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Nonlinear performance characteristics of 3-phase �ux-switching permanent magnet motors (FSPM) are overviewed. ese
machines show advantages of a robust rotor structure and a high energy density. Research on the FSPM is predominated
by topics such as modeling and machine comparison, with little emphasis given on its performance and limits. Performance
characteristics include phase �ux linkage, phase tor�ue, and phase inductance. In the paper, this analysis is done by a cross-
correlation of rotor position and armature current. Due to the high amount of processed data, which cannot be handled analytically
within an acceptable time period, a multistatic 2D �nite element model (FEM) is used. For generalization, the most commonly
discussed FSPM topology, 12/10 FSPM, is chosen. Limitations on the motor performance due to the saturation are discussed
on each characteristic. Additionally, a focused overview is given on energy conversion loops and dq-axes identi�cation for the
FSPM.

1. Introduction

Nonlinear magnetic behaviour is a common phenomenon in
electromechanical systems, that are pushing the boundaries.
An example of such a system is �ux-switching permanent
magnet (FSPM) motor. is motor provides signi�cant
advantages such as a robust rotor structure, high speed capa-
bility, and high energy density. In the FSPM, the dominant
nonlinear behaviour is a result of rotor position and armature
current variations [1]. During these variations, both the �eld
due to the PMs and armature current build up a parallel
magnetic circuit, which boosts the magnetic �eld in the iron
core.

Commonpractice shows that to account for the nonlinear
magnetic behaviour, analytical models make use of external
data obtained either by numerical models or by measure-
ments [2]. Over the last decade, analytical nonlinear mod-
eling of the FSPM has been under intensive research [3–7].
However, such models are very sensitive to the high amount
of processed data and are not suitable for a performance
analysis, where rotor position and armature current need to
be varied. With the performance analysis, operational limits,

�ux weakening capabilities, and drive issues, depending on
the inductance behaviour of the FSPM, can be determined.

In the limited amount of publications regarding the
performance analysis of the FSPM, the general focus is
set on the comparison with machines such as brushless
AC/DC and double salient machines [8, 9]. In this paper,
a detailed overview is given on the nonlinear performance
characteristics of the FSPM. To generalize the �ndings, the
most common topology of the FSPM is chosen, that is, the 3-
phase 12/10 with PM excitation, as shown in Figure 1 [4, 6, 8].
For the performance-characteristic-calculations, a 2D �nite
element model (FEM) of the FSPM is created using Flux
soware. In the parametrization process, a direct link to the
MATLAB environment is made, where the armature current
𝑖𝑖 and rotor position 𝜃𝜃𝑚𝑚 are varied for a cross-correlated
analysis. For the armature current, a constant current is
varied from [0 ∶ 100]A-rms with Δ𝑖𝑖 𝑖 𝑖A-rms intervals,
whereas the rotor position is varied for one electrical cycle
𝜃𝜃𝑚𝑚 𝑖 [0 ∶ 36]∘. e upper limit of current is set to ten times
the rated current 𝐼𝐼𝑛𝑛 𝑖 10A to evaluate the performance
characteristics of the machine. In the paper, each section
introduces a different performance characteristic explaining
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F 1: A 3D illustration of the FSPM with 12 stator poles and 10
rotor teeth.

under which conditions the calculations are performed,
followed by discussions about the results. e calculated
characteristics include phase �ux linkage, torque components
and commutation, and machine inductance.

2. FEMModel

e �nite element model (FEM) of the 12�10 FSPM is
created by the Flux soware.e geometrical model with the
mesh elements are given in Figure 2. e 2D FEM model
is a magnetostatic model, which is solved using magnetic
vector potential. In order to investigate the local and global
nonlinear magnetic behaviour, cobalt-iron is used as the so
magnetic material with the properties explained in Section
4.1.For this study, a �ne mesh is created with an overall
number of 19658mesh nodes, 3029 lines, and 9306 triangular
mesh elements. Alternating permanent magnets (PMs) are
circumferentially magnetized. e 12 PMs located in the
stator are linearly described with a remanent �ux density of
𝐵𝐵𝑟𝑟 = 1.2T and a relative permeability of 𝜇𝜇𝑟𝑟 = 1.05. For the
nonlinear calculations, Newton-Raphson algorithm is used
with a relaxation factor, which is calculated by the Fujiwara
method.

3. Phase Flux Linkage

2D FEM calculations of the FSPM are based on the vec-
tor magnetic potential, 𝐴𝐴, whereas 3D models are solved
generally with the scalar magnetic potential. e 𝐴𝐴𝑧𝑧 vector
component is calculated in the nodes of the triangular mesh
elements for each coil region of phase-A in Figure 3. e
derived phase �ux linkage, 𝜆𝜆, depends on both armature
current and rotor position. Each graph in Figure 4 represents
the phase �ux linkage for a given current value. At 𝜃𝜃𝑚𝑚 = 0∘,
the rotor tooth and PM are aligned (𝑞𝑞-axis) as illustrated in
Figure 3.

Up to four times the rated value 𝐼𝐼𝑛𝑛 = 10A, the
increase in phase �ux linkage amplitude in Figure 4(a) is
constant. Once saturation becomes dominant, around 40A,

the increase becomes nonlinear gradually with increasing
current. It limits the torque capability of the FSPM due to
the energy conversion in the motor. is conversion can be
visualized by energy conversion loops, which are created by
transient-�ux linkage current (𝜆𝜆𝜆𝜆𝜆𝜆 𝜆 𝜆𝜆𝜆𝜆𝜆𝜆) [10]. Looking at
the nonlinear energy conversion loops in Figure 4(b), the
40A-limit corresponds to the point where the loop begins
to change from a perfect ellipse to a �at ellipse. e area of
each energy conversion loop in Figure 4(b) corresponds to
the average torque output at that current.

4. Electromagnetic Torque

By applying the Maxwell Stress Tensor (MST) in the middle
of the airgap, the maximum torque capability of the machine
is calculated as a function of the phase current. In Figure 5(a),
static torque characteristics depending on the rotor position
are shown.e rated torque values in Figure 5(b) illustrate the
torque capability of the FSPM.e maximum torque of each
graph in Figure 5(a) is themaximum average electromagnetic
torque which can be achieved at the given current level.
Similar to the �ux linkage characteristics, the nonlinear
relationship between the armature current and the rated
torque begins at four times the rated current, hence around
40A.

4.1. Cogging Torque. As the armature current increases,
torque versus position in Figure 5(a) becomes more sinu-
soidal. If cogging torque is assumed to be independent
of saturation, one possible explanation is that the cogging
torque could be less apparent in the torque ripple. To verify
this statement, an additional study is done.

e stator back iron is decomposed into 12 smaller
elements as in Figure 3, where each element is assumed to
have a different magnetic operating point on the so mag-
netic material. e effective relative permeability 𝜇𝜇𝑟𝑟 of each
element is written as a function of the rotor position 𝜃𝜃𝑚𝑚 and
current 𝜆𝜆. Next, these 𝜇𝜇𝑟𝑟 values are implemented in the grid
elements of the zero current FEM model. is way, FSPM at
zero current is brought �arti�cially� to the magnetic working
point, which would be actually achieved at corresponding
current levels. For this analysis, three signi�cant current
levels are chosen as 0A, 10A (rated current), and 100A. In
Table 1, effective 𝜇𝜇𝑟𝑟 and |𝐵𝐵| values are given for the three
current levels. is table indicates which part of the stator
back is more sensitive to the changes in the magnetic �eld.

Considering the simulation time, cogging torque 𝑇𝑇𝑐𝑐 in
Figure 6(a) is calculated over one stator period by using
the MST method. For the remaining 11 stator periods, 𝑇𝑇𝑐𝑐 is
shied by Δ𝜃𝜃𝑚𝑚 = 6∘ for each period and superimposed using:

𝑇𝑇cog =
11

𝑘𝑘=0

𝑇𝑇𝑐𝑐 𝜃𝜃𝑚𝑚 𝜆 𝑘𝑘Δ𝜃𝜃𝑚𝑚 , (1)

where 𝑇𝑇cog is the total cogging torque of the FSPM, as shown
in Figure 6(b).ese results verify the original statement that
the cogging torque is independent of the machine saturation,
that is, it is not affected by increasing current. is result
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F 2: FEMmodel of the 12/10 FSPM used in the calculations.
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F 3: De�nitions of the 𝑑𝑑𝑑𝑑-axes of the 12/10 FSPM on one stator period along with the grid elements used in the cogging torque analysis.

indicates that airgap permeance is still dominant in the
magnetic circuit responsible for the cogging.

For the study of cogging torque investigation, two dif-
ferent so magnetic materials are used with the magnetic
characteristics given in Figures 7(a)-7(b). e �rst material
considered is cobalt-iron, which is commonly chosen for
applications with high saturation requirement, such as in
FSPM motors. e saturation level of this material is around
2.3T. Due to its high cost and the difficulties with machining

and grinding of this material, it is not commonly used in
electrical machines. Cobalt-iron is considered in this study
only due to its higher remanence value.

e second material M400–50A in Figures 7(a)-7(b) is a
commonly used electric steel (transil). M400–50A is chosen
to test how material choice affects this study. In practice, it is
a commonly used material for electrical machines.

In a saturated grid element (ele. 1) and a nonsaturated one
(ele. �), both materials are used to calculate the effective �ux
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F 4: (a) �hase �u� lin�age with increasing current, (b) nonlinear energy conversion loops of the FS��.
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F 5: (a) Static torque calculations with increasing current, (b) nominal output torque varying with armature current.



Journal of Engineering 5

0 4.5 9 13.5 18 22.5 27 31.5 36

0

0.5

1
Over one stator period

−1

−0.5C
o

gg
in

g 
to

rq
u

e 
(T

c
) 

(N
m

)

Rotor position (θm)

Grid model @ 10 A

Grid model @ 100 A

FEM

(a)

0 4.5 9 13.5 18 22.5 27 31.5 36

0

0.5
Full machine

Superimposed

FEM

−0.5

Rotor position (θm)

C
o

gg
in

g 
to

rq
u

e 
(T

co
g
) 

(N
m

)

(b)

F 6: (a) Cogging torque calculations on one stator period and (b) on the full machine.

T 1: Effective 𝜇𝜇𝑟𝑟 and |𝐵𝐵| values at different current levels.

Element no. Relative permeability 𝜇𝜇𝑟𝑟 Flux density |𝐵𝐵| [T]
0 A 10 A 100 A 0 A 10 A 100 A

1 5016 4392 14 0.53 0.4 2.25
2 4388 4536 553 0.2 0.32 1.66
3 5093 4610 213 0.5 0.37 1.8
4 4937 4945 415 0.78 0.53 1.7
5 3537 4564 2156 1.16 0.88 1.42
6 2128 2966 4804 1.5 1.27 0.88
7 5256 4379 24 0.64 0.45 2.18
8 5143 4738 2329 0.51 0.36 1.1
9 4987 4636 529 0.43 0.39 1.67
10 4344 4879 73 0.34 0.53 2
11 4909 5121 27 0.53 0.8 2.1
12 5016 4561 81 0.79 1 2

density levels in the stator back iron. Results in Figure 7(c)
show a difference of 0.05T for the nonsaturated and 0.1T for
the saturated grid element.e kind of somagneticmaterial
does not affect the FSPM pro�les but only puts a DC-shi in
the calculations.

4.2. Torque Commutation Angle. For �eld weakening, it is
important to know the torque-commutation angle charac-
teristic. To get this characteristic, the rotor is �xed at the
𝑞𝑞-axis during the simulations. For this simulation, current
depends only on commutation angle 𝜙𝜙 in the form 𝐼𝐼𝐼𝜙𝜙𝐼 𝐼
𝐼𝐼max sin𝐼𝜙𝜙𝐼. e commutation angle 𝜙𝜙 is varied [0 ∶ 180]∘ for

half an electrical cycle. In Figure 8, there is a slight electrical
shi, 7.5∘, of the maxima. Due to slotting, torque does not
reach its maximum value at 90∘. For the control of the FSPM,
this shi is almost negligible in mechanical degrees, which
also indicates a negligible reluctance torque.

5. Inductance Calculations

In literature, there are several mathematical de�nitions for
inductances [11]. ey can be described as apparent (static,
absolute, normal) or incremental (differential) inductances.
Although the number of turns are included in the inductance
calculations, end turn inductances are neglected in 2D
models.

Static inductance of a phase coil gives the linear relation-
ship between the total �ux 𝜆𝜆 linked by the coil and its current
𝑖𝑖 as

𝐿𝐿 𝐼
𝜆𝜆
𝑖𝑖
. (2)

To obtain the incremental inductance Δ𝐿𝐿𝐼𝐿𝐿𝑚𝑚𝐼, the differ-
ence of the phase �ux linkage Δ𝜆𝜆 is divided by the difference
of the corresponding current Δ𝑖𝑖:

Δ𝐿𝐿 𝐿𝐿𝑚𝑚 𝐼
Δ𝜆𝜆 𝐿𝐿𝑚𝑚

Δ𝑖𝑖
𝐼

𝜆𝜆 𝐿𝐿𝑚𝑚 |𝑖𝑖2 − 𝜆𝜆 𝐿𝐿𝑚𝑚 |𝑖𝑖1
𝑖𝑖2|cons. − 𝑖𝑖1|cons.

. (3)

For linear magnetic materials, both methods yield iden-
tical results. However in the nonlinear region, the cross-
coupling (cross-saturation) greatly affects 𝑑𝑑𝑞𝑞-inductance cal-
culations and only the incremental inductance can account
for this effect. e results are presented in Figure 9. At rotor
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F 7: (a) 𝐵𝐵𝐵𝐵𝐵𝐵 curves different so magnetic materials, (b) 𝜇𝜇𝑟𝑟𝐵𝐵𝐵𝐵 curves different so magnetic materials, (c) Flux density pro�les with
different materials.

positions 𝜃𝜃𝑚𝑚 = [0 ∶ 10.5]∘ and 𝜃𝜃𝑚𝑚 = [28.5 ∶ 36]∘ up to four
times the rated current (limit for machine saturation), the
phase inductance tends to increase. Since Δ𝑖𝑖 is constant, the
increase of inductance values is due to the increase ofΔ𝜆𝜆𝐵𝜃𝜃𝑚𝑚𝐵.

6. dq����� �������������

Flux switching machines have similar phase �ux lin�age as
the switched reluctance machines (SRM), however with the
advantage of being bipolar. e incremental inductance at
0A in Figure 9(a) resembles a typical SRM inductance pro�le
with double frequency. e 𝑑𝑑-axis alignment occurs at the

sides of each magnet. ese two 𝑑𝑑-axes are 180∘ electrical
apart from each other, which correspond mechanically to
18∘ for 1��10 FSPM. A similar de�nition can also be made
for the 𝑞𝑞-axis. e 𝑞𝑞-axis alignment occurs at magnet-rotor
tooth alignment and magnet-rotor slot alignment. ese
inductance de�nitions are illustrated in Figure 10.

Based on the 𝑑𝑑𝑞𝑞-axes de�nitions in Figure 10, the 𝑑𝑑𝑞𝑞-
inductances (𝐿𝐿𝑑𝑑1𝑑𝑑𝑑2 and 𝐿𝐿𝑞𝑞1𝑑𝑞𝑞2) are given in Figure 9(b) as
functions of 𝑑𝑑𝑞𝑞-currents (𝐼𝐼𝑑𝑑𝑑𝑞𝑞), respectively. If 𝑑𝑑2 is chosen
as the 𝑑𝑑-axis of the FSPM, 𝐿𝐿𝑑𝑑2 corresponds to the minimum
inductance and 𝐿𝐿𝑞𝑞 corresponds to the maximum inductance.
However, if 𝑑𝑑1 is chosen as the 𝑑𝑑-axis, the inductance 𝐿𝐿𝑑𝑑1
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F 9: (a) Incremental inductance, (b) 𝑑𝑑𝑞𝑞 inductances (𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐿𝐿𝑞𝑞𝑑𝑑𝑞𝑞𝑑) of the 12/10 FSPM including cross-coupling.

increases until 𝑖𝑖 𝑖 𝑖𝑖A. Once the saturation starts, 𝐿𝐿𝑑𝑑𝑑
also decreases like 𝐿𝐿𝑑𝑑𝑑 and 𝐿𝐿𝑞𝑞. Up to 𝑖𝑖A, the second
derivative of the phase �ux linkage (𝑑𝑑𝑑𝜆𝜆𝜆𝑑𝑑𝜆𝜆𝑑𝑚𝑚) at 𝑑𝑑𝑑 and 𝑑𝑑𝑑
has different signs. erefore, in this interval, 𝐿𝐿𝑑𝑑𝑑 and 𝐿𝐿𝑑𝑑𝑑
have different slopes. It is also the reason for the inductance
increase in Figure 9(a). It should be noted that these are
static calculations, whereas in the transient analysis, the phase

�ux linkage at 𝑑𝑑𝑑 and 𝑑𝑑𝑑 positions has identical values with
opposite signs.

7. Conclusions

With their high torque density and robust and simple rotor
structures, FSPMs have a signi�cant application potential
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T 2: FSPM size and parameters.

Number of phases 3
Rotor pole number 10
Stator pole number 12
Frame size 90mm
Stator inner diameter 55mm
Sha diameter 20mm
Active stack length 25mm
Airgap 0.5mm
Number of turns per phase 72
Remanent �ux density of permanent magnet 1.2 T
Relative permeability of permanent magnet 1.05
Phase current (rms) 10A
Rated torque 2.2Nm
Rated speed 4400 rpm
Power ∼1 kW

among PM machines. is paper investigated FSPM’s non-
linear magnetic behaviour in a general overview of the
performance characteristics. Cross-correlating the armature
current and rotor position gave information on the capabili-
ties of the FSPM, with special emphasis on energy conversion
loops, cogging torque, and 𝑑𝑑𝑑𝑑-axes identi�cation.

Findings showed a linear overloading capability of four
times the rated current, however with speci�c impact on
phase inductances. New 𝑑𝑑𝑑𝑑-axes identi�cation has been
presented for the FSPM, to show the cross-coupling effect.
Further on, it has been shown that cogging does not depend
on the elevated current levels due to the dominating air-
gap permeance. Additionally, a negligible reluctance torque
is found. Using energy conversion loops, the overloading
capability is visualized, which indeed depends on additional
elements such as thermal and mechanical aspects.

Appendix

See Table 2.

Nomenclature

𝐼𝐼𝑛𝑛: Rated phase current
𝜆𝜆: Phase �ux linkage
Δ𝐿𝐿: Incremental phase inductance
𝜃𝜃𝑚𝑚: Mechanical rotor position

𝑖𝑖: Armature current
𝜙𝜙: Commutation angle
𝑇𝑇: Torque
𝑇𝑇cog: Cogging torque
𝜇𝜇𝑟𝑟: Relative permeability;
𝑑𝑑𝑑 𝑑𝑑: Subscripts for direct-quadrature-axes

quantities;
𝑘𝑘: Subscript for stator back-iron period.
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