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1Abstract– In wound-field (WF) switched flux (SF) (WFSF) 

machines, the DC winding induced voltage pulsation causes 

current ripple in the DC winding and challenges the DC power 

source, and deteriorates the control performance. In this paper, 

the induced voltage pulsation in DC winding of five-phase 

WFSF machines is analyzed and its reduction methods are 

proposed. The cycles per electric period of the open-circuit and 

armature reaction induced voltage pulsation in DC winding are 

derived analytically. Modifying the airgap permeance by 

optimizing the rotor pole arc or chamfering the rotor pole 

surface, and axial pairing of rotor segments having rotor pole 

with different arcs are used to suppress the induced voltage 

pulsation in DC winding, with >90% average torque 

maintained. Finite element results show that, by optimizing the 

rotor pole arc, the peak-to-peak value of the induced voltage 

pulsation in DC winding can be effectively suppressed to 

59.59%, 30.67%, 29.99% and 43.35% for the 10-stator-pole 

five-phase WFSF machines with 8-, 9-, 11- and 12-rotor-pole 

rotors, respectively. By applying rotor pole surface shaping, the 

induced voltage pulsation in DC winding peak-to-peak value 

can be effectively suppressed to 61.76%, 45.47% and 40.21% 

for the 8-, 9- and 12-rotor-pole machines, respectively, while by 

applying axial pairing, it can be suppressed to 46.89%, 7.16%, 

15.64% and 12.04%, respectively. The 10-stator-pole/12-rotor-

pole WFSF machines having the original rotor, optimized rotor, 

chamfered rotor and axial paired rotor are prototyped and the 

experiments validate the analytical and finite element results. 

 

Index Terms— Five-phase, flux switching, induced voltage 

pulsation in DC winding, rotor pole arc, rotor pole pairing, 

rotor pole shaping, switched flux, wound-field. 

I. INTRODUCTION 

UE to the high torque/power density and high 

efficiency, permanent magnet (PM) synchronous 

machines have been used in many applications [1]-[7]. 

However, the price and supply of the rare-earth PMs are 

unstable nowadays [8]. By replacing PMs with DC windings, 

the wound-field synchronous machine may be a good 

solution to tackle this challenge [9]-[12]. Compared with the 

conventional wound-rotor synchronous machines [13] 

having rotor DC winding, the wound-stator synchronous 

machines (WSSMs) in which both AC and DC windings are 
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placed in the stator are promising due to the exemption of 

slips and brushes. 

Apart from WSSMs, there are some other types of non-

PM machines exempted from the slips and brushes, such as 

induction machines (IMs) [14], switched reluctance 

machines (SRMs) [15], [16], and synchronous reluctance 

machines (SynRMs) [17]. Two recent successful commercial 

examples include the ABB’s SynRMs for industrial 

applications and the IMs for Tesla electric vehicles. 

However, IMs suffer from a low efficiency in low-

speed/light-load region, which may degrade fuel 

consumption or system efficiency in hybrid electric vehicles 

(HEVs) [9]. SRMs have several disadvantages including the 

high torque ripple and hence noise [12], as well as a 

nonstandard inverter topology. Compared with the SynRM, 

the WSSM has a more robust rotor and is more suitable for 

high speed range of HEVs. Therefore, the WSSM may have 

the potential for HEVs with several machine prototypes built 

and tested in [9], [11], [12], and wind power generation [18]-

[20]. 

  

(a) 10/8-pole (b) 10/9-pole 

  

(c) 10/11-pole (d) 10/12-pole 

Fig. 1. Cross-sections of four analyzed five-phase 10-stator-pole WFSF 

machines having 8-, 9-, 11- and 12-rotor-pole rotors. 

As a typical wound-stator synchronous machine [18]-[39], 

single and three-phase wound-field (WF) switched flux (SF) 

(WFSF) machines are analyzed in [23] and [24], respectively. 

Various structures of WFSF machines are reviewed and 

compared in [25]-[27]. In [28], the segmented rotor topology 

is employed in WFSF machines to achieve a non-

overlapping winding topology, despite of the phase back 
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EMF even-order harmonics and hence a large torque ripple. 

In [29], WFSF machines with the non-overlapping winding 

topology and salient rotors are firstly proposed, in which the 

adjacent DC coils are of opposite polarities. In [30], a new 

type of WFSF machines with non-overlapping winding 

topology and salient rotor is analyzed, however, they have 

all the DC coils with the same polarity. Another type of WF 

machines having the non-overlapping winding topology and 

salient rotors is that having each stator tooth wound by both 

DC coil and AC coil [12], [31]-[35]. As compared in [25], 

among these types of the WF machines, the counterpart 

having overlapping winding topology and salient rotor 

analyzed in [9]-[11] and [24] exhibits a higher torque density 

than other types. Five-phase SF machines with both DC 

winding and PMs are analyzed in [40], which can offer a 

high fault-tolerant capability [41]-[46] apart from the flux 

regulation capability. 

As shown in TABLE I, compared with the three-phase 

Toyota Prius 2010 interior PM (IPM) machine [47], [48], the 

three-phase 12/10-stator/rotor-pole WFSF machines can 

exhibit a similar torque performance including both average 

torque Tavg and torque ripple Trip, which is defined as the 

ratio of peak-to-peak torque to the average torque Tavg. Due 

to a larger slot area than the three-phase 12/10-pole WFSF 

machine, the five-phase 10/12-stator/rotor-pole WFSF 

machine has a 17.04% higher average torque Tavg than the 

Toyota Prius 2010 IPM machine, i.e. 241.2Nm and 205Nm, 

respectively, and a much lower torque ripple Trip, i.e. 1.43% 

and 9.96%, respectively. However, as expected, compared 

with the efficiency η=90.30% of the Toyota Prius 2010 IPM 

machine, both the five-phase 10/12-pole and the three-phase 

12/10-pole WFSF machines exhibit a slightly lower 

efficiency, i.e. η=84.18% and η=84.30%, respectively, which 

is mainly due to the DC winding copper loss. These three 

machines have the same space envelope, i.e. the stator outer 

diameter Oso=264mm and stack length ls=50mm, and the 

same airgap width g=0.73mm, as well as the same rotor 

inner diameter Ori=51mm. They also have the same slot 

packing factor kpf=0.465 and the same winding current 

density Js=26.8A/mm2, as well as the lamination stacking 

factor ks=0.94. Other main dimensional parameters of the 

two WFSF machines are listed in TABLE XII in Appendix 

A. 

The WFSF machines can be exempted from the cogging 

torque, which is suffered by the PM machines. However, the 

induced voltage pulsation in the DC winding, which 

increases in direct proportion to the rotor speed, will induce 

current ripple in the DC winding and challenge the DC 

power source, and the control performance will also be 

deteriorated [28], [47], [50]. In [28], it is found that the 

measured DC winding current ripple is about 19%, which is 

caused by the induced voltage pulsation in DC winding. In 

[47], the impact of the DC coil number and the parallel 

branch number on the induced voltage pulsation in the DC 

winding is investigated, with some design recommendations 

for WFSF machines given. In [50], skewing is introduced to 

minimize the open-circuit induced voltage pulsation in DC 

winding. 

In this paper, the induced voltage pulsation in DC 

winding of five-phase WFSF machines, e.g. the 10/8-pole 

counterpart shown in Fig. 1(a), is extended from open-circuit 

operation condition [50] to on-load operation condition, and 

some other reduction methods besides skewing [50] are 

proposed. This paper is arranged as follows. The five-phase 

WFSF machines are introduced in section II in terms of 

machine topology and operation principle, as well as feasible 

combinations of stator pole number and rotor pole number. 

Then, in section III, the on-load induced voltage pulsation in 

DC winding is analytically modelled in terms of harmonic 

orders. This leads to some reduction methods proposed in 

section IV. Prototypes are built and the experiments validate 

the analytical and finite element results in section V, 

followed by conclusions in section VI. 
TABLE I 

COMPARISON OF WFSF MACHINES AND TOYOTA PRIUS 2010 IPM 

MACHINE [47], [48] AT RATED CONDITION 

Item Unit 
5-Phase 

WFSF 

3-Phase 

WFSF 
IPM 

Winding current density, Js [47] A/mm2 26.8 26.8 26.8 

Rotor speed, Ωr [47] r/min 2795 2795 2795 

Average torque, Tavg [47] Nm 241.2 205.2 205 

Torque ripple, Trip % 1.43 7.26 9.96 

Average power, Pavg [47] kW 70.6 60 60 

AC windings stack copper loss, pcuas kW 2.40 2.15 2.04 

AC windings end copper loss, pcuae kW 3.85 3.01 4.04 

Total AC windings copper loss, pcu kW 6.25 5.16 6.08 

DC winding stack copper loss, pcufs kW 2.16 2.10 - 

DC winding end copper loss, pcufe kW 3.53 2.92 - 

Total copper loss, pcu kW 11.94 10.17 6.08 

Iron loss, piron kW 1.12 0.85 0.32 

PM eddy current loss, pPM kW - - 0.01 

Efficiency, η % 84.18 84.30 90.30 

TABLE II 

KEY PARAMETERS OF THE FOUR ANALYSED FIVE-PHASE WFSF MACHINES 
Items 10/8 10/9 10/11 10/12 Unit 

Stack length, ls 100 mm 

Stator outer radius, Rso 45 mm 

Rotor inner radius, Rri 10.4 mm 

Rotor yoke radius, Rry 20 mm 

Airgap length, g 0.5 mm 

Stator yoke radius, Rsy 42.6 42.7 42.8 42.5 mm 

Stator inner radius, Rsi 26.7 26.7 26.4 26.9 mm 

Arc of stator tooth, θst 8.9 9.0 8.9 8.4 ° 

Arc of stator slot for DC coils, θssdc 10.8 10.2 8.2 8.1 ° 

Arc of rotor pole, θrp 17.9 14.6 12.6 11.6 ° 

Stack copper loss of DC winding, pcuf 60 W 

DC winding slot filling factor, kpff 0.5 - 

DC coil number of turns, Nfc 90 - 

Current in DC winding, If 2.56 2.51 2.32 2.22 A 

DC winding resistance voltage drop, VR 23.44 23.90 25.86 27.03 V 

Stack copper loss of AC windings, pcua 60 W 

AC windings slot filling factor, kpfa 0.5 - 

AC coil number of turns, Nac 36 - 

RMS current in AC windings, IRMS 5.47 5.66 6.31 6.37 A 

g

Rso

Rsy

θst

Rsi

Rry

Rri

Rro

θrp

θry

θssdcθssac

 
Fig. 2. Linear illustration of dimensional parameters for WFSF machines. 

II. FIVE-PHASE WFSF MACHINES 

A.   Machine Topology and Operation Principle 

As compared in [25], the three-phase WFSF machine 

having an overlapping winding topology and salient rotor 

analyzed in [9]-[11] and [24] exhibits a higher torque density 



  

than other types of WFSF machines. Thus, the five-phase 

WFSF machines have an overlapping winding topology as 

those in [9]-[11] and [24] are chosen to be analyzed in this 

paper, as shown in Fig. 1(a) for the 10/8-pole counterpart. 

Both AC and DC windings are accommodated in the stator 

in WFSF machines, whilst the rotor is the same as that of 

switched reluctance machines [15], [16]. The DC winding 

consists of several DC coils connected in series, whilst each 

AC phase winding is also made up of several AC coils 

connected in series. Similar to the SFPM machines, the 

operation principle of WFSF machines can be explained by 

the magnetic gearing effect [51]-[53]. Both the static open-

circuit MMF and the rotating armature reaction MMF due to 

AC and DC windings, respectively, are modulated by the 

salient rotor, resulting in pairs of synchronized airgap field 

harmonics and generated airgap electromagnetic torque. 

B.   Feasible Stator/Rotor-Pole Combinations 

There are plenty of airgap flux density harmonics in 

WFSF machines including those generating coil back EMF 

even-order harmonics, caused by rotor saliency and 

magnetic gearing effect [30]-[32]. However, as well known, 

the conventional rotor-excitation machines are exempt from 

the even-order back EMF harmonics. To possibly eliminate 

the even-order harmonics in the back EMF of the phase 

winding and hence reduce the torque ripple pulsation, the 

armature coil number per phase Nspp in WFSF machines is 

desired as an even number 2k (k=1,2,3,…), 

𝑁𝑠𝑝𝑝 =
𝑁𝑠

𝑚
= 2𝑘 (1) 

where Ns is the number of stator poles. m is the number of 

phases. 

Based on (1), in the analyzed five-phase WFSF machines, 

i.e. m=5, the stator pole number Ns=10k. The pitch factor kpv 

for the vth back EMF harmonic in the Ns/Nr-pole WFSF 

machine can be given by, 

𝑘𝑝𝑣 = |cos [𝑣𝜋 (
𝑁𝑟

𝑁𝑠
− 1)]| (2) 

where Nr is the number of rotor poles. 

Based on (2), to achieve a larger average electromagnetic 

torque, the rotor pole number Nr is designed as Nr=Ns±2 or 

Nr=Ns±1 with a larger fundamental pitch factor obtained, 

despite the latter ones suffering from the unbalanced 

magnetic pull. 

 
Fig. 3. Influence of copper loss ratio on average electromagnetic torque 

(pcu=120W, BLAC, id=0). 

In this paper, the five-phase WFSF machines with k=1, i.e. 

Ns=10, having Nr=8, 9, 11 and 12 will be analyzed. TABLE 

II lists their dimensional parameters. The parameters from 

stack length ls to airgap length g are fixed, whilst those from 

stator yoke radius Rsy to rotor pole arc θrp are globally 

optimized by genetic algorithm for the largest average 

electromagnetic torque, with the total stack copper loss set as 

120W. When the stack copper loss of DC winding pcuf and 

that of AC windings pcua are equal, the average 

electromagnetic torque will be the maximum [24]. This can 

be verified by the FE predicted variation of average 

electromagnetic torque with copper loss ratio in Fig. 3, in 

which the magnetic saturation is considered and the copper 

loss ratio is defined as the ratio of pcuf to pcua. As shown in 

Fig. 3, the maximum electromagnetic torque can be achieved 

when pcuf/pcua=1 in all the four analyzed WFSF machines 

having optimized dimensional parameters shown in TABLE 

II. Therefore, in this paper all the four analyzed WFSF 

machines have pcua=pcuf=60W. Moreover, they all operate 

under zero d-axis armature current control, i.e. id=0, at 

BLAC mode, since the d- and q-axis inductances are similar 

and hence the reluctance torque is negligible [53]. The 

dimensional parameters shown in TABLE II can be referred 

in Fig. 2, in which Rro and θssac are outer radius of rotor and 

arc of stator slot for AC coils, respectively. 
TABLE III 

DISTRIBUTION FACTORS FOR FIVE-PHASE WFSF MACHINES (r=1,2,3…) 

Harmonic order 10/8 10/9 10/11 10/12 

2r-1 1 1 1 1 

2r 1 0 0 1 

 
Fig. 4. Rated on-load torque waveforms in the four analyzed WFSF 

machines (pcuf=60W, pcua=60W, BLAC, id=0). 

The winding factor kv for the vth back EMF harmonic in 

the Ns/Nr-pole WFSF machine can be given by, 

𝑘𝑣 = 𝑘𝑝𝑣𝑘𝑑𝑣 (3) 

where kdv is the vth back EMF harmonic distribution factor. 

Based on the pitch and distribution factors shown in (2) 

and TABLE III, respectively, the winding factor kv for the 

four analyzed five-phase WFSF machines can be obtained. 

Obviously, the even-order harmonic winding factors in the 

machines having 9- and 11-rotor-pole rotors are zero whilst 

those in the machines having 8- and 12-rotor-pole rotors are 

non-zero, as evidenced by torque waveforms in Fig. 4. In Fig. 

4, the torque ripples Trip are 11.43%, 5.50%, 3.50% and 

14.36% for 10/8-, 10/9-, 10/11- and 10/12-pole WFSF 

machines, respectively. Here, Trip is defined as, 

𝑇𝑟𝑖𝑝 =
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

𝑇𝑎𝑣𝑔
× 100% (4) 

where Tmax, Tmin and Tavg are the maximum, minimum and 

average electromagnetic torques, respectively. 

C.   Losses and Efficiency 

The losses and efficiency of the four analyzed five-phase 

WFSF machines are given in TABLE IV. The iron loss pfe in 

TABLE IV is given by, 

𝑝𝑓𝑒 = 𝑝ℎ + 𝑝𝑒 + 𝑝𝑥
= 𝑘ℎ𝑓𝐵𝑚

2 + 𝑘𝑒𝑓
2𝐵𝑚

2 + 𝑘𝑥𝑓
1.5𝐵𝑚

1.5 
(5) 

where ph, pe and px are the hysteresis loss, eddy current loss 

and excess loss, respectively, whilst kh, ke and kx are the 
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coefficients for these three components, respectively. Here, 

kh=214.91W/m3 and ke=0.33W/m3 for M270-35A lamination 

steel, whilst kx is neglected, i.e. kx=0. f and Bm are the electric 

frequency and the maximum flux density, respectively. 

As shown in TABLE IV, the iron loss pfe is much smaller 

than the copper loss pcu due to a low rotor speed 400rpm. 

Hence, only the copper loss is taken into consideration in the 

foregoing machine optimization, whilst the iron loss is not 

taken into consideration. It is worth noting that single-side 

end-winding length for each DC coil Lef is calculated by [54], 

𝐿𝑒𝑓 = 𝐾𝑠𝜏𝑓 + 2𝑑1 = 𝐾𝑠
𝑅𝑠𝑦 + 𝑅𝑠𝑖

2
(𝜃𝑠𝑝 −

𝜃𝑠𝑠𝑑𝑐
2

) + 2𝑑1 (6) 

where Ks is the end-winding shape empirical coefficient, 

which is set as 1.3 for the analyzed five-phase 10-stator-pole 

WFSF machines [54]. τf is the DC coil pitch circumferential 

length. d1 is the length of the straight part of the end-winding, 

which is set as 5mm. θsp is the stator pole pitch, i.e. 2π/Ns. 

θssdc is the arc of stator slot for DC coils listed in TABLE II.  

Based on (6), the end-winding copper loss of DC winding 

pcufe can be obtained, as shown in TABLE IV. Similarly, that 

of AC windings pcuae can also be obtained, as shown in 

TABLE IV. As shown in TABLE IV, all the four analyzed 

WFSF machines have similar total copper loss pcu. As for 

efficiency η, the 10/11- and 10/8-pole WFSF machines have 

the highest and lowest efficiencies due to the highest and 

lowest average electromagnetic torques shown in Fig. 4. The 

efficiency η shown in TABLE IV is defined as, 

𝜂 =
𝑃𝑜
𝑃𝑖
× 100% =

𝑃𝑒𝑚 − 𝑝𝑓𝑒
𝑃𝑒𝑚 + 𝑝𝑐𝑢

× 100% (7) 

where Po and Pi are the output and input powers, 

respectively. Pem is the electromagnetic power. 
TABLE IV 

LOSSES AND EFFICIENCY OF FIVE-PHASE WFSF MACHINES AT 400RPM 

Items Unit 10/8 10/9 10/11 10/12 

Iron loss, pfe W 2.46 2.60 3.73 4.46 

Stack copper loss of DC 

winding, pcuf 
W 60 60 60 60 

End-winding copper loss of 

DC winding, pcufe 
W 17.94 18.12 18.55 18.62 

Stack copper loss of AC 

windings, pcua 
W 60 60 60 60 

End-winding copper loss of 

AC windings, pcuae 
W 18.78 18.67 18.10 17.87 

Total copper loss, pcu W 156.72 156.80 156.64 156.49 

Electromagnetic torque, Tem Nm 2.98 3.27 3.55 3.51 

Electromagnetic power, Pem W 125.01 137.17 148.68 146.91 

Output power, Po W 122.56 134.57 144.96 142.46 

Input power, Pi W 281.73 293.96 305.33 303.40 

Efficiency, η % 43.50 45.78 47.48 46.95 

 
Fig. 5. Variation of efficiency with stack length in the four analyzed five-

phase WFSF machines (pcuf=pcua, BLAC, id=0). 

When the magnetic field of the WFSF machine is kept the 

same, the stack copper losses of DC winding pcuf and AC 

windings pcua will be proportional to the stack length ls, as 

well as the iron loss pfe and the electromagnetic power Pem. 

However, both the end-winding copper loss of DC winding 

pcufe and that of AC windings pcuae will remain the same. 

Therefore, the efficiency η will be reduced if a shorter stack 

is chosen, as shown in Fig. 5. However, as the ratio of end-

winding copper loss to the total copper loss is smaller when 

the stack length is longer, the variation of efficiency with 

stack length becomes saturated for a longer stack, as 

evidenced by Fig. 5. 

III. ON-LOAD INDUCED VOLTAGE PULSATION IN DC 

WINDING 

When saturation in the lamination steel is neglected, the 

on-load induced voltage pulsation in DC winding vload can be 

obtained by, 

𝑣𝑙𝑜𝑎𝑑(𝜃𝑒) = 𝑣𝑜𝑝𝑒𝑛(𝜃𝑒) + 𝑣𝑎𝑟𝑚𝑎(𝜃𝑒) (8) 

where vopen and varma are the open-circuit and armature 

reaction induced voltage pulsations in DC winding, 

respectively. 

When the DC coils in WFSF machines are in the series 

connection, the open-circuit induced voltage pulsation in DC 

winding vopen can be given by [50], 

𝑣𝑜𝑝𝑒𝑛 = ∑ 𝜓𝑖𝑖𝑁𝑟𝛺𝑚

sin𝑁𝑟𝑖𝜋

sin
𝑁𝑟𝑖
𝑁𝑠

𝜋
cos (𝑁𝑟𝑖𝜃𝑚 +𝑁𝑟𝑖𝜋

∞

𝑖=0,1,2,…

−
𝑁𝑟𝑖

𝑁𝑠

𝜋 + 𝜃𝑖) 

(9) 

where θi and ψi (i=1,2,3…) are the ith flux-linkage harmonic 

initial phase and amplitude of DC coil 1, respectively. Ωm is 

the rotor mechanical speed. 

As for the cycles per electric period of the open-circuit 

induced voltage pulsation in DC winding Npeopen, it can be 

given by [50], 

𝑁𝑝𝑒𝑜𝑝𝑒𝑛 =
𝐿𝐶𝑀(𝑁𝑠, 𝑁𝑟)

𝑁𝑟

 (10) 

The armature reaction DC winding flux-linkage ψarma can 

be given by, 

𝜓𝑎𝑟𝑚𝑎(𝜃𝑒) = ∑ 𝜓𝑎𝑟𝑚𝑎𝑘(𝜃𝑒)

𝑘=1,2,3,4,5

 (11) 

where ψarmak with k=1, 2, 3, 4 and 5 are the armature reaction 

DC winding flux-linkage due to A-, B-, C-, D- and E-phase 

currents, respectively, which are given by, 

𝜓𝑎𝑟𝑚𝑎𝑘(𝜃𝑒) = 𝑀𝑓𝑘(𝜃𝑒) × 𝐼𝑘(𝜃𝑒) (12) 

where Mfk with k=1, 2, 3, 4 and 5 are the mutual inductances 

between the DC winding and the A-, B-, C-, D- and E-phase 

windings, respectively, which can be given by, 

𝑀𝑓𝑘(𝜃𝑒) = ∑ 𝑘𝑝𝑗𝑘𝑑𝑗𝑀𝑗cos {𝑗 [𝜃𝑒 −
2(𝑘 − 1)

5
𝜋]

∞

𝑗=1,2,3,…

+ 𝛼𝑗} 

(13) 

where kpjkdjMj is the jth mutual inductance harmonic 

amplitude. αj is the Mf1 jth harmonic initial phase. 

In (12), Ik with k=1, 2, 3, 4 and 5 are the the A-, B-, C-, 

D- and E-phase currents, respectively. When five-phase 

symmetrical sinusoidal currents are injected, Ik can be given 

by, 

𝐼𝑘(𝜃𝑒) = 𝐼𝑎𝑟𝑚𝑎cos[𝜃𝑒 −
2(𝑘 − 1)

5
𝜋 + 𝛽1] (14) 

where Iarma is the fundamental amplitude. β1-2(k-1)π/5 is the 

initial phase. β1 is the initial phase for A-phase current. 
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Submitting (12), (13) and (14) into (11), ψarma in the five-

phase WFSF machine can be rewritten as, 

𝜓𝑎𝑟𝑚𝑎(𝜃𝑒) = ∑ 𝑘𝑝𝑗𝑘𝑑𝑗𝑀𝑗𝐼𝑎𝑟𝑚𝑎(𝑝1 cos 𝑎 cos 𝑏

∞

𝑗=1,2,3,…

+ 𝑝2 sin 𝑎 sin 𝑏) 

(15) 

where 

{
𝑎 = 𝑗𝜃𝑒 + 𝛼𝑗
𝑏 = 𝜃𝑒 + 𝛽1

 (16) 

and 

{
𝑝1 = 1 + 2 cos

2𝑗𝜋

5
cos

2𝜋

5
+ 2 cos

4𝑗𝜋

5
cos

4𝜋

5

𝑝2 = 2 sin
2𝑗𝜋

5
sin

2𝜋

5
+ 2 sin

4𝑗𝜋

5
sin

4𝜋

5

 (17) 

The coefficients p1 and p2 in (17) can be calculated as 

TABLE V. Therefore, ψarma in (15) can be simplified as, 

𝜓𝑎𝑟𝑚𝑎(𝜃𝑒) = ∑
5

2
𝑘𝑝𝑗𝑘𝑑𝑗𝑀𝑗𝐼𝑎𝑟𝑚𝑎

∞

𝑗=1,2,3,…

× {

cos[(𝑗 − 1)𝜃𝑒 + 𝛼𝑗 − 𝛽1] , 𝑤ℎ𝑒𝑛 𝑗 = 5𝑟 − 4

cos[(𝑗 + 1)𝜃𝑒 + 𝛼𝑗 + 𝛽1] , 𝑤ℎ𝑒𝑛 𝑗 = 5𝑟 − 1

0                    , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

(18) 

The armature reaction induced voltage pulsation in DC 

winding varma in five-phase WFSF machines can be obtained 

as, 

𝑣𝑎𝑟𝑚𝑎(𝜃𝑒) =
𝑑𝜓𝑎𝑟𝑚𝑎

𝑑𝑡
= 𝜔𝑒

𝑑𝜓𝑎𝑟𝑚𝑎

𝑑𝜃𝑒
 (19) 

Submitting (18) into (19), varma can be rewritten by, 

𝑣𝑎𝑟𝑚𝑎(𝜃𝑒) = ∑
5

2
𝜔𝑒𝑘𝑝𝑗𝑘𝑑𝑗𝑀𝑗𝐼𝑎𝑟𝑚𝑎

∞

𝑗=1,2,3,…

× {

−(𝑗 − 1) sin[(𝑗 − 1)𝜃𝑒 + 𝛼𝑗 − 𝛽1] , 𝑤ℎ𝑒𝑛 𝑗 = 5𝑟 − 4

−(𝑗 + 1) sin[(𝑗 + 1)𝜃𝑒 + 𝛼𝑗 + 𝛽1] , 𝑤ℎ𝑒𝑛 𝑗 = 5𝑟 − 1

0                           , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

(20) 

As shown in (20), the armature reaction induced voltage 

pulsation in DC winding varma in five-phase WFSF machines 

are with (5r)th harmonics when the corresponding harmonic 

winding factor is non-zero. Since the even-order harmonics 

in the 10/9- and 10/11-pole WFSF machines are zero whilst 

those in the 10/8- and 10/12-pole counterparts are non-zero, 

the armature reaction induced voltage pulsation in DC 

winding cycles per electric period Npearma is 5, 10, 10 and 5 

for 10/8-, 10/9-, 10/11- and 10/12-pole WFSF machines, 

respectively, as shown in TABLE VI. As Npearma and Npeopen 

are the same for each machine, respectively, the resulted on-

load induced voltage pulsation in DC winding cycles per 

electric period Npeload is also 5, 10, 10 and 5, respectively. 

This is verified by the FE predicted results in Fig. 6. 
TABLE V 

COEFFICIENTS p1 AND p2 WITH DIFFERENT j (r=1,2,1…) 

j j p1 p2 

5r-4 1, 6, 10, … 2.5 2.5 

5r-3 2, 7, 11, … 0 0 

5r-2 3, 8, 12, … 0 0 

5r-1 4, 9, 13, … 2.5 -2.5 

5r 5, 10, 15, … 0 0 

TABLE VI 

ANALYTICAL PREDICTION OF Npeopen, Npearma AND Npeload 

Item 10-stator-pole WFSF Machines 

Nr 8 9 11 12 

Npeopen 5 10 10 5 

Npearma 5 10 10 5 

Npeload 5 10 10 5 

 

As shown in TABLE VII, the peak-to-peak value of the 

on-load induced voltage pulsation in DC winding Epp for the 

10/12-pole WFSF machine at 400rpm is 14.99V. This means 

the ratio of Epp to the DC winding resistance voltage drop VR 

is IVR=55.46%, which is proportional to the rotor speed, 

challenging the DC power source and deteriorate the control 

performance. 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 6. On-load induced voltage in DC windings in the 10-stator-pole five-

phase WFSF machines at 400rpm (pcuf=60W, pcua=60W, BLAC, id=0). 

TABLE VII 

CHARACTERISTICS OF INDUCED VOLTAGE PULSATION IN DC WINDINGS, 

TORQUE AND EFFICIENCY @400RPM 

Technique Item Unit 10-stator-pole WFSF machines 

- Nr - 8 9 11 12 

Original VR V 23.44 23.90 25.86 27.03 

 Epp V 4.68 5.82 3.63 14.99 

 IVR % 19.98 24.36 14.02 55.46 

 Tavg Nm 2.98 3.27 3.55 3.51 

 η % 43.50 45.78 47.48 46.95 

 Trip % 11.43  5.50  3.50 14.36 

θrp optimization RTavg % 99.40 93.18 93.91 98.25 

 REpp % 59.59 30.67 29.99 43.35 

 η % 43.37 44.14 46.07 46.61 

 Trip % 13.48 5.14 3.89 17.00 

Chamfering RTavg % 95.64 93.45 97.46 92.07 

 REpp % 61.76 45.47 93.62 40.21 

 η % 42.44 44.16 46.34 46.65 

 Trip % 6.78 3.00 2.68 6.97 

Pairing RTavg % 90.99* 90.65 93.55 90.82 

 REpp % 46.89* 7.16 15.64 12.04 

 η % 41.24* 43.48 45.98 44.73 

 Trip % 2.93* 2.34 2.41 7.18 

*: These two values are based on 3-segment axial pairing. As for 2-segment 

axial pairing, RTavg=99.06%, REpp=52.65%, η=43.27% and Trip=12.19%, 

respectively. 

IV. SUPPRESSION OF INDUCED VOLTAGE PULSATION IN DC 

WINDING BY MODIFYING AIRGAP PERMEANCE 

The on-load airgap flux density Bload will produce an on-

load flux-linkage ψfk in the DC coil fk (k=1,2,3,…,Ns), 

𝜓𝑓𝑘(𝜃𝑒) = (−1)𝑘+1∫ 𝐵𝑙𝑜𝑎𝑑(𝜃𝑒 , 𝛿)
𝑘𝜃𝑠𝑡𝑝−

𝜃𝑠𝑑𝑐
2

(𝑘−1)𝜃𝑠𝑡𝑝+
𝜃𝑠𝑑𝑐
2

𝑑𝛿 (21) 

where θstp is stator tooth pitch arc. δ is airgap mechanical 
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position. 

If saturation in the lamination steel is neglected, the on-

load airgap flux density Bload can be given by, 

𝐵𝑙𝑜𝑎𝑑(𝜃𝑒 , 𝛿) = 𝐵𝑜𝑝𝑒𝑛(𝜃𝑒 , 𝛿) + 𝐵𝑎𝑟𝑚𝑎(𝜃𝑒 , 𝛿) (22) 

where Bopen is open-circuit airgap flux density. Barma is 

armature reaction airgap flux density. They are given by [51], 

{
𝐵𝑜𝑝𝑒𝑛(𝜃𝑒 , 𝛿) = 𝐹𝑜𝑝𝑒𝑛(𝛿)𝛬𝑎𝑔(𝜃𝑒 , 𝛿)

𝐵𝑎𝑟𝑚𝑎(𝜃𝑒 , 𝛿) = 𝐹𝑎𝑟𝑚𝑎(𝜃𝑒 , 𝛿)𝛬𝑎𝑔(𝜃𝑒 , 𝛿)
 (23) 

where Fopen is the open-circuit airgap MMF due to DC 

winding field excitation, which is static and not relevant to 

the rotor electric position θe. Λag is the airgap permeance 

which is determined by both rotor electric position θe and the 

airgap mechanical position δ. Farma is the armature reaction 

airgap MMF due to armature reactions. 

As can be seen from (21), the mth harmonic of ψfk is 

caused by the mth time harmonics of the on-load airgap flux 

density Bload, and hence the mth time harmonics of Bopen and 

Barma, based on (22). 

As shown in (23), the mth time harmonics of Bopen should 

be resulted from the mth time harmonics of Λag and hence 

essentially the mth spatial harmonics of Λag, since Fopen is 

time-invariant. However, the mth time harmonics of Barma can 

be originated from either the MMF Farma or the permeance 

Λag, since both are functions of the rotor electric position θe. 

Moreover, modifying the airgap permeance Λag can 

potentially result in a reduction of harmonics of Bopen and 

Barma and hence the harmonics in Bload and the DC winding 

flux-linkage and induce voltage. 

A.   Rotor Pole Arc Optimization 

An apparent approach to modify the airgap permeance is 

optimizing the rotor pole arc θrp, which is usually conducted 

in the switched flux PM machine for a more sinusoidal AC 

windings phase back EMF [55]. As evidenced by Fig. 7, 

when the criterion that the average electromagnetic torque 

Tavg should be maintained more than 90% is applied, i.e. 

RTavg>90%, the on-load induced voltage pulsation in DC 

winding peak-to-peak value EPP is suppressed to 

REPP=59.59%, 30.67%, 29.99% and 43.35%, respectively, 

by selecting the optimal rotor pole arc θrpopt=17°, 11°, 9° and 

10° for the analyzed five-phase 10/8-pole, 10/9-pole, 10/11-

pole and 10/12-pole WFSF machines, respectively. However, 

the torque ripple Trip is slightly increased, i.e. Trip=13.48%, 

5.14%, 3.89% and 17.00%, respectively, as shown in Fig. 8 

and TABLE VII. It is worth noting that RTavg and REPP are 

defined as the ratios of Tavg and EPP in the WFSF machine 

with optimized rotor pole arc to that of its original 

counterpart, respectively. 

 
Fig. 7. Influence of rotor pole arc θrp on REpp and RTavg at 400rpm 

(pcuf=60W, pcua=60W, BLAC, id=0). 

Since the average electromagnetic torque Tavg is smaller, 

the efficiency η of each WFSF machine having the optimal 

rotor pole arc θrpopt is also lower than its original counterpart, 

as shown in TABLE IV and TABLE VIII. As shown in 

TABLE VII, by applying the rotor pole arc optimization, the 

efficiency η can be maintained as 43.37%, 44.14%, 46.07% 

and 46.61% for the analyzed five-phase 10/8-pole, 10/9-pole, 

10/11-pole and 10/12-pole WFSF machines, respectively. 

This is mainly caused by the slightly reduced average 

electromagnetic torque Tavg, as the copper loss is kept the 

same whilst the iron loss is remained similar but much lower 

than the copper loss. 

 
Fig. 8. Influence of rotor pole arc θrp on Trip at 400rpm (pcuf=60W, pcua=60W, 

BLAC, id=0). 

TABLE VIII 

LOSSES AND EFFICIENCY OF FIVE-PHASE WFSF MACHINES WITH 

OPTIMIZED ROTOR POLE ARCS AT 400RPM 

Items Unit 10/8 10/9 10/11 10/12 

Iron loss, pfe W 2.39 2.19 3.14 4.12 

Total copper loss, pcu W 156.72 156.80 156.64 156.49 

Electromagnetic torque, Tem Nm 2.97 3.05 3.33 3.45 

Efficiency, η % 43.37 44.14 46.07 46.61 

It is worth noting that the criterion of the torque ripple 

can also be considered, which is important for some 

applications including wind power generation [18], together 

with that of the average electromagnetic torque. The 

corresponding analysis can be referred in Appendix B. 

B.   Rotor Pole Chamfering 

Rotor pole chamfering can also modify the equivalent 

airgap length and hence the airgap permeance, which is also 

a typical method used in PM machines to suppress cogging 

torque [56]. Here, the rotor pole chamfering is conducted as 

illustrated in Fig. 9, in which the filled area in the original 

rotor shown in Fig. 1 will be removed in the chamfered rotor. 

After chamfering, the rotor pole surface center is moved in 

the radial direction from O to O’ with a displacement dOO’. It 

is worth noting that the smallest airgap width in the 

chamfered rotor should be the same as the airgap width of 

the original rotor in Fig. 1, which is essential for a fair 

comparison. 

When the criterion that the average electromagnetic 

torque should be maintained more than 90% is applied, the 

ratio REPP will be suppressed to 61.76%, 45.47%, 93.62% 

and 40.21%, respectively, as shown in Fig. 10, when 

dOO’=6mm, 11mm, 7mm and 15mm for the analyzed five-

phase 10/8-pole, 10/9-pole, 10/11-pole and 10/12-pole 

WFSF machines, respectively. Meanwhile, the average 

electromagnetic torque Tavg can be maintained as 95.64%, 

93.45%, 97.46% and 92.07%, respectively. Similar to the 

cogging torque reduction in [56], as shown in Fig. 11 and 

TABLE VII, the torque ripple Trip can also be reduced by 

applying the rotor pole chamfering, i.e. Trip=6.78%, 3.00%, 

2.68% and 6.97% for the analyzed five-phase 10/8-pole, 

10/9-pole, 10/11-pole and 10/12-pole WFSF machines, 

respectively. 
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As shown in TABLE VII, by applying the rotor pole 

chamfering, the efficiency η can be maintained as 42.44%, 

44.16%, 46.34% and 46.65% for the analyzed five-phase 

10/8-pole, 10/9-pole, 10/11-pole and 10/12-pole WFSF 

machines, respectively. Again, this is mainly due to the 

reduced average electromagnetic torque Tavg in the WFSF 

machines with chamfered rotor poles, as shown in TABLE 

IX. 

 
Fig. 9. Illustration of rotor pole chamfering with filled area removed 

(dOO’>0). 

 
Fig. 10. Influence of rotor pole surface center displacement dOO’ on REpp and 

RTavg at 400rpm (pcuf=60W, pcua=60W, BLAC, id=0). 

 
Fig. 11. Influence of rotor pole surface center displacement dOO’ on Trip at 

400rpm (pcuf=60W, pcua=60W, BLAC, id=0). 

TABLE IX 

LOSSES AND EFFICIENCY OF FIVE-PHASE WFSF MACHINES WITH 

CHAMFERED ROTOR POLE AT 400RPM 

Items Unit 10/8 10/9 10/11 10/12 

Iron loss, pfe W 2.30 2.34 3.74 3.99 

Total copper loss, pcu W 156.72 156.80 156.64 156.49 

Electromagnetic torque, Tem Nm 2.85 3.06 3.40 3.45 

Efficiency, η % 42.44 44.16 46.34 46.65 

V. SUPPRESSION OF INDUCED VOLTAGE PULSATION IN DC 

WINDING BY ROTOR POLE ARC AXIAL PAIRING 

From Fig. 7, since the rotor pole arc effectively influences 

the on-load induced voltage pulsation in DC winding, rotor 

pole axial pairing [57] can also be adopted to suppress it. 

As illustrated in Fig. 12, the axial pairing approach for the 

10/8-pole WFSF machine have two segments axially paired, 

i.e. Nsg=2. The principle of the reduction of the on-load 

induced voltage pulsation in DC winding is described below. 

By way of example of the 10/8-pole WFSF machine, the 

on-load induced voltage pulsation in DC winding vload is 

given in Fourier series by, 

𝑣𝑙𝑜𝑎𝑑(𝜃𝑒) = ∑ 𝑣𝑖

∞

𝑖=5,10,15,…

= ∑ 𝑣𝑙𝑜𝑎𝑑𝑖 cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖)

∞

𝑖=5,10,15,…

 

(24) 

where vi is the ith harmonic of vload. vloadi and θloadi are the 

amplitude and initial phase angle of the ith harmonic, 

respectively. 

For the WFSF sub-machine having rotor pole arc θrpk 

(k=1,2,3,…,Nsg), the ith harmonic of the on-load induced 

voltage pulsation in DC winding vik is given by, 

𝑣𝑖𝑘 = 𝑣𝑙𝑜𝑎𝑑𝑖𝑘 cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖𝑘) (25) 

where θloadik and vloadik are initial phase angle and the 

amplitude of the ith harmonic for WFSF machine having 

rotor pole arc θrpk (k=1,2,3…), respectively. 

When axial flux leakage is neglected, the on-load induced 

voltage pulsation in DC winding in the WFSF machine 

having paired rotor vloadp can be given by, 

𝑣𝑙𝑜𝑎𝑑𝑝(𝜃𝑒) =
1

𝑁𝑠𝑝
∑ ∑ 𝑣𝑖𝑘

∞

𝑖=5,10,15,…

𝑁𝑠𝑝

𝑘=1,2,3,…

= ∑ ∑ 𝑣𝑙𝑜𝑎𝑑𝑖𝑘 cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖𝑘)

∞

𝑖=5,10,15,…

𝑁𝑠𝑝

𝑘=1,2,3,…

 

(26) 

As shown in (26), the on-load induced voltage pulsation 

in DC winding vloadp can be smaller than that of its 

counterpart with the original rotor. For example, if Nsg=2, 

vloadi1=vloadi2 and θloadi2=θloadi1+π, the ith harmonic of vloadp, i.e. 

vip, can be suppressed to 0, as evidenced by (27). 

𝑣𝑖𝑝(𝜃𝑒) =
1

2
[𝑣𝑙𝑜𝑎𝑑𝑖1 cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖1)

+ 𝑣𝑙𝑜𝑎𝑑𝑖2 cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖2)]

=
𝑣𝑙𝑜𝑎𝑑𝑖1
2

[cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖1) + cos(𝑖𝜃𝑒 − 𝜃𝑙𝑜𝑎𝑑𝑖1 − 𝜋)]

= 0 

(27) 

As shown in Fig. 13, 2-segment axial pairing can 

effectively suppress the on-load induced voltage pulsation in 

DC winding by selecting the appropriate combination of θrp1 

and θrp2. However, as shown in Fig. 14, this may cause a 

larger reduction in the average electromagnetic torque Tavg, 

i.e. a smaller RTavg. 

   
(a) θrp1  (b) θrp2 (c) Paired of θrp1 and θrp2 

Fig. 12. Illustration of rotor axial pairing with Nsg=2. 

As shown from Fig. 16 to Fig. 19, when the criterion that 

Tavg should be maintained more than 90% is applied, i.e. 

RTavg>90%, the on-load induced voltage pulsation in DC 

winding can be suppressed to REPP=52.65%, 7.16%, 15.64% 

and 12.04%, respectively, by choosing (θrp1, θrp2) as (16°, 

18°), (9°, 12°), (8°, 10°) and (6°, 11°) for the analyzed five-

phase 10/8-pole, 10/9-pole, 10/11-pole and 10/12-pole 

WFSF machines, respectively. Meanwhile, the average 

electromagnetic torque can also be maintained as 

RTavg=99.06%, 90.65%, 93.55% and 90.82%, respectively. 

As shown in Fig. 15 and TABLE VII, when applying the 
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rotor pole axial pairing, the torque ripple Trip can be reduced 

in the 10/9-, 10/11- and 10/13-pole WFSF machines, i.e. 

Trip=2.34%, 2.41% and 7.18%. However, it will be slightly 

higher in the 10/8-pole WFSF machine, i.e. Trip=12.19%. 

  
(a) 10/8-pole (b) 10/9-pole 

  
(c) 10/11-pole (d) 10/12-pole 

Fig. 13. Influence of θrp1 and θrp2 on REpp at 400rpm (Nsg=2, pcuf=60W, 

pcua=60W, BLAC, id=0). 

  
(a) 10/8-pole (b) 10/9-pole 

  
(c) 10/11-pole (d) 10/12-pole 

Fig. 14. Influence of θrp1 and θrp2 on RTavg (Nsg=2, pcuf=60W, pcua=60W, 

BLAC, id=0). 

  
(a) 10/8-pole (b) 10/9-pole 

  
(c) 10/11-pole (d) 10/12-pole 

Fig. 15. Influence of θrp1 and θrp2 on Trip (Nsg=2, pcuf=60W, pcua=60W, 

BLAC, id=0). 

Moreover, as shown in Fig. 20, by applying the 3-

segment axial pairing and selecting θrp1=8°, θrp2=17° and 

θrp3=18° can further suppress the peak-to-peak value of on-

load induced voltage pulsation in DC winding in the 10/8-

pole WFSF machine to 46.89%. Meanwhile, the average 

electromagnetic torque Tavg is reduced to RTavg=90.99%, 

whilst the torque ripple Trip can also be suppressed from 

11.43% to 2.93%. 

 
Fig. 16. On-load induced voltage pulsation in DC winding in 10/8-pole 

machine @ 400rpm (Nsg=2, pcuf=60W, pcua=60W, BLAC, id=0). 

 
Fig. 17. On-load induced voltage pulsation in DC windings in 10/9-pole 

machine @ 400rpm (Nsg=2, pcuf=60W, pcua=60W, BLAC, id=0). 

 
Fig. 18. On-load induced voltage pulsation in DC windings in the 10/11-

pole machine @ 400rpm (Nsg=2, pcuf=60W, pcua=60W, BLAC, id=0). 

 
Fig. 19. On-load induced voltage pulsation in DC windings in 10/12-pole 

machine @ 400rpm (Nsg=2, pcuf=60W, pcua=60W, BLAC, id=0). 

As shown in TABLE VII, by applying the rotor pole arc 

axial pairing, the efficiency η can be maintained as 41.24%, 

43.48%, 45.98% and 44.73% for the analyzed five-phase 

10/8-pole, 10/9-pole, 10/11-pole and 10/12-pole WFSF 
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machines, respectively. As for the 10/8-pole WFSF machine 

with 2-segment axial pairing and selecting (θrp1, θrp2) as (16°, 

18°), η can be maintained as 43.27%. The efficiency 

reduction is again due to the reduced average 

electromagnetic torque Tavg in the WFSF machines with 

axially paired rotors, as shown in TABLE X. 

 
Fig. 20. On-load induced voltage pulsation in DC windings in 10/8-pole 

machine @ 400rpm (Nsg=3, pcuf=60W, pcua=60W, BLAC, id=0). 

TABLE X 

LOSSES AND EFFICIENCY OF FIVE-PHASE WFSF MACHINES WITH PAIRED 

ROTOR AT 400RPM 

Items Unit 10/8 10/9 10/11 10/12 

Iron loss, pfe W 2.21* 2.13 3.13 3.79 

Total copper loss, pcu W 156.72* 156.80 156.64 156.49 

Electromagnetic torque, Tem Nm 2.72* 2.97 3.32 3.19 

Efficiency, η % 41.24* 43.48 45.98 44.73 

*: These values are based on 3-segment axial pairing. As for 2-segment 

axial pairing, pfe=2.39W, pcu=156.72W, Tem=2.95Nm and η=43.27%, 

respectively. 

  
(a) Shared stator (b) Rotors 

  
(c) Original rotor (θrp=11.6°) (d) Optimized rotor pole arc (θrp=10°) 

  

(e) Chamfered rotor (dOO’ =15mm) (f) Paired rotor (θrp1=6°, θrp2=11°) 

Fig. 21. Photos of the 10-stator-pole/12-rotor-pole WFSF prototypes. 

 
Fig. 22. Photo of the test rig. 

VI. EXPERIMENTAL VALIDATION 

Four WFSF machines with 10/12-stator/rotor-pole are 

built having the same stator which is shown in Fig. 21(a) and 

four different rotors which are shown in Fig. 21(b) and 

tested to validate the analytical results and FE predicted 

results. Fig. 21(c)-(f) show the original rotor with θrp=11.6°, 

the rotor with an optimized rotor pole arc θrp=10°, the 

chamfered rotor with dOO’=15mm, the rotor with two axial 

paired segments having θrp1=6° and θrp2=11°, respectively. 

Based on the test rig shown in Fig. 22, electromagnetic 

performance under both open-circuit and on-load conditions 

are tested and given as follows. To validate the FE predicted 

open-circuit AC winding back-EMF and on-load DC 

winding induced voltage under a constant DC winding 

current, in this section the DC winding is excited by a 

constant DC current source, as shown in Fig. 22. 

A.   Open-circuit AC Winding Back EMF 

Fig. 23(a) shows the comparison of the FE predicted and 

measured open-circuit A- and B-phase back EMF 

waveforms of the prototype having the original rotor, 

together with the measured DC winding current and voltage. 

Similar waveforms of Fig. 23(b)-Fig. 23(d) are for the 

prototypes having three modified rotors, respectively. As 

shown in Fig. 23, for all four prototypes, the measured A-

phase open-circuit back EMF agrees well with the FE 

predicted results. 

  
(a) Original rotor (θrp=11.6°) (b) Optimized rotor pole arc (θrp=10°) 

  
(c) Chamfered rotor (dOO’ =15mm)  (d) Paired rotor (θrp1=6°, θrp2=11°) 

Fig. 23. Comparison of FE predicted and measured A-phase back EMF 

together with the measured DC winding current and voltage. 
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B.   On-Load Induced Voltage Pulsation in DC Winding 

Here, the prototypes operate in generator condition, not 

motor condition, with pure resistance load 1.8Ω for each 

phase. This is to exempt the induced voltage pulsation in DC 

winding component caused by high frequency current pulse 

width modulation (PWM) harmonics in AC windings, as 

shown in Appendix C. 

Fig. 24(a) illustrates the comparison between the FE 

predicted and measured on-load induced voltage for DC coil 

2 of the prototype having the original rotor, together with A-

phase winding current and DC winding current. Fig. 24(b)-

Fig. 24(d) show these characteristics of the prototypes 

having three modified rotors, respectively. Here, DC coils 2, 

4, 6, 8, and 10 are open-circuited, and only the on-load 

induced voltage pulsation in DC coil 2 is measured, not the 

complete induced voltage pulsation in DC winding, as the 

impact of the DC power supply on the induced voltage 

pulsation in DC winding cannot be separated [47]. However, 

a doubled current is injected into DC coils 1, 3, 5, 7 and 9, to 

produce the same DC winding MMF. In the 10/12-pole 

WFSF machine, the phase shift of the on-load DC winding 

induced voltage waveforms for every two adjacent DC coils 

is 72 electric degrees, thus the DC winding induced voltage 

of other nine DC coils and that of the whole DC winding can 

be obtained based on the DC coil 2 induced voltage 

pulsation. 

  
(a) Original rotor (θrp=11.6°)  (b) Optimized rotor pole arc (θrp=10°)  

  
(c) Chamfered rotor (dOO’ =15mm)  (d) Paired rotor (θrp1=6°, θrp2=11°) 

Fig. 24. Variation of FE predicted and measured DC coil 2 induced voltages 

together with the measured A-phase winding current and DC winding 

current. 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 25. On-load induced voltage pulsation in DC winding. 

As shown in Fig. 24, the measured DC coil 2 on-load 

induced voltage again agrees well with the FE predicted 

results in all four prototypes, respectively. The measured 

waveforms are slightly distorted, which is also caused by 

imperfect manufacturing. Moreover, based on the measured 

DC coil 2 on-load induced voltage waveforms shown in Fig. 

24, induced voltage pulsation in DC winding can be obtained 

as shown in Fig. 25. As shown in Fig. 25(a), the on-load DC 

winding induced voltage peak-to-peak value Epp can be 

suppressed to 47.95%, 71.23% and 77.69% by applying the 

rotor pole arc optimization, rotor pole chamfering and rotor 

pole arc axial pairing, respectively. As forging analyzed, 

only the 5k (k=1,2,3,…) harmonics of the induced voltage of 

DC coil 2 will be tenfold in the DC winding induced voltage 

as there are ten DC coils, whilst other harmonics will be 

cancelled. It can be found from Fig. 25(b) that the dominant 

5th harmonic in the original machine can be suppressed to 

40.12%, 70.88% and 77.67% in the modified machines with 

optimized pole arc rotor, chamfered rotor and paired rotor, 

respectively. The experimental suppression of on-load DC 

winding induced voltage by applying rotor pole chamfering 

and rotor pole arc axial pairing is not substantial. This is 

mainly caused by the distorted DC coil 2 induced voltage 

waveform shown in Fig. 24, due to imperfect manufacturing. 

The shaft torques of four prototypes under generator 

condition with pure resistance load 1.8Ω for each phase are 

shown in Fig. 26, when the DC winding current If=2.2A and 

the DC winding voltage is Uf=6.3V. As shown in TABLE XI, 

the measured average torques agree well with the 2-D FE 

predicted values for all four prototypes. 

 
Fig. 26. On-load measured shaft torques at 400rpm in generator condition 

with pure resistance load 1.8Ω per phase (If=2.2A, Uf=6.3V). 

TABLE XI 

COMPARISON OF MEASURED AND 2-D FE PREDICTED ELECTROMAGNETIC 

TORQUE @400RPM (UNIT: NM) 

Mode Rotor Original  Optimized  Chamfered  Paired  

Generator 
Measured 0.31 0.27 0.19 0.30 

2-D FE 0.29 0.27 0.19 0.32 

Motor 
Measured N/A 3.03 2.79 2.73 

2-D FE 3.15 3.10 2.91 2.89 

The shaft torques of three modified prototypes under 

motor condition are shown in Fig. 26, when If=2.2A and 

Uf=6.3V. All three modified prototypes operate at BLAC 

mode with id=0 and iq=9A. Again, the measured average 
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torques agree well with the 2-D FE predicted values for all 

three prototypes, as shown in TABLE XI. 

 
Fig. 27. On-load measured shaft torques at 400rpm in motor condition 

(If=2.2A, Uf=6.3V, BLAC, id=0, iq=9A). 

VII. CONCLUSIONS 

Induced voltage pulsation in DC winding of five-phase 

WFSF machines is analyzed together with some suppression 

methods proposed in this paper. Analytical model shows that 

the open-circuit and armature reaction induced voltage 

pulsation in DC winding cycles per electric period Npeopen 

and Npearma for the Ns-stator-pole/Nr-rotor-pole WFSF 

machines are LCM(Ns, Nr)/Nr, where LCM is the largest 

common multiplier, and 5r (r=1 or 2 for machines having 

zero or non-zero even-order harmonic winding factors, 

respectively), respectively. Modifying the airgap permeance, 

i.e. optimizing the rotor pole arc or shaping the rotor pole 

surface, and axial pairing of rotor segments with different 

rotor pole arcs can effectively suppress the induced voltage 

pulsation in DC winding, with >90% average 

electromagnetic torque being maintained. 

APPENDIX A 

In this Appendix, the dimensional parameters of the five-

phase 10/12-stator/rotor-pole WFSF machine and the three-

phase 12/10-stator/rotor-pole WFSF machine listed in 

TABLE I are shown in TABLE XII. In TABLE XII, dOO’ is 

the rotor pole surface center displacement due to chamfering, 

which can be referred in Fig. 9. The definitions of other 

symbols in TABLE XII are the same as those in TABLE II. 

They are obtained from two steps. Firstly, the main 

dimensional parameters are globally optimized for the 

largest average electromagnetic torque by genetic algorithm 

using ANSYS Maxwell, under brushless AC (BLAC) 

condition with zero d-axis current control, i.e. id=0, due to a 

negligible reluctance torque [25], [26]. Then, to reduce the 

torque ripple, the rotor pole is chamfered [56] to modify the 

equivalent airgap length and hence the airgap permeance. 

The rotor pole surface center displacement dOO’ is optimized 

to achieve the lowest torque ripple Trip with the criterion that 

Tavg≥205Nm. 
TABLE XII 

MAIN DIMENSIONAL PARAMETERS OF FIVE-PHASE 10/12-POLE AND THREE-

PHASE 12/10-POLE WFSF MACHINES 

Parameters 
Rsy 

(mm) 

Rsi 

(mm) 

Rry 

(mm) 

θst  

(°) 

θssdc 

(°) 

θrp  

(°) 

dOO’ 

(mm) 

Five-phase 10/12-pole 121.7 86.64 71.94 6.49 12.17 11.45 68 

Three-phase 12/10-pole 121.7 89.2 67.54 5.37 9.50 11.79 46 

As shown in Fig. 28, after chamfering, the torque ripple 

Trip of the five-phase WFSF machine can be suppressed from 

40.53% to 1.43%, whilst the average torque Tavg reduced by 

9.46% from 266.4Nm to 241.2Nm. As for the three-phase 

WFSF machine, the torque ripple Trip can be reduced from 

16.95% to 7.26%, whilst the average torque Tavg will be 

reduced by 7.30% from 221.3Nm to 205.2Nm. Here, it is 

worth noting that the rotor of the Toyota Prius 2010 IPM 

machine is also shaped [47],[48], which can reduce the 

torque ripple from 19.70% to 9.96%, in spite of a 1.5% 

reduction of average electromagnetic torque from 209.2Nm 

to 206.1Nm, as shown in Fig. 28. 

 
Fig. 28. Rated on-load torque waveforms in the 5-phase WFSF machine, 3-

phase WFSF machine and the Toyota Prius 2010 IPM machine (BLAC, 

Js=26.8A/mm2). 

APPENDIX B 

In this Appendix, the analysis with the criteria accounting 

both the average electromagnetic torque Tavg and the torque 

ripple Trip by adopting the techniques to reduce the on-load 

DC winding induced voltage is discussed. Here, the criterion 

for Tavg remains the same, i.e. RTavg>90%, whilst the torque 

ripple Trip should not be 10% higher than the original 

machine. As for other criteria with different values of RTavg 

and the change of Trip, similar analysis can be applied. 

A.   Rotor Pole Arc Optimization 

By applying the rotor pole arc optimization, the optimal 

rotor pole arc is θrpopt=17°, 14° and 11° for the 10/9-, 10/11- 

and 10/12-pole WFSF machines, as shown in Fig. 7 and 

TABLE XIII. However, there is no available θrpopt for the 

10/8-pole WFSF machine, since the torque ripple Trip of the 

original design is very low. This means the criterion for Trip 

needs to be modified. 
TABLE XIII 

CHARACTERISTICS OF MODIFIED WFSF MACHINES WITH BOTH RTavg AND 

Trip ACCOUNTED @400RPM 

Technique Item Unit 10-stator-pole WFSF machines 

- Nr - 8 9 11 12 

θrp optimization RTavg % - 93.18 98.19 99.12 

 Trip % - 5.14 3.12 15.09 

 REpp % - 30.67 48.39 76.59 

Chamfering RTavg % 95.64 93.45 97.46 92.07 

 Trip % 6.78 3.00 2.68 6.97 

 REpp % 61.76 45.47 93.62 40.21 

Pairing RTavg % 90.99* 90.65 93.55 90.82 

 Trip % 2.93 2.34 2.41 7.18 

 REpp % 46.89* 7.16 15.64 12.04 

*: These two values are based on 3-segment axial pairing. As for 2-segment 

axial pairing, RTavg=99.06%, Trip=12.19% and REpp=52.65%, respectively. 

B.   Rotor Pole Chamfering 

By applying the rotor pole chamfering, the optimal 

displacement dOO’ are 6mm, 11mm, 7mm and 15mm for the 

10/8-, 10/9-, 10/11- and 10/12-pole WFSF machines, 

respectively. The optimal dOO’ are the same as those under 

only the criterion with RTavg>90%, since the rotor pole 
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chamfering can also reduce torque ripple, as shown in Fig. 

10. 

C.   Rotor Pole Arc Axial Pairing 

By applying the rotor pole arc pairing, again the results 

are the same as those under the criterion with only 

RTavg>90%, as shown in TABLE XIII. 

APPENDIX C 

The AC winding current harmonics caused by PWM also 

generate additional armature reaction flux-linkage in all DC 

coils. For example, the additional armature reaction flux-

linkage in DC coil 1 ψ1pwmA due to A-phase winding current 

harmonics caused by PWM can be given by, 

𝜓1𝑝𝑤𝑚𝐴(𝜃𝑒) = 𝑀1𝐴(𝜃𝑒) × 𝐼𝑝𝑤𝑚 cos (
𝑓𝑝𝑤𝑚
𝑓𝑒

𝜃𝑒 + 𝛽𝑝𝑤𝑚) (28) 

where M1A is the mutual inductances between the DC coil 1 

and the A-phase winding. Ipwm is the amplitude of the A-

phase current harmonic caused by PWM. fpwm is the 

switching frequency of the power semiconductor device 

driven by PWM, e.g. 10kHz. fe is the electric frequency of 

the AC fundamental currents. βpwm is the initial phase of A-

phase current harmonic due to PWM. Here, other higher 

order harmonics caused by PWM are not considered. 

Based on (28), the additional armature reaction induced 

voltage in DC coil 1 v1pwmA due to A-phase winding current 

harmonics caused by PWM can be given by, 

𝑣1𝑝𝑤𝑚𝐴(𝜃𝑒) =
𝑑𝜓1𝑝𝑤𝑚𝐴

𝑑𝑡
=

= 𝐼𝑝𝑤𝑚𝜔𝑒

𝑑𝑀1𝐴(𝜃𝑒)

𝑑𝜃𝑒
× cos (

𝑓𝑝𝑤𝑚
𝑓𝑒

𝜃𝑒 + 𝛽𝑝𝑤𝑚)

−
𝐼𝑝𝑤𝑚𝑓𝑝𝑤𝑚𝜔𝑒

𝑓𝑒
𝑀1𝐴(𝜃𝑒) × sin (

𝑓𝑝𝑤𝑚
𝑓𝑒

𝜃𝑒 + 𝛽𝑝𝑤𝑚) 

(29) 

Although the amplitude of the current harmonic Ipwm 

caused by PWM in (29) is much lower than the AC phase 

fundamental currents, the switching frequency fpwm is much 

higher than the electric frequency of the AC fundamental 

currents, e.g. 125 times for fpwm=10kHz and fe=80Hz for the 

10/12-pole WFSF prototype at 400rpm. This makes the 

second item of v1pwmA in (29) cannot be neglected. 
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