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Abstract

Field excitation flux switching machines (FEFSMSs) in which their torque performance generated by interaction between armature and
field excitation (FE) coils have been widely designed and developed for various applications. In this regard, FEFSM with salient rotor is
considered the most suitable candidate for high speed applications because of their advantages of flux controllability, and robust due to
single piece of rotor structure. However, the existing FEFSM with overlapped armature and FEC windings lead to increment of copper
loss, motor size and material cost. In addition, the declination of torque and power densities due to high rotor weight needs to be im-
proved. In this paper, performance comparisons of four FEFSM topologies particularly emphasis on non-overlap armature coil and FEC
windings placed on the stator with segmental rotor are investigated. The performances, including flux linkage, back-emf, flux strengthen-
ing, flux line, flux distribution, cogging torque, torque and power of the proposed motor are analysed and compared using 2D finite ele-
ment analysis (FEA) thru JMAG Designer version 15. As a result, segmental rotor has produced shorter flux paths, while non-
overlapping windings has reduced the copper consumption. Finally, the best combination of stator slot-pole configurations is 12S-6P
which provide high flux linkage, high torque and power of 0.0412 Wb, 0.77 Nm and 0.26 kW, respectively.
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1. Introduction
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AC machines are divided into three types: asynchronous or induc-
tion machine (IM), a synchronous machine (SM), and switch re-
luctance machine (SRM). Generally, main parts of the AC ma-
chine are stator, rotor and coil. Nowadays, the SM is further cate-
gorized into four types namely, field excitation SM (FESM), per-
manent magnet SM (PMSM), hybrid excitation SM (HESM) and
flux switching machines (FSM).

FSM consists of dual salient structured brushless machine with
armature coil windings and DC (field excitation coil) windings or
permanent magnet in the stator [1]. Generally, the FSM motor is
applied to applications that require high of torque, power and
speed capabilities such as electric vehicles (EVs) [2]. The first
design of FSM was introduced in 1955 and became increasingly
popular among researchers due to the principle of this motor work
was easier and could save manufacturing costs [3]-[6]. There are
three types of FSM namely field excitation FSM (FEFSM), per-
manent magnet FSM (PMFSM), and hybrid excitation FSM
(HEFSM).

In general, AC motors need two sources to operate, thus, all FSMs
use AC as a one of source to generate flux, and torque is generated
by giving second source to the motor which is either field excita-
tion coil (FEC) or a permanent magnet (PM). Then, in the details
flux sources for PMFSM is PM, and FEFSM is FEC, while both
FEC and PM in HEFSM. [7]-[10]. Currently, studies on FEFSM
are being conducted by researchers as their cost of construction is
low and no need to worry about the ever-depleting supply of rare
earth PMs.
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Fig. 1: Example of three-phase FEFSM (a) 24S-10P salient rotor, and
(b) 12S-8P segmented rotor.
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Fig. 2: Previous design of single-phase FEFSM with salient rotor and
overlap windings (a) 12S-6P and (b) 6S-3P.
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In this regard, three-phase FEFSM with salient rotor is considered
the most suitable candidate for high speed applications because of
their advantages of flux controllability, and robust due to single
piece of rotor structure [11], [12]. Fig. 1 shows the example of
previous designs of FEFSM. Since three-phase FEFSM have high
torque and power capability, this motor is not suitable for home
appliances due to home appliances usually use the concept of a
single-phase motor and only require low torque and power capa-
bilities.

Consequently, the single-phase FEFSM 12S-6P and 12S-3P have
been introduced as shown in Fig.2. From Fig. 2(a), the motor con-
tains of 12 slots for armature coil and FEC windings, and 6 poles
of salient rotor in the middle. The motor has advantage of less
copper loss due to less copper consumption, which is four FECs
winding are set in adjacent slots. Fig. 2(b) shows the 12S-3P
FEFSM using salient rotor and overlap windings. This motor has a
high torque and power density because less weight when com-
pared to other single-phase FEFSM. However, the overlapping
FEC and armatures windings creates the problems of high-end
windings, high copper losses and less efficiency. Moreover, high
rotor weight due to the salient rotor structure result in torque and
power densities is reduced.

Therefore, a new structure of single-phase FEFSM using non-
overlap windings between armature coil and FEC with segmental
rotor structure is proposed to reduce the coil end problem as well
as improve the torque and power densities. The proposed motors
have twelve winding slots and six segmental rotor poles in the
middle. In this paper, four single-phase FEFSMs using non-
overlap windings and segmental rotor structure are presented and
studied in detail. In order to determine the best performances for
future analyses, analyses on flux linkage, back-emf, flux strength-
ening, flux line, flux distribution, torque and power have been
investigated and compared.

2. Design Methodology and Specification Pa-
rameter of FEFSM

Segmental rotor dimension and work flow for designing and test-
ing are demonstrated in Fig. 3 and Fig. 4, respectively. Only four
designs of FEFSM were made by sharing the same design and

Table 1: Design restrictions of the proposed FEFSM

Items Dimensions

Number of segmental rotor 3 | 6 | 9 15
Segmental span (°) 26 20
Phase number 1
Slot number 12
Stator outer radius (mm) 37.5
Stator inner radius (mm) 22.5
Stator yoke (mm) 2.5
Stator tooth width (mm) 5
Rotor outer radius, Ry (mm) 22.25
Rotor pole radius, R, (mm) 16.75
Rotor inner radius, Rs (mm) 15
Rotor tooth width (mm) 10
Shaft radius (mm) 15
Air gap rotor to stator (mm) 0.25
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Fig. 3: Segmental rotor dimensions

condition of the stator is illustrated in Table 1. Three designs (3, 6,
and 9 poles) have the same form segments with each pole having a
segment span of 26 degrees, while the design with 15 poles is set
to 20 degrees. Work flow for this research is divided into two
parts, namely JMAG designer and JMAG geometry editor. In
which, each part of the motor such as rotor, stator, armature coil
and FEC are designed using JMAG geometry editor, While, mate-
rials, condition, circuit, mesh, and study properties simulation

Part 1

JMAG Designer

Simulation Test

Windings

+I Configurations

Open-circuit
Test

Flux Strengthening

Cogging Torque

Fig. 4: Work flow for designing and testing of the proposed FEFSM
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Fig. 5: Various design of the proposed FEFSM (a) 12S-3P,
(b) 12S-6P, (c) 12S-9P, and (d) 12S-15P.
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setting are developed by using the JIMAG Designer. The possible
slot poles number is defined as in Equation (1),

N, = Ny[1 + (k/2q)] )]

Where Ns is the number of stator slot, k is the integer from 1 to 5,
Nr is represented as a rotor pole number, and q is the number of
phases. To get the right results, all FEFSM designs have shared
the same stator specifications and restrictions. In open-circuit tests,
only FEC receives inputs, while in short-circuit tests both arma-
ture coil and FEC are given with maximum J, of 30 A;,/mm? and
Je of 30 A/mm?. The structure of proposed FEFSM designs are
illustrated in Fig. 5.

3. Performance Analysis Based on 2D-FEA

3.1. Result of Flux Linkage

Basically, the FEFSM operating principle is determined by con-
ducting a coil arrangement test. Fig. 6 demonstrates the flux link-
age of all armature coils which has same polarity. From the figure,
the highest flux linkage of 0.0412 Wb is achieved at 12S-6P de-
sign followed by 12S-3P, 12S-9P and 12S-15P designs with flux
values of 0.0221 Wb, 0.0131 Wb and 0.0031 Wb, respectively.
However, the sinusoidal flux linkage of 12S-3P design has a dis-
ruption at 140°. This situation occurs due to the high flux leakage
caused by limited flux passage when the rotor at 140° as shown in
Fig. 7.

3.2. Result of Flux Strengthening
For flux strengthening and weakening test, current density, Jg is
set to 5 A/mm?, 10 A/mm?, 15 A/mm?, 20 A/mm?, 25 A/mm? and

30 A/mm?. Then, the value of input current of FEC, I is calculat-
ed by using Equation (2).

Ig = (Jg X a X Sg)/Ng 2
Where,

le FEC Input current

Je = FEC current density

a = Filling factor (set to 0.5)
Ne = FEC winding

Se = Areaof FEC slot

Fig. 8 depicts the maximum flux linkage at various FEC current
density, Je. Clearly, the highest flux of 0.0412 Wb is obtained at
12S-6P design when Je at 30 A/mm?. From the pattern plot, the
flux shapes for 12S-3P, 12S-6P, and 12S-15P have increased line-
arly with increase of Je. While for 12S-9P flux rose constantly and
then decreased at FEC current density, Je of 25 A/mm?. This situa-
tion occurs because of flux cancelling due to some flux inside the
motor flowed in the opposite direction. In addition, flux linkage of
12S-15P shows maximum flux achieved at maximum of Jg is low.
This is occurred due to the high number of rotor poles have result-
ed in increasing number of flux paths in motor, flux break into
several parts and reduces the flux strengthening.

3.3. Analysis of Back-emf

The back-emf of the proposed FEFSM at maximum Jg of 30
A/mm? is illustrated in Fig. 9. From the graph, clearly the highest
back-emf is 12.7 V achieved from 12S-6P design, while the lowest
back-emf is 3.2 V obtained from 12S-15P design. The back-emf
profile for 12S-9P design is more sinusoidal than the others.
While, back-emf amplitude of 7.5 V with high distortion is
achieved at 12S-3P design. The total harmonic distortion (THD)
versus odd harmonic order is depictured in Fig. 10. In general, all
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Fig. 6: FEC flux linkage at armature coils
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Fig. 7: Flux distribution of 12S-3P design at (a) 140°, (b) 180°, and
(c) 220°.
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designs have high interference in the 3rd and 5th harmonic. More-
over, FEFSM with 3 poles has the highest THD in all harmonic
numbers, especially in 3rd and 5th order with THD magnitude of
138% and 154%, respectively. Besides, the FEFSM with 15 poles
design has less disturbance on all harmonic numbers except 13th
and 15th orders. Although the 6 poles design has higher distortion
on the 3rd and 5th harmonic than 15 polar designs, it has low
THD in all other harmonics especially in the 9th and 11th harmon-
ics, in which the THD magnitude recorded are 0.4% in 9th order
and 1.9% in 11th order.

3.4. Analysis of Flux Line

Analysis of flux line as illustrated in Fig. 11 is conducted in order
to determine the flux characteristics of the proposed FEFSM.
From the figure, all designs indicate a short flux line, which is a
full cycle of flux occurs between two adjacent stator teeth to one
rotor tooth as a red marked. 12S-6P design has the most balanced
and smooth flux line on the entire magnetic part as well as less
point of flux focusing as depicted in Fig 11(b). From Fig. 11(a),
12S-3P design is found has high flux focusing in the stator and
rotor teeth. Ratio of 1/3 between the rotor teeth to the stator teeth
has caused some of flux in stator teeth unable to flow into the
rotor. The ratio of rotor to stator for 12S-9P and 12S-15P are 3/4
and 5/4, respectively. From Fig. 11(c) and 11(d), the flux focusing
have occurred more on the stator and it indicates that the ratio of
stator slots and rotor poles affects flux line characteristics. There
are many flux focusing due to the inappropriate position of rotor
and stator combinations creating various flux path and reduce the
strength of flux.

3.5. Analysis of Flux Distribution

The flux distribution of various slot-pole single-phase FEFSM at
maximum Je of 30 A/mm? is illustrated in Fig. 12. The flux distri-
bution was taken when the rotor at 180° electric cycle because at
this point the resulting flux was highest as discussed in coil test
analysis. From the figure, the best flux distribution was obtained
from the 12S-6P design because of the flux leakage and magnetic
part with empty flux inherent in this design is the lowest. This is
aided by a combination of 6 rotor poles and 12 stator teeth allow-
ing the flux distribution on every magnetic part of the motor to
occur balanced as well as flux that flows out from the flux path
becomes low. The highest flux leakage was obtained from the
12S-3P design followed by 12S-15P design. Meanwhile, 12S-9P
and 12-15P designs, there are plenty of empty space on the stator
yoke and stator teeth.

3.6. Result of Cogging Torque

Fig. 13 demonstrates cogging torque of the proposed FEFSM. The
highest cogging torque of 3.4 Nm is obtained from 12S-6P design
followed by 12S-3P design with 1.7 Nm. While, the lowest cog-
ging torque of 0.6 Nm is achieved from 12S-15P design. In addi-
tion, cogging torque of 12S-9P is 1.03 Nm, 42% higher than 12S-
15P design. Due to the concern of the disruption caused by the
cogging torque, there are several techniques such as skewing,
pitch notching and pole that can be applied to reduce the cogging
torque to an acceptable condition.

3.7. Maximum Torque and Power

Maximum torque and power performances of the proposed
FEFSM is done by giving maximum armature current density, Ja
of 30 Am/mm? and FEC current density, Je of 30 A/mm?.

The maximum of armature current, 1, that supplied to the armature
coils is calculated by using equation (3).

Iy = [(Ja X a X S4)/Na] X V2 (3)

Where,
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Fig. 11. Flux line of single-phase FEFSM
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Fig. 13: Result of cogging torque

Armature input current

Jn = Armature current density
A = Filling factor (set to 0.5)
N, = Armature turns

Sa = Area of armature slot

Fig. 14 shows the maximum torque performance of various slot
poles of FEFSM. From the figure, the highest torque of 0.77 Nm
is obtained from the 12S-6P design. The torque of 0.55 Nm at
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Fig. 14: Maximum torque performance of the proposed FEFSM
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Fig. 15: Maximum power performance of the proposed FEFSM

12S-9P is 40% lower than the 12S-6P design, 41% higher than the
12S-3P design torque. While, the lowest torque of 0.11 Nm was
recorded in the 12S-15P design.

Maximum power performance of the proposed FEFSM is illus-
trated in Fig. 15. The performance of power is obtained by using
Equation (4), in which power, P is directly proportional to the
torque, 7 and speed, ns.

P =[(2m)/60] X T X ng 3)

Obviously, the highest power of 0.26 kW was recorded from the
12S-6P design, almost 6 times higher than maximum power of
12S-3P. While, 12S-9P and 12S-3P designs have recorded maxi-
mum power of 0.23 kW and 0.2 KW respectively.

4. Conclusion

This paper presents impact of slot pole number on the characteris-
tics of single-phase FEFSM specificallyl2S-3P, 12S-6P, 12S-9P
and 12S-15P using non-overlap windings with segmental rotor.
Characteristics of flux linkages, back-emf, flux strengthening, flux
line, flux distribution, cogging torque, torque and power have been
investigated and compared in detail. The proposed motor with
segmental rotor has produced short magnetic flux path and less
flux leakage, while the back-emf and cogging torque are consid-
ered reasonable and can be further improved. In conclusion, 12S-
6P design can be considered as the best slot pole combination due
to their significantly highest flux, torque and power performances
of 0.041 Wb, 0.77 Nm and 0.26 kW, respectively.
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