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Influence of DC Winding Configuration on Its
Induced Voltage in Wound Field Machines

Z.7Z. Wu, Member, IEEE, 7. Q. Zhu, Fellow, [IEEE, C. Wang, J. C. Mipo, S. Personnaz, and P. Farah

Abstract— DC winding induced voltage pulsation in the
wound field synchronous machines (WFSMs) will cause DC
winding current ripple, challenge the DC power supply and
deteriorate the control performance, especially at high speed.
In this paper, the influence of DC winding configuration
including the DC coil number and the parallel branch number
on its induced voltage pulsation is investigated for WFSMs.
Based on the modelling of both open-circuit and on-load DC
winding induced voltages, the preferred DC winding
configurations for WFSMs having various stator / rotor pole
number combinations with double layer or single layer AC
windings are obtained and validated by finite element (FE)
analysis on four typical partitioned stator WFSMs (PS-
WFSMs). A PS-WFSM prototype is built and tested to validate
both analytical and FE analyses.

Index Terms— DC coil number, DC winding configuration,
DC winding induced voltage, DC winding parallel branch
number, DC winding resistance voltage drop, on-load, open-
circuit.

1. INTRODUCTION

ERMANENT MAGNET (PM) machines have been used
for various applications due to the high torque / power
density and efficiency [1], [2]. However, wound field
synchronous machines (WFSMs) may potentially replace the
PM machines to reduce the rare earth PM cost and improve

the limited flux-weakening performance in PM machines [3].

The conventional wound-rotor machines having DC winding
in the rotor but AC windings in the stator suffer from
brushes and slip rings [4], which can be eliminated in the
wound-stator machines [5]-[14]. In wound-stator machines,
both the DC winding and AC windings are placed in the
stator, whilst the salient rotor is simple without any DC coil
or AC coil, similar to that of the switched reluctance
machines [15], [16].

Wound field switched flux machine [6]-[14] is a typical
type of wound-stator machine. When the salient pole rotor is
rotating together with the stator DC field excitation, bipolar
flux-linkage and hence back-EMF can be generated in the
AC coils and hence AC windings. Therefore, the
electromagnetic torque can be produced by injecting bipolar
currents into AC windings [6]. Wound field switched flux
machines for automotive propulsion and traction
applications are analyzed in [11]-[14]. The experimental
results show that the wound field switched flux machines
can produce similar torque and power density as the PM
machines but cost less.
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To further improve the torque and power density, the DC
winding and AC windings in the conventional wound field
switched flux machines analyzed in [6] are separately placed
in two stators to form the partitioned stator wound field
synchronous machine (PS-WFSM) [17]. As shown in Fig.
1(a) for the 12/10-pole PS-WFSM having double-layer AC
windings, the PS-WFSM has two stators, i.e. the outer stator
and the inner stator wound by AC windings and DC winding,
respectively, and one rotor consisting of several rotor iron
pieces. Similar to the conventional wound field switched
flux machine having single stator [6], the electromagnetic
torque can be produced by injecting bipolar currents and DC
currents into the AC windings and DC winding, respectively.
As analyzed in [17], the PS-WFSM can produce more than
19% higher torque than its single stator counterpart with
same size, due to higher utilization of the machine inner
space.

Although the WFSMs have been researched for many
years, however, the DC winding configuration has not been
well investigated. The DC winding configuration consists of
two aspects, i.e. the DC coil number N, and the parallel
branch number b. Normally, the DC coil number N, is
configured equal to the stator pole number N, i.e. N,=Ni.
However, as mentioned in [6], it was well recognized that
the DC coil number N,, can also be designed as half of the
stator pole number N;, i.e. N,,=Ny/2, from the perspective of
the same magnetic field and hence electromagnetic torque
when the end-effect and end winding are neglected.
Meanwhile, the DC coil number of turns N, is doubled as
2N, to form the same wound field MMF per pole F,, with the
same DC winding current 7, and the same DC coil slot
packing factor k,. As for the parallel branch number b,
theoretically it was assumed to be free to design as long as
the same wound field MMF per pole F, obtained. In this
paper, it will be shown that the DC winding configuration
design in WFSMs is restricted due to the DC winding
induced voltage pulsation.

DC winding induced voltage pulsation is due to the
variation of the DC winding flux-linkage, which is caused by
both the self-inductance of DC winding and the mutual
inductance between AC and DC windings, as analyzed in [8]
for the single phase WFSM. DC winding induced voltage
will cause the DC winding current ripple [8], [9], challenge
the DC power supply and deteriorate the control
performance, especially at high speed. The aim of this paper
is to provide the feasible and preferred DC winding
configurations for WFSMs having various N,/N,-stator/rotor-
pole combinations with double layer or single layer AC
windings, for achieving a small DC winding induced voltage.

This paper is organized as follows. In section II, the
influence of DC winding configuration on its resistance
voltage drop is analyzed, whilst those on its open-circuit and
on-load induced voltages are modelled and investigated in
sections III and IV, respectively. Analytical analysis is
validated by finite element (FE) simulation in section V. A
PS-WFSM prototype is built and tested to validate both the
analytical and FE results in section VI. Then, the impact of



DC winding induced voltage is analyzed in section VII,
followed by conclusion in section VIII.
A2

Cc4
(d) 12/11-pole double layer AC
Fig. 1. Cross-sections of four analyzed PS-WFSMs.

(c) 12/10-pole single layer AC

II. DC WINDING RESISTANCE VOLTAGE DROP

When the end winding is neglected, the DC winding

resistance R,, can be given by,
2
sftpf
where N,, is the DC coil number. p is the copper resistance
ratio. /; is the stack length. N. is the DC coil number of turns.
b is the parallel branch number. 4 is the DC coil slot area.
kyris the DC coil slot packing factor.

From the perspective of electric circuit, based on the
Ohm's law, the DC winding resistance voltage drop U,, and
the DC winding current /,, match,

Uy = IwRy @)

From the perspective of magnetic circuit, the wound field

MMF per pole F), can be expressed as,
Ly NN,y
F, =
=N 3)
where N; is the stator pole number.
Based on (1)-(3), with the DC winding current I,
eliminated, the DC winding resistance voltage drop U,, can

be rewritten as,

2plN, N,
= X E, X — 4)
kpp " Ash

Based on (4), it can be found that the DC power supply
voltage will be set as U, to generate F, in the magnetic
circuit.

A.  Influence of DC Coil Number N,,

As for machine having N,~=N,/2, the DC coil slot area A4,
is doubled, compared with that having N,~N;. Moreover, the
DC coil number of turns N, is also doubled to form the same
wound field MMF per pole F,, with the same DC winding
current /,, and the same DC coil slot packing factor k.
Therefore, as shown in (4), the DC winding resistance
voltage drop U, is the same in the WFSM having N,~Ny/2
and N,~=N.

w

Here, according to (5), it is worth noting that the DC
winding copper loss p,, is also the same with different N,,
when F),, remains unchanged, since AN, is the same.
Consequently, the electromagnetic performance, including
electromagnetic torque, the loss and efficiency, is the same
for a WFSM when the number of coils N,, is changed.

2
2plgN¢ X F? % 1
ANy,

pw = Uyly = (%)

kps
B.  Influence of Parallel Branch Number b

As shown in (4), the DC winding resistance voltage drop
U,, is inversely proportional to the parallel branch number b,
i.e. b could be a design variable to increase or reduce the DC
winding resistance voltage drop U,.

III. OPEN-CIRCUIT DC WINDING INDUCED VOLTAGE

In this section, the open-circuit DC winding induced
voltage will be analytically modelled to investigate the
influence of DC winding configuration, including the
harmonics orders, harmonics amplitudes and the ratio of its
peak-to-peak value to the DC winding resistance voltage
drop U, as given as follows.

As derived in Appendix A, the open-circuit DC winding
induced voltage vopen can be given as,

vopen (03) = Aopenj Sin(jee + yopenj)
=)

(6)
where LCM is the least common multiplier and m=1,2,3...
Aopenj and yopenj are the corresponding amplitudes and initial
phases for the Vopen j* harmonic in (A.13) in Appendix A, i.e.

N,N.M:(}
Aopenj = Wb% (7)
and
_jnN; .
Yopenj = N_w + a; _]T[Nr (8)

Here, N.M;Q2 and o; are the amplitude and initial phase for
the j harmonic of the open-circuit induced voltage for the
DC coil W, respectively. 6. is the rotor electric position. M;
is the j# amplitude of the open-circuit induced voltage for
each turn in the DC coil per rotor mechanical speed unit. It is
worth noting that M; and o; are the same in a certain WFSM
with same magnetic field having different DC winding
configurations. Q is the rotor mechanical speed. N, is the
rotor pole number.

To comparatively evaluate the challenge of open-circuit
DC winding induced voltage on the DC power supply and
control performance deterioration, the open-circuit DC
winding induced voltage ratio /VRp., is introduced, which is
defined as the ratio of the peak-to-peak value of the open-
circuit DC winding induced voltage Eppopen in (6) to U, in (4),

IVRypen = Eppopen _ max(vopen) — min(vopen)

U, Uw
= max[ Rippopen; sin(j@e + Vj) |
9
ljszCM(Iz\\I/:,,NT) J ©)

| l

Rippopenj Sin(jge + yj) |
l]._mLCM(NW,Nr)
=gt

— min

where Rippoper; is the j ripple of open-circuit DC winding
induced voltage, which is defined as the j* amplitude Aopenj



in (7) to the DC winding resistance voltage drop U,, in (4),

k 1
RipPopen; = =l x pf X=X QX AN, (10)
Uw plsNs  F,

A.  Influence of DC Coil Number N,

When LCM(Ns, N)2LCM(Ny/2, N;), as shown in (A.13) in
Appendix A, Vopen harmonic content is different for N,=N;
and N,=Ny/2. Vopen harmonic orders in the WFSM having
Nw=N,/2 are mLCM(Ns/2, N,)/N,, whilst those in PS-WFSM
having N,=N; are 2mLCM(Ns/2, N;)/N,. As shown in (10),
since AsN,, is the same in the WFSM having N,=N, and
Nyw=Ny/2, Rippopenj 1s the same for the same harmonic orders,
i.e. 2mLCM(Ny/2, N,)/N,. However, the PS-WFSM having
N,=N,/2 also suffers from v,e, harmonics with (2m-
1)LCM(Ny/2, N,)/N,-pole-pair. Therefore, it has a larger
IVRopen. This means vepen in the WFSM having N,=N,/2
challenges the DC power supply more and deteriorates the
control performance more, especially at high rotor
mechanical speed since Rippopen; and hence IVRen are
proportional to the rotor mechanical speed Q, as shown in
(10), whilst U,, is not relevant to Q.

When LCM(N;, N)=LCM(Ny2, N,), however, Vopen
harmonic orders in (A.13) in Appendix A and amplitudes in
(7) will be the same for the Ny/N,-pole WFSM having N,~=N;
and N,=N,/2. The corresponding Ripp; in (10) and IVRpen in
(9) are also the same, since the DC winding resistance
voltage drop U, is the same for PS-WFSM having N,=N;
and N,=Ny/2, as shown in (4). This means there is no
influence for the DC coil number N,, on the open-circuit DC
winding induced voltage vopen in this type of WFSMs, e.g.
some N=N, = 2 machines, including. 6/4- and 6/8-
stator/rotor-pole PS-WFSMs.

B.  Influence of Parallel Branch Number b

Due to the DC coil induced voltages, it is found that the
parallel branch number b is not free to design. If the DC
coils connected in parallel have different open-circuit
induced voltages, circulating current will be yielded among
them. The circulating current will increase the copper loss by
interacting with the coil resistance and the machine
efficiency will be reduced. Therefore, the DC coils
connected in parallel should have exactly the same open-
circuit induced voltage.

As shown in (A.1) in Appendix A, Vi open=Vi’ open (kK and
k’=1,2,3...N,) when Si=fe+t2mn (m=0,£1,£2.£3...), i.e. the
difference 4k matches,

Ak =

Aopenj Mj

LCM(N,,, N,) (11
N,

As shown in (11), DC coils W, and W+ have the same

open-circuit induced voltage, i.e. they can be connected in

parallel without circulating current. Therefore, the maximum

parallel branch number b, can be achieved as,
Pnax = N NoNe 12
max " Ak~ LCM(N,, N,) (12)
It should be noted that b should be designed as a divisor
of bax, to achieve a symmetrical magnetic field. Specifically,
when b=b.., the open-circuit DC winding induced voltage
Vopen Will be the minimum. Based on (6) and (12), the
minimum available DC winding induced voltage vopenmin 18,

vopenmin (ee)
LCM(N,, N,
= % Agpenjsin(j6, +y;)  (13)
wor _LEM (N Ny)
=m e

However, as shown in (4), U, is also inversely
proportional to . Consequently, as shown in (9) and (10),
Rippopenj and hence IVR,pen is not relevant to b. Therefore, by
changing the parallel branch number b to another feasible
value, the control performance will remain the same.

IV. ON-LoAD DC WINDING INDUCED VOLTAGE

Under on-load condition, the DC winding flux-linkage
and hence the induced voltage consists of two parts, i.e.
open-circuit one and armature reaction one. The latter one is
due to the interaction between AC currents and the mutual-
inductance between the AC windings and the DC winding
[8], [9]. The on-load DC winding induced voltage via can
be expressed as,

Vioad = Vopen T Varma (14)
where vmq 1s the DC winding induced voltage caused by
armature reaction.

According to the derivation in Appendix B, the DC
winding voltage induced by armature reaction vema can be
rewritten as,

311N N_N,0
varma(ge) Z k M

-G-1 sm[(] - 1)6, + 5] oy, forj=147..
X1—=( + 1) sin[( + 1)6, + 6; + 01|, for j = 2,58 ...
0,forj=369..
where [, is the phase current fundamental amplitude. kM,
and J; are the amplitude and initial phase of the j* mutual-
inductance harmonic. &; is the j# harmonic winding factor. o
is the initial phase angle of phase A sinusoidal current.

Therefore, based on (14), vi,us can be obtained by adding
Vopen 10 (6) and Vgma in (15). As shown in (15), armature
reaction generates 3m™” (m=1,2,3...) Waum. harmonics and
hence induced voltage harmonics in the DC winding.
However, when the winding factors of even order harmonics
are zero, they are 6m” (m=1,2,3...). Moreover, the
influences of N,, and b on Vime and vieq are similar to those
on the open-circuit one.

In some PS-WFSMs, the harmonic orders of the open-
circuit and armature reaction induced DC winding voltage
are same, e.g. 6m™ (m=1,2,3...) for both the open-circuit DC
winding induced voltage vopex and the armature reaction DC
winding induced voltage vim, in the 12/10-pole PS-WFSM
with double layer AC windings. Therefore, the on-load DC
winding induced voltage Vi is also with 6m™ harmonics.
However, harmonic orders of vope, and vamqe may be different
in some other PS-WFSMs, e.g. 12m™ and 6m™ (m=1,2,3...)
in the 12/11-pole PS-WFSM with double layer windings,
respectively. Consequently, the on-load DC winding induced
voltage Vipaq is with 6m™ harmonics, different from the open-
circuit DC winding induced voltage vopen.

(15)

V. FE ANALYSIS

To verify the analytical analysis in the previous two
sections, four typical PS-WFSMs are analyzed by FE
analysis in this section. Firstly, to evaluate the influence of
the DC winding configuration on the open-circuit DC
winding induced voltage vopen, two PS-WFSMs are analyzed
with  LCM(N;, N)#LCM(NgJ2, N,) and LCM(N;,
N,)=LCM(Ny/2, N,), respectively, i.e. 12/10- and 6/4-pole
PS-WFSMs with double layer AC windings shown in Fig.
1(a) and Fig. 1(b). Then, to comparatively evaluate the on-
load DC winding induced voltage vipus in PS-WFSMs with



winding factors of even order harmonics k2,=0 and k2,70,
the 12/10-pole PS-WFSMs with single layer AC windings
shown in Fig. 1(c) in which k»,#0 is analyzed. Also, the
12/11-pole PS-WFSM with double layer AC windings is
analyzed to investigate the influence of the relationship
between harmonic orders of the open-circuit DC winding
induced voltage vopen and the armature reaction DC winding

induced voltage vamq. They are summarized in TABLE 1.
TABLE I
EVALUATION OF FOUR ANALYZED PS-WFSMS (DL=DOUBLE LAYER AND
SL=SINGLE LAYER)

Evaluation 12/10 DL 6/4 DL 12/10 SL 12/11 DL
LCM(N;,, N)=LCM(Ny/2, N,)? No Yes No No
k>,=0? Yes No No Yes

Vopen aNd Ve have same

! Yes Yes No No
harmonics orders?

A.  Machine Optimization and Performance

The dimensional parameters of these analyzed PS-

WFSMs are listed in TABLE 11, which can be referred in Fig.

2. In TABLE II, the upper 9 parameters from / to /;» are the
same for all machines for a fair comparison. However, the
lower 10 parameters from R,y to O0; in TABLE II are
obtained by the global optimization. For each machine, the
objective of the optimization is the same, i.e. the largest
average electromagnetic torque, whilst the constrain is that
the total copper loss p.=120W. As analyzed in [17], the
average electromagnetic torque will achieve the highest
value when the AC winding copper loss pe. and the DC
winding copper loss pew are equal. Therefore, they are
designed to be the same during the optimization, i.e.
Peua=Penv—60W. Since the rated rotor speed is low and hence
the iron loss and PM eddy current loss are much smaller than
the iron loss in the PS-WFSMs [17], they are not accounted
in the optimization. ANSYS/Maxwell is chosen as the
optimization tool. It is worth noting that all these machines
operate in brushless AC (BLAC) model [18] with zero d-
axis current control, i.e. =0, due to negligible reluctance
torque [17]. As for the 12/10-pole PS-WFSM with single
layer AC windings shown in Fig. 1(d), it has the same
dimensional parameters as its double layer counterpart

shown in Fig. 1(a), but different AC winding topologies.
TABLE II
DIMENSIONAL PARAMETERS OF 12/10-, 12/11- AND 6/4-POLE PS-WFSMs
WITH DOUBLE LAYER AC WINDINGS

Items Unit  12/10 12/11 6/4
Stack length, / mm 50 50 50
Outer radius of outer stator, R, mm 45 45 45
Inner radius of inner stator, R mm 10.4 10.4 10.4
Length of outer (inner) air-gap, g, (g) mm 0.5 0.5 0.5
Length of outer stator tip top, /o« mm 0.5 0.5 0.5
Length of outer stator tip bottom, /,,, —mm 1.5 1.5 1.5
Length of inner stator tip top, /i mm 0.5 0.5 0.5
Length of inner stator tip bottom, /i mm 1.5 1.5 1.5
Yoke radius of outer stator, Ry, mm 43 43 40.5
Inner radius of outer stator, R, mm 36.5 36 34
Radius of rotor inner surface, R,; mm 33 33 29
Yoke radius of inner stator, R;, mm 12.5 12.5 15.5
Arc of outer stator tooth, 0, °© 6 6 11
Arc of outer stator tip, 6, ° 4 4 4
Arc of rotor piece outer edge, 6,, ° 27 25 57
Arc of rotor piece inner edge, 6,; ° 24 24 44
Arc of inner stator tooth, 8, ° 7 7 13
Arc of inner stator tip, ; ° 5 4 7

The open-circuit AC winding back-EMFs of the four
analyzed PS-WFSMs are given in Fig. 3, in which Ny is the
number of turns per phase winding. As shown in Fig. 3(b),
both the 6/4-pole PS-WFSM with double layer AC winding

and the 12/10-pole PS-WFSM with single layer AC winding
suffer from even order harmonics, i.e. the winding factors of
even order harmonics k»,#0. This leads to a high
electromagnetic torque pulsating, as shown in Fig. 4. It is
worth noting that in the analyzed machines AC coils belong
to the same phase are connected in series.
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Fig. 3. Comparison of the open-circuit AC windings back-EMFs in four
analyzed PS-WFSMs at 400rpm (pc,,/=60W, N,,=72).

The open-circuit AC winding back-EMFs shown in Fig. 3
and the electromagnetic torque shown in Fig. 4 are not
relevant to the DC winding topology, if the wound field
MMF per pole F, is fixed. The influence of DC winding
configuration on its induced voltage is investigated as
follows, with consideration of conditions summarized in
TABLE L.

6
6 | —e— 12/10 DL —a— 6/4DL |
5 —&— 12/10SL —— 12/11DL
5 5 q
Ei
T4
RS ;
34
g2
=
&2
ek
0

0 60 120 180 240 300 360
Rotor position (elec. deg.)

Fig. 4. Comparison of on-load electromagnetic torque waveforms in four
analyzed PS-WFSMs at 400rpm (pcu=pe,/~60W, BLAC, i/~0).

B.  Open-Circuit DC Winding Induced Voltage

As shown in Fig. 5, compared to the open-circuit induced
voltage for DC coil Wi+ (=1, 2, 3...N,~-1), that for DC coil
Wi lags 360°N,/LCM(N,, N,). As for the 12/10-pole PS-
WFSM with double layer or single layer AC winding, since
the open-circuit induced voltage for DC coil Wis (=1, 2,
3...6) is exactly same as that for DC coil W;. Therefore, the



maximum parallel branch number b, for this case is 2. If
N,~=N,/2=6, the open-circuit induced voltages for DC coils
W (k=1, 2, 3...6) are removed from Fig. 5, whilst those for
DC coils W1 are doubled due to the doubled coil turns.
Again, the maximum parallel branch number b,,,=2. Similar
verification between the analytically predicted b,.x shown in
(12) and that from FE results in Fig. 5 can be conducted for
the 6/4- and 12/11-pole PS-WFSMs.
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Fig. 5. Open-circuit DC coils induced voltages at 400rpm (N,=N,
NN,=1080, p.,~60W).
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Fig. 6. Open-circuit DC winding induced voltages in the 12/10-pole PS-
WFSM with double layer or single layer AC winding at 400rpm (p.,,=60W,
Nap=T72).

As for the influence of the DC coil number N, on the
open-circuit DC winding induced voltage vopen, it is analyzed
as follows. As shown in Fig. 6 and TABLE III, since
LCM(N;, N,)#LCM(N,/2, N,) for the 12/10-pole PS-WFSM
with double layer or single layer AC winding, the

counterpart having N,=Ny/2=6 suffers from more vopen
harmonics, and hence a higher peak-to-peak value Ejpopen.
Consequently, the open-circuit DC winding induced voltage
ratio IVRqpen 1s also higher in the counterpart having N,=N,/2,
since the DC winding resistance voltage drop U, is not
relevant to the DC coil number N,. Similar trend can be
found for the 12/11-pole PS-WFSM, as shown in Fig. 7 and
TABLE III. This means the open-circuit DC winding
induced voltage vopen in the counterpart having N,=N,/2
challenges the DC power supply more and deteriorate the
control performance more. This is consistent with the
foregoing analytical analysis. However, as shown in Fig. 8
and TABLE 111, since LCM(N;, N;)=LCM(N,/2, N,) for the
6/4-pole PS-WFSM, all v,p., harmonics, Eppopen and IVRopen
are the same for N,=N, and N,=N,/2.
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Fig. 7. Open-circuit DC winding induced voltages in the 12/11-pole PS-
WFSMs with double layer AC winding at 400rpm (p,=60W, Nu»=72).
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Fig. 8. Open-circuit DC winding induced voltages in the 6/4-pole PS-
WFSMs with double layer AC winding at 400rpm (pc,=60W, Ny =72).

As for the influence of the parallel branch number » on
the open-circuit DC winding induced voltage vpen, it is
analyzed as follows. In all these four analyzed machines,
same with the analytically predicted results, FE analysis also
shows that the open-circuit DC winding induced voltage
vopen and hence the peak-to-peak value Ejpopen are inversely
proportional to the parallel branch number b, as shown in
Fig. 6 - Fig. 8 and TABLE III. This means v, and hence



Epopen can be reduced by designing a higher parallel branch
number b. However, since the DC winding resistance
voltage drop U, is also inversely proportional to the parallel
branch number b, as shown in (4), the open-circuit DC
winding induced voltage ratio IVR,p., for various parallel

branch number b are the same.
TABLE III
FE PREDICTED CHARACTERISTICS OF OPEN-CIRCUIT DC WINDING INDUCED
VOLTAGES (HO=HARMONICS ORDERS, £=1,2,3...)
PS-WFSM N, b U, (V) Epopen (V) IVRypen (%) HO

1 1647 189 1145 6k
. 1%/11 OI'POI‘* 2 =% o 1145 6k
siz‘éleela%fi;’é o _L 1647 249 15.11 3k
2 824 125 1511 3k

o I 1980 049 4793 3k

o/ 415;’::‘; dA‘élble 2 990 474 4793 3k
3 1 1980 949 4793 3k

2lipole 121 1641 054 329 12
double layer AC 6 1 16.41 0.55 3.37 6k
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Fig. 9. On-load DC coil induced voltages 400rpm (N,=N,, N.N,~1080,
Peua=Pea~60W, BLAC, i;~0).

C. On-Load DC Winding Induced Voltage

The on-load DC winding induced voltage viouq of the four
analyzed PS-WFSMs are shown in Fig. 9. As shown in Fig.
9(a) and Fig. 9(b), in the 12/10-pole PS-WFSM with double
layer AC winding and 6/4-pole PS-WFSM, compared to the
on-load DC winding induced voltage vias for DC coil Wi+
(=1, 2, 3...N,-1), that for DC coil W lags 360°N,/LCM(N,,

N,). However, in the 12/10-pole PS-WFSM with single layer
AC winding and 12/11-pole PS-WFSM, the on-load induced
voltages for the adjacent two DC coils are distorted, as
shown in Fig. 9(c) and Fig. 9(d).
TABLE IV
FE PREDICTED CHARACTERISTICS OF ON-LOAD DC WINDING INDUCED
VOLTAGES (HO=HARMONICS ORDERS, £=1,2,3...)

PS-WFSM Ny b U, (V) Epioad (V) IVRiaa (%) HO

12 1 16.47 8.95 54.31 6k
12/10-pole 2 8.24 447 54.31 6k
double layer AC 1 16.47 9.74 59.12 3k
2 8.24 4.87 59.12 3k
6/4-pole doubl 6 1 19.80 2241 113.18 3k
ig"; A"C“ ¢ 2 990 1120 113.18 3k
Y 3 1 19.80 2241 113.18 3k
12 1 1647  24.08 146.16 3k
12/10-pole single 2 8.24 12.04 146.16 3k
layer AC 6 1 1647 2445 148.39 3k
2 8.24 12.22 148.39 3k
12/11-pole 12 1 16.41 4.20 25.59 6k
double layer AC 6 1 16.41 4.29 26.12 6k
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Fig. 10. On-load DC winding induced voltages in the 12/10-pole PS-WFSM
with double layer AC winding at 400rpm (NN, =1080, peu=pa,/~60W).
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Fig. 11. On-load DC winding induced voltages in the 6/4-pole PS-WFSM
with double layer AC winding at 400rpm (N.N,=1080, peua=pa,/~60W).

On-load DC winding induced voltages in the four
analyzed PS-WFSMs with different DC  winding
configurations are shown in Fig. 10 - Fig. 13, of which the
characteristics are summarized in TABLE IV. As shown in



TABLE III and TABLE 1V, in the 12/10-pole PS-WFSM
with double layer AC winding and 6/4-pole PS-WFSM, the
harmonic orders for the on-load and the open-circuit DC
winding induced voltages for various DC coil number N,,
and parallel branch number b are the same, respectively.
However, for the 12/11-pole PS-WFSM having N,~=N,=12
and b=1, the harmonics orders for the on-load DC winding
induced voltage vipus i1s 6k (k=1,2,3...) whilst those for the
open-circuit DC winding induced voltage vopen is 12k. This is
due to the harmonic orders for the armature reaction DC
winding induced voltage vgmm, are 6k.
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Fig. 12. On-load DC winding induced voltages in the 12/10-pole PS-WFSM
with single layer AC winding at 400rpm (N.N,/=1080, peui=pc=60W).
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Fig. 13. On-load DC winding induced voltages in the 12/11-pole PS-WFSM
with double layer AC winding at 400rpm (N.N,=1080, peia=pe,/~60W).

Moreover, as shown in TABLE IV and Fig. 12, for the
12/10-pole PS-WFSM with single layer AC winding having
N,=Ny=12, harmonic orders for the on-load DC winding
induced voltage vi,a are 3k, different from that with double
layer AC winding, i.e. 6k. The reason is that the winding
factors of even order harmonics k;,7#0, which is evidenced
by Fig. 3. Due to more harmonics, the on-load DC winding
induced voltage vipws in 12/10-pole PS-WFSM with single
layer AC winding and hence the peak-to-peak value E,piad
and the on-load DC winding induced voltage ratio /VRo.q are
higher than its counterpart with double layer AC winding.
This means the on-load DC winding induced voltage in the

counterpart with single layer AC winding may cause
significant challenge for the DC power supply and
deteriorate the control performance. This is consistent with
the foregoing analytical analysis.

By comparing the open-circuit DC winding induced
voltage vopen and the on-load DC winding induced voltage
viead in TABLE III, TABLE 1V and Fig. 5 - Fig. 13, two
conclusions can be obtained. Firstly, PS-WFSMs feature
non-zero winding factors for even order harmonics, i.e.
kon#0, suffer from a higher DC winding induced voltage
ratio /VR and hence a challenged control performance.
Secondly, more harmonic orders also indicate higher /VR.

VI. EXPERIMENTAL VALIDATION

To validate the foregoing analytical and FE analyses, the
12/10-pole PS-WFSM having double layer AC winding with
N,=N; and b=1 is built and tested, as shown in Fig. 14. To
validate the FE predicted DC winding induced voltages
under constant DC currents, the current source is used as the
power supply for DC winding. It is worth noting that in the
prototype a 0.5mm thick rotor iron bridge is introduced
adjacent to the inner air-gap to connect the rotor iron pieces.
This is for easing assembling of the laminations of the rotor
iron pieces and hence easing manufacturing of the cup rotor
shown ifiig' 14(b).

N =

(a) Outer stator (b) Cup rotor
Fig. 14. Photos of the 12/10-pole PS-WFSM prototype.
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Fig. 15. Measured open-circuit phase A back-EMF, open-circuit and on-
load DC coil 2 induced voltages at 400rpm.

The measured open-circuit phase A back-EMF, open-



circuit and on-load DC coil 2 induced voltages at 400rpm are
shown in Fig. 15. As shown in Fig. 16, the measured results
in Fig. 15 agree well with the 2-D FE predicted values, in
which the lamination stacking factor is 0.9. This trend can
also be observed from Fig. 17 for the static torques. It is
worth noting that the prototype operates in generator mode
connected with three-phase symmetrical pure resistance load
Rloadzo.lQ for Flg 15(b)

It is worth noting that since the impact of the DC power
supply on the induced voltage cannot be separated, it is not
the entire DC winding induced voltage but that of the DC
coil 2, which is open-circuited with DC coils 4, 6, 8, 10 and
12, that is measured. However, DC coils 1, 3, 5, 7, 9 and 11
are loaded with 2/,=7.2A to generate the same F), as would
be the case if all DC coils were loaded with 7,=3.6A.
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TABLE V
KEY SPECIFICATIONS OF THE 12/10-POLE PS-WFSM PROTOTYPE
(EXP=EXPERIMENT, W1/ WO=WITH / WITHOUT IRON BRIDGE)

Items Unit Exp Wi FE Wi FE Wo
Rated speed, Q, pm 400 400 400
Rated torque when p.,=120W, T, Nm  2.06 2.25 2.67
Rated power when p.,=120W, P, W 8629 9425 11197
Rated open-circuit AC winding

phase fundamental back-EMF, E,; v 263 275 3.70
Rated open-circuit DC winding v 1.07 156 1.70

induced voltage peak-to-peak, E,popen
On-load DC winding induced voltage
peak-to-peak with Ripa=0.1Q, E\pioad

The tested key specifications of the 12/10-pole PS-
WFSM prototype with iron bridge and those predicted by 2-
D FE are shown in TABLE V, together with those of its
counterpart without iron bridge predicted by 2-D FE. Due to

v 3.09 319 8.06

the introduction of the iron bridge and hence the flux leakage,

the open-circuit AC winding phase fundamental back-EMF
Eppi is reduced by 34.51%, ie. 3.70V and 2.75V,
respectively. However, due to a more saturated iron bridge
and hence a smaller leakage permeance, the rated average
electromagnetic torque and hence power with iron bridge is
only 18.8% smaller.

VII. IMPACT OF DC WINDING INDUCED VOLTAGE

In WFSMs, the DC winding excitation can be realized by
using a current source shown in Fig. 18(a), a voltage source
converter with a half H-bridge shown in Fig. 18(b), or a full
H-bridge shown in Fig. 18(c), respectively. Take the rated
on-load condition of the 12/10-pole PS-WFSM having single
layer AC winding of which the rated DC winding current
1,=3.64A and the corresponding DC resistance voltage drop
U,~=16.5V as example, the impact of DC winding induced
voltage is explained as follows.
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(b) Voltage source
converter with a half H-
bridge
Fig. 18. DC winding drive circuits for WFSMs.

(c) Voltage source
converter with a full H-
bridge

(a) Current source

A.  Current Source

As for the WFSMs in which DC winding is supplied by
the current source, the challenge caused by the DC winding
induced voltage is mainly from three aspects.
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Fig. 19. Rated on-load DC winding induced voltage, required DC resistance
voltage (16.47V), required DC source voltage, and the DC source
compliance voltage waveforms for the 12/10-pole PS-WFSM having single
layer AC winding at 400rpm (p.u=pe./~60W, BLAC, i,;~0).
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Fig. 20. Rated on-load DC winding current of the 12/10-pole PS-WFSM
having single layer AC winding at 400rpm (Current source output is 3.64A,
of which the compliance voltage is 20V, p...=p.,~60W, BLAC, i~0).

Firstly, if the compliance voltage of the DC current
source is Ugz=20V, it will be smaller than the required DC
source voltage within some rotor position ranges, i.e.
Udce<VioaatIwRv, as shown in Fig. 19. This means the DC
power supply will abruptly stop being a current source when
the machine operates at these rotor positions. For some
commercial DC power supplies, they will switch from
constant current mode to constant voltage mode with an



output voltage Us.=20V. Assuming that the switch between
current mode and voltage mode for the current source is
instantaneous, the resulted DC winding current by constant
voltage mode in these rotor position ranges can be shown as
the blue solid line in Fig. 20. Therefore, the actual DC
winding current is shown in Fig. 20 as the red dash line.
Compared with the constant DC winding current 7,=3.64A,
the actual DC winding current will be smaller in three rotor
position ranges, due to the DC winding induced voltage. The
DC winding current will reduce more in wider rotor position
ranges at a higher speed, e.g. the actual DC winding current
of the machine at 1600rpm shown in Fig. 20.

Secondly, if the on-load DC winding induced voltage viad
is even higher than the compliance voltage Ui at a high
rotor speed, i.e. Vieas™Udee, the current source is risky to
suffer from a reverse input current.

Thirdly, the current source will also suffer from a reverse
voltage at a high rotor speed due to the DC winding induced
voltage negative value. This may activate the reverse voltage
protection in the current source.

B.  Voltage Source Converter with Half or Full H-Bridge

For this case, the closed-loop current control is usually
implemented to achieve a stable current in the DC winding.
As shown in Fig. 21(a), when the on-load DC winding
induced voltage viaq is neglected, the DC winding excitation
circuit is usually modelled as a first-order impedance circuit
with resistance R,, and average self-inductance L.

However, a more stable DC winding current #,, can be
obtained if the DC winding induced voltage vias is
considered as a disturbed voltage, as shown in Fig. 21(b).
Here, a higher DC winding bus voltage Uz shown in Fig.
18(b) is required to balance the DC winding induced voltage
Vioad. Since the on-load DC winding induced voltage vipua is
proportional to the rotor speed, the DC winding bus voltage
Uqe needs to be higher at a larger rotor speed. This means the
rotor speed will be limited for a certain DC winding bus
voltage Ug, due to the existence of DC winding induced
voltage. On the other hand, a reverse output voltage from
converter may be required to balance the DC winding
induced voltage negative value at high speed. Since the half
H-bridge cannot achieve this function, only the full H-bridge
with a higher cost can be adopted.

Ly

(b) With the on-load DC winding induced voltage vi,.q
Fig. 21. Control diagram for DC winding current without and with
consideration of the on-load DC winding induced voltage vipua.

VIII. CONCLUSION

In this paper, the influence of DC winding configuration
including the DC coil number N,, and parallel branch number
b on DC winding induced voltage pulsation in WFSM
machines is investigated. The DC winding configuration
design is restricted due to its induced voltage pulsation. The
feasible and preferred DC winding configuration for various
stator/rotor-pole combinations with double layer or single

layer AC windings are obtained. The following design
recommendations for WFSMs are made:

1) In WFSMs with LCM(Ns, N,)#LCM(Ny/2, N,), it is
recommended to design N,~=N; but not N,=N,/2, for a
smaller open-circuit DC winding induced voltage ratio
IVR,pen. However, in WFSMs with LCM(N,
N)=LCM(Ny/2, N,), both N,=N; and N,=Ny/2 are
feasible.

2) Although a higher DC winding parallel branch number
b can decrease the DC power supply voltage, it is not
free to design but with a maximum feasible value
bmax=NywN/LCM(N,,, N,), due to the different induced
voltages among DC coils. Otherwise, circulating
currents among DC coils will be generated, increasing
the copper loss and decreasing the efficiency.

3) WFSMs having non-zero winding factors of even
orders harmonics, i.e. k2,70, are not recommended due
to the higher on-load DC winding induced voltage viua
caused by the 3k" (4=1,2,3...) harmonics, which will
challenge the DC power supply more and deteriorate
the control performance more.

APPENDIX A

The open-circuit induced voltage vk gpen for the DC coil
Wi can be expressed as,

vk_open(ee) = Z NchQSin[j(ee - ﬁk) + aj] (A l)
j=1
where N.M;Q and o; are the amplitude and initial phase for
the j* harmonic, respectively. 6, is the rotor electric position.
M; is the j* amplitude of the open-circuit induced voltage for
each turn in the DC coil per rotor mechanical speed unit. It is
worth noting that M; and o; are the same in a certain WFSM
with same magnetic field having different DC winding
configurations. ©Q is the rotor mechanical speed. S is the
fundamental electric lag angle between the DC coil W) and
W1, which can be given by,
2(k — )mN,
Br = N
w
Accounting for the parallel branch number b, the open-
circuit DC winding induced voltage v,p., can be given by,

(A.2)

1 w
vopen(ge) = Ez vk?open (Qe) (A 3)
k=1

Submitting (A. 1) an& (A. 2) to (A. 3), Vopen can be
rewritten as,

o Ny
N .
Vopen(8) === M; ) sinpk +9) (A4
j=1 k=1
where
2jmN,
=—— A.
P N, (A.5)
and
. 2jnN,
q=jbe+——+q (A. 6)
Ny
Vopen N (A. 4) can be simplified as,
17open (ee)
N.O o Ny Ny AT
= IC) M; coqusinpk+siancospk (A-7)
j=1 k=1 k=1
Since



& sin Yy (N,, + Dp

Z sinpk = —2 - (A. 8)

~ sins
and

s sin MuP

Z cospk = 12, (N, -2|- Lp (A.9)

= sin
therefore,

3 N0 sin%p '
Vopen (03) b ' . D sin [q
= siny (A. 10)
(N, + 1)1?]
2

Submitting (A. 5) and (A. 6) to (A. 10), Vopen can be
expressed as,

vopen(ee)
N.O~~  sinjN,m JjmN,
= M.—sin(ja +T 4 g
b G N "N, 7 (A1
w
_jT[Nr)

As can be seen from (A. 11), vepe,=0 unless sin
(JN7/Nw)=0, i.e. jN,/N,, is an integer. Here,
sinjN,m _ cosjN,m

lim - = - N, = +N,,
Si“]x;”—’f’ sin LT cos]%—rn (A-12)
w w
Since jN,/N,, is an integer, j can be given by,
LCM(N,, N,)
j=m——mMM8@ (A.13)
N,

where LCM is the least common multiplier and m=1,2,3...
Based on (A. 11), (A. 12) and (A. 13), Vopen can be
rewritten as (6).

APPENDIX B

The armature reaction DC winding flux-linkage wgm, can
be expressed as,

Ny, N, .
Yarma(0e) = TMwa (6.)iq(6.)
N, N,

+ TCMwb(ee)ib(ee) (B. 1)
N, N, .
+ TMWC (ee)lc(ee)

where N, ,N.M,,./b, NyyN.M,»/b and N,,N.M,,/b are the mutual
inductance between the A-, B- and C-phase windings and
DC winding, respectively. M., M,» and M, can be given as
Fourier series as,

Mwa(ge) = Z p]d]M]COS(jee + 5])
j=1,2,3,...
°) ' 2
j=1,23,..
o ' 2
M,,.(6,) = Z p;d;jM;cos [] (Be +§n> + 5]]
j=1,2,3,..

where p;q;M; and J; are the amplitude and initial phase of the
Jj™ mutual-inductance harmonic. p; and d; are the j* harmonic
pitch factor and distribution factor of the windings,
respectively, [17].

The 3-phase symmetrical sinusoidal phase currents i,, ip

and i. can be given by,

i, = Ilicos(8, + ay)

2
i, = lcos(0, + 0y — §TL’) (B. 4)

2
Lic = [;cos(6, + o, + §n)

where [, and y; are the fundamental amplitude and initial
phase, respectively.

Based on (B. 1), (B. 2) and (B. 4), the DC winding
voltage induced by armature reaction vy, can be rewritten
as (15).
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