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Abstract- A low cost 3-phase DC winding excited flux-switching 
(FS) brushless AC machine is developed from the FS permanent 
magnet (FSPM) machine. The influence of stator and rotor pole 
number combination on its electromagnetic performance, 
including flux-linkage and back-emf waveforms, electromagnetic 
static torque, and torque-current density characteristics, are 
predicted by 2-D finite element analyses and validated by 
experiment. In addition, the torque capability of the FS machine 
and FSPM machines with rare earth and ferrite magnets, 
respectively, are compared by the finite element analyses. It is 
found that whilst it is low cost, the torque capability in the FS 
machine may be limited by the significant magnetic saturation in 
the stator teeth. 

I. INTRODUCTION 

Although permanent magnet (PM) machines exhibit high 
torque density and high efficiency, the rare earth magnet 
material, e.g. NdFeB, is expensive and the working 
environmental temperature may limit its application. In 
addition, the flux-weakening operation at high speed is 
relatively difficult for PM machines due to fixed PM 
excitation. In order to reduce the cost, one of the possible 
solutions is to replace the magnet excitation by the DC 
winding excitation. 

The conventional DC winding excited synchronous 
machine employs the field winding on the rotor, and, 
consequently, the slip-rings are required to supply the field 
current. Recently, the PM machines having magnets on the 
stator, viz. doubly salient, flux-reversal, and flux-switching 
(FS) PM machines, were developed, and the excitation of 
magnetic field may be realized by the DC winding. Hence, 
DC winding excited brushless machines can be realised by 
placing the field winding on the stator. The DC winding 
excited doubly salient machine was proposed in [1], and the 
hybrid excited doubly salient [2, 3] and FS [4] PM machines 
were investigated. In addition, a DC winding excited FS 
machine with modular rotor and non-overlapping windings 
was recently investigated in [5-7]. Although, in [8], it was 
mentioned that the magnets could be replaced by the DC 
windings in 3-phase FS PM (FSPM) machines, the DC 
winding excited 3-phase FS machine was not further 
investigated.  

The 1-phase DC winding excited FS machine and its 
controller were proposed and analyzed [9] for automotive 
application due to extremely low cost of the machine and 
drive system [10]. Since the field winding is excited by 
unipolar current, it can be directly connected in parallel or in 
series with the power converter which feeds the bipolar 
current into the armature winding. The design principle was 
given in [11], and the 1-phase FS machine was shown to 
exhibit a higher output power density than the equivalent 

universal and induction machines, and comparable efficiency 
to that of the induction machine. However, the 1-phase 
machine has problems of low starting torque, large torque 
ripple, and fixed rotating direction. 

The 3-phase DC winding excited FS machine is 
investigated in this paper since its cost is extremely low. The 
FS machine to be investigated is developed from the 12/10 
stator/rotor pole FSPM machine [12]. Unlike the FS machine 
with non-overlapping windings [5-7] and FSPM machine 
having segmented rotor and stator cores, respectively, the 
stator and rotor laminations of the developed FS machine are 
similar to those of a switched reluctance machine, although 
the stator winding is different.  

In this paper, the operation principle of the 3-phase FS 
machine is described. The influence of design parameters and 
rotor pole number on the electromagnetic performance of FS 
machines is investigated and validated by experiments. The 
torque capability of the FS machine and FSPM machines with 
rare earth and ferrite magnets are compared by the finite 
element (FE) analyses, with particular emphasis on the 
influence of magnetic saturation. 

II. TOPOLOGIES OF DC WINDING EXCITED FS MACHINES 

It is well-known that the magnetic potential source of 
permanent magnets can be physically modelled by the surface 
current, as shown in Fig. 1(b). However, this is not possible to 
realise in practice and can usually be achieved by using the 
volume current, Fig. 1(c). Therefore, the DC winding excited 
FS machine can be directly obtained from the corresponding 
FSPM machine, Fig. 2(a), by replacing the magnets with the 
volume winding excited model, Fig. 2(b). It should be noted 
that there is a lamination steel core in the middle of DC 
winding excited model to increase the permeance and to link 
the stator “U”-shaped lamination steel segments as a complete 
stator. However, the field produced by the DC field 
conductors at the outer surface of the stator goes through 
outside of the stator instead of the rotor. Hence, the DC field 
conductors close to the outer surface of the stator can be 
removed to enlarge the slot area for the field conductors close 
to the air-gap which produces the main flux, Fig. 2(c), and the 
DC field conductors can also be connected in an alternative 
way as illustrated in Fig. 2(d) to reduce the number of coils. 
When the influence of end-effect and end winding is ignored, 
the machines having two kinds of DC field conductor 
connections exhibit the same electromagnetic performance, 
and hence this machine, Fig. 2(d), is further investigated. 
Similar to the FSPM machine, the conductors in one DC field 
winding slot and its adjacent two stator teeth compose one 
stator pole, as illustrated in Fig.2 for 12-stator pole machines.  
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(a) (b) (c) 

Fig. 1. Surface and volume current models for potential source of permanent 
magnets. (a) Permanent magnet. (b) Surface current model. (c) Volume 
current model. 
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Fig. 2. 12/10 stator/rotor pole FSPM and DC winding excited FS machines. 
(a) FSPM machine. (b) FS machine I. (c) FS machine II. (d) FS machine III. 

 
(a) (b) 

Fig. 3. Open-circuit field distributions. (a) Rotor at q-axis, flux-linkage of 
phase A = 0. (b) Rotor at d-axis, flux-linkage of phase A = max. 

The open-circuit field distribution of the FS machine is 
shown in Fig. 3. Similar to the FSPM machine, when the rotor 
rotates by a quarter of rotor pole pitch, the main flux of coil 
A1 varies from zero to maximum, i.e. from Figs. 3(a) to (b), 
and then the back-emf is produced. 

III. INFLUENCE OF DESIGN PARAMETER ON 

ELECTROMAGNETIC TORQUE 

The original design parameters of a 12/10 stator/rotor pole 
FS machine are given in Table I. It has equal stator tooth 
width, stator back-iron thickness and rotor pole width. The 
machine is designed to have very high overload capability. 
Hence, a significantly large field current density of 20A/mm2 
(winding packing factor = 1) is employed to optimize the 
machine in this section. However, the rated current density is 
~4.5A/mm2. 

TABLE I 
MAJOR PARAMETERS OF ORIGINAL REFERENCE FS MACHINES 

Number of phases 3 Stator back-iron thickness 4.4 mm 
Outer radius of stator 45 mm Rotor tooth width 4.4 mm 
Inner radius of stator 29.75 mm Number of turns/phase 72 
Airgap length 0.5 mm Number of DC winding 

turns 
144 

Active axial length 25 mm 
Stator tooth width 4.4 mm Rated speed 400 rpm 

A. Split ratio 

Firstly, the variation of electromagnetic performance with 
split ratio is investigated since the split ratio is a key 
parameter in machine design. It should be noted that the slot 
area varies with the split ratio. The 2-D FE predicted average 
electromagnetic torque is shown in Fig. 4. The torque varies 
significantly with split ratio, and the optimized torque-current 
density characteristic is obtained when the split ratio is 0.65 
which is larger than that of the FSPM machine, being 0.6. 
Hence, the machine with the optimized split ratio of 0.65 is 
used as a reference machine for further optimizing other 
parameters. 
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Fig. 4. Torque-current density characteristics of FS machine with different 
split ratio, Id=0. 

B. Stator tooth bottom width 

As will be shown later, the magnetic saturation at the 
bottom of stator tooth in the FS machine is much heavier than 
that of the conventional FSPM machine. Although the whole 
stator tooth width can affect the magnetic saturation, it affects 
the air-gap field distribution as well. In order to reduce the 
magnetic saturation and maintain the air-gap field 
distribution, the bottom width of stator tooth is optimized by 
2-D FE analyses, and the open-circuit and load field 
distributions of the machine with trapezoid stator teeth are 
shown in Fig. 5. From the torque-current density 
characteristics as shown in Fig. 6, the optimized bottom width 
of stator tooth is 1.2 times of the original width. It should be 
noted that only three curves are given in Fig. 6 in order to 
show them clearly. 



 
(a) Open circuit (b) Id = 0, Iq = 64A 

Fig. 5. Field distributions of FS machine when bottom width of stator tooth is 
1.2 times of original width, Jf = 20A/mm2. 
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Fig. 6. Torque-current density characteristics of FS machines with different 
bottom width of stator tooth, Id = 0. 

C. Field to armature winding slot area ratio 

The field and armature windings perform different 
functions, and their slot areas may be different for maximum 
torque. The optimized field winding slot area was less than 
the armature winding slot area for the 1-phase DC winding 
excited FS machine with armature winding being bifilar 
configuration for low cost controller [13].  

When the total slot area is fixed, the ratio of slot area for 
field and armature windings can be optimized for minimum 
copper loss. Ignoring the influence of end winding, the copper 
loss in the 3-phase FS machine can be given by: 
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where Pcua and Pcuf are the copper loss of the armature and 
field windings (W), Pcu is the total copper loss including 
copper loss of armature and field windings (W), Ia is the 
phase current (A, rms), Ra is the phase resistance (Ω), Ja and 
Jf are the current density of armature and field windings 
(A/mm2, rms), Sa and Sf are slot area of armature and field 
windings (mm2), kpa and kpf are the packing factor of armature 
and field windings, ρcu is the electrical resistively of copper 
(Ωmm), La is the active length of the machine (mm), and Ns is 
the number of stator poles. If the influence of magnetic 
saturation is ignored, the electromagnetic torque Te is 
proportional to the armature current and DC excitation current, 

viz.: 

fpffapaaee JkSJkSkT                             (4) 

where ke is constant, which is determined by the dimensions 
of the machines. (4) can be rewritten as: 
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Hence, the copper loss can be obtained by substituting (5) 
into (3): 
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In order to minimize the copper loss with fixed 
electromagnetic torque, the current density for armature 
winding can be obtained from the equation: 
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The current density of field winding can also be obtained 
according to (5): 

 4
32

2

paapffe

e
f

kSkSk

T
J                               (9) 

Then the corresponding copper loss of the armature and 
field windings can be given by: 
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Hence, the minimum copper loss can be obtained when the 
copper loss of armature windings equals to that of field 
windings. When the total slot area St=Ns(Sa+Sf) is constant, 
the slot area of armature and field windings can be optimized 
for minimum copper loss as: 
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Therefore, the minimum copper loss can be obtained when 
the slot area of armature winding equals to that of field 
winding. Moreover, the optimized field current density should 
be equal to the armature current density (rms) when their 
winding packing factors are equal according to (8), (9), and 
(12). 

However, the optimized ratio of slot area for field and 
armature windings may change due to magnetic saturation. 
Hence the slot area ratio is further optimized by 2-D FE 
analyses. In order to maintain the air-gap field distribution, 
the slot area ratio of the machine with fixed position of stator 
teeth close to the air-gap, Fig. 7(a), viz. equal slot opening for 
field and armature winding slots, is firstly optimized. The 
torque-current density characteristics with different slot area 
ratio are compared in Fig. 8, and the optimized slot area ratio 



is 1 in the entire electric loading region, which validates the 
analytical result. On the other hand, the slot area ratio of the 
machine when the slot opening varies with the corresponding 
slot area, viz. the stator teeth being radial, Fig. 7(b), is 
optimized as well. Again, the torque-current density 
characteristics are shown in Fig. 9. The largest torque is 
obtained by the machine having the slot area ratio = 1 when 
the current density is small. However, the torque of the 
machine with small slot area ratio saturates earlier than that of 
the machine with larger slot area ratio. The optimized slot 
area ratio is 1.26 in the entire electric loading region. It 
should be noted that the torque-current density characteristic 
when the slot area ratio is 1 is the optimized result by 
assuming equal slot opening, which is slightly lower than that 
optimized result with unequal slot opening. 

 
(a) Equal slot opening (b) Unequal slot opening 

Fig. 7. Open-circuit field distributions of FS machine with equal and unequal 
slot opening and different slot areas for field and armature windings. 
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Fig. 8. Torque-current density characteristics of FS machines with different 
slot area ratio and fixed slot opening, Id = 0. 
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Fig. 9. Torque-current density characteristics of FS machines with different 
slot area ratio and stator teeth being radial, Id = 0. 

D. Other design parameters 

The other design parameters, such as stator back-iron 
thickness and stator tooth top width etc., are optimized for 
maximum torque capability, and are summarized in Table II. 

TABLE II 
MAJOR DESIGN PARAMETERS OF FS AND FSPM MACHINES 

 FS machine FSPM machine 
Number of phase 3 
Number of stator poles 12 
Number of rotor poles 10, 11, 13, 14 10 
Outer radius of stator 45 mm 
Active axial length 25 mm 
Air-gap length 0.5 mm 
Inner radius of stator 29.75 mm 27.5 mm 
Stator tooth top width 4.4 mm 3.6 mm 
Stator tooth bottom width 4.7 mm 3.6 mm 
Stator yoke thickness 3.5 mm 3.6 mm 
Slot opening for armature winding 3.8 mm 3.6 mm 
Slot opening for DC winding 5.0 mm -- 
Rotor tooth width 5.6 mm 3.6 mm 
Number of phase turns 48 72 
Number of DC winding turns 144 -- 
PM thickness -- 3.6 mm 
Magnetic remanence -- 1.2 T 
Relative PM permeability -- 1.05 
Rated speed 400 rpm 

IV. COMBINATION OF STATOR AND ROTOR POLE NUMBERS 

Similar to FSPM machines, there are a lot of feasible stator 
and rotor pole number combinations in the FS machines. For 
simplicity, a 12-pole stator is employed, and, hence, 10-, 11-, 
13-, and 14-rotor pole machines are analyzed since the 
optimized rotor pole number is close to the stator pole number 
in the conventional FSPM machines [14]. The 
electromagnetic performance of the 12/10, 12/11, 12/13, and 
12/14 stator/rotor pole DC winding excited FS machines are 
predicted by 2-D FE analyses and compared. Their major 
parameters are given in Table II. The number of turns per 
phase is 48, and the DC winding turns is 3×48=144. The 
optimized rotor pole width is 1/3 rotor pole-pitch.  

A. Flux-linkage and Back-emf Waveforms 

The variations of the flux-linkage and back-emf waveforms 
with the rotor pole numbers are showen in Fig. 10. The back-
emf waveforms of the FS machines are sinusoidal. The flux-
linkage reduces with the increase of rotor pole number, while 
the 13- and 14-rotor pole machines exhibit similar back-emf 
and is larger than those of the 10- and 11-rotor pole machines 
due to higher electrical frequency, which is consistent with 
the FSPM machines [14]. 
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Fig. 10. Flux-linkage and back-emf waveforms of FS machines, DC 
excitation current If=10A. (a) Phase flux-linkages. (b) Phase back-emfs, 
400rpm. (c) Spectra of phase back-emfs, 400rpm. 

B. Electromagnetic Torque 
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Fig. 11. Torque waveforms of FS machines, BLAC operation, DC excitation 
current If=10A, Id=0, and Iq=14.1A. 
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Fig. 12. Average torque-current characteristics of FS machines, BLAC 
operation, Id=0. 

The torque waveforms of the FS machines with different 
rotor pole numbers are shown in Fig. 11. Furthermore, Fig. 12 
compares the torque-current characteristics. The 11-, 13-, and 

14-rotor pole machines exhibit similar torque ripple, which is 
significantly lower than that of the 10-rotor pole machine 
which also has the lowest torque. The 13- and 14-rotor pole 
machines exhibit similar torque capability which is larger 
than those of the 10- and 11-rotor pole machines due to 
higher back-emfs. 

V. COMBINATION OF TORQUE CAPABILITY BETWEEN DC 

WINDING EXCITED FS AND FSPM MACHINES 

The electromagnetic performance of 12/10 stator/rotor pole 
DC winding excited FS and FSPM machines are predicted by 
2-D FE analyses and compared, Fig. 13. Both machines have 
the same outer diameter and active axial length. Their major 
parameters are compared in Table II.  
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Fig. 13. Comparison of torque-current density characteristics of FSPM and 
FS machines with different DC excitation current densities Jf, winding 
packing factor=1 and Id = 0. 

Only when the FS machine with Jf = 20A/mm2 (winding 
packing factor=1), it will exhibit slightly larger torque than 
that of the FSPM machine when Br = 0.4T (ferrite magnets). 
Therefore, FSPM machine when Br = 1.2T (NdFeB magnets), 
exhibits significantly larger torque capability than that of the 
FS machine even when a very large DC field current is 
applied, which is due to different magnetic saturation in stator 
teeth in two machines. As can be seen from Fig. 14, the main 
flux in the FS machine is through the stator tooth from the top 
to the bottom, but it is only partly through the stator tooth in 
the FSPM machine. Hence, the whole teeth are saturated 
magnetically in the FS machine, while it is only partly 
saturated in the FSPM machine. This is why even when a 
very large field current is employed, the FS machine still 
exhibits much lower torque than that of the FSPM machine 
employing NdFeB magnets. 

(a) (b) 
Fig. 14. Comparison of open-circuit field distributions of FS and FSPM 
machines. (a) FS machine. (b) FSPM machine. 



VI. EXPERIMENTAL VALIDATION 

The electromagnetic performance of the 12/10, 12/11, and 
12/13 stator/rotor pole FS prototype machines, Fig. 15, is 
measured and compared with those predicted by 2-D FE 
analyses. The design parameters are given in Table II. The 2-
D FE predicted back-emf waveform and torque-current 
characteristic agree well with measured results, Figs. 16 and 
17. The static torque is measured by supplying the DC to 
phase A with phases B and C parallel connected (Ib=Ic=-Ia/2) 
when the rotor is at q-axis. It is worth to mention that the 
torque in Figs. 12 and 13 is the average value, while Fig. 17 
shows the torque when the rotor is at q-axis. 

 
Fig. 15. 12/10, 12/11, and 12/13 stator/rotor pole FS prototype machines. 

VII. CONCLUSIONS 

Low cost 3-phase DC winding excited FS machine is 
developed from the FSPM machine by employing the DC 
winding excitation to replace the magnet excitation. The 
12/13 and 12/14 stator/rotor pole machines exhibit similar 
back-emf and torque, which are higher than those of the 12/10 
and 12/11 stator/rotor pole machines. Whilst it is low cost, the 
DC winding excited FS machine exhibits significantly lower 
torque than that of the FSPM machine having either NdFeB 
magnets or even ferrite magnets. It is mainly due to the main 
flux is through the whole stator tooth in the FS machine, 
while it is only partly through the stator tooth in the FSPM 
machine, viz. different magnetic saturation in the stator teeth. 
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Fig. 16. Comparison of 2-D FE predicted and measured phase back-emf 
waveforms of FS prototype machine, DC excitation current=10A, 400rpm. 
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Fig. 17. Comparison of 2-D FE predicted and measured torque-current 
characteristics of FS prototype machine, Id=0 rotor being at q-axis. 
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