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Abstract

Different types of linear generators are simulated and their power flow in the air gap is
investigated. The results are compared to the analytical expressions derived in Part 1. The
simulations and the analytical expressions in Part 1 show the same general behaviour,
but the magnitudes are lower for the analytical expressions. One explanation for the
difference in magnitude can be that the harmonics of the electric and magnetic fields
contribute to the power flow, which is not accounted for in the analytical expressions.
Due to results from Part 1, it is investigated if changing the number of poles can
decrease the tangential power flow while the normal power flow stays the same. As
was suspected, changing the number of poles affected several other factors, which lead
to an increase in the normal power flow when increasing the number of poles, even
though the electrical power was the same. The tangential power flow also decreased for
three out of four generators. Thereby, increasing the number of poles while keeping the
same length of the machine, at the cost of reduced pole-pitch, should be done with
precaution.

1 INTRODUCTION

Poynting’s vector can be useful, among other things, when
analysing the power flow in an electrical machine [1–7]. Par-
ticularly, the papers [4] and [5] can be mentioned for making
detailed studies of a rotating electrical machine by simulating the
Poynting vector. To the authors’ knowledge, this has never been
done for linear electrical machines (LEMs). Out of the men-
tioned studies, it is ref. [7] which analyses a LEM, but does not
go into detail of the power flow in the air gap. In ref. [7], the
Poynting vector is used to estimate the axial force on the mover
in a asynchronous linear generator.

LEMs have a linear motion instead of a rotating motion, as
rotating electrical machines have. What is referred to as a rotor
in rotating electrical machines is called the translator in LEMs.
Due to the linear motion, LEMs can be both flat, tubular, or
multi-sided. The coordinate systems for flat and tubular geome-
tries can be found in Figure 1. The translator is moving in the
z-direction in Figure 1. The power flow in the normal direc-
tion of a LEM is in the x-direction for flat LEMs and in the
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r -direction for tubular LEMs. The power flow in the tangen-
tial direction of a LEM as well as the direction of movement
for the translator are in the z-direction for both flat and the
tubular LEMs.

In Part 1 [8], the normal power flow in a flat LEM is found
to be:

P⟂,flat =
1
2

bLÊyRĤzS sin 𝛿. (1)

where b is the stack length of the LEM, L is the length of the
LEM, ÊyR is the top-value of the electric field in the ŷ-direction
due to ĤzR, ĤzR is the top-value of the magnetic field in the ẑ-
direction by the translator, ĤzS is the top-value of the magnetic
field in the ẑ-direction by the stator, and 𝛿 is the load angle.

The normal power flow in a tubular LEM is

P⟂,tub =𝜋rSLÊ𝜃RĤzS

×
𝜉YSJ1( jkrS) + 𝜉JSY1(− jkrS)

𝜉SR
sin 𝛿, (2)
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884 FROST ET AL.

FIGURE 1 Illustrations of the translators for (a) flat and (b) tubular linear
electrical machines (LEMs), respectively, with their respective coordinate
system. The stator for the flat LEM is assumed to be parallel to the paper, i.e.
shifted in the x-direction compared to the translator. The translator is moving
in the z-direction. The tubular LEMs in this paper have an outer stator

where

⎧
⎪
⎪
⎨
⎪
⎪
⎩

k = 𝜋p∕L,

𝜉JS = I0(krS) + I2(krS),

𝜉YS = Y0(− jkrS) +Y2(− jkrS),

𝜉SR = 𝜉YSJ1( jkrR) + 𝜉JSY1(− jkrR),

(3)

Ê𝜃R is the top-value of the electric field in the �̂�-direction due to
ĤzR, rS is the stator radius, rR is the rotor radius, p is the number
of poles, and j is the imaginary unit. Further on in the paper, the
coefficient

𝜉YSJ1( jkrS) + 𝜉JSY1(− jkrS)

𝜉SR
(4)

will be referred to as the tubular coefficient.
For small air gaps, the tubular coefficient

𝜉YSJ1( jkrS) + 𝜉JSY1(− jkrS)

𝜉SR
≈ 1 (5)

which should make it possible to simplify Equation (2). To
see if this holds, the tubular coefficient is calculated for the
simulated generators.

In Part 1 [8], an analytical expression for the tangential power
flow, i.e. in the z-direction, was also found for flat and tubular
LEMs, respectively. For both flat and tubular LEMs, the tangen-
tial power flow was found to consist of some time-independent
terms and some terms which varied sinusoidally with twice the

frequency. For flat LEMs, it was also found that

Pz ∝
bL

2𝜋p
. (6)

Comparing with Equation (1), increasing the number of poles
could decrease Pz without affecting P⟂. This could be a benefi-
cial design choice since P⟂ is the power flow which goes into the
stator and therefore potentially useful energy, while Pz generally
do not give any useful energy. However, changing one factor
in electrical machines generally affects a lot of other factors as
well, which makes it very uncertain without testing whether this
actually holds if implemented.

The Poynting vector will be simulated through field-based
modelling in order to study the details of the energy flux in the
air gap in LEMs. The total radial power flow in the air gap will
be summed up and compared to the analytical results, which are
calculated from the results in Part 1 [8]. Since the results in Part
1 [8] give that the number of poles can be changed to reduce
the tangential power flow without affecting the normal power
flow for flat linear electrical machines, it is also tested to see
what happens with the power flow when the number of poles
are changed.

Two different designs of LEMs will be simulated. These
LEMs are highly inspired by a linear generator for wave power
[9] and a linear generator for a Stirling micro-cogenerator sys-
tem [7], respectively. The simulated designs are modified to get
electrical machines which are easy to simulate; at the expense
of the LEMs having some less advantageous design choices
if they would be built and operated. Each of the designs will
both be simulated as a flat LEM and as a tubular LEM, which,
to the authors’ knowledge, have not been done in the same
paper before.

2 METHOD

The simulations are done in COMSOL Multiphysics1 version
5.2a. The simulations are 2D, so the power flow from the sim-
ulations is per stack length for flat LEM and per circumference
for tubular LEM.

The simulation time is over three electrical periods. The gen-
erators for wave power have a rated speed of 0.7 m/s, while
the Stirling micro co-generator [7] has a rated speed of 4.8 m/s.
Here, the generators will be simulated with the speeds 0.6 and
2.4 m/s, respectively.

All generators are simulated both when connected to no load
as well as when connected to a purely resistive load. The load
is simulated by adding an electric circuit to the model, where
the generator is connected to a balanced Y-load. The resistive
load is chosen so that each generator have a load angle 𝛿 so that
sin 𝛿 = 0.20.

To simulate the movement of the translator, a moving mesh
is used. The translator is modelled as the moving part, including
the sub-domain of the air gap closest to the translator as well

1 COMSOL Multiphysics is a registered trademark of COMSOL AB

 20513305, 2022, 9, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/tje2.12167 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [22/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FROST ET AL. 885

TABLE 1 The four simulated generators and their designations through
the rest of the paper

Tubular Flat

Wave power generator W-T W-F

Stirling micro-cogenerator D-T D-F

as a just as thick sub-domain of air on the other side of the
translator. The stator and the rest of the air surrounding the
generator is modelled as stationary. This way the model does
not have to be re-meshed for every time step. The moving part
of the simulation have a white background in Figure 2, while the
stationary part have a light grey background.

In order to have high resolution in the air gap, the air gap
is divided into 1 mm thick subdomains. The mesh is also set
to have very small elements in the air gap, the translator, and
the stator steel. This also gives a very fine mesh around the
boundaries between the moving and the stationary meshes.

At the upper and lower part of the model (z = zmax and
z = zmin, respectively), the boundary condition is set to peri-
odic. No longitudinal end effects will be accounted for in the
simulation this way, which will make the results more compara-
ble to Equations (1) and (2) as well as to reduce the computation
time. This boundary condition also simplifies the modelling of
the moving translator. For the tubular LEMs, it is used that they
are axisymmetric.

2.1 Generator descriptions

Four different linear generators are simulated, to see how the
energy flux behaves in different generators. Two of the models
are tubular linear generators, while the other two are flat linear
generators. Otherwise, the difference in the machines are their
dimensions. Two of the generators correspond to the approxi-
mate dimensions of a linear generator for wave power [9] while
the other two have approximately the same dimensions as the
linear generator for a Stirling micro-cogenerator [7]. A figure of
the simulated generator inspired by wave power generators can
be seen in Figure 2(a). The designations of the generators in
this paper can be found in Table 1 and their dimensions can
be found in Table 2. All simulated generators are synchronous
generators with surface-mounted permanent magnets.

Six permanent magnets are used to create three pole pairs.
The permanent magnets are modelled with constant remanent
flux density Br0 = 1.27 T directed in ±x̂-direction for the flat
LEMs and in the ±r̂ -direction for the tubular LEMs, and a con-
stant relative permeability 𝜇rec = 1.05. The permanent magnets
are mounted on a 10 mm wide supporting structure out of iron.

For all generators, the stator has a three-phase winding with
a total of 18 slots. Each slot has one phase. The stator has open
slots, which is recommended for linear permanent magnet syn-
chronous generators [10]. The conductors in the slots are made
out of copper. The phase windings can be seen in Figure 2(a).
The conductors are 4 mm times 25 mm and have 1 mm of
insulation around them. The insulation is modelled as air. It is

TABLE 2 The dimensions of a generator for wave power and for a
Stirling micro-cogenerator, respectively.

Dimensions Waver power

Stirling

micro-cogenerator

(W-F and W-T) (D-F and D-T)

Height of PM hPM 7.2 m 7 mm

Width of PM wPM 18 mm 32 mm

Rotor radius rR 67.2 mm 47 mm

Air gap width g 4 mm 2 mm

Stator radius rS 71.2 mm 49 mm

Length of electrical machine
L

180 mm 288 mm

Pole pitch 𝜏p 30 mm 48 mm

Number of poles p 6 6

k = 𝜋∕𝜏p 105 m−1 65.4 m−1

Speed of the translator vT 0.6 m/s 2.4 m/s

Fundamental frequency f0 10 Hz 25 Hz

The tubular coefficient, see
Equations (3) and (4)

1.48 1.13

assumed in the simulation that the current density is evenly dis-
tributed in the conductors. The stator is in total 51.8 mm wide.
The stator is designed to give an easy and relatively fast simula-
tion; a generator which should be built and operated should be
more rigorously simulated for different shapes and dimensions
(e.g. of the stator slots) to find a more optimal choice.

The iron in the supporting structure and the stator steel is
assumed to have non-linear magnetic properties. The HB-curve
is taken for the material Silicon Steel NGO 35JN200m which
is available in the COMSOL material library. The electrical con-
ductivity 𝜎 is set to 0 S/m. The material neglects hysteresis and
electrical conductivity.

For the wave power generator (WF and WT), the height of
both the translator and stator is 180 mm. The air gap between
the translator and the stator is 4 mm wide. The permanent mag-
nets are 7.2 mm high (in the magnetisation direction) and 18 mm
wide. Between each permanent magnet there is 12 mm of air.
The permanent magnets cover 60% of the pole pitch. For the
tubular LEM, it is 67.2 mm from the centre to the air gap. See
also Table 2.

For the Stirling micro-cogenerator (DF and DT), the height
of both the translator and stator is 288 mm. The air gap between
the translator and the stator is 2 mm wide. The permanent mag-
nets are 7 mm high and 32 mm wide. Between each permanent

magnet there is 16 mm of air. The permanent magnets cover
2

3
of the pole pitch. For the tubular LEM, it is 47 mm from the
centre to the air gap. See also Table 2.

2.2 Post-processing the simulations

Spectral analysis through frequency analysis are done in Mat-
lab with the function fft for the H -field, the E -field, and the
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886 FROST ET AL.

FIGURE 2 The simulated LEM for wave power with (a) six
poles and (b) eight poles. The phase winding is the same for the
Stirling cogenerator. The area with white background is the part
which is moving during the simulations. The dashed line to the
left shows where the centre of the electrical machine is in the
simulations for the tubular LEMs
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FROST ET AL. 887

power flows in the air gap. That way, the fundamental of the
magnetic field in the z-direction, electric field in the y-direction
and 𝜃-direction was found at x = rR and x = rS, and at r = rR
and r = rS, respectively. The fundamentals of the H -fields and
the E -fields will be denoted ĤzR, ÊyR, and Ê𝜃R for the fields
by the rotor, and ĤzS, ÊyS, and Ê𝜃S for the fields by the stator.
ĤzS, ÊyR, and Ê𝜃R are used to calculate the normal power flow
in the air gap from Equation (1) and Equation (2), respectively.
To compare with the results in Part 1 [8], both the amplitudes
and the frequencies of the power flows are also of interest
and analysed both for the normal and for the tangential power
flow.

The tangential force in the air gap is also calculated from the
simulations for each simulated generator. In LEMs there should
be no torque, in difference to rotating electrical machines, but
the tangential force can be seen as an equivalent. The tangential
force is calculated through Maxwell’s stress tensor. The tensor
is averaged over the whole air gap, because otherwise it is sensi-
tive to the mesh [11]. The tangential force is calculated with the
equation

Ftan =
𝜇0b

g ∫
S

HxHzdS (7)

where 𝜇0 is the permeability in vacuum, g is the air gap width,
Hx and Hz is the magnetic field in the x and z-directions,
respectively, and S is the integrated surface, which is the air gap
surface in the xz-plane for flat LEMs and in the rz-plane for
tubular LEMs. Hx is replaced with Hr in the tubular LEMs.
The corresponding equation for rotating electrical machines is
denoted Arkkio’s method [12], [13, p. 56]. The tangential force
can also be referred to as the detent force, which is studied in
more detail in refs. [11, 14].

2.3 Varying the number of poles

In Part 1 [8], it is suggested from the equations that increasing
the number of poles can decrease the power flow in the longitu-
dinal direction with no or little effect on the power flow in the
normal direction. To see how well this holds, all four generators
are also simulated with eight poles, on top of the six poles used
in the base case. When changing the number of poles, the frac-
tion of the pole pitch which is covered by permanent magnet is
kept constant. Further, the load is changed to keep the electric
power as close as possible to the electric power in the equivalent
generator with six poles.

To get as comparable generators as possible, the number of
slots per pole per phase is kept constant, q = 1, for all simulated
generators. For the eight pole machines, the stator is therefore
altered, so that it has 24 stator slots, the conductors are 3 mm
times 25 mm, and the insulation around the conductors is 0.75
mm. The stator is the same both for the wave power generator
as well as the Stirling micro-cogenerator. All other parameters
are kept the same. The generator for wave power with eight
poles can be seen in Figure 2(b).

TABLE 3 Results from the simulations of the no load case generator for
wave power and for a Stirling micro-cogenerator, respectively

Quantity W-F W-T D-F D-T

ĤzR [kA/m] 238 244 102 99.6

ĤzS [kA/m] 30.2 10.2 15.8 6.15

ÊyR or Ê𝜃R [V/m] 0.467 0.465 2.51 2.26

ÊyS or Ê𝜃S [V/m] 0.426 0.424 2.49 2.15

Maximum Ftan [N] 200 58.3 325 80.3

P⟂ [W/m] 131 16.1 127 57.9

Constant term Pz [W/m] 655 626 2450 1940

Fundamental amplitude Pz [W/m] 430 402 1500 1170

FIGURE 3 (a) The magnetic field in the z-direction by the stator, HzS , at
the last time step and (b) the power spectral density of the same field up to 200
Hz. The field is from generator W-F at no load

3 RESULTS AND ANALYSIS

3.1 No load

The fundamental is found for the electric and magnetic fields,
and summarised in Table 3. The fundamental of the magnetic
field by the rotor ĤzR is about the same for flat and tubular
LEMs, but the magnetic field is significantly different by the
stator. As can be seen in Figure 3, the magnetic field by the
stator HzS has several large harmonics, which the electric field
by the rotor EyR or E𝜃R do not; EyR for W-F can be seen in
Figure 4. The maximum values of the magnetic and electric
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888 FROST ET AL.

FIGURE 4 (a) The electric field in the y-direction by the translator, EyR ,
at the last time step and (b) the power spectral density of the same field up to
200 Hz. The field is from generator W-F at no load

fields are larger than the fundamental of respective field, see
Figures 3 and 4. The magnetic and electric fields for all gen-
erators and their power spectral density are not shown due to
space limitations.

According the Equations (1) and (2), there should be no
power flow in the normal direction at no load since sin 𝛿 = 0.
All four simulated generators have a power transfer in the nor-
mal direction, but it is relatively small compared to the power
transfer in the longitudinal direction, see Figure 5 and Table 3.
The normal power flow shown in Table 3 is the average power
flow, i.e. the constant term from the frequency analysis. The
normal power flow in D-F have a frequency of approximately
2 f0 with an amplitude of 199 W/m, respectively, on top of the
constant normal power flow. The normal power flow in all gen-
erators also have frequency of 6 f0 with the amplitude of 41.4
W/m for W-F, 29.4 W/m for W-T, 107 W/m for D-F, and 170
W/m D-T, respectively.

Both the normal power flow and the maximum tangential
force is significantly larger for the flat generators than for their
tubular counterparts. The tangential power flow is also larger
in the flat generators than in the tubular counterparts, but the
relative difference is smaller.

As also can be seen in Figure 5, the longitudinal power
flow has a clear periodicity. Six periods can be seen in the
figures, and the simulation is done over three electrical periods.
Thereby the frequency is twice the electrical frequency, which is
expected from the results in Part 1 [8], and also confirmed by
the frequency analysis.

FIGURE 5 Power flow in the air gap for (a) W-F, (b) W-T, (c) D-F, and
(d) D-T, respectively, during no load. The simulations are done over three
electrical periods. The values of Pz at zmin and zmax, respectively, are similar
enough for the lines to overlap almost completely

3.2 Resistive load

Table 4 summarises the results. The frequency analysis of the
electric and magnetic field is very similar to the no load case,
which is one reason why no plots of that is shown again, another
reason being space limitations. Adding a load does change the
magnetic and electric fields so that the value of the fundamentals
are different than for the no load case. The magnetic field by
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FROST ET AL. 889

TABLE 4 Results from the simulations of the generators when they are
connected to a purely resistive load

Quantity W-F W-T D-F D-T

Simulated values

ĤzR [kA/m] 241 247 112 103

ĤzS [kA/m] 43.8 27.8 35.3 28.0

ÊyR or Ê𝜃R [V/m] 0.461 0.460 2.47 2.24

ÊyS or Ê𝜃S [V/m] 0.417 0.418 2.46 2.13

Maximum Ftan [N] 1840 715 4960 858

P⟂ [W/m] 1100 855 10,500 7820

Constant term Pz [W/m] 644 614 2390 1910

Fundamental amplitude Pz [W/m] 421 392 1440 1140

Calculated value

P⟂ [W/m] 363 341 2510 2030

the stator has increased significantly for all simulated generators,
while the other fundamentals are closer to the no load cases.
The fundamental amplitudes of HzS, EyR, and E𝜃R from the
simulations are used to calculate the normal power flow. Just as
for the no load cases, the maximum value of HzS, EyR, and E𝜃R
are larger than the fundamental.

For all simulated generators, the normal power flow consists
of a constant term as well as a sinusoidal terms. The normal
power flow for all generators have a frequency of 6 f0. The sinu-
soidal term with frequency 6 f0 has the amplitude 53.6 W/m
for W-F, 42.0 W/m for W-T, 770 W/m for D-F, and 852 W/m
for D-T.

The simulated generators inspired by a Stirling micro-
cogenerator [7] have a higher power flow than the simulated

generators for wave power. One of the explanations for this is
that DF and DT has 2.5 as high frequency as W-F and W-T. The
power flow in the air gap also have larger harmonics for the
Stirling cogenerator. The calculated power flow in the normal
direction is higher for the tubular generators, but in the simu-
lations the flat generators have a higher power flow both in the
normal and the tangential direction.

For all generators the calculated normal power flow is smaller
than the simulated normal power flow. The calculated power
flow is approximately between half and a third of the simu-
lated values. The tangential power flow has a clear constant term
and a term with periodicity of twice the frequency for all sim-
ulated generators. The magnitude of the terms can be seen in
Table 4.

Both the normal power flow and the maximum tangential
power is significantly larger when a load is connected to the gen-
erator compared to the no load cases. The tangential power flow
is lower for all simulated LEMs compared to the no load cases.

3.3 Varying the number of poles

The results are summarised in Table 5. As anticipated, chang-
ing the number of poles changes a variety of other factors as
well. The magnetic and electric fields change for all simulated
generators; how they change depends on which generator, see
Table 5.

Even though the electric power is the same, the normal power
flow increases for all generators when the number of poles are
increased. Both the calculated and the simulated normal power
flow increases when the number of poles are increased. The tan-
gential power flow decreases for three out of four generators
when the number of poles are increased. The tubular coefficient

TABLE 5 Results from varying the number of poles. The load of the generators with eight poles are chosen so that the electric power is approximately the same
as for their six-pole equivalents

Calculated values Simulated values

P⟂

Tubular

coeff. P⟂

Constant

term Pz

Fundamental

amplitude Pz

Maximum

Ftan ĤzR ĤzS

ÊyR or

Ê𝜽R ÊyS or Ê𝜽S sin 𝜹

Electrical

power

[W/m] [-] [W/m] [W/m] [W/m] [N] [kA/m] [kA/m] [V/m] [V/m] [-] [W]

W-F

p = 6 363 - 1100 644 421 1840 241 43.8 0.461 0.417 0.20 881

p = 8 466 - 1020 574 359 1830 288 50.5 0.452 0.381 0.25 883

W-T

p = 6 341 1.48 855 614 392 715 247 27.8 0.460 0.418 0.20 342

p = 8 648 1.70 884 542 328 721 307 33.3 0.449 0.389 0.28 341

D-F

p = 6 2510 - 10,500 2390 1440 4960 112 35.3 2.47 2.45 0.20 10,400

p = 8 3000 - 10,900 2360 1440 4910 139 40.5 2.45 2.41 0.21 10,400

D-T

p = 6 2030 1.13 7820 1910 1140 858 103 28.0 2.24 2.13 0.20 2310

p = 8 1970 1.17 7770 2100 1260 1100 141 26.6 2.36 2.23 0.19 2310
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890 FROST ET AL.

is dependent on the pole pitch, so this factor changes when
the number of poles are changed. To maintain the same elec-
tric power when the number of poles increased, the load angle
has increased for three out of four generators. The maximum
tangential force is approximately the same whether it is six or
eight poles for three out of four generators, and for the fourth
generator the maximum tangential force increases.

4 DISCUSSION

The analytical and simulated results are not the same but
of the same magnitude. One factor which would explain the
difference is that only the fundamental is considered in the ana-
lytical results, whilst the simulations have no such limitations.
Considering HzS, it is clear from Figure 3(b) that the funda-
mental is not even the dominating sinusoid. The harmonics
do seem to mostly increase the normal power flow since the
simulated normal power flow is higher for three out of four
simulated generators.

The designs of the LEMs simulated are based upon rectan-
gles. This means that there is a lot of corners in the simulation,
which affect the Poynting vector [5]. This can also, at least par-
tially, explain why for example HzS has many large harmonics,
which in turn can explain the deviations between simulated and
calculated results.

The normal power flow in the simulations had harmon-
ics of frequencies 2 f0 and 6 f0, with fewer harmonics when a
load was connected to the generators. This can be compared
to the tangential power flow, which also had a harmonic of
2 f0, with the major difference that this was foreseen by the
analytical expressions. That the tangential power flow depends
on terms independent of time as well as terms which are
sinusoidal with twice the frequency is very clear from the simu-
lation results, which is also was the analytical expressions show
(Figure 6).

Regarding the loads, purely resistive loads were used in the
simulations. In real life applications, more complex loads will
most likely be in place, with possibly both several passive com-
ponents as well as active components. For this study, however,
the main goal was to have a constant load angle and keeping
the simulations simple, and not to study different loads. When
increasing the number of poles, the load angle would most likely
be reacting differently depending on the load.

Increasing the number of poles with 33% did decrease the
tangential power flow for three out of four generators, but
did also affect other factors. For all generators, the normal
power flow increased when increasing the number of poles,
even though the electric power was the same or almost the
same. The tangential force also stayed approximately the same
for three out of four generators when increasing the number
of poles. The tangential power flow decreased for three out of
four generators, so increasing the number of poles can reduce
the tangential power flow, but does not have to, depending on
the generator design.

The LEMs simulated here have been chosen for their sim-
plicity, and not for their optimised performance. For example,

FIGURE 6 Power flow in the air gap for (a) W-F, (b) W-T, (c) D-F, and
(d) D-T, respectively, for a load angle of sin 𝛿 = 0.20. The simulations are done
over three electrical periods. The values of Pz at zmin and zmax, respectively, are
enough similar for the lines to overlap almost completely

the number of slots per pole and phase is an integer, which
would mean a lot of cogging if these machines were built in real
life. For comparing with the analytical results in Part 1 [8], the
designs were sufficient and fairly time-effective. No demagneti-
sation has been considered either, which would be important to
consider if the machines were built in real life.

Just as in Part 1 [8], no end effects are considered. In the real
world, the end effects might not be negligible, especially for a
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FROST ET AL. 891

LEM with only three or four pole pairs. For the flat LEMs there
is also both longitudinal and end effects on the side. However,
the simulated part can be considered an extract of the middle
part of the generator. It is also more comparable to the results
in Part 1.

The tubular coefficient is closest to 1 for the Stirling micro-
cogenerator, which could be expected since it has both a larger
pole pitch and a smaller air gap. For all simulated tubular gen-
erators, the tubular coefficient is above one, which does suggest
that a cylindrical design has a higher energy transfer in the air
gap. This is, however, not supported by the simulation results.

There is an equivalent equation for rotating electrical
machines [1, 3]. To the authors’ knowledge, no comparison
between that equation and simulated results have been done for
rotating electrical machines. It would, however, be interesting
to see if the correspondence between simulations and analytical
results for rotating electrical machines are similar to the results
here. The same approach as used in this paper could be used for
that comparison.

5 CONCLUSION

Two flat and two tubular linear generators were simulated and
compared to analytical expressions from Part 1 [8]. The flat
and tubular designs had different power flows, both normal
and tangential. The general behaviour of the analytical expres-
sions correspond to the simulated results, but the magnitudes
of the calculated normal power flow are between a third and
a half of the corresponding simulated values. Increasing the
number of poles did not decrease the tangential power flow
without affecting the normal power flow. When the num-
ber of poles was increased, the normal power flow increased
even though the electric power was the same. The tangential
power flow decreased for three out of four generators when
the number of poles was increased. When designing linear
electrical machines, increasing the number of poles by reduc-
ing the pole pitch can be done, but should be done with
precaution.
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