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Abstract — A novel single sided Linear Permanent
Magnet Flux Switching Machine (LPMFSM) with
twelve mover slots and fourteen stator teeth (12/14),
having two additional end teeth on both sides of mover
is presented. Presence of both Armature Winding (AW)
and Permanent Magnet (PM) on mover structure results
in completely passive, robust, and low cost stator. While,
demerits such as less slot area, complex flux density
distribution, and magnetic saturation caused by passive
stator demands to be analyzed by time consuming
and computationally complex numerical modelling
techniques, i.e., Finite Element (FE) Analysis, requiring
expensive hardware/software. In this paper, two cost
effective and fast response analytical techniques are
developed to analyze no-load performance of LPMFSM.
Two no-load characteristics, i.e., open-circuit flux
linkage and detent force are analyzed by Equivalent
Magnetic Circuit (termed as analytical technique No. 1)
and Lumped Parameter Equivalent Magnetic Circuit
(termed as analytical technique No. 2). Both analytical
methodologies are compared and validated with
corresponding globally accepted FE Analysis. Analysis
revealed that LPEMC is better approach for initial design
of LPMFSM.

Index Terms — Equivalent Magnetic Circuit, Finite
Element Analysis, Linear Permanent Magnet Flux
Switching Machine, Lumped Parameter Equivalent
Magnetic Circuit.

I. INTRODUCTION
Rotary machines used for translational motion
exhibit low efficiency and high cost due to requirement
of sophisticated gear system for conversion of rotational
torque to linear thrust force. Linear motors can provide
direct linear thrust force, increased reliability due to
reduction of mechanical conversion system, faster
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dynamic response, and good overload capability [1].

LPMFSM combines features of Linear Permeant
Magnet Synchronous Machine (LPMSM) and Linear
Switched Reluctance Machine with additional advantages
of high power density [2], bipolar flux linkage, ability to
re-magnetize PMs by changing the winding connections
appropriately when PM performance is degraded, robust
stator structure [3], lowered manufacturing cost [4], and
compatibility with extreme environmental conditions
due to better temperature control. LPMFSM can be used
for long stroke applications such as rail transportation
systems [5], short stroke oscillatory applications [6] such
as rope-less elevators and long telescopes, and also as
linear generator for wave energy extraction [7].

Numerous modelling techniques can be implemented
for design and analysis of linear machines. These
techniques can be enveloped as: (a) analytical, and (b)
numerical techniques. Analytical techniques are preferred
at initial design stage, and numerical methods are
implemented for verification and refinement at the end
of design process [8].

Limitations and demerits of LPMFSM such as
complex mover structure and less slot area (due to
presence of both PMs and armature windings), complex
flux density distribution, and magnetic saturation caused
by passive stator demands to be analyzed by time
consuming and computationally complex numerical
modelling techniques, i.e., FEA, requiring expensive
hardware/software.

To increase computational ease, fast but accurate
analytical modelling techniques are essential in the
early development phase for the analysis and assessment
of different concepts. Authors of [9] researched an
analytical model based on formal solution of Maxwell’s
equations and examined open-circuit performance
(cogging force, electromotive force, and iron losses) for
Permanent Magnet Linear Machine (PMLM). Author
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claimed about: (a) very good agreement of analytical
model results with corresponding FEA results, and (b)
reduction of computational time by almost six times
required for FE Analysis. Three dimensional analytical
magnetic charge model is implemented on transverse
flux machine to minimize machine volume with fixed
constraints on magnetic flux density and slot leakage,
calculated propulsion force shows errors of only 8.9% to
corresponding FE Analysis results [10]. On-load detent
force calculations by considering magnetic saturation
utilizing Frozen Permeability (FP) method is done in
[11], and is validated by Maxwell Stress Tensor (MST)
method and FE Analysis. Recently, authors of [12]
researched an analytical method to calculate right/left
detent end force of LPMSM, investigated novel technique
to minimize fundamental and high-order harmonics of
detent force, and finally analytical calculations are
verified with experimental results.

However, literature about analytical techniques
developed for LPMFSM is very limited ([13], [14]),
and require immediate attention to enhance pre-design
predictions. Authors of [13] combined response surface
methodology with FE Analysis to calculate influence of
design parameters on the LPMFSM net thrust force.
Hybrid analytical approach based on strong coupling of
EMC and formal solution of Maxwell’s equations for
LPMFSM to predict magnetic flux density, cogging
force, and electromotive force is developed in [14].

In this paper, a novel single sided LPMFSM with
twelve mover slots and fourteen stator teeth (12/14),
having two additional end teeth on both sides of mover
is developed and simulated for open-circuit flux linkage
utilizing IMAG Commercial FEA Package v. 14. Objective
of this paper is to develop and compare two different
analytical techniques for LPMFSM to analyze no-load
characteristics of LPMFSM. Design variables and
dimensions of LPMFSM are presented in Section II.
Operating principle of LPMFSM is discussed in Section
I1l. Section IV explains division of LPMFSM into
different equivalent circuit modules, i.e., stator, mover,
PM, and air-gap. Solution methodologies used for
two different analytical modelling techniques (EMC and
LPEMC) is presented in Section V. Analytical techniques
are compared with each other in terms of accuracy and
validated with globally accepted FE Analysis in Section
VI. Finally conclusions are drawn in Section VI1.

I1. DESIGN METHODOLOGY

Figure 1 shows a rotary twelve-stator-slot and ten-
rotor-teeth (12/10) Permanent Magnet Flux Switching
Machine (PMFSM) with trapezoidal armature coil slot
structure. Its open-circuit flux linkage was investigated
in [15], cogging torque and electromagnetic torque were
also investigated. Results show that its open-circuit
flux linkage is higher than that of 12/10 PMFSM with
rectangular armature coil slot structure, when other
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machine design parameters (such as coil slot area,
number of turns per phase, PM thickness, stack length
etc.) are kept constant. Rotary 12/10 PMFSM is unrolled
at position shown in Fig. 1 to obtain LPMFSM.
Performance of initial design suffers from an unbalanced
magnetic circuit, to compensate the problem two
additional end teeth are added at both sides of mover
as shown in Fig. 2. Unbalanced magnetic circuit can
introduce significant detent force and contribute to thrust
force ripples. Additional end teeth mitigates problem of
unbalanced magnetic circuit and reduces detent force
[16]. Design variables are depicted in Fig. 3, and
dimensions are illustrated in Table 1.

I11. OPERATING PRINCIPLE

Operating principle of LPMFSM is illustrated in
Fig. 4. When relative position of stator poles and a
particular mover tooth is (assuming 6. = 0°) as shown in
Fig. 4 (a), the coil flux-linkage is assumed as positive
maximum value. When the mover moves to position
0. = 90° as shown in Fig. 4 (b), the flux linkage of coil
approaches to zero value. Flux linkage in coil is assumed
as negative maximum value (as shown in Fig. 4 (c)) after
further 90° movement, i.e., 6. = 180°. When the mover
moves by one stator pole pitch (8. = 270°, Fig. 4 (d)), the
flux linkage of coil again approaches zero value. Figure
4 (e) explains that idealized flux linkage of LPMFSM is
bipolar.

\j
Splitand unroll

Fig. 1. Rotary 12/10 PMFSM.

IV. EQUIVALENT CIRCUIT MODULES

A. Air-gap equivalent circuit modules

In this paper, magnetic flux distribution within the
region of air-gap between stator and mover is termed
as air-gap Equivalent Circuit (EC). FE Analysis revealed
that stator tooth position effects magnetic flux distribution
within the air-gap region. To account air-gap magnetic
flux distribution variation, multiple air-gap EC modules
are modeled corresponding to different stator positions.
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One mover pole pitch of 12/14 LPMFSM is modelled
at different stator positions. Six different air-gap EC
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modules are constructed when one mover pole pitch
covers linear displacement of one stator pole pitch.

Additional
Tooth

2 Stator

Armature
Winding

Fig. 2. Cross section of 12/14 LPMFSM.

As stator tooth enters different mover’s position,
different air-gap EC module is used with PM as its
central axis. Due to periodic nature of LPMFSM (as
illustrated in Section III), only six air-gap equivalent
circuit modules are required.
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Fig. 3. Design parameters of mover and stator.

Flux lines follow specific paths to link between
mover and stator, these paths are termed as Flux tubes
[15, 17]. Six different flux tubes are observed during FE
Analysis as shown in Fig. 5. Permeance of these flux
tubes is calculated using formulas tabulated in Table 2
[17].

B. PM EC module

PM is modeled as Magnetomotive force (Fem)
source with permeance in series. Equation (1) is used to
calculate Fpm:

Fpmy =———. (€Y)

C. Stator EC module
Unit section and its corresponding EC module of
12/14 LPMFSM stator is shown in Fig. 6 (a) and Fig. 6
(b). Branches of stator EC are illustrated by numbers,
while nodes are introduced by alphabets. Permeance of
stator back iron and stator tooth (Psi and Pg) are
calculated using (2) and (3), respectively:
HobtrhsyL

P(si) = @
P(st) = HolyWse L . 3)
st

Table 1: Design dimensions of LPMFSM

Items Parameter | Unit
Stator pole pitch ¢, 36 mm
Mover pole pitch t,, 42 mm
Stack Length L 120 mm
Velocity v 1.41 m/s
Mover tooth width w,,; 10.5 mm
Stator tooth width w, 15.75 mm
Mover slot width wy,, 10.5 mm
Mover back iron height h,,,,, | 15.75 mm
Stator back iron height h, 20 mm
Magnet width wpy, 10.5 mm
Mover height h,, 50 mm
Stator height hg 35 mm
Stator tooth height hg, 15 mm
Magnet height hpy, 10.5 mm
Air gap length g 1 mm
PM remanence B, 1.2 T
PM relative permeability u,. | 1.05 -
Number of turn per coil N.,;; | 116 -
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Fig. 4. Operating principle: (a) 6. = 0°, (b) 6. = 90°, (c)
0. = 180°, (d) 6. = 270°, and (e) Ideal flux linkage.

Fig. 5. Flux tubes obtained from FE Analysis.

Table 2: Permeance calculation formulas for flux tubes

Flux |Permeance | Flux Permeance
tube tube
uLe X
. - d 2uLdn (1+ 50
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Fig. 6. Stator EC module: () stator section, and (b) EC
of stator section.

D. Mover EC module

Unit section and its corresponding EC module of
12/14 LPMFSM mover is shown in Fig. 7 (a) and Fig. 7
(b). Branches of mover EC are illustrated by numbers,
while nodes are introduced by alphabets. Permeance of
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mover back iron and mover tooth (Pmi and Pny) are
calculated using (4) and (5), respectively. Permeance of
mover leakage (Pmi) is calculated using (6):

h,,, L
P(mi) = Hofrltmy” )
tm + Ay
WL
P(mt) — HollyrWimt ) (5)
th
HoWpum
P(ml)) = ———. 6
(mt) = 2 ©)

Fig. 7. Mover EC module: (a) mover section, and (b) EC
of mover section.

V. SOLUTION METHODOLOGY

This section introduces features of incidence matrix
and general equation utilized (for both analytical
techniques) to compute magnetic potentials of each node
and detent force. Mover, stator and air-gap EC modules
are described as matrices, these matrices are merged
and solved using incidence matrix method [18] utilizing
MATLAB Software.

Incidence matrix A of a circuit having x nodes and y
branches is x x y matrix, in which:

Ay,
0,when branch y is not connected to node x,
=1{-1, when branch y ends to node x,
1, when branch y begins from node x.

(7)

Magnetic potentials of each node are calculated by
using (8) that ultimately helps to compute magnetic flux
through each flux tube [15]:

V =(A.A.A)"" . (A.A.E), (8)
where, E is mmf source in each branch (n x 1 vector),
and A is n x n diagonal matrix representing permeance
of each branch.

Equation (9) is generalized form of MST method
and is used to compute detent force of LPMFSM by
extracting radial and axial component of magnetic flux
density from FE Analysis:

LPerp
GCD(N,,s, Ny, ). L
F, = (Nons: Nsp) j B,(x,y).B,(x,y) .dx,

Ho
0
_ _ 9
where, N, is number of mover slots, N, is number of
stator teeth, and Lp.,,, is axial length in x-direction.
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A. Equivalent magnetic circuit

In this paper, EMC methodology accounts six
different air-gap equivalent circuit modules (termed as
Segment No. 1 - 6) and does not account permeances of
mover and stator equivalent modules for node potential
calculations. Reluctance/Permeance network for Phase
“C” of 12/14 LPMFSM is shown in Fig. 8 (a).
Permeances of different types of flux tubes identified for
Segment No. 1 — Segment No. 6 are tabulated in Table
3. Reluctance network of 12/14 LPMFSM air-gap EC
modules corresponding to six different stator segments
is generated and solved for magnetic potentials using (8).
Equation (9) is used to compute detent force by
extracting air-gap magnetic flux density (as shown in
Figs. 9 (a-b)) from FE Analysis.

B. Lumped parameter equivalent magnetic circuit

Lumped parameter reluctance network of LPMFSM’s
consists of six air-gap EC modules (illustrated in Table
3), fourteen stator EC modules (Fig. 6 (b)), and twelve
mover EC modules (Fig. 7 (b)). Permeance of stator back
iron and stator tooth is calculated using (2) and (3),
respectively. Permeance of mover back iron, mover
tooth, and mover leakage is calculated using (4), (5), and
(6), respectively.

Table 3: Types of flux tubes in six different air-gap EC
modules

Segment Flux Tube Number

Number 1(2(3(4|5|/6|7|8|9
1 did|b|d|c|d|d|c|d
2 dic|d|f|d|c|d|d]-
3 d{d|c|d|f|d|c|d]-
4 dic|d|b|d|d|d|d]|b
5 d{d|d|b|d|c|d|d]-
6 bid|lc|d|d|d|d|c]|-

Reluctance/Permeance network for Phase “C” of
12/14 LPMFSM is shown in Fig. 8 (b) which clearly
indicates that LPEMC methodology accounts stator back
iron and teeth, mover back iron, teeth, and leakage, and
air-gap EC modules. Magnetic potential calculations are
done using (8). Equation (9) is used to compute detent
force by extracting mover teeth magnetic flux density (as
shown in Figs. 9(c-d)) from FE Analysis.
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VI. COMPARISON OF ANALYTICAL
TECHNIQUES

Open-circuit flux linkage obtained for mover pole
pitch from analytical modelling techniques (EMC
and LPEMC) are compared with globally accepted FE
Analysis results in Fig. 10 (a) and Fig. 10 (b), respectively.
Point-to-point percentage error is shown in Fig. 11 (a).
Analysis of open-circuit flux linkage of reveals that
EMC methodology suffers with errors less than ~8.5%,
while LPEMC methodology shows errors less than
~7.5%. Peak-to-peak open-circuit flux linkage obtained
by analytical methodologies (EMC and LPEMC) and FE
Analysis is shown in Fig. 11 (b).
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Fig. 9. FE Analysis magnetic flux densities: (a) air-gap
radial component, (b) air-gap axial component, (c) mover
radial component, and (d) mover component.

Detent force for periodic boundary of one mover
pole pitch is also computed by EMC and LPEMC
methodology, and compared with corresponding FE
Analysis results in Fig. 12 (a) and Fig. 12 (b), respectively.
Point-to-point percentage error of detent force is shown
in Fig. 13 (a), and reveals that EMC methodology suffers
with errors less than ~18%, while LPEMC methodology
shows errors less than ~14.5%. Average detent force
obtained by analytical methodologies (EMC and LPEMC)
and FE Analysis is shown in Fig. 13 (b). Limitations
of analytical methodologies are: (a) does not account
magnetic saturation, (b) permeability of iron core is
assumed to be infinite, and (c) analytical methodologies
provide shuffled values of calculated quantities and
sorting must be done to compare wave-forms.
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Fig. 8. Phase C reluctance/permeance network: (a) EMC and (b) LPEMC.
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Fig. 10. Open-circuit flux linkage: (a) comparison of FE
Analysis and EMC, and (b) comparison of FE Analysis
and LPEMC.
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Fig. 11. Open-circuit flux linkage: (a) point-to-point
percentage error, and (b) peak-to-peak open-circuit flux
linkage.

VII. CONCLUSION

Aim of this paper is to simulate novel single sided
LPMFSM using JIMAG Commercial FEA Package v. 14,
develop two analytical modelling techniques for
prediction of no-load characteristics, i.e., open-circuit
flux linkage and detent force, and compare both
analytical methodologies with corresponding globally
accepted FE Analysis results. Analytical technique
No. 1 (EMC) represents peak error of less than ~8.5%
for open-circuit flux linkage and ~18% for detent force,
while analytical technique No. 2 (LPEMC) represents
peak error of less than ~7.5% for open-circuit flux
linkage and ~14.5% for detent force. This paper validates
both analytical techniques and made authors to
recommend LPEMC approach for initial design of
LPMFSM.
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Fig. 12. Detent force: (a) comparison of FE Analysis and
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