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Abstract—Flux modulated dual-permanent magnet (PM)
excited machine (FMDPMM) has become a promising candidate
for direct-drive applications, featuring high torque density and
efficiency. However, it usually suffers from a low power factor
(PF) due to the imbalanced PM and armature flux linkages,
which are mainly caused by the abundant PM and armature
field harmonics. To address the problem, a comprehensive PF
analysis of FMDPMM is conducted in this paper based on PM
and armature flux linkages. First, the dominant PM and
armature field harmonics contributing to the corresponding flux
linkages are investigated using a simplified magnetomotive force
(MMF)-permeance model. Based on the qualitative analysis,
several practical design guidelines are presented to improve the
PF of FMDPMM. Then, the dominant field harmonics and flux
linkage contributions of two FMDPMMs with different PM
arrangements and winding configurations are comparatively
analyzed, quantitatively verifying the effectiveness of the
proposed guidelines for PF improvement. The results
demonstrate that, by taking advantage of high PM flux linkage,
low non-working armature flux linkage, and proper filtering
effect of armature windings, MDPMM can simultaneously
achieve a high PF and a large torque density. Finally, a
prototype is manufactured for validation.

Index Terms—Dual-permanent magnet (PM) excitation, Flux
modulated machine, Power factor (PF), Flux linkage.

I. INTRODUCTION

UE to the high efficiency and reliability, direct-drive
permanent magnet (PM) machines (DDPMMs) have
been favored in many industrial fields such as wind power
plants, electric vehicles, and coal mine tunneling robots [1]-
[3]. As a type of DDPMM, the flux modulated PM machine
(FMPMM) has attracted increasing attention due to its unique

Manuscript received January 03, 2026; revised February 23, 2026;
accepted March 04, 2026. Date of publication June 25, 2026. Date of current
version April 03, 2026.

This work was supported by the National Natural Science Foundation of
China under Grant 52404171.

Hong Chen, Yao Meng, and Boyi Li are with the College of Electrical
Engineering and Automation, Shandong University of Science and
Technology, Qingdao 266590, China (e-mail: hongchen@sdust.edu.cn;
mengyqd@163.com; byli_sdust@163.com).

Dawei Li and Ronghai Qu are with the School of Electrical and Electronic
Engineering, Huazhong University of Science and Technology, Wuhan
430074, China (e-mail: daweili@hust.edu.cn; ronghaiqu@hust.edu.cn).

(Corresponding author: Yao Meng)

Digital Object Identifier 10.30941/CESTEMS.2026.00011

flux modulation mechanism [4]-[7]. FMPMMs can modulate
the airgap magnetic field through stator/rotor slotting or
special structure designs, resulting in superior performance in
terms of torque and power density. Up to now, FMPMMs
with various topologies have been proposed [8]-[9]. Based on
the placement of PMs, FMPMMs can generally be classified
into three categories: flux modulated rotor-PM excited
machines (FMRPMMs), flux modulated stator-PM excited
machines (FMSPMMs), and flux modulated dual-PM excited
machines (FMDPMMs).

Similar to the conventional PM machines, FMRPMMs
install PMs on the rotor side, but their stator can be designed
with different structures, e.g., open slot [10]-[11], split teeth
[12]-[13], hybrid arrangement teeth [14], and segmented
stator [15]. In addition, the rotor-PMs of FMRPMMSs can also
be designed with different types. In [16], four vernier PM
machines with different rotor-PM arrangements are compared.
In [17], the power factor (PF) characteristic of a vernier
machine with V-/I-shaped rotor-PMs is comprehensively
analyzed. Apart from FMRPMM, FMSPMM is also a critical
category of FMPMMs [18]-[22]. Compared to FMRPMMs,
FMSPMMs with PMs equipped in the stator have the merit of
easy heat dissipation. In addition, their rotors can be designed
with a salient pole structure without PMs, which simplifies
the manufacturing process and enhances mechanical
reliability.

The emerging FMDPMMs with PMs on both the stator and
rotor can utilize the bidirectional flux modulation effect [23]-
[26] to transmit much higher torque density than the other two
types of machines, which has attracted more and more
attention in the last decade. In [27], two FMDPMMs with
different stator-PM arrangements are proposed and compared,
which shows that the FMDPMM with “N-Fe-N-Fe”
arrangement offers higher torque density and efficiency, but a
lower PF than the one with “N-Fe-Fe-N" arrangement due to
its larger inductance. In [28], four FMDPMMs with different
topologies are comprehensively compared to show their
advantages based on finite element analysis (FEA). In [29], a
linear FMDPMM s presented to generate additional working
harmonics through asymmetric design, improving thrust
density and reducing PM material usage significantly. In
addition, an FMDPMM with asymmetric consequent-pole PM
arrangement is proposed to reduce flux leakage and enhance

2096-3564 © 2026 CES


mailto:hongchen@sdust.edu.cn
mailto:mengyqd@163.com
mailto:daweili@hust.edu.cn

CHEN et al.: POWER FACTOR ANALYSIS OF FLUX MODULATED DUAL-PM EXCITED MACHINES BASED ON PM AND

ARMATURE FLUX LINKAGES

PF attributed to low non-working armature harmonics [30]-
[31]. In [32], a fault-tolerant FMDPMM is developed
employing hybrid stator designs, which proves to have good
fault tolerance and improved torque density and PF.
Moreover, the spoke-type PMs [33] and Halbach-array PMs
[34] have been employed in the stator slots of FMDPMMs,
which can contribute to improved torque density and PF. In
[35], the torque generation mechanism of FMDPMM is
analyzed based on airgap field modulation theory. Although
scholars have conducted extensive research on FMDPMMs,
particularly in aspects such as the design of new topologies
and the generation mechanisms of back-electromotive force
(back-EMF) and torque, there is a lack of underlying
mechanism analysis of their PF characteristics and general
design guidelines for achieving a high-PF in FMDPMMs.

To address this problem, this paper aims to analyze the PF
of FMDPMM based on PM and armature flux linkages, and to
provide design guidelines for PF enhancement via harmonic-
level regulation of these flux linkages. In Section II, the PF
formation mechanism is analyzed. The dominant PM and
armature field harmonics contributing to their corresponding
flux linkages are identified using a simplified magnetomotive
force (MMF)-permeance model. Based on the qualitative
analysis, several design guidelines are proposed to improve
the PF of FMDPMMs. In Section 11, to quantitatively verify
the effectiveness of these guidelines, the PFs of two
FMDPMMs with different PM arrangements, together with
their flux linkage components contributed by the
corresponding field harmonics, are comparatively investigated.
Then, in Section 1V, a prototype machine is manufactured and
tested to verify the FE analysis results. Finally, conclusions
are drawn in Section V.

Il.  ANALYSIS OF PF AND FLUX LINKAGES

A. PF Formation Mechanism

The PF formation mechanism of FMDPMM is illustrated in
Fig. 1, in which consequent-pole PMs and salient iron poles
are arranged on both the stator and rotor sides. According to
the principle of flux modulation, the stator-PM MMF
produced by the stator-PMs interacts with the rotor iron poles,
generating a stator-PM field rich in spatial harmonics.
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harmonics is generated through the interaction between the
rotor-PM MMF and the stator iron poles. Meanwhile, the
armature windings carrying alternating currents produce an
initial armature MMF, which is further modulated by both the
stator and rotor iron poles, resulting in a multi-harmonic
armature magnetic field. Subsequently, through the filtering
effect of the armature windings, the effective PM and
armature field harmonics are selected to generate the PM and
armature flux linkages. These flux linkage components are
directly related to the PF and output torque of FMDPMM,
thereby establishing a direct relationship between the field
harmonics and the PF.

The phasor diagram of FMDPMM is depicted in Fig. 1,
where s and y,, denote the flux linkages produced by stator-
PMs and rotor-PMs, respectively. y, is the armature flux
linkage, and v, is the leakage flux. E,, and Uy, are the phase
back-EMF and voltage, respectively. w represents the electric
angular velocity, and ¢ is the PF angle. With zero d-axis
current control and negligible winding resistance, the PF of
FMDPMM is expressed as:

22
PF=cosg = lJ{M} @

l//ps + (//pr

According to (1), the PF is fundamentally determined by
the magnitudes of the PM and armature flux linkages. For a
fixed y,, increasing either wys or wy, can enhance both the PF
and torque of FMDPMM. Conversely, reducing w, can
enlarge the PF but may lead to a decrease in torque. To
achieve simultaneous improvement in PF and torque of
FMDPMM, it is essential to decompose these resultant flux
linkages into their constituent field harmonic components and
identify the dominant harmonic contributions from both the
PM and armature excitations.

B. PM Flux Linkage

The PM flux linkage of FMDPMM is produced by the
synthetic PM magnetic field jointly excited by the stator-PM
MMF Fn(6) and rotor-PM MMF Fg(6), which can be
expressed as follows, respectively:

Fe(0)= i Fon COS(MN,0) 2

Similarly, the rotor-PM magnetic field with abundant
Stator-PM magnetic field i Flux linkages
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Fig. 1. PF formation mechanism of FMDPMM.
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Fpr(H,t)zinm cos[ NN, (0 -2t)] (3)

where Fpn and Fyrm denote the amplitudes of the mth and nth
harmonics of the stator-PM and rotor-PM MMFs,
respectively. Ny, and N, are the stator-PM and rotor-PM pole
pair numbers, respectively. 6 is the rotor position reference to
the stator, Q, is the mechanical angular velocity, and t is the
time. Due to the doubly-salient airgap structure of FMDPMM,
the stator permeance function 4s(6) and rotor permeance
function 4,(0, t) can be expressed as follows, respectively:

A(0)= A+ 4, cos(iN,,0) @
Ar(a,t)=4o+i/\”. cos| jN, (6-Qt)] (5)

where Ay and A, represent DC components of the stator and
rotor permeances, respectively, while 44 and 4,; denote the
amplitudes of the ith and jth harmonics of the respective
permeance. According to the bidirectional flux modulation
theory, the synthetic flux density B,(6,t) produced by the dual-
PMs can be obtained as:

B, (6,1)=F,(9)4,(0,t)+F, (6.t) A (0)

= Z Bps‘mNs | cos(mN,60)

+ZZ i, 2, ‘COS|:(jN +mNSp)¢9—er.Qt] ©)

m=1 j=1

+Z By, COS[ NN, (0-Qt) ]
+ZZ Bpr‘nN +iN

i=1 n=1

cos[(nNr +iN, )60 - nNer]

are the amplitudes of the mNg,-th

s

where B and B

ps‘mNsp‘
and [JNEmNg|-th flux density harmonics produced by the
stator-PMs, respectively. B and B are the

ps‘jN(imNsp‘

pr‘nN,‘ pr‘nN,tiNsp‘

amplitudes of the nN-th and [nN,£iNs|-th harmonics produced
by the rotor-PMs, respectively. According to (6), it can be
seen that besides the stationary harmonics, the PM magnetic
field consists of the |jNAmMNg|-th, nN-th, and [nNZiNg|-th
rotating harmonics.

Then the PM flux linkage wp(t) can be derived and
expressed as:

v, (1) = gstj B, (6,N(8)d0 =y, () +y,, (1)

U]
N () = Z h2 N k,, cos(h@)

where N(6) represents the winding function, ry is the airgap
radius, and | is the active stack length. N is the turns in series
per phase. ky, is the winding factor of the h-th harmonic.
wps(t) and wp(t) are the flux linkage produced by stator-PMs
and rotor-PMs, respectively, which can be expressed as (8)
and (9):

0

v, (=C > > B o

m=1 j=1

w‘jN,tmNsp‘ .
—— oS JN Ot 8
TR Qt - (8)

sp‘

Kon
v, ()=C ZBMHN‘ ) — cosnN, Qt
K ©)
+C ZZ NN N Qt
et et prIN, +iN | nN, + iN p|

where Co = 2rgl4N;. Since only the fundamental PM flux
linkage contributes to generating the steady output torque, the
jand n in (8) and (9) equal 1. Consequently, the dominant
working PM field harmonics contain the |N+mNg|-th, N-th,
and |NxiNg|-th orders. The PM flux linkage components of
FMDPMM and their contributing field harmonics are
summarized in Table I. Accordingly, it can be observed that
the PM flux linkages s and wy, are both directly impacted by
the amplitudes of both the stator and rotor-PM dominant flux
density harmonics and corresponding winding factors with the
same harmonic orders.

TABLE |
PM FLUX LINKAGE COMPONENTS OF FMDPMM

Item Source Amplitude Contributing field harmonic
yps  Stator-PMs C,> B N 2| IN-£MNgp)
m=1
kW
Conr\N,\TM N
wor  Rotor-PMs K
c B ‘ WIN, +iN, | i
o; vl N, 2N, [N iNg|

C. Armature Flux Linkage
The armature MMF F,(0, £) can be expressed as:

F(0,0=3F,
v=1

where Fy, = 3Niken/(vr) represents the amplitude of the vth
armature MMF harmonic. I, is the current amplitude, and ky,
is the winding factor of the vth harmonic. sgn(v) is the sign
function to reflect the rotation direction of the vth harmonic.
Then the airgap flux density produced by the armature MMF
Ba(6, t) can be expressed as:

cos[ vo—sgn(v) N, Qt | (10)

B, (0,t) =22 F, (0,1) A (0) 4 (6,)

B,, cos| vd—sgn (V)N 2t

[
Ms @

<
1}
N

+

+
M 1M 1D

> Biven, cos{(vir iN,)0—[sgn(v) £ j]Ner} (1)

B cos[(viiNsp)e—sgn(v)Nrgt}

a‘viiNsp‘

3 (IN, £iNg £v)@
;Ba‘jN +iNg +v‘ { [jisgn(v)]Ner

where uo and g are the vacuum permeability and airgap
length, respectively. B, B and B

+

<
Il
[N
N
[N

Ba‘viiNsp‘ !
are the amplitudes of the corresponding flux density

harmonics produced by armature windings, respectively.
From (11), it can be observed that the armature magnetic field

avEjN,| a‘jN,iiNspiv‘
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of FMDPMM can provide the harmonics including the v-th,
[vEjN|-th, [viNg|-th, and |jN£iNg+v|-th orders.

The expression of the fundamental armature flux linkage
wa(t) can be derived by:

w, ()= gstj B, (0,t)N(0)do
=C ZBavk—cosN ot

v=1
+COiB

v=2,58..

WIv£2N, |

alvt2N,| |Vi 2Nr| cos Nr‘Qt

(12)

.o K,
+Co2. 2, B, i ’:"| cos N, .Qt
s

0

+C0 Z zBa N+|N5p+v‘

=2,58.. i=

8

kw\ZN +iNg, +v|
2Nr sp _ |

It can be found that the dominant armature field harmonics
contributed to the armature flux linkage are the v-th, [v£2N//-th,
[v£iNg|-th, and [2N#iNgxv|-th orders. The armature flux
linkage components of FMDPMM and their contributing field
harmonics are listed in Table I1.

cos N, 02t

TABLE Il
ARMATURE FLUX LINKAGE COMPONENTS OF FMDPMM

Item Amplitude Contributing field harmonic
3 va
COZBa\/ v
C N . M v+2N
Ovzzs:a av 2N“V+2N‘ | r|
Ya ®
C5Sg b v£iN
OV 12 alviNg| V+IN ‘ | 5p|
e e kw‘ZN Ny, £y )
CO Z zBa‘ZN Ny, V] |2N’iIN5F’iV|

2N, %iN, +v\

v=258,...

N
N

It should be noted that only the armature field harmonics
whose orders are equal to those of the PM field harmonics can
produce the steady torque. These harmonics are defined as the
working harmonics and generate the working flux linkage
waw- The remaining harmonics are referred to as non-working
harmonics and produce the non-working flux linkage ., [15].
A reduction in y,, tends to increase the PF but inevitably
leads to a decrease in the average torque, whereas a reduction
in w,, contributes to an improved PF without affecting the
torque. Therefore, to simultaneously achieve the design
objectives of a high PF and large torque, a feasible strategy is
to suppress the w,, component while maintaining or slightly
enhancing the y,, component.

D. PF Improvement Guidelines

Based on the foregoing analysis, it can be observed that an
efficient approach to improving the PF of FMDPMM s to
regulate the PM and armature flux linkages appropriately.
This can be achieved through the optimal design of the PM
and armature field harmonics, as well as the proper selection
of the armature winding configuration and slot-pole
combination. Consequently, for an FMDPMM with N stator

slots, Ny, stator-PM pole pairs, N, rotor pole pairs, and P,
winding pole pairs, the following guidelines should be
satisfied to obtain a relatively high PF.

1) Enhancement of PM flux linkages w,s and . Since
high PM flux linkage simultaneously improves the PF and
average torque, the stator- and rotor-PM flux linkage
components s and y,, should be maximized. Accordingly,
the amplitudes of the dominant working PM field harmonics,
including the |[NAmNg|-th, N-th, and |NiNg|-th orders,
should be enlarged according to (6)-(9).

2) Balanced armature flux linkage w, generation. To
achieve a high PF and torque, the amplitudes of the dominant
working armature field harmonics producing ., should be
increased, including the v-th, [vx2N/-th, [v£iNg|-th, and
|2N/iNgp2v|-th orders. Meanwhile, the amplitudes of the non-
working armature field harmonics contributing to v, should
be effectively suppressed, particularly the lower-order
components that do not coincide with the orders of the
working PM field harmonics.

3) Optimal winding configurations and slot-pole
combinations with high winding factors. The goal is to take
full use of the filtering effect of the armature windings. For
the PM field harmonics, the winding factors of the working
harmonics should be as large as that of the P,-th harmonic
kwea. Consequently, the PM harmonic orders [NxmNg|, N;
and |N.£iNsp| should satisfy the following relationship:

=|kN, P
N, =|kN, £P|
N, +iNg [ =[kN, +P,|

where k = 0, 1, 2, ... Meanwhile, the working armature field
harmonic orders that are equal to [N, £kN;| (i.e., dominant PM
field harmonic orders) should also equal [kNstP,|. In contrast,
the non-working armature field harmonic orders should avoid
matching |kNstP,| to obtain low winding factors. Based on
these matching conditions, the effectiveness of a candidate
slot-pole combination can be assessed by examining the
resulting PM and armature flux linkage spectra, which
ultimately leads to an improved PF.

(13)

I11.  FINITE ELEMENT VALIDATION

In this section, two FMDPMMs are developed to validate
the effectiveness of the aforementioned analysis, as shown in
Fig. 2, named Machine | and Machine Il, respectively.
Machine | is specifically designed by systematically applying
the three guidelines for PF improvement, including employing
rich dual-PM field harmonics, low-order armature field
harmonics with low amplitudes, and a matching winding
configuration that ensures high winding factors for all
working PM field harmonics while providing low winding
factors for low-order harmonics. Machine Il serves as a
benchmark for comparison. Both FMDPMMs have 18 stator
slots and 13 rotor pole pairs, but differ in their stator-PM
arrangements. Based on the flux modulation theory, the stator-
PM pole pair number Ny, of Machine | equals Ns, while for
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Machine 11, Ng, = Ny/2. Therefore, the armature winding pole
pairs P, of the two FMDPMMs are 5 and 4, respectively. To
ensure a fair comparative analysis, both machines are globally
optimized for maximized torque density and PF under the
same design constraints, including rotor outer and inner
diameters, airgap and stack lengths, electrical loading, and
materials. Key geometric parameters, such as stator tooth
widths, PM heights, and pole arcs, are varied using a
parametric sweep coupled with FEA. The main parameters are
summarized in Table I1.

Fig. 2. Machine topologies of the two compared FMDPMM:s. (a) Machine I.
(b) Machine II.

TABLE Il

PARAMETERS OF THE TWO COMPARED FMDPMMSs

Parameter Machine | Machine Il
Stator slot number, Ns 18
Rotor pole pair, N 13
Winding pole pair, P, 5 4
Stator-PM pole pair, Ny, 18 9
Rotor outer diameter/mm 1225
Stator outer diameter/mm 102
Stack length/mm 60
Airgap length/mm 0.4
Stator-PM thickness/mm 22
Rotor-PM thickness/mm 2.7
Rated speed/(r-min) 300
Turns in series per phase 756
Copper loss/W 95
Rated current/A 15
Steel material 50WW470
PM material 40SH

A. PM Field Harmonics and Flux Linkages

Figs. 3 and 4 show the airgap flux density waveforms and
harmonics produced by the PM excitations of the two
FMDPMMs. For Machine I, the dominant PM field harmonic
orders are the 5™ (IN,-Ngp|-th), 13™ (N,-th), 23 (IN;-2Ngm|-th),
and 31% (IN,+Ngn|-th), which are produced by both the stator
and rotor-PM fields. As for Machine I, it can be found that
there are more PM flux field harmonics than those of Machine
I. The dominant harmonic components include the 4™ (|N,-
Ngml-th), 5™ (|2Ngm-Ni|-th), 9™ (Ngm-th), 13™ (N,-th), 18" (2Ngr-
th), 22" (New+Ng-th), and 32" (|5Ngn-Ni|-th) orders.
However, with the filtering effect of the armature winding
(indicated by the winding factors of P,= 4 in Table 1V), only
the even order harmonics (4™, 22", and 32" are the dominant
working harmonics for Machine Il. Then, the PM flux linkage
waveforms and harmonic contributions of the two
FMDPMMs are investigated in Figs. 5 and 6. It can be

observed that for Machine I, the rotor-PMs produce nearly
80% of the total PM flux linkage. Moreover, the dominant
harmonics that contribute positively to the PM flux linkage
are the 5™ and 13", while the 23™ and 31% contribute
negatively. For Machine 1l, the dominant harmonics are the
4™ and 22", while the contribution of the 32" harmonic is
relatively minor. To provide a quantitative perspective, the
amplitudes and components of the dominant PM flux
harmonics and corresponding contributions to flux linkages of
the two FMDPMMs are compared in Table V. Therefore, it
can be concluded that the PM field harmonics of Machine |
exert a stronger enhancement effect on the PM flux linkages
than those of Machine II, owing to a more effective winding
filtering effect of Machine | that selectively extracts the

working PM field harmonics with larger amplitudes,
consistent with guidelines (1) and (3).
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Fig. 3. Airgap flux densities of Machine | produced by PMs. (a) Waveforms.
(b) Harmonics.
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Fig. 4. Airgap flux densities of Machine 1l produced by PMs. (a) Waveforms.
(b) Harmonics.
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Fig. 5. PM flux linkages of Machine I. (a) Waveforms. (b) Harmonic
contributions.
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Fig. 6. PM flux linkages of Machine Il. (a) Waveforms. (b) Harmonic
contributions.

TABLE IV
WINDING FACTORS OF THE 18-SLOT ARMATURE WINDINGS
Item Winding factor, Ky
1st 5'th 7lh 11'th 13th 17lh 19th
P.=5
@ —0.06 0.95 014 014 095 006 —0.06
2nd 4'th 81h 10'th 1 4th 16'th zoth
P.=4
¢ -0.14 095 006 -0.06 0.95 014  -0.14

TABLE V
QUANTITATIVE COMPARISON OF DOMINANT PM HARMONICS AND
CORRESPONDING CONTRIBUTIONS

Type Order, k Amplitude, T Proportion/%

5t 0.36 53.23

) 13" 1.07 60.97
Machine | o

23 0.14 -4.64

31 0.40 -9.56

4 0.29 85.07

Machine II 22M 0.31 16.95

32m 0.05 -2.03

B. Armature Field Harmonics and Flux Linkages

The primitive armature MMF waveforms and harmonics of
the two FMDPMMs are depicted in Fig. 7. It shows that for
Machine I, there are only odd-order MMF harmonics and the
main MMF harmonics with high amplitudes include the 1st,
5th, 7th, and 13th orders. For Machine Il, there are only even-
order MMF harmonics and the main harmonic orders are 2nd,
4th, and 14th. Additionally, the winding factors of both
armature windings are listed in Table IV, which help to filter
the corresponding harmonics.

Then the armature magnetic fields can be produced by the
modulating interaction of the armature MMFs and the salient
teeth of the stator and rotor. Fig. 8 shows the airgap flux
density waveforms and harmonics produced by the armature

L5 ——Machine | ---- Machine Il 08 Y/} Machine |
210 . XY Machine 11
S : ~06¢
w 05 ! B
> ! e 7
g 0.0 - § 04} é
2-05 = 7
£ go02f M
310 < 7

n
15 L L 0.0 Ao o LN
120 240 360 0 5 10 15 20
Rotor position (mech. deg.) Harmonic order

(®) (b)
Fig. 7. Armature MMFs of the two FMDPMMs. (a) Waveforms. (b)
Harmonics.
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Fig. 8. Armature airgap flux densities of the two FMDPMMs. (a) Waveforms.
(b) Harmonics.

MMFs, which are categorized into working and non-working
harmonics and detailed in Table VI. In Machine I, the
working armature field harmonics comprise the 5%, 13", 23",
and 31% orders, whereas the non-working harmonics consist
of other odd orders such as the 1%, 7" 11" and 17". In
contrast, Machine I1 exhibits working harmonics at the 4™ and
22" orders, with non-working harmonics including other even
orders, such as the 2™, 8" 10" and 14™. Additionally, it can
be observed that the dominant working harmonics differ
significantly between the two machines, while harmonics of
similar orders exhibit comparable amplitudes. Furthermore,
the armature flux linkage waveforms and their harmonic
contributions of the two FMDPMMs are investigated in Figs.
9 and 10. The results indicate that in Machine |, the dominant
working harmonics (5™ and 13™) contribute positively to the
armature flux linkage, whereas the dominant non-working
harmonics (1% and 23™) exhibit negative contributions. In
contrast, both the dominant working and non-working
harmonics in Machine Il contribute positively to its armature
flux linkage, as quantitatively analyzed in Table VII. As a
result, although the working harmonics in both machines yield
comparable flux linkage components due to their similar
amplitudes, the negative contributions from the non-working
harmonics in Machine | result in an overall reduction of its
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total armature flux linkage. Therefore, the non-working
armature field harmonics of Machine | exert a stronger
suppressive effect on the armature flux linkage than that of
Machine Il owing to their negative contributions, which is
consistent with guidelines (2) and (3).

TABLE VI
DOMINANT ARMATURE HARMONICS OF THE TwWo FMDPMMSs
Type Machine | Machine 11
Working 5%, 13", 23, and 31 4" 22" and 32"
harmonics
Non-working 1, 7™ 11, 17 19, 2" g 10™, 14" 16" 20",
harmonics 25" 29" .. 26" 28" ...
~03 100 - .
§ Machine | g\o, Machine |
202 < 80 ) )
@ 2 Working harmonics
% 0.1 § 60
x 0.0 E 40 Ngp-V (v=5)
= 2 & v=13 =
0.1 g 20 v (v=5)
g < 7 2N,+v
£.02 S 0 2 2
c = Ngy+V (v=5)
< -0.3 L L L 20 L L L L
360 0 5 10 15 20 25 30

120 240
Rotor position (elec. deg.) Harmonic order
@) (b)
Fig. 9. Armature flux linkages of Machine I. (a) Waveforms. (b) Harmonic
contributions.
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calculated and compared in Table VIII. The results show that
Machine | can achieve a PF of 0.932, which is 21.5% higher
than the value of 0.764 for Machine Il. Then, the PFs of the
two machines are calculated from the perspective of the PF
angle. As investigated in Fig. 12, U, and U represent
fundamental phase voltages of Machine | and Machine II,
respectively. |, is the phase current and is kept the same for
the two compared machines. The calculated PF values are
0.938 for Machine 1 and 0.783 for Machine II, closely
matching the values derived from the flux-linkage-based
method. Additionally, the curves of the PF values for the two
FMDPMMs with varied phase currents are compared in
Fig. 13, demonstrating the high-PF priority of Machine I.
Furthermore, the torque density of Machine I is 34.2 (N-m)/L,
which is 67.9% higher than that of Machine Il, as calculated
in Table VIII. It can be concluded that, based on the given
design guidelines, FMDPMM can achieve a high PF while
maintaining a high torque density.

120 . 240
Rotor position (elec. deg.)
(@)

Harmonic order

(b)

TABLE VIII
PERFORMANCES OF THE TWo FMDPMMSs
Parameter Machine | Machine 11
Armature flux linkage, /Wb 0.221 0.291
PM flux linkage, y,/Wh 0.572 0.345
PF 0.932 0.764
Torque density/(N-m-L™Y) 34.2 20.37
1.0 1.0
——PM ——PM
—e— Armature —=— Armature
=) 2 L
S \3, 0.5
& S
g S 00F
£ £
= =
= =2-05F
[T [T
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120 . 240
Rotor position (elec. deg.)

360

120 . 240 360
Rotor position (elec. deg.)

Fig. 10. Armature flux linkages of Machine IlI. (a) Waveforms. (b) Harmonic
contributions.

TABLE VII
QUANTITATIVE COMPARISON OF DOMINANT ARMATURE HARMONICS AND
CORRESPONDING CONTRIBUTIONS

Type Order, k Amplitude, T Proportion/%
1 0.09 -9.40
5 0.35 89.73
Machine | 13" 0.19 19.20
231 0.03 -2.65
31 0.07 3.13
2n 0.07 8.55
. 4" 0.38 82.05
Machine Il 14" 0.16 8.31
22 0.03 1.09

C. PF Analysis

The PM and armature flux linkages produced by
corresponding field harmonics of the two FRDPMMs are
calculated and listed in Table VIII. Additionally, the flux
linkage waveforms of the two machines are illustrated in
Fig. 11. It shows that Machine | exhibits a lower armature
flux linkage and a higher PM flux linkage, compared to
Machine Il. Based on (1), the PFs of FMDPMMs are

@ (b)
Fig. 11. Flux linkage waveforms of the two FMDPMM. (a) Machine 1. (b)
Machine 11.
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Fig. 12. PF angles of the two FMDPMMs. (a) Waveforms of the phase
voltage and current. (b) PF angles.

In summary, compared to Machine Il, Machine | exhibits a
higher PM flux linkage due to the winding filtering effect that
selectively extracts the working PM field harmonics with
large amplitudes, and a lower armature flux linkage due to the
negative contributions of the non-working armature field
harmonics. Consequently, the higher ratio of PM flux linkage
to armature flux linkage in Machine | thereby yields a
superior PF.
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Fig. 13. Curves of the PF values of FMDPMMs with varied phase currents.

IV. EXPERIMENTAL VALIDATION

To verify the foregoing analyses, a prototype of Machine |
is manufactured based on the dimensions listed in Table I.
The main components of the prototype and the test platform
are illustrated in Fig.14.

,
O g

, Prototype

Fig. 14. Prototype and test platform.
The no-load back-EMF of the prototype is measured using an
oscilloscope while the rotor is driven at 300 r/min by a servo
motor. As shown in Fig. 15(a), the measured and FE-
predicted back-EMF waveforms are in good agreement. In
Fig. 15(b), the amplitudes of the measured and FE-predicted
back-EMFs are 2233 and 2455 V, respectively,
corresponding to an error of 9.0%, which confirms the
accuracy of the FE analysis.

320 320

—— FE-predicted V] FE-predicted
< —— Measured R Measured
£ 100 S |y
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& g | N
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\

-320 0 7\ -
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(@ (b)
Fig. 15. Open-circuit back-EMF waveforms and harmonics (at 300 r/min).
(a) Waveforms. (b) Harmonics.

The torque output capability of the motor is validated by
connecting the prototype to a load motor. Dynamic torque
measurements are performed at the rated speed of 300 r/min
using a torque transducer with a precision of 0.001 N-m.
Fig. 16(a) compares the measured and FE-predicted average

torque of the prototype under varying currents with the zero d-
axis current control strategy. It can be observed that as the
current increases from 0 to 5 A, the measured average torques
are slightly lower than the FE-predicted values, owing to
manufacturing tolerances and end effects. At the rated current
of 1.5 A, the measured torque is 21.4 N-m compared to an
FE-predicted value of 24.1 N-m. When the current rises to
4.5 A, the measured overload ratio is 2.51, closely matching
the FE-predicted ratio of 2.45. Moreover, the PF values at
different phase currents are obtained by post-processing the
voltage and current waveforms captured by the oscilloscope.
The phase difference 0 between the fundamental components
of voltage and current is extracted via fast Fourier transform
(FFT), and the PF is calculated as cos(#). The results are
compared with the FE predictions in Fig. 16(b). It can be
observed that the results exhibit closely matching trends. At
the rated current of 1.5 A, the measured PF reaches 0.932,
showing good agreement with the FE-predicted value of 0.94.

90 1.0 -
—&— FE-predicted —a— FE-predicted
B o Measured 09k o  Measured
= - Q
Seof 5
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L 8 5
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<
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0 5 0 5
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Current (A) Current (A)
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Fig. 16. Curves of average torque and PF with varied phase current.
(a) Average torque. (b) PF.

Overall, it can be concluded that the measured results agree
well with the FE predictions, demonstrating the effectiveness
of the FE analysis.

V. CONCLUSION

In this paper, the PF analysis of FMDPMMs is
comprehensively conducted based on PM and armature flux
linkages, and several guidelines for PF improvement are
presented. The main conclusions are synthesized as follows.

1) A simplified analytical model of FMDMM is built to
reveal that the dominant working harmonics contributing to
the PM flux linkage are of the orders |N;xmNg|-th, N,-th, and
IN/£iNgp|-th. For the armature flux linkage, the main working
harmonics include the v-th, [v£2N,-th, [v£iNg|-th, and
|2NiNgp2v|-th orders that coincide with the working PM field
harmonics, while the remaining harmonics contribute to the
non-working armature flux linkage.

2) Based on this harmonic analysis, design guidelines for
PF improvement are established. By appropriately selecting
the PM arrangement and armature winding configuration, the
dominant PM and armature field harmonics can be effectively
enlarged and filtered, thereby increasing the ratio of PM flux
linkage to armature flux linkage and resulting in an improved
PF.

3) Two FMDPMMs are optimally designed and
comparatively evaluated using FEA. The results confirm that
Machine I, which benefits from a favorable winding filtering
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effect, exhibits a higher PM flux linkage due to the selective
extraction of large-amplitude working harmonics. Meanwhile,
Machine | also exhibits a lower armature flux linkage owing
to the reduced contribution of non-working harmonics.

Finally, a prototype of Machine | is experimentally tested
and confirms the effectiveness of the analysis results.
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