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Thrust Ripple Reduction in Linear Switched-Flux
Machines via Additional Pole Optimisation

Imanol Eguren, Gaizka Almandoz, Member, IEEE, Aritz Egea, Sergio Zarate, and Ander Urdangarin

Abstract—Linear switched-flux machines are a kind of perma-
nent magnet machine with a passive ferromagnetic secondary.
Therefore, they can achieve both a good performance and a low
cost in long stroke applications. However, due to the end effect,
these machines generate high detent force and on load thrust
force ripples. There are several solutions in the literature that
aim to minimise the thrust ripple. One of those solutions is the
placement of additional poles in the ends of the machine. These
can be passive, i. e. simple ferromagnetic teeth, or active, with
additional magnets. The former is the most common solution
in the literature. In this article, the optimal configuration of the
additional poles is discussed via 4 additional pole sizing strategies,
and the influence of the design variables and optimisation objec-
tives is analysed. Then, a generic additional pole configuration
is proposed, which combines a high effectiveness and a simple
design. Finally, an experimental validation is carried out, and
the measurements confirm the results from the optimisation.

Index Terms—End effect, Linear machines, Optimisation, Rip-
ple, Switched-Flux, Magnet.

I. INTRODUCTION

HESE last years, the industry is looking for highly

efficient, cost effective and tightly integrated devices,
no matter the application. Electrical machines are not an
exception. Rotating machines are commonly used to gen-
erate linear motion. In the beginning, they were combined
with mechanical gears to obtain the desired travelling speed.
Then, gearless direct-drive machines were able to remove the
mechanical gear, offering more compact and reliable drives.
Linear machines are a particular configuration of direct-drive
machine that can exert linear thrust force without any sheaves,
gears, or contact between the primary and secondary sides
[1], [2]. This feature allows linear machines a highly precise
operation [3], [4], with low noise [5], [6] and high reliability
[71, [8].

However, the abrupt change of the magnetic circuit in the
ends of linear machines generates a flux leakage in the end
poles. In the particular case of linear switched-flux permanent
magnet machines (LSFPMs), they suffer from a heavy satu-
ration [9], which increases the severity of this phenomenon.
In 3 phase machines, this translates to an unbalance between
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Fig. 1: LSFPMs with thrust ripple minimising configurations.
(a) Passive additional poles, (b) active additional poles, (c)
multiple additional poles and (d) modular and complementary
structure.

the magnetic circuit that is perceived by the different phases
of the machine.

This phenomenon influences the thrust ripple in 3 major
ways. First, the flux leakage creates a ripple component of
the no load thrust force [10]. Then, even if the back-EMF
is sinusoidal in LSFPMs, its unbalance creates harmonic
components when converted to the dg frame. These harmonics
create an additional component of the thrust fluctuation when
the machines are fed with sinusoidal currents [S]. Finally,
due to the structure of linear machines, the unbalance also
exists between the different phase inductances. This creates an
additional ripple component that is proportional to the squared
value of the supply current [11].

When talking about linear synchronous machines, the most
common solution for the minimisation of the detent force is
the modification of the geometry of the ends of the mover to
compensate the fluctuations of the force [12], [13]. The most
frequent modification is the addition of an extra ferromagnetic
tooth at each of the ends of the machines [14], [15]. The
configuration is shown in figure 1 (a). These teeth move the
ends of the machine to the point to where the amplitude of
the detent force is minimised.

If additional PMs are placed in these extra teeth like in
figure 1 (b), the back-EMF unbalance can also be compensated
[5], [8]. When adopting this configuration, the publications
from the literature select the balancing of the fundamental
phase back-EMF amplitudes as the optimisation objective [8],
[16]. However, this back-EMF balancing strategy often ends
up with configurations that increase the peak to peak detent
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force [8], [16].

Hence, alternative configurations have also been presented,
where multiple additional teeth are placed at each of the sides
of the machine [17]. The idea behind this configuration is to
compensate the back-EMF unbalance with the additional PMs,
and to minimise the detent force amplitude with the passive
assistant teeth. This configuration is shown in figure 1 (c).

None of the first three structures from figure 1 are able
to suppress the phase inductance unbalance. In order to
obtain this balancing effect, all the phases must observe
the same magnetic circuit. Therefore, the solution for the
inductance unbalance is to use a modular structure [11].
There are different alternatives to modularise the machines
[18]. However, the idea behind most of them is quite similar.
Figure 1 (d) shows a possible configuration of a LSFPM with
a modular structure. In these machines, each of the individual
modules are separated by a non magnetic flux barrier. The
flux barriers decouple the modules, and consequently, the
mutual inductances are almost entirely suppressed. As the
magnetic circuit that each of the modules observes is almost
the same, the self inductances are also balanced. Hence, the
overall phase inductances are also balanced. Additionally, as
the modules are essentially symmetrical between them, all the
phases generate the same back-EMF. Consequently, it can be
stated that the modular configuration is the best possibility
when a completely balanced machine is desired.

Moreover, the modules of the individual phases must be
displaced % of a secondary pitch between each other. Due to
this displacement, some of the harmonics of the detent force
and the thrust ripple are compensated between the different
modules. Furthermore, if the modular structure is combined
with a complementary magnetic circuit like in figure 1 (d),
the odd order harmonics of the detent force and the even
harmonics of the back-EMF are also suppressed [19].

However, the mechanical structure of modular and comple-
mentary machines is quite complex, which could impact their
manufacturing cost. Besides this, the balancing effect of the
magnetic circuit is obtained because the end effect actually
exists in every single one of the modules that are used in the
machine.

The average value of the Carter coefficient, K., to account
for the increase in the airgap length in a single-module 6/13
machine due to the end-effect can be approximated with

O — M)
1424 In (14752

where g is the airgap length, 7, is the primary pitch, and
we 1s the width of the ends of the machine, whose can be
approximated to be equal to the height of the primary of the
machine.

Notice in (1) that if w, > 0, the expression results in a value
that is greater than 1. This means that the more present the
end-effect is, the larger the force loss will be in the machine.

Consequently, the thrust density of the modular machines
is reduced significantly, due to the larger amount of ends than
a single-module machine. This, together with the additional
length that is required for the installation of the flux barriers,
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Fig. 2: Geometric parameters of the machine.

increases the bulk of modular machines. Hence, it is the pas-
sive ferromagnetic assistant teeth which are most commonly
used in the literature to deal with the thrust ripple. However,
the performance of the passive ferromagnetic teeth can be
improved if they are complemented with additional PMs.

Summarising, on the one hand it can be concluded that the
simple single-module configurations that can be found in the
literature are not very effective when minimising the thrust
fluctiations. On the other hand, the modular configurations
are demonstrated to be highly effective, but they are quite
complex to be built and they reduce the thrust density of the
machines. In this article, two highly effective design solutions
are presented to minimise the detent force and the thrust
ripple of LSFPMs, which do not compromise their thrust
capability and compactness. The effectiveness of one of the
proposed configurations is experimentally validated, obtaining
a good agreement between the simulation results and the
experimental measurements. In order to explore the rate of
improvement with the new configuration, the solutions that
were previously proposed in the literature are also prototyped,
and the results demonstrate the superior performance of the
proposed configuration.

In the presented work, the optimal configuration of the
additional poles is discussed via 4 different additional pole
sizing strategies. The influence of the selection of design
variables and the optimisation objectives is studied, and the
best possibility is identified. In this way, a generic configu-
ration of a single-module LSFPM is proposed. This generic
configuration allows an easy sizing and a close to minimal
thrust ripple for single module machines. The article is the
continuation of the work that was presented in [20].

The article is organised as follows: the performance of the
original machine with no extra poles is analysed in section II.
Section III describes the 2D and 3D FEM models that were
used to analyse the thrust ripples of the different machines.
Section IV explains the different machine configurations and
their optimisation strategy. The experimental validation of
the results is given in section V, and section VI gathers the
conclusions of this study.

II. ANALYSIS OF THE ORIGINAL THRUST RIPPLE

The machine that is analysed in this paper is the 6 pri-
mary pole and 13 secondary pole C-Core linear switched-
flux machine. The main geometric parameters of the machine
are given in table I and described in figure 2. The values
of the parameters of the machine were defined following the
optimisation results from [14].

The two main components of the detent force, viz., the end
effect force and the slot effect force, can be decomposed via
a simple procedure. First, a virtual periodic machine with an
infinite length must be simulated. As this machine has no ends,



This article has been accepted for publication in IEEE Transactions on Energy Conversion. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TEC.2022.3160505

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. XX, NO. X, MONTH 20XX 3

TABLE I: Main parameters of the simulation models.

Parameter Symbol  Unit Value
Total Height ht mm 21
Stack Length lstk mm 30
Airgap g mm 1
Secondary Height hs mm 5.6
Secondary Pole Pitch Ts mm 144/13
Secondary Pole Width Wsp mm 3.1
Primary Pitch TP mm 24
PM Width Wpm mm 3
Primary Tooth Width Wpt mm 4.1
Primary Slot Width Wps mm 12.8
Rated Speed Vv m/s 1
Rated Current I A 1.44
Phase Turns Npn Turns 234
Fill Factor Ky - 0.45
PM material - - N35H
Lamination Material - - MS800-65A
PM Remanence B, T 1.17
PM Relative Permeability o - 1.01
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Fig. 3: Periodic model for the computation of the slot-effect.
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Fig. 4: Decomposition of the components of the thrust ripple.
(a) Open circuit simulation, and (b) rated load.

the end effect will not be present. Therefore, the only ripple
is the one that is caused by the primary slots. Figure 3 shows
an example of a virtual periodic machine.

Then, the real machine is simulated, and the end effect force
F, is obtained by subtracting the slot effect force F; to the
total detent force, Fy,

Fe=Fq— F. 2

The same procedure can also be applied in a simulation
where the machine is fed with sinusoidal currents. In this way,
the influence of the end effect over the on load thrust ripple
can be obtained.

The result from the decomposition of the thrust ripple
components is given in figure 4. The original peak to peak
detent force amplitude is 5.49 N, and the original thrust ripple
is 36.9 %.

The dominant component of the thrust ripple in the analysed
machine is the end effect. Notice in figure 4 that the total force
is almost entirely generated by the end effect component. In
figure 5, it can be seen that the second order harmonic is
clearly the dominant component of the ripple. Therefore, the
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Fig. 5: Spectra of the thrust fluctuations of the initial machine.
(a) Open circuit (b) rated load.

TABLE II: Initial state of the unbalanced parameters.

Parameter Symbol Unit Value
Electromotive force, phase a Eq V (peak) 6.75
Electromotive force, phase b Ey V (peak) 8.26
Electromotive force, phase ¢ E. V (peak) 6.75
Self inductance, phase a Laa mH 4.65
Self inductance, phase b Ly mH 5.31
Self inductance, phase ¢ Le¢e mH 4.65
Mutual inductance, phases ab My, = My, mH -2.41
Mutual inductance, phases ac Mae = Mcq mH -1.64
Mutual inductance, phases bc M. = M, mH -2.41

usage of a complementary magnetic circuit would not be very
effective for this machine.

As for the unbalance in the electrical parameters, table II
shows the phase back-EMF and inductance values. In the
initial configuration, the unbalance is quite significant in all
of the parameters.

III. DESCRIPTION OF THE FEM MODELS

All the simulations of the study were performed in Altair®
Flux®. Figure 6 shows the 2D and 3D models of the con-
figuration with active additional poles. Although the active
part of the machine is constituted by 6 primary poles and 13
secondary teeth, the total length of all the simulation models of
the study was defined as 277,. The extra length was introduced
for allowing the flux to escape from the edges of the machine,
creating the end-effect. A clearance of 14.5 mm was also left
at the top of the machine, to allow the presence of the PM
flux leakage.

In the case of the 3D models, an axial clearance of 14.5
mm was also left to accommodate the end-windings, and to
account for the transverse end-effect.

In order to ensure a high precision of the simulations, a
second order mesh was used in the models. Additionally, the
exact same airgap mesh was used in all the 2D and 3D models.
It consisted of 3 layers, with the centre layer consisting of
rectangular elements. The mesh of the airgap region can be
observed in detail in figure 7. The length of the mesh elements
was set as 75/72, so that there were 72 mesh elements per
secondary pole pitch. The thrust force was computed with 73
samples over a secondary pole pitch in the 2D simulations,
and with 25 samples in the 3D simulations. The electrical
position of the first and last samples of the simulations is the
same, hence, the mover of the machine was displaced 1 mesh
element in the 2D simulations, and 3 mesh elements in the 3D
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(b)

Fig. 6: (a) 2D and (b) 3D FEM models of the machine with
active additional poles.

Fig. 7: Detail of the airgap mesh of the model.

simulations. The virtual work method was used to compute the
forces in each of the time steps of the simulations,

oW,

IV. OPTIMISATION OF THE THRUST RIPPLE
A. Passive Ferromagnetic Poles

The passive ferromagnetic poles or assistant teeth are com-
monly optimised via an individual parameter optimisation
[14], [21]. In this process either the position of the assistant
teeth or the position of the teeth plus their width are individ-
ually swept, looking for the point where the amplitude of the
peak to peak detent force is the lowest. However, in this article,
in order to explore the limits of the performance of the passive
ferromagnetic poles, their widths, wje; and w,..; for left and
right respectively and position wj.s and w5, are globally
optimised with the nondominated sorting genetic algorithm
(NSGA-II) [22], and the minimisation of both the peak to
peak detent force and the on load thrust ripple are set as the
optimisation objectives. Hence, the peak to peak value of the
detent force is obtained first from a no load simulation, and the
machine is then simulated at rated load to obtain the on load
thrust ripple. The configuration parameters of the optimisation
are given in table III.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

TABLE III: Configuration of the GA for the optimisation of
the assistant teeth.

Parameter Value/Range Resolution
Wiet & Wret 0.1 mm < 2wpt 0.05
Wies & wres UJps/Q < 2wps 0.05
Population Size 100

Number of Parents 20

Mutation Rate 0.05
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Fig. 8: Result from the optimisation of the assistant teeth.
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Fig. 9: Waveforms of the thrust fluctuations of the machine
with optimised assistant teeth. (a) Open circuit (b) rated load.
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Figure 8 shows the values of the detent force and thrust
force ripple of the candidates that were analysed by the GA.
The optimal nondominated candidates are marked with a red
circle. It can clearly be seen in figure 8§ that the assistant teeth
solution is quite effective when dealing with the open-circuit
thrust ripple. However, the on load ripple is not reduced as
much as the detent force is. Figure 9 shows the waveforms of
the machine with the optimised ends, and figure 10 shows the
spectra of its thrust fluctuations. Notice that the influence of
the passive additional poles is quite limited for the 2" order
harmonic.

B. Active Additional Poles - Balancing the Phase Back-EMF

It can be argued that the popularity of the passive assistant
teeth solution is brought by its ease of design. The high
simplicity and easy manufacturing make them very attractive.
The generic active poles should therefore match or at least
get close to the convenience of that solution. A simple design
process is the first requirement. Hence, in this section, the
capabilities of the design procedure that is most commonly
found in the literature are analysed.

In this first alternative, the widths of the additional magnets,
Wiepm and Wyepm, are varied until the fundamental open circuit
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Fig. 10: Spectra of the thrust fluctuations of the machine with
optimised assistant teeth. (a) Open circuit (b) rated load.
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Fig. 11: Result of the optimisation of the active additional
poles for balancing the fundamental flux linkage.

flux linkage values are completely balanced. The width of both
additional magnets is kept equal during the sizing process.
Therefore, it is a single variable and single objective scenario,
and the genetic algorithm is not necessary. It has been found
in the literature review that this solution can increase the value
of the peak to peak detent force ripple. Thus, its amplitude is
also monitored during the sizing of the end poles.

The result of the optimisation procedure is given in fig-
ure 11. Notice how as the flux linkages balance, the trend of
the detent force is to increase its amplitude. Hence, it can be
concluded that this solution is not an effective way to minimise
its value. In fact, the amplitude of the detent force ripple,
with 23.66 N, is 430.97 % of that of the initial machine. The
amplitude of the detent force is so high, that even the thrust
ripple at rated current increases, going from the 36.9 % ripple
of the initial machine to a 95.65 %.

The waveforms of the machine are now given in figure 12,
and the spectra in figure 13. Interestingly, the dominant
harmonic of the thrust ripple is switched, and now it’s the
first harmonic which fluctuates the most. This is why the
combination of this solution with a complementary magnetic
circuit is an effective way to minimise the thrust ripple. This
configuration is explained in more detail in [5]. However, the
combination with a complementary magnetic circuit requires
the usage of more than a single machine module. Thus, it
increases the complexity and the manufacturing cost of the
machine.

C. Active Additional Poles - Minimising the Detent Force

Notice that the unbalance between the phase flux linkages is
already quite low in figure 11 when the width of the additional
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Fig. 12: Waveforms of the thrust fluctuations of the machine
when the active additional poles are optimised for a minimised
back-EMF unbalance. (a) Open circuit (b) rated load.
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Fig. 13: Spectra of the thrust fluctuations of the machine when
the active additional poles are optimised for a minimised back-
EMF unbalance. (a) Open circuit (b) rated load.
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magnets is of 3 mm. Knowing that this is the same width as
the one of the rest of the magnets of the machine, a better
strategy when sizing the additional poles can be defined. In
this second alternative, the PMs of the additional poles are
the same as those of the active part of the machine, and the
additional poles are placed at the point where the amplitude of
the detent force is minimised. In this way, the balancing effect
over the flux linkages is obtained thanks to the placement of
the additional magnets, and a reduction of the peak to peak
detent force is ensured. Hence, in this case, the widths of the
end teeth, wi.; and w,.e, are the optimisation variables.

The optimisation problem is still quite simple for this
configuration. Therefore, the usage of a genetic algorithm is
not strictly necessary. Here, the optimisation is done via a grid
search. The results of the optimisation are given in figure 14.

The effectiveness of this approach is much higher than the
one of the previous configurations for both the detent force
and the thrust ripple. The optimised waveforms are given
in figure 15 and the spectra in figure 16. The amplitude of
the second order harmonic is reduced significantly, whilst
the previous configurations were unable to deal with this
harmonic. Hence, a very significant reduction is obtained in
the amplitude of both ripples, with a final value of 2.16 N for
the detent force and a 11.35 % for the force ripple at rated
load.
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Fig. 14: Result of the optimisation of the active additional
poles for minimising the detent force.
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Fig. 15: Waveforms of the thrust fluctuations of the machine
when the active additional poles are optimised for a minimised
detent force. (a) Open circuit (b) rated load.
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Fig. 16: Spectra of the thrust fluctuations of the machine when
the active additional poles are optimised for a minimised detent
force. (a) Open circuit (b) rated load.

D. Active Additional Poles - Global Optimisation

With the aim of exploring the limits of the capability of
the active end poles when dealing with the thrust ripples,
the widths of the end teeth, w;.; and w,.;, and the widths
of the end PMs, wiepm and wyepm, are optimised in this
section with the genetic algorithm to minimise both the detent
force amplitude and the rated thrust ripple. A summary of the
optimisation is given in table IV.

The global optimisation of the active additional poles is
by far the most effective way for a minimised detent force
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Fig. 17: Result of the global optimisation of the active addi-
tional poles.

TABLE IV: Configuration of the GA for the global optimisa-
tion of the active additional poles.

Parameter Value/Range Resolution
Wiet & Wret 0.1 mm < 2wp¢ 0.05
Wiepm & Wrepm 0.1 mm < 2wpm 0.1

Population Size 100
Number of Parents 20
Mutation Rate
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Fig. 18: Waveforms of the thrust fluctuations of the machine
when the active additional poles are globally optimised. (a)
Open circuit (b) rated load.

amplitude. Figure 17 shows the results of the global opti-
misation. The figure shows the detent force and the thrust
ripple result of all the design candidates that were analysed
by the genetic algorithm, and the nondominated solutions are
highlighted again with red circles. If this result is compared
to that from figure 8, and knowing that the difference between
the two configurations lays in the addition of the end PMs, it
can be clearly stated that the attachment of those extra magnets
is a very effective way to minimise the thrust fluctuations in
linear switched-flux machines.

However, the reduction of the on load thrust ripple is almost
on pair with that of the previous configuration. The waveforms
in figure 18 and figure 19 also show that the effectiveness of
this alternative is also very high on both the no load and the
on load thrust ripple.

E. Comparison of results

A summary of the optimisation approaches and their re-
spective results can be found in table V. The self and mutual
inductances of the different machine configurations were cal-
culated with the frozen permeability method. Notice that as it
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Fig. 19: Spectra of the thrust fluctuations of the machine when
the active additional poles are globally optimised. (a) Open
circuit (b) rated load.

TABLE V: Comparison of optimisation approaches. The op-
timisation variables are denoted with an asterisk (¥).

Parameter Initial Passive Poles Active Poles

Objective Fgl,F.|l E.=EFEy,=EFE. Fgl Fyland F. |
Method - GA Grid search Grid search GA
Wiet (Mmm) 1.85% 4.1 5.5% 4.8*
Wret (Mm) 4.55% 4.1 5.5% 4.55%
Wies (Mm) 6.4 12.4% 12.8 12.8 12.8
Wres (Mm) 6.4 10.55* 12.8 12.8 12.8
Wiepm (mm) - - 5% 3 2.2%
Wrepm (Mm) - - 5% 3 1.9%
Fqg (N) 5.49 3.53 23.66 2.16 0.94
Fr (%) 36.9 29.09 95.65 11.35 10.38
Eq (V peak) 6.75 7.03 8.18 7.51 7.42
Ey (V peak) 826 8.59 8.18 8.52 8.57
Ec (V peak) 6.75 7.03 8.18 7.51 7.44
Laa (mH) 4.65 5.23 5.34 5.40 5.37
Lpp (mH) 5.31 5.41 5.47 5.47 5.46
Lcc (mH) 4.65 5.36 5.34 5.40 5.36
Mp (mH) -241 -2.27 -2.23 -2.22 -2.23
My, (mH) -241 -2.24 -2.23 -2.22 -2.23
Mecq (mH) -1.64 -1.54 -1.53 -1.52 -1.53

was expected, none of the configurations is able to suppress the
unbalance between the mutual inductances. However, all the
configurations, including the passive poles, are able to reduce
the unbalance between the self inductances.

Figure 20 provides the waveforms and the spectra of the g-
frame back-EMF of the different configurations. Notice that
the 2 machines without active poles present a much more
noticeable ripple in the g-frame. The spectra in figure 20
(b) shows that both these machines have to deal with a
non-neglectable second order harmonic in the g-frame back-
EMF. This component originates from the unbalance of the
fundamental component of the phase back-EMF amplitudes.
This is why all the machines with active poles are able to
minimise the amplitude of this second order harmonic, which
results in a reduced on-load thrust ripple.

V. VALIDATION OF RESULTS

In order to validate the results from this analysis, the initial
machine, the machine with passive ferromagnetic poles (C1),
the machine with the back-EMF balancing strategy (C2), and
the machine with active additional teeth which were sized for
a minimised detent force (C3), were prototyped. Due to budget
limitations, the prototypes were manufactured in solid carbon
steel, F-1110 for the primary and F-1140 for the secondary,
instead of the M800-65A silicon steel that they were initially
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Fig. 20: g-frame back-EMF (a) waveform and (b) spectra.

optimised for. The BH curves of the different ferromagnetic
materials are compared in figure 21.

The machines were prototyped in a fast manner, thus, the
manufacturing tolerances were not controlled. Despite the
difference in the materials, the results show the same trends
that were expected from the simulations. Figure 22 shows the
C1 and C3 prototypes.

The tests were performed in the static test bench from
figure 23. The Interface SMA-60N load cell was used to
measure the static force, and the position was measured with
an Omron ZX2-LD10OL laser position sensor.

In total, the force was measured in 25 position points for
each of the current values of the test. First, the primary of the
machine was displaced to the measurement point, and then,
the corresponding current steps were applied to the armature
winding. The phase current references were calculated with a
14 = 0 control, and they were transmitted to the DC power
supplies as current value set-points.

The main drawback of the setup in figure 23 is the presence
of the static friction. The linear guides were carefully aligned
with comparator gauges to minimise the influence of the
friction. In order to account for the static friction, the no-
load force was measured in the first place. The offset of the
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Fig. 23: Static test bench.

no-load force corresponds to the static friction of the system.
This value was then used to correct the measurements of the
on-load test.

It can clearly be seen in figure 24 (a) that it is C3 which
presents the lowest thrust ripple along the whole range of
measurements. The measured peak to peak detent forces were
4.15 N for the initial machine, 3.71 N for C1, 28.42 N for C2,
and 3.34 N for C3. The increase in the detent force of C2 is
such, that this configuration is unable to reduce the original
ripple at any point.

On the other hand, the average thrust force capability
comparison from figure 24 (b) shows that the addition of extra
PMs can even enhance the thrust capability of the machines.
Thus, they are a very interesting alternative when optimising
the performance of LSFPMs.

In order to evaluate the level of precision of the 2D
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Fig. 24: Comparison of measured results. (a) Thrust ripple vs
RMS current, (b) Average thrust force vs RMS current.

simulations, the measured results and the values that were
obtained in both 2D simulations and 3D simulations are
compared in figure 25. Obviously, the experimental results are
affected by several factors, such as manufacturing tolerances,
measurement uncertainty etc. Hence, they do not coincide
perfectly with any of the predictions. However, both the 2D
and 3D FEM predictions can be considered accurate enough.

Finally, the optimisation studies were repeated with the
solid materials for ensuring that the new materials would not
influence the dimensions of the optimised ends of the machine
in excess.

Table VI shows a summary of the results that were obtained
in this optimisation. The table shows that because of the
difference in the materials, the optimal values of the detent-
force and the thrust ripple varied with respect to those which
were shown in table V. Due to the lower relative permeability
of the experimental materials, the back-EMF amplitude and
the values of the optimised inductances with these materials
were reduced.

Nonetheless, the optimal dimensions of the additional poles
of the machine were the same as in table V for the con-
figurations that were sized via a grid search. In the case of
the GA based configurations, the values of the optimisation
variables did vary with respect to table V. These differences
can be attributed to the differences of the characteristics of
the magnetic materials, and the stochastic nature of the search
algorithm itself. Despite the differences, the new values can
be considered to be close enough to the dimensions of the
prototypes for the measurements to be representative of the
performance of the optimised configurations.

Interestingly, the thrust ripple performance of the newly op-
timised machines was similar to the one that was obtained with
the initial material, which suggests that from the viewpoint
of the thrust ripple, there may not be a large benefit when
adopting costly materials.
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TABLE VI: Optimisation results for the solid materials. The
optimisation variables are denoted with an asterisk (*).

Parameter Initial Passive Poles Active Poles

Objective Fil, Pl Eqs=E,=E. Fgl Fyland F |
Method - GA Grid search Grid search GA
Wiet (mm) - 1.9% 4.1 5.5% 5.2%
Wret (Mm) 5.40%* 4.1 5.5% 4.45%
Wies (Mm) 6.4 12.85% 12.8 12.8 12.8
Wres (Mm) 6.4 10.10%* 12.8 12.8 12.8
Wiepm (mm) - - 5% 3 2.6%
Wrepm (Mm) - - 5% 3 1.5%
Fq (N) 4.62 2.50 22.56 2.27 1.4
Fy (%) 36.17 25.86 96.78 11.06 9.43
Eq (V peak) 628 6.55 7.44 6.96 7.00
Ep (V peak) 7.52 7.83 7.44 7.76 7.74
Ec (V peak) 6.28 6.55 7.44 6.96 6.96
Lga (mH) 4.50 5.02 5.11 5.17 5.16
Lpp (mH) 5.14 5.19 522 5.23 521
Lce (mH) 4.50 5.17 5.11 5.17 5.13
M, (mH) -2.29 -2.15 -2.12 -2.11 -2.11
My, (mH) -2.29 -2.11 -2.12 -2.11 -2.11
Mecq (mH) -1.53 -1.43 -1.43 -1.42 -1.42
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VI. CONCLUSIONS

In this article, the optimal additional pole configuration
was discussed for the reduction of the thrust ripple of linear
switched-flux PM machines. The 2D FEM results showed that
the 2 new design solutions presented in this paper have a
superior performance when minimising both the detent force
and the rated thrust ripple. The experimental comparison of
one of the new solutions with the previously existing configu-
rations also demonstrated that the new solution is much more
effective when minimising the thrust fluctuations. Moreover,
the experimental results showed that the new solution can
reduce the thrust ripple with high efficacy over a wide supply
current range.

Using a single size of PMs in the whole machine, including
the PMs of the additional poles, and minimising the peak to
peak detent force via the widths of the additional teeth was
found to be a very simple and effective way to minimise the
thrust ripples. This configuration was previously not explored
in the literature. It can be concluded that when the cost of
the additional PMs is allowed, this should be the generic
alternative when dealing with the thrust ripples. This strategy
combines the simplicity and ease of design of the passive
additional poles with the high effectiveness of the active
additional poles.

The genetic algorithm based strategy was also found to
be very effective, especially for the no-load detent force.
However, the final design is required to have more individual
parts, and thus, it would also increase the manufacturing
complexity and cost of the final design.

It was also confirmed that none of these configurations are
able to suppress the unbalance between the electrical param-
eters of the machine. Hence, conventional PI based control
systems could find it difficult to produce purely sinusoidal
currents. This, in turn, would increase the thrust ripple. In
this aspect, hysteresis controllers should be able to ensure the
supply of sinusoidal currents to these machines [23]. Thus, the
usage of such controllers should be considered when adopting
one of these configurations.

The optimisation with the solid materials also showed an
interesting result. The detent force and the on load thrust
ripple of some configurations were similar with the carbon
steel when compared to those which were obtained with the
higher permeability silicon steel. This is an interesting finding,
because it means that some applications, e. g. high precision
machine tooling, where the requirements for the machine are
very focused on its ripple performance, could benefit from the
usage of lower permeability magnetic materials for a reduced
manufacturing cost of the machines, if there is margin for a
lowered efficiency.

The article demonstrated that existing linear machines could
benefit from modifying the assistant ends of the mover to
minimise the thrust ripple. A global optimisation including
the design variables of the active part of the machine could
also improve the performance of the proposed configurations,
but the improvement would not be as significant. Hence, the
proposed configurations are very interesting from the industrial
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Fig. 26: Simplified models for the derivation of the end Carter
coefficient. (a) Ideal, and (b) single module with end-effect.

viewpoint, due to the need of a low magnitude of investment
and a high reward in performance.

Further work from the authors will focus on the modelling
and the enhancement of the thrust density and power factor of
switched-flux machines.

APPENDIX
DERIVATION OF THE CARTER COEFFICIENT

In this simplified example, a single-module, periodic and
slot-less machine is defined first for the analysis of the ideal
case. Figure 26 (a) shows the flux lines of this model. Notice
that the flux is enclosed inside the active part of the machine
in this model. Hence, the end-effect is avoided in this ideal
scenario.

Assuming that the magnets introduce a square-wave
magneto-motive force, F},, into the circuit, it can be assumed
that the magnitude of the flux of the cores can be obtained
following

Fplstk

|p1] = |p7] = o 0.57,, and 4)

Fplstk -

|p2| = |#3] = |¢a] = |@5] = |@6| = pro p- (5

Hence, the totalised equivalent flux of the mahcine, ¢,
which results from the sum of the flux of the cores is

Fplstk:
0—
g

¢r = 6 Tp- (6)

In a machine that is affected by the end-effect, and assuming
that the flux that is introduced by the magnets in the magnetic
circuit stays constant, the flux in the airgap regions below the
leading and trailing ends of the machine is reduced. Hence,
the magneto-motive force is also decreased in those airgap
regions.

The new flux of regions 1 and 7, ¢, and ¢7. must therefore
be obtained from the new value of the magneto-motive force,
Fe,

F.l
|p1e] = |pre| = ,uoeTStkO.E)Tp. (7)
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Assuming a semicircular path of the magnetic flux in the
ends of the machine as shown in figure 26, the airgap length
of the flux line at radius x, g, can be defined as

™
gz =9+ 57, ®)
and the field intensity along the path, H,, as
Fe Fe
H=—=—F-. )
9z g+ 3z

The magnitude of the flux that leaks towards the left and
right ends of the machine, |¢1| and |¢g|, can now be obtained
from

We
|¢L| = |¢R| = / Nonlstk:dxa (IO)
0
which after some operation becomes
2uolsir Fe TWe
1] = o] = FEEE 1 (1 - ) (11)
s 2g

where w, is the width of the end of the machine. Notice that
the limit of (11) as w. — oo equals to oo. Hence, the value
of w, must be restricted for the expression to be valid. In this
case, the height of the primary of the machine was used to
approximate the value of w,.

As we know that

|p1] + |p7] = |b1e| + [pre| + |DL| + @R,

it can be deduced that the new value of the magneto-motive
force in the leading and the trailing ends of the machine is

12)

Fpp

Tp+4?ghl(1+%>'

Fe = (13)
29

Now, the new value of the airgap flux below regions 1 and 7

can be obtained from

|p1e| = |d7e| = 1o

lsthpr
g<7p+47gln<1+%“;))

and the totalised equivalent magnitude of the flux, accounting
for the end-effect, |pye|, is

(14)

0.57p,

lsthpr
g(Tp—i-%gln(l-l-%))

Finally, the value of the Carter coefficient, K., to account
for the end effect is obtained from the division between the
ideal flux and the real flux

EFl
|Gte| = Bpo ";““rpwo 7. (15)

6
K. = T

5 - s
+ 1+%1n(1+"§)

(16)
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