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AďƐƚƌĂĐƚ͗ TŚŝƐ ƉĂƉĞƌ ŝŶǀĞƐƚŝŐĂƚĞƐ ƚŚĞ ƵŶĚĞƌůǇŝŶŐ ŵĞĐŚĂŶŝƐŵ ŽĨ ůŽǁ ƉŽǁĞƌ ĨĂĐƚŽƌ ŝƐƐƵĞ ŽĨ ǀĂƌŝĂďůĞ ĨůƵǆ ƌĞůƵĐƚĂŶĐĞ ŵĂĐŚŝŶĞƐ 
;VFRMƐͿ ĨƌŽŵ ƚŚĞ ƉĞƌƐƉĞĐƚŝǀĞ ŽĨ MMFͲƉĞƌŵĞĂŶĐĞ ŵŽĚĞů͘ BĂƐĞĚ ŽŶ Ă ƐŝŵƉůŝĨŝĞĚ ĂŶĂůǇƚŝĐĂů ŵŽĚĞů͕ ƚŚĞ ƌĞůĂƚŝŽŶƐŚŝƉ ďĞƚǁĞĞŶ 
ƚŚĞ ĚĞƐŝŐŶ ƉĂƌĂŵĞƚĞƌƐ ĂŶĚ ƚŚĞ ƉŽǁĞƌ ĨĂĐƚŽƌ ŝƐ ŝĚĞŶƚŝĨŝĞĚ ĂŶĚ ƐǇƐƚĞŵĂƚŝĐĂůůǇ ƐƵŵŵĂƌŝǌĞĚ ŝŶƚŽ ƚŚƌĞĞ ƉƌĞĚŝĐƚĂďůĞ ƌĂƚŝŽƐ͗ ƚŚĞ 
ƌŽƚŽƌ ƉĞƌŵĞĂŶĐĞ ƌĂƚŝŽ͕ ƐƚĂƚŽƌͬƌŽƚŽƌ ƉŽůĞ ƌĂƚŝŽ ĂŶĚ DCͬAC ǁŝŶĚŝŶŐ ĂŵƉĞƌĞ ƚƵƌŶƐ ƌĂƚŝŽ͘ SƉĞĐŝĨŝĐĂůůǇ͕ ƚŚĞ ƐŵĂůůĞƌ ƚŚĞ ƌŽƚŽƌ ƉŽůĞ 
ĂƌĐ͕ ƚŚĞ ĂŝƌŐĂƉ ůĞŶŐƚŚ͕ ƚŚĞ ƌŽƚŽƌ ƉŽůĞ ŶƵŵďĞƌ ĂŶĚ ƚŚĞ ACͬDC ǁŝŶĚŝŶŐ ĂŵƉĞƌĞ ƚƵƌŶƐ ƌĂƚŝŽ ĂƌĞ͕ ƚŚĞ ŚŝŐŚĞƌ ƚŚĞ ƉŽǁĞƌ ĨĂĐƚŽƌ ǁŝůů 
ďĞ͘ IŶ ĂĚĚŝƚŝŽŶ͕ ƚŚĞ ǁĞĂŬ ĐŽƵƉůŝŶŐ ďĞƚǁĞĞŶ ƚŚĞ ĨŝĞůĚ ĂŶĚ ĂƌŵĂƚƵƌĞ ǁŝŶĚŝŶŐƐ ĐĂƵƐĞĚ ďǇ ƚŚĞ ŵŽĚƵůĂƚŝŽŶ ĞĨĨĞĐƚ ŽĨ ƐĂůŝĞŶƚ ƌŽƚŽƌ 
ŝƐ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞ ůŽǁ ƉŽǁĞƌ ĨĂĐƚŽƌ ŝƐƐƵĞ ŽĨ VFRMƐ͕ ƌĞŐĂƌĚůĞƐƐ ŽĨ ƚŚĞ ĐŽŶƚƌŽů ƐĐŚĞŵĞ͕ ǁŝŶĚŝŶŐ ĐŽŶĨŝŐƵƌĂƚŝŽŶ Žƌ ƐĂƚƵƌĂƚŝŽŶ 
ĞĨĨĞĐƚ͘ A ϲͲƐƚĂƚŽƌͲƉŽůĞͬϰͲƌŽƚŽƌͲƉŽůĞ VFRM ŝƐ ƉƌŽƚŽƚǇƉĞĚ ĂŶĚ ƚĞƐƚĞĚ ĨŽƌ ǀĞƌŝĨŝĐĂƚŝŽŶ͘ 
 

Nomenclature 
An Magnitude of the n-th component of 

armature modulated MMF. 
Bga Radial airgap flux density due to armature 

current. 
Fa MMF of armature current. 
Fm Magnitude of the m-th component of field 

modulated MMF. 
Fsa Modulated MMF due to armature current. 
Fsf Modulated MMF due to field current. 
g0 Airgap length. 
Ia, If The rms values of AC and DC currents. 
Id, Iq d- and q-axis armature currents. 
kȦ Winding factor. 
Lstk Machine stack length. 
Na, Nf Total turns in series of armature and field 

windings. 
NIratio DC/AC winding ampere turns ratio 
Ns, Nr Stator and rotor tooth numbers. 
Pa, Pf Numbers of pole pairs of armature and field 

windings. 
Pcua, Pcuf Copper losses of armature and field 

windings. 
pf Power factor. 
Pratio Stator/rotor pole ratio. 
R Phase resistance. 
Rsi Radius of stator inner surface. 
U Phase terminal voltage. 
WA Winding function of phase A. 
ȕr Rotor pole arc ratio. 
Ȗ0 Initial rotor position. 
ș Current advance angle. 
ȁ Radial airgap permeance. 
ȁr Radial airgap permeance of rotor-slotted 

and smooth stator model. 
ȁr0 DC component of rotor permeance. 
ȁratio Rotor permeance ratio. 
ȁrk The k-th component of rotor permeance. 

ȁs Radial airgap permeance of stator-slotted 
and smooth rotor model. 

ȝ0 Vacuum permeability. 
ĳ Angle between voltage and current vectors. 
ĭAa, ĭAf Phase A flux linkages when AC or DC 

current is solely excited. 
ĭAa-1, ĭAf-1 Fundamental components of phase A flux 

linkage when AC or DC is solely excited. 
ĭd, ĭq d- and q-axis flux linkages due to armature 

current. 
ĭf d-axis flux linkage due to field current. 
Ȧ Electrical rotating speed. 
Ȧh The h-th component of winding function of 

phase A. 
ȍn Rotating speed of the n-th component of 

armature modulated MMF. 
ȍr Mechanical rotating speed. 

1. Introduction 
With the increasing concerns about the environmental 

issues, electrical vehicles (EVs) prevails in the market [1]-[4]. 
As the key device of energy conversion, the electrical 
machines are of significant importance in EVs. Although 
permanent magnet (PM) machines are of high priority for the 
propulsion system due to their excellent performance [5]-[6], 
many magnetless electrical machines are also re-evaluated 
recently as alternatives to reduce the manufacture cost [7]-[8]. 

Variable flux reluctance machines (VFRMs) are one 
recently developed magnetless machines [9]. The structures 
of two typical VFRMs with 6-stator-slot/4-rotor-pole (6s/4r) 
and 6s/5r are shown in Fig. 1. They have double-salient 
structures, which are similar to those of switched reluctance 
machines (SRMs) [10]. Two sets of windings, i.e., AC-
excited armature winding and DC-excited field winding, are 
both located in stator, which avoids the requirement of slip-
ring/brush and makes it possible to use commercial three-
phase inverter. In [11]–[13], the electromagnetic 
performances of VFRMs have been analyzed in terms of 
torque capability, stator/rotor pole combination, winding 
configuration and noise and vibration. Compared with SRMs,  
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a b  

Fig. 1.  Structures of VFRMs. 
(a) 6s/4r VFRM 
(b) 6s/5r VFRM 
 
VFRMs have significant advantages on acoustic noise and 
vibration reduction. In [14], the torque production of VFRMs 
is explained by flux modulation theory [15]. VFRMs are 
found to be one stator-wound-field (SWF) synchronous 
machine. As another important criterion of machine design, 
the power factor is to be investigated in this paper. 

In fact, the power factor is closely related to the 
inverter capacity requirement of drive system. In [16], the 
power factors of seven kinds of electric machines are 
compared for EVs. Synchronous reluctance machines 
(SynRMs) are found to have relatively lower power factor 
than many conventional synchronous machines. Then, the 
analysis of [17] and [18] further states that the vernier 
reluctance machines (VRMs) have even lower power factor 
than the SynRMs. In fact, many SWF and stator PM-excited 
machines, e.g., transverse flux PM machines [19]-[22], flux 
reversal machines [23], VRMs [24][25], flux-modulated PM 
machines [26][27], are reported to suffer from low power 
factor issue at full load condition (<0.55). As another SWF 
machine, VFRMs may also have the same problem. Hence, it 
is essential to investigate the power factor in VFRMs.  

In existing literature [16]-[27], the power factor 
analysis is generally based on the inductance calculation. To 
obtain the inductance, the finite element analysis (FEA) is the 
most frequently used method. However, since the inductance 
is actually a synergistic indicator of all the design parameters, 
the relationship between the design parameters and the power 
factor cannot be fully explained. For example, in [24], the 
power factor of DC-excited VRMs is investigated by FEA. 
The variation trends of power factor with some specific 
design parameters have been presented based on inductance 
calculation. Due to the common structure features between 
DC-excited VRM and VFRM, some conclusions revealed in 
[24] may also be used in VFRM. However, due to the limit of 
FEA, the underlying mechanism of the revealed conclusions 
are still shaded. In [20] and [27], a magnetic equivalent circuit 
based and a subdomain based analytical methods are 
proposed for power factor calculation. However, these 
methods are actually alternative ways of FEA for airgap 
magnetic field calculation, whereas they fail to explain the 
relationship between the individual design parameters and the 
power factor, as well as the nature of low power factor issue. 

In this paper, the power factor of VFRMs is 
analytically analysed based on an MMF-permeance model, 
which breaks the power factor expression down to the MMF 
and the airgap permeance. Based on this, the nature of low 
power factor issue is fully explained by harmonic analysis. 
Furthermore, with this model, the influence of design 
parameters on power factor can be separately analysed and is 

systematically summarized into three predictable ratios, i.e., 
rotor permeance ratio, stator/rotor pole ratio and DC/AC 
winding ampere turns ratio, to assist the machine design. 

The paper is organized as follows: Firstly, the 
analytical expressions of the power factor in VFRMs are 
derived in Section 2. Based on this, the relationship between 
the design parameters and the power factor is revealed, which 
is then verified by FEA in Section 3. Then, the nature of the 
low power factor issue in VFRMs is illustrated in Section 4. 
In Section 5, a design method considering power factor is 
introduced for VFRMs. Finally, the experimental results are 
presented in Section 6. 

2. Power Factor of VFRMs  
The phasor diagram and general power factor 

expression of VFRM are identical to those of conventional 
synchronous machines, as presented in Fig. 2(a). 

 
a 

 
b 

Fig. 2.  Phasor diagrams of VFRMs. 
(a) Id, Iq Į 0 
(b) Id = 0, Iq Į 0 
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 (1) 

where U is the phase terminal voltage; Ȧ is the electrical 
rotating speed; (Id, Iq) are the armature currents of d- and q-
axes, respectively; (ĭd, ĭq) are the d- and q-axes flux linkages 
generated by AC current; ĭf is the d-axis flux linkage 
generated by DC current; R is the phase resistance; ș is the 
current advanced angle. 

Further, it is confirmed in [11] and [14] that, in a 
VFRM, the synchronous torque has the dominant 
contribution in average torque production, whereas the 
reluctance torque is negligible. For maximal torque operation, 
the advanced current angle of VFRM is chosen as 0 and Id=0 
scheme is usually applied in the control of VFRM. In this case, 
the terminal voltage needs to be adjusted to ensure Id=0 for 
different load condition. Hence, the power factor will change 
correspondingly and the phasor diagram is modified to Fig. 
2(b). Neglecting the influence of phase resistance for 
simplicity, the simplified power factor expression is: 

 2

1

1 q f

pf 
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(2) 

The power factor of VFRM is found to be closely 
related to the flux ratio ĭq/ĭf. The average value of this ratio 
over one electrical period can be expressed as 
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  1 1q f Aa Afavg       (3) 
where ĭAa-1 and ĭAf-1 are the fundamental components of 
phase flux linkages when armature or field winding is solely 
excited. 

It is apparent that smaller ĭAa-1/ĭAf-1 will lead to larger 
power factor over one electrical period. 

Further, to investigate the relationship between flux 
ratio ĭAa-1/ĭAf-1 and design parameters, an analytical model 
of flux linkage is introduced by using the winding function 
theory [28], the flux linkage of phase A due to armature 
current only is: 

2

0Aa si stk A gaR L W B d


    (4) 

where Rsi is the radius of stator inner surface; Lstk is the stack 
length; WA is the winding function of phase A; Bga is the radial 
airgap flux density due to armature current and can be 
calculated by the MMF-permeance model [14][29]: 

0 0

ga a

s r

B F
g 

 

   

 (5) 

where Fa is the MMF of armature current; ȁ is the radial 
airgap permeance; g0 is the airgap length; ȝ0 is the vacuum 
permeability; ȁs is the radial airgap permeance of stator-
slotted and smooth rotor model; ȁr is the radial airgap 
permeance of rotor-slotted and smooth stator model. 

By substituting (5) into (4), ĭAa can be expressed as: 
 

2 2

0 00 0Aa si stk A a s r si stk A sa rR L W F g d R L W F d
 

          (6) 
where Fsa is defined as the “modulated MMF”, which is the 
equivalent MMF modulated by stator slotting effect. As 
confirmed in [14], the modulated MMF has identical 
harmonic content as the original MMF without stator slotting 
effect, albeit with modified harmonic magnitudes due to the 
introduction of stator permeance ȁs. By using (5) and (6), the 
stator and rotor permeances are separated and the effect of 
stator permeance is included in the modulated MMF. 

Similarly, the flux linkage of phase A due to field 
current can also be obtained: 

2

0Af si stk A sf rR L W F d


    (7) 

where Fsf is the modulated MMF of field current. 
In (6) and (7), WA, Fsa, Fsf and ȁr are four coefficients 

to be determined. For VFRMs, their general expressions are: 
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 0 0
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k

kN t 


         
(11) 

where Ȧh is the magnitude of the h-th component of winding 
function of phase A; An and ȍn are the magnitude and rotating 
speed of the n-th component of armature modulated MMF, 
respectively; Fm is the magnitude of the m-th component of 
field modulated MMF; Ns and Nr are the stator and rotor tooth 
numbers, respectively; ȁr0 and ȁrk are the dc and k-th 
components of rotor permeance; ȍr is the mechanical rotating 
speed of rotor; Ȗ0 is the initial rotor position. 

By substituting (8)-(11) into (6) and (7), the flux 
linkages of phase A due to field and armature currents can be 
obtained: 
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(12) 
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(13) 

Since the dc and 1st components are the dominant 
ones for the airgap permeance for a regular rotor [14][26], the 
components in (12) and (13), which are associated with ≥2nd 
order rotor permeance harmonics, can be neglected, yielding: 
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It can be seen that ĭAa-1 and ĭAf-1 are proportional to 
the dc and fundamental rotor permeance components, 
respectively. Consequently, the flux ratio of VFRMs is: 
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(16) 

The power factor can be evaluated by: 

2 2
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(17) 

It is known that the magnitudes of the harmonics of 
both modulated MMFs and winding functions are decreasing 
with their order number [28]. By only considering the 
dominant components of modulated MMFs and winding 
functions, (16) can be further simplified into 
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(18) 

where Pa and Pf are the pole pairs of armature and field 
windings, respectively. 

From the winding theory, the magnitudes of the 
harmonics of modulated MMF and winding functions are 
governed by: 
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(19) 

where Na and Nf are the total turns in series of armature and 
field windings; Ia and If are the rms values of AC and DC 
currents; kȦ is the winding factor. 

By using (19), expression (18) can be rewritten into 
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(20) 
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Consequently, since the power factor is inversely 
correlated to the flux ratio, the relationship between power 
factor and design parameters can be expressed as: 

1

0
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1 1
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r a a
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


  
  

   
   

 
(21) 

From (21), it can be seen that the power factor of 
VFRMs are influenced by three independent factors, i.e., 
rotor permeance ratio ȁratio, stator/rotor pole ratio Pratio and 
DC/AC winding ampere turns ratio NIratio. This conclusion 
will be verified by FEA results afterwards in Section III. 

3. FEA Verification 
In this section, the revealed features of power factor in 

Section II will be verified by the FEA results of a 6s/4r VFRM 
and a 6s/5r VFRM. Their configurations and main 
specifications are shown in Fig. 1 and Table 1, respectively. 
The FEA results presented in this paper are obtained with the 
ANSYS Maxwell 18.2 software and 2D analysis. 
 
Table 1 Main specifications of 6s/4r and 6s/5r VFRMs 

Parameters Unit VFRM 
6s/4r 6s/5r 

Stator outer diameter mm 90 
Total copper loss W 30 

Turns per slot (AC/DC) - 183/183 
Split ratio - 0.5 

Rotor outer diameter mm 45 
Stator pole arc deg. 30 

3.1. Rotor Permeance Ratio 
The rotor permeance ratio ȁratio is defined as: 

1

0

r
ratio

r


 


 (22) 

According to (21), the larger the ȁratio is, the higher 
the power factor will be. The magnitudes of the dc and 1st 
rotor permeance components are mainly determined by two 
design parameters, i.e., the rotor pole arc ratio ȕr (rotor pole 
arc divided by rotor tooth pitch) and airgap length g0 [29]. 

Firstly, the airgap length is fixed to 0.5mm. The 
variations of rotor permeance with rotor pole arc are obtained 
by the method proposed in [14], as shown in Fig. 3. It can be 
found that ȁr1/ȁr0 is continuously decreasing with the rotor 
pole arc ratio, which means the power factor of VFRMs will 
also decrease with the rotor pole arc. To verify this, the 
variations of the flux linkages and power factor with rotor 
pole arc ratio are presented in Figs. 3(b) and (c). To clearly 
compare the variation trends, the per-unit values of flux 
linkage and rotor permeance are presented in Fig. 3(b) with 
their values when rotor pole arc ratio is 0.56 are chosen as the 
baselines. As expected, the phase flux linkages due to 
armature and field currents alone are proportional to the dc 
and 1st rotor permeance components, respectively. Moreover, 
the larger the rotor pole arc ratio is, the lower the power factor 
of VFRMs will be. 

Further, the influence of airgap length is accounted for. 
The rotor pole arc ratio is fixed to 0.44. Fig. 4(a) shows the 
variations of rotor permeance with airgap length. Fig. 4(b) 
shows the variations of per-unit values of ȁr0 and ȁr1, flux 
linkage with their values when airgap length is 0.25mm are  

 
a 

b 

 
c 

Fig. 3.  Distributions of rotor permeance over one rotor 
pole and variations of ȁr0, ȁr1, flux linkage and power factor 
under different rotor pole arc ratio (g0=0.5mm). 
(a) Rotor permeance distributions 
(b) Variations of ȁr0, ȁr1 and flux linkage 
(c) Power factor and rotor permeance ratio ȁr1/ȁr0 
 
chosen as the baseline. The ȁr0, ȁr1 and ȁr1/ȁr0 are decreasing 
with the expansion of airgap, so is the power factor, as 
confirmed in Fig. 4(c).  

Overall, the smaller the rotor pole arc ratio and airgap 
length are, the higher the power factor of VFRMs will be. 

3.2. Stator/Rotor Pole Ratio 
The stator/rotor pole ratio is defined as: 

22

1

1 1
f r f

ratio

a s a

P N P
P

k
P N P




 
   

 
(23) 

Table 2 shows the feasible stator/rotor pole 
combinations of 6-and 12-stator slots VFRMs and their 
corresponding pole ratios. As can be seen, the stator/rotor 
pole ratio shows a decreasing trend with the rotor pole 
number. Hence, the power factor is also expected to decrease 
with the rotor pole number. To verify this, the 6s- and 12s-
VFRMs having (2, 4, 5…20) rotor pole numbers are designed 
with the constraints listed in Table 1 to achieve peak average 
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torque. Meanwhile, the rotor pole ratio, airgap length and 
DC/AC ampere turns ratio are fixed to 0.38, 0.5mm and 1, 
respectively, to avoid mutual influence from rotor permeance 
and DC/AC ampere turns ratios. The variations of power 
factor and stator/rotor pole ratio with rotor pole number 
match the expectations, as shown in Fig. 5. 
 

 
a 

 
b 

 
c 

Fig. 4.  Distributions of rotor permeance over one rotor 
pole and variations of ȁr0 and ȁr1, flux linkage and power 
factor under different airgap length (ȕr=0.44, 
Pcua=Pcuf=15W). 
(a) Rotor permeance distributions 
(b) Variations of ȁr0, ȁr1 and flux linkage 
(c) Power factor and rotor permeance ratio ȁr1/ȁr0 
 

 
Fig. 5.  Variations of power factor and stator/rotor pole ratio 
with rotor pole number for 6s- and 12s-VFRMs 
(Pcua=Pcuf=15W). 

Table 2 Feasible stator/rotor pole combinations and their 
corresponding pole ratios for 6s- and 12s- VFRMs 

VFRMs Ns Nr Pa Pf kȦ Pratio 
6s/2r 

6 

2 1 

3 

0.5 0.641 
6s/4r 4 1 0.5 0.641 
6s/5r 5 2 0.866 0.616 
6s/7r 7 2 0.866 0.308 
6s/8r 8 1 0.5 0.128 

6s/10r 10 1 0.5 0.092 
6s/11r 11 2 0.866 0.154 
6s/13r 13 2 0.866 0.123 
6s/14r 14 1 0.5 0.058 
6s/16r 16 1 0.5 0.049 
6s/17r 17 2 0.866 0.088 
6s/19r 19 2 0.866 0.077 
6s/20r 20 1 0.5 0.038 
12s/2r 

12 

2 4 

6 

0.866 0.616 
12s/4r 4 2 0.5 0.641 
12s/5r 5 1 0.259 0.638 
12s/7r 7 1 0.259 0.638 
12s/8r 8 2 0.5 0.641 
12s/10r 10 4 0.866 0.616 
12s/11r 11 5 0.933 0.591 
12s/13r 13 5 0.933 0.422 
12s/14r 14 4 0.866 0.308 
12s/16r 16 2 0.5 0.128 
12s/17r 17 1 0.259 0.058 
12s/19r 19 1 0.259 0.049 
12s/20r 20 2 0.5 0.092 

 
 

 
a 

 
b 

 
c 

Fig. 6.  Armature winding with concentrated and distributed 
configurations. 
(a) Concentrated winding 
(b) Distributed winding I (coil pitch=2) 
(c) Distributed winding II (coil pitch=3). 
 
 
Table 3 Winding factor of 6s/4r VFRM with armature 
winding having different coil pitch 

Winding type 
Coil 
pitch 

Pitch 
factor 

Distributed 
factor 

Winding 
factor 

kp kd kȦ 

Concentrated winding 1 0.5 1 0.5 

Distributed winding 
2 0.866 1 0.866 

3 1 1 1 
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a 

 
b 

Fig. 7.  Comparison of power factors and output torque of 
6s/4r and 6s/8r VFRMs with concentrated and distributed 
windings (Pcua=Pcuf=15W). 
(a) Power factor 
(b) Output torque 
 

It is worth noticing that the conclusion mentioned 
above applies to all the VFRMs with concentrated armature 
winding. In fact, the distributed winding is also applicable to 
some specific VFRMs, e.g., 6s/4r and 6s/8r VFRMs. The 
configurations of concentrated and distributed windings are 
shown in Fig. 6. These two winding types have identical 
harmonic content, albeit with different winding factors, as 
shown in Table 3. The pitch factor of concentrated winding is 
smaller than that of distributed winding. According to (23), 
the stator/rotor pole ratios of VFRMs with concentrated 
winding are therefore larger than those with distributed 
winding, so is the power factor, as confirmed in Fig. 7(a). 
However, the higher power factor of concentrated winding 
does not necessarily lead to a higher output power. Due to the 
higher winding factor, the machines with distributed winding 
has significantly larger torque/copper loss ratio than those 
with concentrated winding, as confirmed by the FEA results 
in Fig. 7(b). Overall, the concentrated winding is able to 
improve the power factor and the usage of inverter capacity, 
whereas the distributed windings are much better in terms of 
torque/copper loss ratio. 

3.3. DC/AC Winding Ampere Turns Ratio 
The DC/AC winding ampere turns ratio is defined by 

f f
ratio

a a

N I
NI

N I
  (24) 

Assuming the slot areas occupied by field and 
armature winding are equal, the DC/AC ampere turns ratio 
can also be expressed by a ratio of copper loss, i.e. 

cuf
ratio

cua

P
NI

P
  (25) 

where Pcuf and Pcua are the copper losses of field and armature 
windings, respectively. 

A higher DC/AC winding ampere turns ratio will lead 
to a smaller flux ratio and higher power factor. However, it is 
also proved in [11] that the highest torque/copper loss ratio of 
VFRM is obtained only when Pcuf / Pcua=1. Hence, although 
the power factor can be enhanced by increasing the DC/AC 
ampere turns ratio, a sacrifice in torque/copper loss ratio is 
inevitable, as confirmed by the FEA results in Fig. 8. 

 
Fig. 8.  Variations of power factor and average torque 
against DC/AC winding ampere turns ratio for 6s/4r and 
6s/5r VFRMs (Pcu=30W). 

4. Nature of Low Power Factor Issue In VFRMs 
In foregoing investigation, it is proved that the power 

factor of VFRMs can be enhanced by using smaller rotor pole 
arc ratio, airgap length and rotor pole number during design. 
However, the power factor is still lower than 0.6 by adjusting 
these three parameters, as can be seen from Figs. 3, 4, and 5. 
This is mainly due to the fact that the ranges of the rotor 
permeance ratio and stator/rotor pole ratio are quite limited, 
usually within (0.8~1.4) and (0~0.7), respectively, as 
confirmed in Figs. 3(c), 4(c) and 5. In contrast, the DC/AC 
ampere turns ratio is adjustable from 0 to +∞. Therefore, the 
most effective way for power factor regulation is adjusting 
the DC/AC ampere turns ratio, albeit with degraded 
torque/copper loss ratio when NIratio is not 1. Overall, the 
power factor of VFRMs is relatively low.  

The nature of the low power factor issue lies in the 
weak coupling between field and armature windings for 
VFRMs. As can be seen in (15), ĭAf-1 is generated by the 
modulation effect of the 1st rotor permeance component. As a 
result, there is an additional constant coefficient 1/2 in the 
expression (15), which does not exist in the expression of ĭAa-

1 (14). From Figs. 3 and 4, it can be seen that the ȁratio is 
smaller than 2 (usually within 0.8~1.4). Consequently, as can 
seen from (16), ĭAf-1 is usually smaller than ĭAa-1 for VFRMs 
unless the electrical load of field winding is much larger than 
that of armature winding. In contrast, in a regular rotor-
wound-field synchronous machine (RWFSM), ĭAf-1 is 
normally larger than ĭAa-1 [24]. Hence, the flux ratio of 
VFRMs is larger than that of RWFSMs, which eventually 
results in the low power factor issue of VFRMs. Moreover, 
this conclusion is always valid regardless of control scheme 
(open-winding control scheme [30] for example), winding 
configuration (concentrated and distributed windings) and 
saturation effect since the rotor modulation effect is the basic 
operation principle of VFRMs [14]. 
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5. Design of VFRM considering power factor 
In the foregoing investigation, the influence of three 

independent factors on power factor is investigated without 
setting any restrictions on the variation ranges of design 
parameters. The purpose is to reveal the general relationship 
between the power factor and the design parameters. 
However, for a practical machine design, not only power 
factor, but also output torque, efficiency, electric load, current 
density and inverter voltage/current /frequency limit need to 
be taken into account. Hence, the variation ranges of the 
design parameters will be constrained. For example, the rotor 
pole arc ratio should vary within (0.33~0.44) to ensure a high 
torque density [31]. The airgap length is determined by the 
mechanical constraint. The rotor pole number is constrained 
by the allowed inverter frequency and peak operation speed. 
The AC and DC currents are constrained by the allowance of 
electric load. In addition, the maximal torque/copper loss 
ratio is achieved when NIratio=1 [11]. 

Considering all these constraints, the most frequently 
used design strategy of VFRMs is based on the global 
optimization method of structure parameters with NIratio=1. 
Maximizing output torque and efficiency are usually chosen 
as the objectives of the design [9][11][31]. However, for a 
design with a given inverter capacity and thermal constraint, 
a fixed NIratio may lead to a low power factor and low usage 
of inverter capacity. To further take the power factor into 
account during design, an adjustable NIratio can be applied 
during design, as will be presented in this section. 

The design constraints and variables are shown in 
Table 4. It should be noted that the introduced method is 
applicable to VFRM designs under different power scale due 
to the common features in power factor. In this paper, a 90kW 
machine is selected as an example. According to the inverter 
frequency allowance and peak speed, the rotor pole number 
can be chosen up to 5. Since the 6s/5r VFRM has unbalance 
magnetic force [11], 6s/4r is chosen as the stator/rotor pole 
combination for this design. By using global optimization 
method and genetic algorithm in ANSYS Maxwell, two 6s/4r 
VFRMs are designed to achieve the maximal output power, 
efficiency and power factor with and without NIratio fixed to 1. 
To reduce the copper loss and boost the operation speed range, 
the open-winding control scheme is applied [30]. Since the 
operation temperature is hard to obtain, the peak current 
density and electric load constraints are applied instead. Fig. 
9 shows the cross-sections of the globally optimized 
machines, with their specifications compared in Table 5. The 
machine with NIratio≠1 (VFRM II) has smaller split ratio and 
larger electric load than that with NIratio=1 (VFRM I). 
 

 
a 

 
b 

Fig. 9.  Cross sections of optimized 6s/4r VFRMs with and 
without NIratio fixed to 1.  
(a) NIratio =1 (VFRM I).  
(b) NIratio =1.47 (VFRM II). 

Table 4 Design constraints and variables of 6s/4r VFRMs 
Constraints Unit Value 

Inverter output voltage limitation V 380 
Inverter output current limitation A 200 
Inverter output frequency limitation Hz 500 
Stator outer diameter mm 365 
Stack length mm 50.8 
Airgap length mm 1 
Highest speed of constant torque operation rpm 2165 
Highest speed rpm 6000 
Peak slot current density limitation A/mm2 10 
Peak electric load limitation kA/m 100 

Optimization variables Unit Range 
Split ratio - 0.5~0.7 
Stator pole arc ratio - 0.33~0.5 
Rotor pole arc ratio - 0.33~0.44 
Rotor outer diameter - 182.5~255.5 
Coil turns number - 30~60 
DC/AC ampere turns ratio - 1~2 
Stator yoke thickness mm 20~40 
Rotor yoke thickness mm 20~40 

 
Table 5 Design parameters of 6s/4r VFRMs 

Variables Unit 6s/4r VFRMs 
NIratio =1 NIratio ≠1 

Split ratio - 0.65 0.59 
Stator pole arc ratio - 0.45 0.43 
Rotor pole arc ratio - 0.36 0.35 
Coil turns number - 35 52 

NIratio - 1 1.47 
Stator yoke thickness mm 29 31 
Rotor yoke thickness mm 40 30 

Current density A/mm2 9.8 10 
Electric load kA/m 56.5 92.8 

 

 
Fig. 10.  Torque/power-speed curves of 6s/4r VFRM with and 
without NIratio fixed to 1. 
 

A comparison of the torque/power-speed curves of 
these two machines are also calculated, as shown in Fig. 10. 
The peak output torque of VFRM II (340Nm) is significantly 
larger than that of VFRM I (306Nm), an 11% increase. This 
is mainly owing to the improvement of the power factor of 
the peak torque operation region when NIratio >1, as can be 
seen from Fig. 11. Fig. 12 further presents the efficiency maps 
of designed VFRMs. Although VFRM II has larger copper 
loss than VFRM I, the higher output power of VFRM II 
assigns it with equivalent efficiency as VFRM I. Also, this 
reveals the fact that the power factor is closely related to the 
output power, whereas the efficiency is also relevant to the 
loss level. A high power factor is not necessarily lead to a 
high efficiency in VFRMs. 

Overall, by using NIratio>1 strategy during design, the 
power factor and peak torque of VFRMs can be effectively 
boosted under a given inverter capacity. 
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a 

 
b 

Fig. 11.  Distributions of power factor of all the operation 
points on efficiency maps of 6s/4r VFRMs with and without 
NIratio fixed to 1. 
(a) VFRM I. 
(b) VFRM II. 
 

 
a 

 
b 

Fig. 12.  Efficiency maps of 6s/4r VFRMs with and without 
NIratio fixed to 1. 
(a) VFRM I. 
(b) VFRM II. 

6. Experimental Verification 
For verification, a 6s/4r VFRM is prototyped, as 

shown in Fig. 13. The main specifications are listed in Table 
6. The AC current is excited by a commercial inverter and the 

DC current is supplied by a DC power supply. The test rig is 
shown in Fig. 14. 

Firstly, by using the LCR meter, the inductance of the 
prototype can be measured. The FEA calculated and 
measured peak values of the armature self-inductance and 
mutual inductance between armature and field windings are 
compared in Table 7. The measured data is slightly smaller 
than the prediction, which is mainly due to the measurement 
error. It shows that due to the aforementioned modulation 
effect of rotor, the mutual inductance is equivalent to the self-
inductance, which will lead to a low factor in the prototype. 

Fig. 15 then shows the measured back-EMFs at 1A 
and 2A DC currents. The measurements match the FEA 
results well. Fig. 16 further shows the variation of average 
torque with total RMS current. To maintain the maximal 
torque/copper loss ratio, the DC/AC ampere turns ratio is kept 
as 1. The measurement is slightly smaller than FEA 
prediction due to the evitable measurement error and end 
effect of windings. 
 
Table 6 Main specifications of prototype 6s/4r VFRM 

Parameter Value Parameter Value 

Number of phases 3 Stator outer diameter 90mm 

DC-bus voltage 48V Rotor outer diameter 46.4 mm 

Split ratio 0.52 Airgap length 0.5mm 

Stator pole arc 30 deg. Rotor pole arc 41 deg. 

Rated speed 400rpm Turns per coil (AC/DC) 183/183 

Stack length 25mm Phase resistance 6.2 Ohm 

 

 
a 

 
b 

Fig. 13.  Photos of 6s/4r VFRM prototype. 
(a) Stator 
(b) Rotor 
 

 
Fig. 14.  Photos of test rig. 
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Table 7 FEA predicted and measured peak-values of 
inductances of prototype 6s/4r VFRM 

Inductances FEA Measurement 
Phase self-inductance of 

armature winding 57.1 mH 55.4 mH 

Mutual inductance between 
armature and field windings 58 mH 56.5 mH 

 

 
Fig. 15.  Back-EMFs of 6/4 VFRM under 1A and 2A field 
current excitations. 
 

 
Fig. 16.  Variation of average torque with total RMS current 
for 6/4 VFRM. (NIratio=1). 
 

 
Fig. 17.  Measured rotor position, phase current and phase 
voltage (Iq=If=2A). 
 

Further, to measure the power factor of prototype, the 
phase voltage and current are obtained by the voltage probe 
and current clamp, as shown in Figs. 14 and 17. The voltage 
signal contains many harmonics, which is mainly due to the 
PWM. The power factor is then obtained from the phase shift 
of fundamental components of voltage and current 
waveforms. Fig. 18 shows the variations of power factor with 
AC and DC currents. As expected, the higher the DC/AC 
ampere turns ratio is, the higher the power factor will be. 

It should be noted that the prototype is a small scale 
machine, which is manufactured only for validation. 
Therefore, the influence of phase resistance on power factor,  

 
Fig. 18.  Measured and FEA predicted power factor under 
different load condition (Id=0, rotating speed is 400rpm). 
 

 
Fig. 19.  Measured and FEA predicted efficiency under 
different load condition (Id=0, rotating speed is 400rpm). 

 
which is usually negligible in large scale machine, should be 
taken into account during this experiment. The power factor 
when Id=0 can be expressed as: 

2 2 2

1

1

q

d q q

f q

U
pf

U U

RI




 
  

    

 

(26) 

It can be seen that due to the relatively large magnitude 
of RIq in small scale machine, the power factor is increased 
significantly, especially for low speed operation. Moreover, 
for the same DC/AC ampere turns ratio and rotating speed, 
RIq is linearly proportional to Iq, whereas ĭq and ĭf are 
constrained by the core saturation. As a result, the larger the 
excitation is, the higher the power factor will be, as confirmed 
in Fig. 18. Nevertheless, the revealed influence of DC/AC 
winding ampere turns ratio on power factor can still be clearly 
observed in the test of the prototype. 

Finally, the efficiency of the prototype machine are 
measured by calculating the input power and output power, 
i.e., 

.
3 cos

r

a

TEff
UI 


  (27) 

The results are shown in Fig. 19. The measured results 
are smaller than the FEA prediction because the mechanical 
loss is not taken into account. By comparing Figs. 18 and 19, 
it can be found that the power factor is indirectly related to 
the efficiency. A high power factor does not necessarily result 
in a high efficiency since the copper loss and iron loss vary 
with load condition. 

7. Conclusion 
This paper analyzes the power factor of VFRMs. The 

analytical expression of power factor is derived and the 
relationship between the design parameters and the power 
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factor is identified. The power factor of VFRMs is found to 
be influenced by three predictable ratios, i.e. 

(a) Rotor permeance ratio. It is a ratio between the 1st 
and dc components of rotor permeance. The smaller the rotor 
pole arc and airgap length are, the higher the power factor is 

(b) Stator/rotor pole ratio. It is a ratio related to 
stator/rotor pole number and the winding factor. The smaller 
the rotor pole number is, the higher the power factor will be. 
In addition, the VFRMs with concentrated winding has higher 
power factor than those with distributed winding. 

(c) DC/AC winding ampere turns ratio. The larger this 
ratio is, the higher the power factor will be. 

The low power factor issue in VFRM is mainly due to 
the weak coupling between armature and field windings 
caused by the modulation effect of the salient rotor. The most 
effective way for power factor regulation is to adjust the 
DC/AC ampere turns ratio, albeit with degraded 
torque/copper loss ratio. Based on this, a design method is 
developed to take the power factor into account for VFRMs. 
All the analyses are verified by FEA and experiment. 

The work presented in this paper not only explains the 
underlying mechanism of power factor in VFRM from the 
MMF and permeance perspective, but also provides a 
potential method to analyze the power factor of other kinds 
of stator PM-excited or DC-excited machines with doubly-
salient core structure. 
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