12/14-pole PS-WFSF
electromagnetic torque will be smaller, as showp in E. ,chines can be effectively reduced by 77.16% and 76.49%,
Here, it should be mentioned that the dimensional parametets e cively. However, in the 12/11- and 12/13-pole machines,
of these 4 original machines are globally optimized for the ., only be reduced by 64.11% and 52.12%, respectively.

largest average electromagnetic torque, as me_ntio [23bwever, it should be noted that these results lisfed in TABLE
The optimal combination of two rotor iron piece inner atgs
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VI |are based on keeping the 90% average torque. As showrmarmonics of the A-phase winding induced voltage. Hence,
Fig. 14lb) and[ Fig. 14{c), in the 12/11- and 12/13-pole both the average torque and the torque ripple will be changed
PSWFSF machines the on-loagytean be reduced to further due to the on-load DC winding induced voltage, considering
smaller, however the average torqugg after pairing will be the similar effect in B- and C-phase winding induced voltages.
smaller than 90% of the originakk However, by modifying the skew ang#g in the 12/10-pole
PSWFSF machine or using rotor iron piece inner arc pairing in
V. COMPARISON OF DIFFERENT REDUCTION METHODS all the four analysed PS-WFSF machines, most of the main

The on-load E, and Tug under two methods analyzed in theP™0ad DC winding induced voltage harmonics can be
above sections are synthesized in TABLE|VII hnd TAgLEeffectively reduced, as showr[ in Fig] In addition, according
VIIT] respectively. By using rotor skewing witi#e=60°, (© [ (5)] it can be concluded that the reduction of DC winding
onload By in the 12/10-, 12/11-and 12/14-pole PS-WFsiduced voltage harmonics shown[in Filf]is due to the
machines can be reduced by 59.06%, 8.91% and 20.5434pPression of the mutual inductance harmonics between the

respectively, whilst it is even 1.04% higher in the 12/13-pof- B- and C-phase windings and the DC winding. Hence, the

counterpart as foregoing analysed. amplitudes of both the raised DC winding current harmopgics |
TABLE VII and the mutual inductance harmonicskbwn in (B. 2) will be
ON-LOAD Eyp IN 12-STATOR-POLE PS-WFSF MACHINES suppressed by modifying the skew ang@ein the 12/10-pole
Item Unit _12-stator-pole PS-WFSF machit PSWFSF machine or using rotor iron piece inner arc pairing in
Ne - 10 11 13 14 all the four analysed PS-WFSF machines, resulting less
Original on-load k, \ 9.06 4.32 458 746 - _ fadi ;
Skewed on-load £, /uc60° V371 395 463 504 mflugncg of on-load DC winding induced voltage on the AC
E,, reductionf,=60° % _50.06 8.1 -1.04 20.54 winding induced voltages.
Modified skew on-load 5~V 196 340 427 498 —
E, reduction % _78.42 2130 6.98_ 33.36 812110 pole skewed
Paired on-load § \ 207 155 220 175 812/10-pole, paired
E,, reduction % 7716 6412 5213 7649 8 12/11 pole. pared

012/13-pole, original
®12/13-pole, paired

012/14-pole, original
012/14-pole, paired

However, by modifying the skew anghe and maintaining
90% torque density of the original counterpartjoad B, can
be reduced by 78.42% for the 12/10-pole machine, whilst those
for the 12/11-, 12/13- and 12/14-pole machines are still lower,

12 . 18
i.e. 21.30%, 6.98% and 33.36%, respectively. By using rotor _ Harmonic or der _
Fig. 17. Comparison of on-load DC winding induced voltage harmonics

iron piece inner arc pairing, the on-load, Bn the 12/10- % 507min.
12/11-, 12/13- and 12/14-pole machines can be reduced by
77.16%, 64.12%, 52.13%, and 76.49%, respectively, whilst the
torque density can be maintained by as high as >90%. It is £
worth noting that in this paper the criteria to justify the
effectiveness of the reduction method is a more than 50%
reduction of on-load DC winding induced voltage and >90%
torque being maintained.

TABLE VIl
ON-LOAD Tayg IN 12-STATOR-POLE PS-WFSF MACHINES
Item Unit 12-stator-pole PS-WFSF machir

Ny - 10 11 13 14 (a) Outer stator

Original on-load Tg Nm 297 307 321 334
Skewed on-load g, 94=60° Nm 281 294 3.07 3.18
Tavg reduction fs=60° % 539 423 436 4.79
Modified skew on-loadJ;, Nm 2,69 281 319 3.04

Tavg reduction % 943 847 062 898
Paired on-load g Nm 268 277 297 3.02
Tavg reduction % 9.76 977 748 9.58

As deduced in Appendix B, the DC winding current ripple
raised by the DC winding induced voltage will cause a
fluctuated field excitation and hence additional harmonic

mponents in the AC winding in vol with aver
compone :js the C Idbg' dqced Otag(;sa’ t. a efage (c) Non-skewed rotor (d) Skewed rotor with 65.=84°
torque and torque ripple _elng_lmpac pspite o _Fig. 18. Photos of the 12/10-pole PS-WFSF prototypes with
three-phase symmetric sinusoidal AC currents beingn-skewed rotor and skewed rotor with 64=84°
implemented by current control. For example, according to (B.

2), the interaction between the" 6DC winding current VI. EXPERIMENTAL VALIDATION

harmonic and the 5 mutual inductance between the DC 1¢ yalidate the foregoing analytical and FE analysis, the

winding and the A-phase winding will cause additionajs/10.stator/rotor-pole PS-WFSF machine with non-skewed
components to the fundamental (6-5=1) and' 16+5=11) (otor and skewed rotor withy=84° are prototyped and tested
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in this section| Fig.18] shows the photos of differrent avoid the influence of the DC current supply, not the on-load
components of the prototypes with (a) outer stator, (b) inn®C winding induced voltage but that of the DC coil 2 is
stator, (c) non-skewed rotor and (d) skewed rotor Ggth84°. measured to validate the analytical and FE analyses. When the
It should be noted that a 0.5mm thick iron flux-bridge iI®SWFSF prototypes operate as generators with resistance
introduced adjacent to the inner air-gap to connect the rotor irmad, the measured on-load DC coil 2 induced voltage

pieces both rotors showr[in Fitg{c)fFig. 18{d). waveforms at 400r/min are showrj in Fag] together with the
Tek i @ Stop 1 Post —54.00us Tek S @ Stop M Pos: -54.000s . .
* + rotor position, phase current and phase voltage. As shown in
E Fig. 21| both the measured on-load DC coil 2 induced voltage

mo_ ori and the measured phase A back-EMF waveforms at 400r/min
: <i><\\><i>< o/ )<:></ . agree well with the 3D FE predicted results in both prototypes,
— “_~ ..  although they are slightly smaller than the 2D FE values due to
end effect. However, due to imperfect manufacturing, both the

ot or] measured on-load DC coil 2 induced voltage and the measured

CHZ 2.00% M 250ms Ext 7 104drny CH2 2,000 M 2.50ms Ext /7 10dmi

CH3 2008 CHO 100K 23-Jan—171343 <10z CH3 200V CHA 1004 23-Jan-172008  <loke phase A back-EMF harmonics at 400r/min are Sllghtly different
(a) Non-skewed rotor (b) Skewed rotor with 64=84° from the FE predicted harmonics, as showfp in B@. As

Fig. 19. Measured 3-phase open-circuit AC windings back-EMFs and ; :
DC winding current at 400r/min. shown in[ Fig. 22(b), the measured phase A fundamental

Tek M. @5 MPosdagbms O Tek M. @S MPosagms o2 back-EMF in the prototype with skewing is 8.21% smaller than
‘m ‘@’ its counterpart without skewing, i.e. 2.41V and 2.63V,

= ‘m respectively.
/ \/ i \/\/\/\_/ e Similar to the analysis if_[2b], based on the measured
= *%  onroad DC coil 2 induced voltage waveforms shanffig. 20
wios Mo those of the DC winding can be calculatgd as ZpAs shown

e N N N A W RO s NPT I | again due to imperfect manufacturing, in both

G2 5L M0 B a0y CH2 5004 Soms Bt . a0my prototypes the measured on-load DC winding induced voltage

CH3 T1.00% CHe 1.00% 5—Feb—17 00:06 =10Hz CH3 100 CHA 1.00% 4-Feh—17 22:24 <10Hz

(a) Non-skewed rotor (b) Skewed rotor with 84.=84° harmonics at 400r/min are distorted from their FE counterparts.
Fig. 20. Measured rotor electric position (CH1), phase A winding current  However, the dominant measured on-load DC winding induced

(g:i)’ (t’rx(')%a/d DC coil 2 induced voltage (CH3) and phase A voltage  yq|tage @, 12" and 18 harmonics can be effectively reduced
(CH4) at 400rimin. o by 69.90%, 66.07% and 71.97%, respectively by rotor skewing.
A. Constant Current Source for DC Winding As shown i the measured static torques agree well

Since a constant DC winding current is the ideal aim of theith the 3D FE predicted results in both prototypes, although
closed-loop DC winding current control, both the previouthey are slightly lower than the 2D FE values due to end effect.
analytical and FE analysis are based on a constant DC winding 08
current. Hence, in this sub-section a constant current source for i A Nonshoned oo e T
supplying the DC winding current is applied to validate the ke D

analytical and FE predicted results.
4

o
o

m Skewed measured
B Skewed 2D FE
O Skewed 3D FE

Phase A Back-EME 4 ENVE
——— MEA Phase A Bacl

2D FE

Voltage(V)
o
»

o
IN)

N

i< ° o 3DFE —~2F
b b 00
g0 @o 6 12 18 24 30
= £ Harmonic order
>-2 >2f Fig. 23. Comparison of calculated on-load DC winding induced voltages
DC coll 2induced voltag DC coil 2induced voliage harmonics based on the measured on-load DC coil 2 induced voltages
-4 e -4 — ;
0 60 120 180 240 300 _360 0 60 120 180 240 300 36( at 400r/min.
Rotor position (elec. deg.) Roator position (elec. deg.) 2.4 - TER - 2.4 - Y
(a) Non-skewed rotor (b) Skewed rotor with 64=84° | —— oS P 2D FE b
Fig. 21. Comparison of measured and FE predicted DC coil 2 induced  E 22 [Z3ca 1am00n (R ——— STy =
) . S -BA, = I£3.6A, la=20A
voltage and phase A back-EMF waveforms at 400r/min. £ I=1.8A. la=20AL2 & IE1.8A. la=20
1.2 3.0 O 00 % o 0.0 '
= 0 o9e° =}
1.0 O Non-skewed measurgd 25 O Non-skewed measured o o 1=1.8A, la=10A|
: ONon-skewed 2D FE ’ ONon-skewed 2D FE 5 1.2 I=1.8A, la=10A 5.1
SO 8 O Non-skewed 3D FE SZ 0 0 Non-skewed 3D FE == =
: B8 Skewed measured : a8 Skewed measured 1£3.6A, la=10A 1=3.6A. la=10A
(SR m Skewed 2D FE Q.5 m Skewed 2D FE o4 A el 24 it Bt
g oskevedaore || & 0Skewed 3D FE 060 120 180 240 300 360 O 60 120 180 240 300 360
S04 g0 Rotor position (elec. deg.) Rotor position (elec. deg.)
0.2 0.5 (a) Non-skewed rotor (b) Skewed rotor with 64=84°
0.0 ) D..u...[m:md-ﬂ_m_ 0.0 A e Fig. 24. Comparison of measured and FE predicted static torque
1 2 3.4 5 1 2 3. 4 5 6 waveforms (l,=-2lp=-2I).
Harmonic order Harmonic order
(a) DC caoil 2 induced voltage (b) Phase A back-EMF

Fig. 22. Comparison of measured and FE predicted DC coil 2 induced
voltage and phase A back-EMF harmonics at 400r/min.

The measured phase back-EMF waveforms of both

prototypes at 400r/min are showi in Fig] Similar t4 [25], to
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(c) Open-circuit, skewed rotor (d) On-load, skewed rotor
Fig. 27. Open-circuit and on-load DC winding current (top first, cyan),
AC winding phase A back-EMF (top second, green), rotor position (top
third, blue) and DC winding voltage (top fourth, bronze) at 400r/min

(b) Electrical components when the DC winding is supplied by a H-bridge (I=3.6A).

Fig. 25. Test platform of the PS-WFSF prototypes. 30
1.2 1.2 ’
11} ‘ IRS 25 | B Non-skewed rotor
= Skewed = <
\zil'o I == \z%l'o I & Measured: Tavg=0.79Nm 220t & Skewed rotor
mo.g I wo'g I %15 -
g :
go7 go7 Yo, S 10 [
0.6 | 0.6 Measulred: vag=0A72 m 05 b
0.5 N N N N 05 , 2D FE: Tavg=0.74Nm m_
0 2 3 4 5 0 0.010.020.030.040.050.060.070.( 0.0 ——
Time (s) Time (s) 6 12 18 24 30
(a) Measured torques (b) Comparison between _ _ Harmonic order _
measured and 2-D FE predicted Fig. 28. Comparison of the on-load DC winding voltage harmonics at
torques 400r/min when the DC winding is supplied by an H-bridge (I=3.6A).
Fig. 26. Measured torques and the comparison with 2-D FE predicted
values at 400r/min (1=3.6A, BLAC, i4=0, i;=8A). VIl. CONCLUSIONS
B. H-Bridge for DC Winding In this paper, on-load DC winding induced voltage in

In this sub-section, the machine controller based te8SWFSF machines is analyzed and two methods including
platform shown ifi Fig25]is used to measure the on-load shaftkéwing and pairing are proposed and comparatively analyzed
torque and the DC winding induced voltage, in which the D& reduce the on-load DC winding induced voltages in the
winding voltage is supplied by a voltage source DC buk2-Stator-pole PS-WFSF machines having 10-, 11-, 13- and
connected H-bridge with a closed-loop current control. 14-rotor-pole rotors. The results show that the on-load DC

As shown iff Fig26| compared with the prototype without Winding induced voltage in the 12/10-pole PS-WFSF machine
skewing, the measured average shaft torque is reduced by &:3pdge effectively reduced by modified rotor skewing or rotor
in the prototype with skewing, i.e. 0.79Nm and 0.72Nmpairing by 78.42% or 77.16%, respectively, whilst the torque
respectively. This is due to the reduction of AC windings pha&€nsity can both be maintained by more than 90%. As for the
fundamental back-EMF [n Fig2]b) caused by rotor skewing. 12/11-_, 1_2/13_- and 12/14-pole PS-WFSF machines, the on-load
It is worth noting that the high shaft torque pulsations witRC winding induced voltage 64.12%, 52.13%, and 76.49%,
fundamental mechanical frequency is due to the axiggspectively, whilst the torque density can also be maintained
malalignment among mechanical compone). by >90%. Prototypes are built and tested to validate the

As shown iff Fig27] on-load DC winding current pulsation analytical and FE results. Future works can be carried out to
is larger than its open-circuit counterpart in both prototypedlilize these two methods together, i.e. skewing and pairing, to
since the armature reaction DC winding induced voltage fdrther reduce the on-load DC winding induced voltage, with
considerably larger than the open-circuit DC winding induce@gtter performance being possibly obtained.
voltage. Although the measured on-load DC winding voltage
waveforms of two prototypes shown in F&y{c) and Fig27(d) APPENDIX A
contain PWM harmonics, the dominant measured on-load DCDetails of the three machines showjn in TABLE | are given as
winding induced voltage ™ harmonic can be effectively follows.

reduced by utilizing rotor skewing, as showh in 2ig.
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Yar(6e) = Ir(8,)Mp4(6,)

= [fo Z kWiML'COS(ige + BL)

i=1,23,...
©

Z i kWiMiIf]‘{COS[(l' (B.2)

i=1,2,3,... j=6,12,18,..
+1)6, + 6, + 6]
+ cos[(i -6, + 6, — ij]}

+

N| =

(@) WRSM (b) Ferrite SPM machine As shown in (B. 2), due to the interaction of tffeQC
Fig. 29. 24-slot/8-pole WRSM ?}TBfflrErilt; SPM machine. winding current harmonic caused by tH@jrload DC winding

induced voltage and th& mutual inductance between the DC

PARAMETERS OF 24-SLOT/8-POLE WRSM AND FERRITE SPM MA.CHINE winding and the A-phase winding, i.e.xMshown in (5),
Item Unit WRSM SPM machine - . - ..
Stator yoke radius, & mm_40.75 42 58 additional components will be caused to the i+j and |[i-j
Stator inner radius, R mm  32.29 29.62 harmonics of the A-phase winding induced voltage.

Stator tooth width, W mm__ 4.02 2.23

Rotor pole width, i mm  8.77 N/A

Stator slot opening, & mm 170 1.83 REFERENCES
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