. machines

Article

Finite Element Analysis of Different Transverse Flux Linear
Induction Motor Models to Improve the Performance of the
Main Magnetic Circuit

Juan Antonio Dominguez !, Natividad Duro ! and Elena Gaudioso 2*

Citation: Dominguez, J.A.; Duro, N.;
Gaudioso, E. Finite Element Analysis
of Different Transverse Flux Linear
Induction Motor Models to Improve
the Performance of the Main Magnetic
Circuit. Machines 2024, 12, 89. https://
doi.org/10.3390/machines12020089

Academic Editors: Hang Zhao and
Chunhua Liu

Received: 14 December 2023
Revised: 14 January 2024
Accepted: 19 January 2024
Published: 24 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license
s/by/4.0/).

license

1 Departamento Informatica y Automatica, ETSI Informatica, Universidad Nacional de Educacién a Distancia,
Juan del Rosal, 16, 28040 Madrid, Spain; jdomingue364@alumno.uned.es (J.A.D.); nduro@dia.uned.es (N.D.)

2 Departamento Inteligencia Artificial, ETSI Informatica, Universidad Nacional de Educacién a Distancia,

Juan del Rosal, 16, 28040 Madrid, Spain

Correspondence: elena@dia.uned.es

Abstract: This paper delves into the knowledge of transverse flux linear induction motors using
three-dimensional finite element simulation tools. Original linear induction motors have a useful
magnetic flux perpendicular to the movement. We propose some geometric changes to improve the
main magnetic circuit of the machine and to ensure simultaneous operation between longitudinal
and transverse magnetic fluxes. To obtain the main parameters of the equivalent electrical circuit in
a steady state, we propose two steps. Firstly, replicate the classic indirect tests used in rotating ma-
chines. This represents a significant advantage since it allows several models to be experimentally
tested to obtain the values of electrical parameters. Secondly, use the data from these tests to solve a
particular system of equations using numerical methods. The solution provides the electrical elements
necessary to generate the equivalent circuit proposed by the authors. A quantitative analysis of the
main electrical parameters is also carried out, confirming the advantages of the changes introduced.
With them, a significant improvement in thrust force is obtained, especially in stationary conditions
and low speeds. Finally, we study, in detail, a set of specific phenomena of linear machines using
two parameters: the secondary equivalent air gap and the secondary equivalent conductivity.

Keywords: transverse flux linear induction motor; longitudinal magnetic flux;
equivalent electric circuit; secondary equivalent air gap; secondary equivalent conductivity

1. Introduction

A linear induction motor (LIM) is a machine that can develop a thrust force along the
direction of the movement. The applications of LIMs are increasing in both civilian and
military sectors. In passenger transport, Maglev trains stand out [1], while in the automo-
tive and aerospace industries, the production of components using magnetohydrody-
namic technologies allows the creation of more reliable parts capable of withstanding sev-
eral mechanical stresses and loads. Electromagnetic catapults are already used on the
decks of aircraft carriers to launch aircraft, and electromagnetic cannons could be a revo-
lutionary weapon for the future of artillery [2-5]. Consequently, there is a growing need
for more sophisticated and faster control devices that allow optimum control of this type
of motor. Any control technique requires, as a starting point, an adequate knowledge of
the plant or system to be controlled. However, even considering the advances in speed
regulation in electric machines, linear electric devices present a set of specific characteris-
tics that make the electrical parameters difficult to understand.

The research carried out in this work represents a relevant contribution to the ad-
vancement of knowledge in linear induction motors, especially those with transverse
magnetic flux configuration. The analysis of useful magnetic fluxes in motors reveals that

Machines 2024, 12, 89. https://doi.org/10.3390/machines12020089

www.mdpi.com/journal/machines



Machines 2024, 12, 89

2 of 33

by introducing some specific changes to the original magnetic circuit, it is possible to
achieve a final mixed magnetic flux configuration. So, in our paper, we propose a meth-
odology to determine an electric equivalent circuit (EC) corresponding to a mixed flux
linear induction motor (MFLIM). To this end, we developed three different models to im-
prove the original configuration of a transverse flux linear induction motor (TFLIM). We
include different geometric changes to obtain an LIM where longitudinal and transverse
magnetic fluxes can simultaneously operate [6-9]. Primarily, they are necessary for two
relevant changes in the initial geometry. The first modification aims to reduce the trans-
verse edge effect and to facilitate both the lateral and central teeth of the TFLIM to con-
tribute to the generation of a thrust force in the direction of movement. The second change
aims to allow the movement of a new useful magnetic flux along the longitudinal direc-
tion, which operates simultaneously with the initial transverse magnetic flux. One of the
main novelties presented in the paper compared to [8,9] is that the different TFLIM models
are simulated to obtain a comprehensive analysis of the characteristic curves (thrust force
and vertical force). From this analysis, we can conclude that the proposed geometric
changes improve the performance of the main magnetic circuit of the TFLIM. In addition,
these changes imply a considerable improvement in the performance of the LIM without
the need to increase the electrical power supply.

Specifically, these models are built in five stages using two different tools, FEM-3D
and Matlab. With 3-D finite elements (FEM-3D) we have simulated the LIMs where we
carried out the classic indirect tests used in rotating induction motors (RIMs). FEM-3D
tools are very useful in the design of electric machines [10-12]. Reference [10] includes
widely used FEM simulations of rotating electromagnetic devices with transverse flow,
such as the Fractional Slot Concentrated Winding—Permanent Magnet Brushless DC
(FSCW PMBLDC). In these devices, geometric changes are made to increase the useful
magnetic flux and to improve the initial design. In an RIM, the use of 2-D simulations is
enough to determine the main forces present in the motor, to analyse magnetic inductions
in the air gap, or to calculate the inductance matrix. However, we need a more comprehen-
sive study of the proposed TFLIM topologies, which implies the need to use 3-D tools and
dynamic simulations where the moving part has a predetermined speed. All of this requires
a significant computational effort to ensure that the solution converges successfully.

The EC proposed in this paper is based on the T-Type equivalent circuit commented
in [13,14]. In [15], EC based on a Quasi-Two-Dimensional vertical analytical model for the
case of a double-sided LIM, both in dynamic and steady state, was developed. This model
will be modified to include the intrinsic characteristics of the open-air gap structure pre-
sented in the LIMs. To this end, we follow two different theories [16,17], modify the par-
allel branch of the EC, and adapt the modelling of RIMs to LIMs. In this paper, we focus
only on obtaining the parameters corresponding to the steady state. Using Matlab, we
designed and executed a method to obtain the main electric parameters of the EC for the
three different models proposed in the paper.

This paper is organized as follows. Section 2 describes the main physics and geomet-
rical properties of each TFLIM model. The main differences between topologies and the
magnetic characteristics used in the simulations are detailed. In Section 3, we present the
five stages used to calculate the main electric parameters of the EC. In Section 4, the main
forces developed by each TFLIM model will be determined. In Section 5, the locked rotor
and no-load secondary tests traditionally used in RIM are simulated using FEM-3D. Sec-
tion 6 describes the equations that we propose to determine the parameters of the EC. In
Section 7, we present a detailed analysis of the secondary equivalent air gap and secondary
equivalent conductivity. Finally, the main results and conclusions are shown in Section 8.

2. TFLIM Proposed Models

In this section, we describe the three TFLIM topologies analyzed in our paper. First,
we detail the main dimension and physical properties associated with our initial model
called Model 1. Secondly, we present models 2 and 3, where we introduce changes in the
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geometry in both the primary and secondary parts. Finally, we check the advantages of
the proposed changes by analyzing the characteristic curve, thrust force versus slip.

Model 1, described in [17] and represented in Figure 1, simulates a transverse mag-
netic flux configuration where the primary part is composed of 31 magnetic sheets with
an E-shape design, whose design and dimensions are represented in the upper right part
of Figure 1. The secondary part is composed of two layers where the first layer is made of
aluminium and the second layer is a ferromagnetic plate, which is shown in the lower part
of Figure 1. The primary part has a total length of 503.5 mm, a height of 115 mm, and a
fixed width of 172 mm. The dimensions of the secondary part vary depending on the layer.
Thus, the first aluminium layer has a length, width, and thickness of 990 mm, 300 mm,
and 10 mm, respectively. And in the upper ferromagnetic backing, length, width, and
thickness are 970 mm, 195 mm, and 25 mm, respectively.

Inside the primary part, the alternating current (AC) winding that generates a trav-
eling magnetic wave, defined by the synchronous velocity vy, (m/s) = 20 [8,18], is lo-
cated. The upper left of Figure 1 shows the primary part design, where we can see three
different phases. Phase A is represented with red coils, phase B with blue coils, and phase
C with green coils [8]. AC winding presents three main properties: the number of slots per
pole and phase (q) whose value is 4; the pole pitch 7, = 200 mm, and the number of turns
per phase Niyps = 44. Additionally, the value of the winding factor Ky, = 0.6773 is pro-
vided, which is thoroughly explained in [9]. Furthermore, it is important to remark that
we set our voltage source level as a function of the magnetic field density across the air
gap, Byqp [T] [19]. We limited the value of B,,, = 0.8 T, and so, the line voltage level is
fixed to Vg = 660 V.

L2135 | 8 [ 3% |7 |
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Figure 1. Primary part design, distribution of coils inside the TFLIM armature, and 3D view of
Model 1.

Table 1 shows the main geometric dimensions of the TFLIM related to Figure 1. The
values of the main electrical and magnetic magnitudes of the materials (aluminium, steel,
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and copper) used in the simulations are also specified in this table. The two most relevant
properties to the simulations are electrical conductivity and magnetic permeability, as can
be observed in Table 1. During the simulation, the evolution of temperature in the resis-
tivity values of the materials used was not considered. The established operating temper-
ature for the simulations was set to 25 °C. A detailed analysis to obtain these values is
described in [8,9].

Table 1. Dimensions and main properties of TFLIM models [17].

TFLIM Geometric Parameters (mm)

Primary Part Dimension Secondary Part Dimension
Width Longitudinal Slot 8.5 Aluminium Layer Steel Layer

Slot Pitch 16.5 Thickness Aluminium 10  Thickness Steel 25
Primary Part Length  503.5 Width Aluminium 300 Width Steel 195
Pole pitch 200  Length Aluminium 990 Length Steel 970

Mechanical Air gap 5

Material Properties used in FEM 3-D
Electrical/magnetic quantities Aluminium Steel Cooper
Conductivity/Resistivity 3.73-107 S/m 0S/m  2.37:102 Q-mm?m
Relative Permeability 1 2500 1
Properties of Primary Winding
Tp q K wil N turns
200 mm 4 0.6773 44

In the paper, the iron losses were neglected due to the chosen electrical and magnetic
properties. The zero electric conductivity of the steel implies the absence of eddy currents
in the ferromagnetic parts (second layer in the moving part and primary part), and the
linear B-H curve determines that there are no regions inside the LIM working under mag-
netic saturation conditions. If we consider the electrical conductivity in the steel layer im-
plies the need to model the non-linear B-H curve of the ferromagnetic material because
the TFLIM operates under magnetic saturation conditions. To this end, we should con-
sider the following: (1) the circulation of induced electric currents inside the steel sheet is
established, Jeqay currents (A/mmz) ; (2) according to Ampere’s Law, the magnetic field in-

tensity ﬁsteel_layer (A/ m) is established; and (3) the magnetic field density vector inside
the steel layer is generated, Esteel_layer (T). This set of iterations in a material with nonlin-
ear properties implies a high computational effort. This magnetic behaviour of the motor’s
secondary of the TFLIM is explained in detail in [8]. One of the most important conse-
quences of considering that the electric conductivity is equal to zero in the second layer of
the secondary part is that the iron losses are neglected according to Equation (1), where
Pre is the power loss in the iron core; P,qq, is the power eddy current loss; P, is the
power hysteresis loss, all measured in W [8,20,21].

PFE = Peddy + Ph = 0 W
——— —
OFe=0S/m  Hr=2500

(M

Using Model 1 as a starting point, we simulate another two models, making geomet-
ric modifications to them. All proposed changes improve the net thrust force, thus opti-
mizing the initial magnetic design. The new models are called Model 2 and Model 3,
whose changes are discussed below:

In Model 2, we include two non-conducting slots into the aluminium layer. Both slots
shown in the upper part of Figure 2 have a width of 1 mm. That implies the generation of
three different regions inside the aluminium layer, where the eddy currents generate a
positive thrust force along the movement (F,). F, is the sum of the thrust force generated
in the aluminium layer (F, ,;) and the thrust force of the top layer of ferromagnetic
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material (F, r,) (see Equation (2)). In this paper, we want to minimize the computational
effort during the 3D simulations, so the electrical conductivity of iron is considered equal
to zero (oz, = 0 S/m). Consequently, the thrust force generated in this layer does not ex-
ist, F), o = 0 N. Under these conditions, three independent loops of induced electric cur-
rents are generated in the aluminium layer of the secondary part. Each loop occurs above
the central tooth and the side teeth of the primary part, generating a force above each tooth
in the direction of movement (for more details, see [8]). Equation (3) shows that the only
useful magnetic flux (@ysepu) is the transverse flux (@i ansversar), Whose main path is
formed by two segments. The central teeth of the primary one form this first segment. This
flux, when the magnetic flux reaches the head of the central teeth (8centrar,,,,,), is divided
into two identical lateral magnetic fluxes (@rignt,,..p Dieft,on,) that circulate through the
two lateral teeth that constitute the second segment of the main magnetic circuit.

F,=F + K

y y_Al + FJLFE = FYcentral_teeth Ytransversal_teeth (2)
Ny’
Ope=0S/m >0 >0
~ ~ ~ ®Centralteeth
Q)useful ~ q)transversal - Q)rightteeth ~ q)leftteeth ~ /2 (3)

In Model 3, we add a longitudinal magnetic flux, including a ferromagnetic yoke un-
der the central teeth, as can be seen in the lower part of Figure 2. It is important to note
that Model 1 and Model 2 operate with a transverse magnetic flux. The height of the new
ferromagnetic structure is 50 mm, and the width is 83 mm. The structure extends along
the entire length of the primary part, which is equivalent to a length of 503.5 mm. Model
3 represents an LIM operating with a mixed magnetic flux configuration, where transverse
and longitudinal fluxes operate simultaneously. Equation (4) describes that the useful
magnetic flux that circulates through the main magnetic circuit of the TFLIM is the com-
bined effect of the transverse flux and a new longitudinal flux (@;,ngitugina). Figure 2
shows the changes made in Model 1 to obtain Model 2 and Model 3.

Q)useful = Q)transversal + Qlongitudinal (4)

Model 2
Slots of air included in the
aluminium layer with a width of 1 mm.

Model 3
Yoke of iron added in
the primary part.

é&&==

Figure 2. Geometrical changes in the Model 1 TFLIM to obtain Model 2 and Model 3.

3. Methodology to Determine the EC Parameters

In this section, we present the methodology that we propose to determine the EC
parameter. Our methodology is composed of five stages and uses two different tools. All
stages of the methodology are described below. See Figure 3 for more details.

e  Stage 1. Characteristic dynamic electromagnetic forces. In this stage, we check the
improvement in the thrust force developed by the proposed models once we have
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introduced the selected changes into the geometry. With the FEM-3D tool, we build
the characteristic curve ‘Forces versus slip’ to justify the need to incorporate changes
in our original TFLIM. The objective is that the analysed TFLIM topologies generate
a thrust force greater than the force generated by our initial model without adding
any increase in the voltage sources. Therefore, we represent the evolution of thrust
forces F, and vertical forces F, throughout the entire sliding range. The transversal
forces F, are neglected in this paper due to the low relevance of these forces [17,19].
Stage 2. Indirect Test. In this stage, the typical indirect tests carried out in electrical
machine laboratories to identify the EC parameters are simulated with the FEM-3D
tool. The indirect test can be classified into two types: test under standstill conditions
and test under no-load conditions. We simulate both. Firstly, we simulate TFLIM
models under blocked secondary conditions (standstill conditions), and secondly, we
simulate our electrical devices under no-load conditions. The range of frequencies is
selected to obtain the most representative results. Both tests give us the values of
three parameters: R,,, L.q, and L. These parameters will be studied in detail in Sec-
tion 5.

Stage 3. System of Equations: After we simulated the indirect tests, we proposed a
system of equations to determine the main EC parameters per phase. This system of
equations is computed with Matlab and we consider the obtained results from the
previous stages to implement it. LEE is not included, so we only analyse the follow-
ing five parameters: magnetizing inductance L,,, total secondary inductance L., sec-
ondary resistance R,, secondary electric current I,, and magnetizing electric current
Im, [18]. Using the obtained data from stages 1 to 3, we can determine the EC param-
eters by an accurate method. With the 3-D simulations, we considered a particular
phenomenon (transversal and longitudinal magnetic fluxes operate simultaneously)
of this type of LIM. This is not possible if we use a 2-D simulation. The five electrical
parameters mentioned above are represented at the top of Figure 3. These parameters
will be defined and discussed in Section 6. It is important to note in the graphical
representation of the EC the absence of an additional parallel branch that considers
the LEE by calculating two important dimensionless constants, K;,, and Kg,, [16,17].
Stage 4. Specific Gains: To compare the results obtained in the different models, we
need four new KPIs to evaluate the changes in the EC parameters using the three
TFLIM models proposed. To this end, it is necessary to establish an intermediate
group of ratios to estimate the sensitivity of each parameter of the equivalent circuit
when geometric changes are introduced. These new dimensionless indicators are
Ap,,, Ay, Ay, and Ag,. These indicators will be described in more detail in Section
6. They represent the magnitude of variations in the main parameters of the EC in
percentage terms. These changes may imply a significant modification in the thrust
force. These parameters are defined in this paper because it is necessary to establish
anew gain to response to the introduced geometric changes, and they are not defined
in the literature. Authors designed them to facilitate the control of a TFLIM in a future
work.

Stage 5. Particular constant: To complete the study of our TFLIM topologies, it is nec-
essary to extend our analysis to include some particular phenomena that occur in
LIM. So, we will study the Carter’s coefficient (K,), fringing effect (Kg,), skin effect
(Kskin), and goodness factor (Gs,) to estimate two new indicators that allow us to eval-
uate these phenomena: equivalent electric conductivity (os) and equivalent air gap

(Gse)-
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METHOD FOR ESTIMATING ECPARAMETERS USING FEM-3D

EC MODEL WITHOUT LONGITUDINAL END EFFECT

Rg Lis Ly
O— ==Y Y'Y\ Pl VNN
3
I I
s vlm 2
Vs R Ly Rr/s
v

Stage 1: Characteristic dynamic electromagnetic forces.

Dynamic
Jorces

| Stage2: Indirect Test. |

Indirect
Tests

| Stage 3: Equations system. |

| Stage4: Specific Gains.

Specific
Gains

| Stage5: Particular Constants.

b@@@ea

Figure 3. Methodology to determine the EC parameters.

4. Characteristic Dynamic Electromagnetic Forces

In this section, we present the obtained results when we simulate with FEM 3-D the
three TFLIM models under dynamic conditions [8]. Precisely, these thrust force values
were calculated using the following scheme. Firstly, to carry out the simulations in FEM-
3D, they were executed in a transient regime. Secondly, once the simulation reaches a
steady state, we obtain the values of the forces, including both thrust and vertical forces,
whether attractive or levitation.

This analysis shows the advantages of adding the proposed geometric changes in
Model 2 and Model 3. We analyse the evolution of two main forces, thrust force (ﬁy) and
levitation force (F,). We will proceed to identify areas of optimum performance and areas
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where these forces do not present all the desired advantages. The behaviour of these forces
during the beginning of the simulation is very important. We focused our analysis when
the slip (s) varied from 1 to 0 (Table 2 shows the associated velocity to each value of the

slip).

Table 2. Range of slips and velocities simulated with FEM-3D.

Dynamic Conditions for the Motion Analysis
Slip 0 01 02 03 04 05 06 07 08 09 1
Velocity (m/s) 20 18 16 14 12 10 8 6 4 2

The behaviour of ﬁ'y is shown in Figure 4. There, we have three main regions:

e RegionI (Low Velocities Zone): 0.6 <s <1 < 0M/g < V1 oving part < 8™/s;
e Region II (Medium Velocities Zone): 0.3 <5< 0.6 <> 8M/g <V} oving part < 14™/s;
e Region III (High Velocities Zone): 0 <5< 0.3 < 14M/g <V, ving part < 20 M/s.

In Region I, ﬁy_Mode,j > ﬁy_Mode,_z > ﬁy_Model_l- This situation is like a motor that op-
erates under standstill conditions (slip equal to one), and we can see an improvement in
the thrust force developed by Models 2 and 3. This is because a mixed magnetic flux con-
figuration implies an increment in the thrust force with respect to our initial transverse
magnetic flux topology. This difference in thrust force between Model 1 and 3 can be esti-
mated around (AF3_1)Region

When the TFLIM operates at medium velocities (Region II), the behaviour changes

, = 45.59 N. that supposes a high rise close to 58%.

ﬁy,Modeu > ﬁyiMode,j > Fﬂ'nyodeLz. The effect of the changes in the geometry is lower than
in Region I. With slip equal to 0.5, we obtain a difference in thrust force between Models
1 and 3 around (Aﬁ1_3)Region "

chronous velocity (slip equal to zero, Region III), the behaviour is very different,

-

Eyrodety > Fomoder, > Fmoaer,- FOT €xample, if we take a slip equal to 0.2, we can see that

the thrust force in Model 1 is higher than in Model 2, (Aﬁl_z) ~ 45.553 N. In con-

Region I11
clusion, we can determine that the optimum operation area of the proposed TFLIM is

when the slip is between 1 and 0.55.

~ 31.162 N. Finally, when the velocity is very close to syn-

Thrust Force [N]

300

250

200

150

100

50

Curve Thrust Forces vs slip

>

»

—e—Thrust Force Model 1 [N] —a—Thrust Force Model 2 [N] ———Thrust Force Model 3 [N]

0.9 0.8 0.7 06 glip 05 0.4 0.3 0.2 0.1 0.0

Figure 4. Characteristic curve thrust force versus slip.

Figure 5 shows the evolution of the levitation force 132 Once the three TFLIM models
are simulated, we can determine two different regions for this force, divided by a singular
slip. This point represents the change between the attraction zone and the repulsion zone.
We will denote this slip value as Se. Under standstill conditions, Model 1, which only
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operates with transverse magnetic flux, develops the highest levitation force. Thus, the
behaviour here is ﬁszodeu > ﬁszodeu > ﬁszodeU and the levitation force of Model 1 is
closed to 404,038 N. After ensuring, with Model 2, that all the teeth generate a positive
thrust in the direction of movement, the levitation force decreases to a value very close to
half of the value achieved by Model 1, around 204 N. Finally, Model 3 has a levitation

force of around 65.383 N.
Curve Levitation Forces vs slip

500 E
® g
300 §.
— 4 N
Z 100 | S
g : : : : : : : : °

3 -100 1jo 0.9 0.8 0.7 06 05 slip 04 0.3 0.2 0.1 0

=
g ™ >
g —300 S model 3 g
8 < > &
- g
3 200 < S. model_2 > §1
- 700 2
S._model_1
gl )
-900 'Y >
—eo—Levitation Force Model 1 [N] —a—Levitation Force Model 2 [N] ——Levitation Force Model 3 [N]

Figure 5. Characteristic curve levitation force versus slip.

From this analysis, we obtain one of the most important conclusions of this paper. At
the beginning of the simulations, the thrust force developed by the machine and the levi-
tation force evolves inversely as we add geometric modifications in Models 2 and 3. The
changes in the geometry imply a substantial improvement in the thrust force but a de-
crease in the levitation force. The geometric changes also imply a modification of S¢;
Sc Model 3 = Sc_model 2 > Sc Moder 1- Model 1 has a Sc value of around 0.55 (in this case,
TFLIM only operates with transverse magnetic flux). Model 2 shows a higher value,
around 0.6, and Model 3 shows around 0.7 (this motor operates with mixed magnetic
flux). The increase in the value of Sc implies a reduction in the speed with which the TFLIM
loses levitation conditions; therefore, the attractive forces become dominant in the motor.
This change is mainly observed after the inclusion of the ferromagnetic stator yoke under
the central tooth of the primary part of the linear motor.

Finally, after each configuration exceeded the characteristic value of S, the attractive
forces showed very significant values as we approached slips close to zero or, in other
words, speeds close to the synchronous speed. At this point, it is important to highlight
that the repulsive force of Model 1 is always higher than Model 2 and Model 3. In addition,
the attractive force in Model 1 is the highest (-747.633 N) when the linear motor operates
at a synchronous speed. Consequently, the proposed geometric changes contribute to at-
tenuating the predominant attractive effect when Model 1 operates at high speeds close to
slips between 0.3 and 0. In this region, the behaviour of the attractive forces can be ob-
served according to the following trend ﬁz_Model_l > ﬁz_Model_3 > ﬁz_Model_Z-

5. Indirect Test Results

In this section, we show the indirect test simulation results carried out with FEM-3D
(these tests are usually used in RIM). Firstly, we present the main conclusions about the
blocked secondary tests, and, secondly, we present the conclusions about the no load tests
[22-25]. We always work under an unbalanced current system, so the equations presented
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in this section use the values of the electrical currents of each phase obtained from the tests
[26]. We will also compare the main differences between the three proposed TFLIM mod-
els and evaluate the effects of the changes made to the geometry to compute the EC pa-
rameters. Figure 6 shows the output from indirect tests obtained by FEM 3-D.

Figure 6. Scheme of indirect test simulation in FEM-3D.

5.1. Blocked Secondary Tests: Estimation of R,q and L,

This subsection describes the simulation of the TFLIM models under standstill con-
ditions or secondary part blockages, where the motion of the moving part is equal to zero,
Vsee = 0 m/s. The range of frequencies to the simulations in FEM-3D is shown in Table 3.
fsuppty (Hz) corresponds to the frequency linked to the voltage source that supplies the
TFLIM (from 55 Hz. to 100 Hz). To correctly simulate the TFLIM models, it is necessary to
establish three characteristic times (see Equations (5)—(7)). T¢yce (ms) is the cycle time of
the sinusoidal wave generated by the voltage source, Tsimuiation (Ms) is the number of
cycles necessaries to complete the simulation, and Tggmpe (mS) is the time slot adequate
to achieve a convergence solution in FEM-3D [8].

Tsimuiation = 3 Tcycle ®)
T

Tsample = cycle/lo (6)

Teyere = 1/ 7

cycle fsupply ( )

Table 3. Frequencies and main times used in FEM-3D under standstill conditions.

Characteristic Times for Simulating Blocked Tests in FEM-3D

fouppty_sn (Hz) Teyce (Ms) Tsimulation (MS) Tsample (MS)
55 18.182 54.545 1.818
60 16.667 50.000 1.667
70 14.286 42.857 1.429
80 12.500 37.500 1.250
90 11.111 33.333 1.111
100 10.000 30.000 1.000

The estimation of equivalent resistance and inductance needs the measurement of
active and reactive powers obtained by FEM-3D. We use the following nomenclature to
explain the estimation:

1. The following equations contain the sub-index i, which indicates the type of TFLIM
topology used. So, i =1, corresponds to Model 1, i =2 (Model 2), and i =3
(Model 3). This is very useful to differentiate the types of powers consumed by the
models.

2. Also, we use the abbreviations ‘sh’ to indicate ‘short-circuit’ (in tests under standstill
conditions) and ‘0" with the no-load test, which corresponds to ‘open-circuit’ TFLIM
configuration. Then, we adapted the classic nomenclature used in RIM to TFLIM tests
carried out with FEM-3D.
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To estimate the equivalent resistance, R.,({), we use the measurement of the active
power of each phase according to Equation (8), where Pgp 4 moger ;(W) is the active power
consumed by phase A, Psj p poger (W) is linked to phase B and Psy ¢ moger ; (W) is the
active power consumed by phase C. After we obtained each active power, we used the
variable  Psj 1ot moger i (W) to consider the contribution of all. i, g moger; (A) ,
isn b moderi (A) and igy ¢ moger i (A) are the electric current per phase obtained under
standstill conditions. Consequently, R.q moger_i(€2) can be obtained from Equation (8).

Now, we want to estimate L., (H). For this purpose, we measure the reactive power
per phase according to Equation (9), where Qg 4 moder i (KVAT), Qsn b moger i (KVAT), and
Qsh_c Moder_i (KVAr) are the reactive power consumed by phase A, phase B, and phase C,
respectively. In this case Qg 1ot moder i (KVAr) represents the total reactive power for
model i and X.q moger () represents the equivalent reactance per phase. Using Equation
(10), equivalent inductance Leq moger ;i (H) is obtained for each TFLIM using the values of
fsuppty_sn(Hz) attached in Table 3.

Active powers:

ShTOtMadell- ShAMadeli ShBModeli ShCModeli

(i.zh_a_Model_i + iszh_b_Model_i + iszh_c_Model_i) ' Req_Model_i (8)
Reactive powers:
QShTDtModeli = QShaModeli + QShbModellv + QShCModeli =
(i2h.a_modeti + 12nb_moderi + i2n_c_moderi) *Xeamoder, )
Leq Model i = Xeq_Model_i/ — Xeq_Model_i/ (10)
=~ = e 2 M- f:supply

Results from Indirect Test under Standstill Conditions

Now, we study the results from tests under standstill conditions. Figure 7 shows the
evolution of R., and L., along the selected range of frequencies. From this figure, we
can obtain the following conclusions:

2.200
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2.100

_ 2,050

€ 000

& 1.950
1.900
1.850
1.800

Equivalent resistance and inductance under standstill conditions

14.000
12.000
10.000 —
8.000 E
6.000 ¥
4.000
2.000
0.000

55 60 70 80 90 100

Frequency [Hz]
| eq Model_1 I | eqg Model_2 W Leq_Model_3
Req_Model_1 === Req_Model_2 == Req_Model_3

Figure 7. R,, and L., values obtained under standstill conditions.

*  The behaviour of Req iS Req moder 1 < Req model 2 < Req moaer 3 in all tests simulated.
The inclusion in Model 2 of non-ferromagnetic slots and a new ferromagnetic yoke
does not imply a relevant increase in R.4. So, if we compare Model 1 and Model 2,
we can observe that the difference between both models is insignificant. When we
work at 100 Hz, Req moger 1 = 1.9465 Q and Reg moger 2 = 1.9898 Q, so the addition
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of two non-conducting slots inside the aluminium layer does not influence the esti-
mation of R,.,. However, if we consider Model 3, we obtain slightly higher results
than previous models (with 100 Hz R moger 3 = 2.1154 Q). In Model 3, the addition
of the new ferromagnetic yoke in the primary located below the central transverse
tooth implies a new volume of steel of 2,089,525 mm?. This new element increases the
total resistance of the equivalent circuit under conditions of blocked secondary. This
is validated with the six tests conducted, whereR.q modger 3 > Req moder 2 > Req moder_1-
The second test is carried out at 60 Hz, where R¢q poqer 3 presents a slightly higher
value than expected, resulting in the deviation from the linear behaviour of the equiv-
alent resistance. A value approximately only 0.150 m(2 higher than expected is ob-
tained, but these atypical data do not have a significant impact on the calculation of
the total equivalent impedance in which R.q < X¢q.

Leq moder 1 < Leq modet 2 < Leq_moaer s 18 the trend obtained in all tests simulated.
Model 3 presents values higher than other models. With a frequency of 55 Hz, L.,
reaches the maximum value in all models (Leg moger 3 = 14.348 mH, Leg moger 2 =
11.936 mH, L.q moger 1 = 11.593H). A new useful magnetic flux along the longitudi-
nal direction circulates through Model 3, and consequently, the current required for
the magnetization of the machine is lower mainly because the longitudinal slot leak-
age flux was eliminated. This phenomenon results in the logical evolution achieved
during the tests where L.g moder 1 < Leq moder 2 < Leq moder 3- Notice that Hopkin-
son’s law [8] indicates that L = N Z/SR’ (L: inductance, N: number of turns, and R: re-
luctance), so that the new ferromagnetic yoke implies a decrease in the reluctance of
the equivalent magnetic circuit and, consequently, an increase in the value of induct-
ance.

Figure 8 represents the equivalent reactance X,,(2) and the equivalent impedance
Zoq(Q) for each model under standstill conditions. Both parameters can be computed
by Equations (11) and (12), respectively [9]. Z,, is equal to the module value of
Zeq that is given by the root square of R,, and X,,. With the changes that we have
added to the geometry, Z., increase, S0 Z.q moder 3 < Zeq Model 2 < Zeq mModer.1 and
all tests carried out give us similar results. Additionally, it is important to highlight
the predominance of X, in comparison with R.,, so we can establish X.; > R.q,.

Xeq = 2T fouppiyg, * Leq (11)

Zeq = Req +j 'Xeq = |Zeq| = ’Reqz +Xeq2 (12)

Finally, the variation in the excitation frequency throughout the proposed tests must
be considered. Thus, when computing X.,, two opposing effects occur. It is observed
that as the frequency increases in the tests fg,,p1y sn T, the value of Leg poger s ¢ de-
creases throughout the tests, so the product of both results in an evolution of Z,
and X, opposite to L, .
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Figure 9. Averages values of active and reactive powers of each TFLIM model.

(13)

(14)

Equivalent reactance and impedance under standstill conditions
7.800 8.000
7.000
6.800
— ’ 6.000
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1.800 - 0.000
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m— 7eq_Model_1 N 7eq_Model_2 W Zeq_Model_3
====Xeq_Model_1 s Xeq_Model_2 === Xeq_Model_3
Figure 8. X, and Z,, values obtained under standstill conditions.

To complete the analysis of the obtained results from tests under standstill condi-
tions, we computed the average values of active power, Py poger (KW) and reactive
power, Qsp moder, (KVAr) consumed by each model (see Equations (13) and (14)). In Elec-
trical Engineering, it is usual to work with per-phase values, so Figure 9 focuses on the
average active and reactive power per phase in each test. The presence of a non-equili-
brated three-phase system is a phenomenon inherent to TFLIM due to the finite length of
the primary part. This phenomenon is known as the static longitudinal edge effect
(LEEtq¢ic), and it is determined by the relative position of each phase of the stator winding
in the motor’s primary. This effect will be accentuated by the four-layer winding designed
with the finite element tool.

P _ (Psh_amodeli + Psh_b modeli + Psh_c modet i)
sh_Model 1 — 3
A _ (Qsh_a_Model_i + Qsh_b_Model_i + Qsh_c_Model_i)
Qsh_Model_l - 3
Average values of active and reactive powers under standstill conditions
16.000 35.000
14.000 30.000
7 12.000 25000 _
10.
; 0000 20.000 E
£ 8.000 5
s 15.000
< 6.000 &
@] 4.000 10.000
2.000 5.000
0.000 0.000
55 60 70 80 90 100
Frequency [Hz]
mms Q_sh_av_Model_1 EE Q_sh_av_Model_2 W Q_sh_av_Model_3
—&—P_sh_av_Model_1 —8—P_sh_av_Model_2 —4— P_sh_av_Model_3
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5.2. No Load Tests Estimation of Ly

The goal of this test is to estimate the primary part inductance, Ly (H). To simulate it
correctly, we follow two steps: firstly, we avoid the effect of the secondary part, so the
simulations must be executed with a slip equal to zero (the absence of relative motion
implies a reduction in the eddy currents induced inside the aluminium layer); secondly,
for these tests, the selected range of frequencies must reduce the end effect phenomenon
(see Table 4). Now, using Equation (15), the primary reactance of each TFLIM model,
Xs Moder; (1) can also be estimated. Q, 4 moger i (KVAT) , Qo b moder i (KVAr) and
Qo ¢ Moder i (KVAr) are the reactive power in phases A, B, and C, respectively.
Qo Tot moder i (KVAr) is the total reactive power absorbed. Primary part inductance is com-
puted using Equation (16), which includes the selected range of frequencies for these tests,

called fouppiy o (H2Z).

Qo_Tot_Model_i = Qo_a_Model_i + Qo_b_Model_i + Qo_c_Model_i =
(15)
(i3 a_moderi + 15 b moderi + 1o moderi) " Xs ModeL i
= Xs_Model_i — Xs_Model_i/
Ls_Model_L - /a)e - 21" fsupply,o (16)
Table 4. Frequencies and main times used in FEM-3D under standstill conditions.
Characteristic Times for Simulating no Load Tests in FEM-3D
fsupply_o (HZ) Tcycle (ms) Tsimulation (ms) Tsample (ms) Visec (m/s)
18 55.556 166.667 5.556 7.2
16 62.500 187.500 6.250 6.4
14 71.429 214.286 7.143 5.6
12 83.333 250.000 8.333 4.8
10 100.000 300.000 10.000 4
8 125.000 375.000 12.500 3.2

Results from Indirect Test under No Load Conditions

Figure 10 shows the values of Lg. We can see that Lg yoger 3 > Ls modet 2 > Ls moder 1-
This behaviour is similar in all proposed tests. Therefore, the central ferromagnetic yoke
added below the central teeth implies an increase in the primary part inductance. If we
analyse data from 8 Hz in Model 3, L; reaches 50.770 mH, while in Model 1 and Model 2,
the values are very close to each other (47.03 mH and 47.8 mH). Additionally, to complete
the whole analysis of the indirect tests, we incorporate, in Figure 10, the primary imped-
ance Z;(2) obtained under no load conditions. It computed following Equations (17) and
(18), where fqpp1y o data are in Table 4. To obtain the primary impedance, we calculate
the equivalent resistance per phase, R; (©), using Equation (19). There, a set of variables
that describe some constructive aspects of the primary winding is described: L,; (mm)
is the average length of a single coil with a value of 526.5 mm, p¢,(Q-mm?/m) is the
conductivity of the copper wire with a value of 2.37 - 1072, n,pqs, is equal to 8 (the num-
ber of coils per phase), A. (mm?) is the cross-sectional area of the conductor equal to 1.7,
and Nppgse is the number of turns per phase equal to 22 turns.

The evolution of Z; diverges from L; s0 Zs yoger 1 > Zs model3 > Zs moder 2- Model
1 presents the highest value, around 3.6 Q) at 18 Hz. In Model 2, Z; presents the lowest
value with 2.3 Q approximately, so this TFLIM is the optimum configuration with respect
to the primary part resistance. In conclusion, using no load tests, we checked the conven-
ience of modifying the initial TFLIM (model 1) because in Models 2 and 3, Z; decreases.
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Z,=Rs+j X = |Zs| = /RSZ + X2 (17)

Xo=2-m- f:?upply_o "L (18)

. “L._.+N
R, = Nphase (pCu coil Phase)/AC (19)
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Figure 10. L; and Z; values obtained under no load conditions.

Figure 11 shows the average value of the reactive power consumed by each TFLIM
topology; Qo av moder(KVAr) is  calculated wusing Equation (20), where
Qo_a_Model_i (KVAI‘), Qo_b_Model_i (KVAI‘), and Qo_c_Model_i(KVAr) are the reactive power per
phase. To complete no load tests, we use the electric current consumed 1, 4y, poger (A)-
See Equation (21), where i, 4 moger i(A), io b moder i(A), and iy ¢ yoger i(A) are the electric
current absorbed by each phase. Basically, Q, moder: and iy ay moder i have a very similar
trend because Qo_av_Model_3 < Qo_av_Model_z < Qo_av_Model_l and io_av_Model_3 <

io_av_Model_Z < io_av_Model_l-
The results obtained with no load tests determine the convenience of the new TFLIM

configurations. We not only achieved an improvement in Z; butalso Q, 4, and 7, 4, de-
creases when we incorporate the changes in Models 2 and 3.

Q‘ -o-_-M- -o-d-—el_L — (Qo_a_Model_i + Qo_b_Model_i + Qo_c_Model_i) 3 (20)

——— (lo_a_Model_i + lo_b_Model_i + lo_c_Model_i) (21)
lo_av_Model_l - 3
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Average values of electric currents and reactive powers under no load

conditions
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Figure 11. Average reactive powers and electric currents absorbed under no load conditions.

6. System of Equations Used to Determine the Electric Parameters to the
Equivalent Circuit

Here, we describe the system of equations proposed to obtain the EC parameters [23,

27-30]. Table 5 shows the set of variables involved in our system, and the details of the
different equations are as follows:

Equivalent Resistance equation: Equation (22) calculates the R, of the indirect tests,
where R (Q) is the primary resistance, R, () the secondary resistance, L,, (H) the

magnetizing inductance, L, (H) the secondary inductance and w, (rad/ s) the angu-
lar frequency.

2 2
— We * Lm ) Rr )
R (U @)

Equivalent Inductance equation: Equation (23) defines the L., (H), the equivalent in-
ductance obtained under standstill conditions.

. 2 2 . . —
Leq — LS _ Lm + ((Lm [Rr + w, Lr (Lr Lm)])/(Rg N wg . L%)) (23)

Inductance Quotient equation: The dimensionless parameter  obtained with Equa-
tion (24) is the quotient between the magnetizing inductance and secondary induct-
ance.

g="m) (24)

Thrust Force equation: Equation (25) uses three categories of thrust forces: F, (N)
that represents the net thrust force generated, F,;(N) that represents the thrust force
produced by the slip current, and F,(N) that represents the thrust force produced
by the demagnetizing loss. In addition, L = 503.5 mm is the TFLIM length, L, (H)
the secondary leakage inductance, w, (rad/s) the secondary angular frequency and
7,(mm) = 200 the pole pitch.

3-12(L, +1L
Fy:Fyl_FyZ:(?"I%.RT'ﬂwz'Tp)_( i lr)/L) @)
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e  Electric Current equation: Equation (26) establishes the relationship between the
main electric currents. I (A) is the electric current consumed by the voltage source,
I, (A) is the secondary electrical current per phase, and I, (A) is the magnetizing
current per phase. It is important to denote that to obtain I, the electric current ab-
sorbed by each phase using Equation (27) is considered, where I ;450 ¢ (A), Iphase b
and [ppes o (A) are the electric currents in each phase obtained with FEM 3-D under
nominal conditions.

Ii=1,+1 (26)
Is — (Iphase,a + Iphase,b + Iphase,c)/3 (27)

Additionally, Equations (28) and (29) must be considered, where primary inductance
L,(H) and secondary inductance L, (H) depend on the primary leakage induct-
ance, L;;(H) and secondary leakage inductance, L, (H), respectively.

Ly = Ly, + Lig (28)

L, =Ly, + Ly (29)

Table 5. Classification of the parameters involved in the system of equations proposed.

Scheme of Parameters Involved in EC Parameters Estimation

Classification of the Variables in the System of Equations Frequency Simulation (Hz)
Variables Obtained Defined Varia- Unknown Varia-
by FEM-3D bles bles Test1 Test2 Test3 Test4d Test5 Test6
. Req () Ly (H)
Standstill test Leq(H) w,(fad/) L,(H) 55 60 70 80 90 100
No load test Ls(H) Tp(mm) R,.(Q) 18 16 14 12 10 8
ORI L(A)
Nominal conditions ¥ B z 50
1(A) I (A)

Section 6.1 describes the results of magnetization inductance and compares the re-
sults obtained from different models. In Section 6.2, an analysis of the primary leakage
inductance and its evolution among the proposed topologies is detailed. Next, in Section
6.3, the secondary parameters of the equivalent circuit are examined, starting with the
secondary leakage inductance. In Section 6.4, the equivalent resistance of the secondary is
analysed. Finally, Section 6.5 describes a qualitative analysis of thrust force in TFLIM ac-
cording to electric parameters.

6.1. Magnetizing Inductance Analysis, L

It is very important to explain the values of magnetizing inductance L,, and magnet-
izing reactance X,, that we obtained with the method proposed. In [9], a comprehensive
mathematical development is undertaken to obtain the magnetization inductance through
two alternative methods in order to validate the process designed in the present research.
One method is focused on the value of the main harmonic of the magnetic field density
along the air gap Bs max(T) of Model 1 that is taken as the starting point. Through this
mathematical proposal, a value of L, = 12.789 mH is obtained. The other method is de-
scribed in the present article, where the mean value of L, across the six designed tests,
gives a value of L, = 12.283 mH. A high correlation between both results can be verified.

In Figure 12, the y-axis on the left shows the magnetizing inductance values and, on
the right, the magnetizing reactance. L, yoge1 (MH) , Ly poger 2 (mH)  and
Ly moder 3 (mH) are the magnetizing inductances for Model 1, Model 2, and Model 3,
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respectively. x, . (), X, yoder (D, and x, . -(Q) are the magnetizing reac-
tance of each TFLIM model. We compared both parameters between the three TFLIM
models. To this end, we defined a quotient to quantify the advantage that implies each
geometrical change introduced into the geometry. Therefore:

e  Figure 12 shows that L, yo4e1 3 > L moder 2 > Lm moder 1- AN important consequence
is obtained from these values because we can translate the advantage from adding
changes into the TFLIM geometry to the EC parameters. All tests carried out give us

a similar behaviour with the magnetizing reactance y >

m_Model_3 > meModel?Z
Xom model 1+ L N€ Magnetizing reactance is located inside our EC model into the parallel
branch; an increment in this inductive impedance implies a reduction of the magnet-
izing current; that is to say, the secondary current available to generate the thrust
force is increased. Equations (30) and (31) determine the improvement between the
TFLIM models (see Table 6). AL (%) represents the percentual change in the mag-
netizing inductance between Model 1 and Model 2 while AL}%(%) represents this

value between Model 2 and Model 3.

L, [mH]
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Analysis of magnetizing inductance L,, and reactance X,,
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Figure 12. Magnetizing inductance and reactance to each TFLIM model.

For Model 2, the addition of two non-ferromagnetic slots supposes an increment of
ALZ* that changes from 50% (Test 1) to 30% (Test 6). This result is very relevant because
this configuration of the aluminium layer allows the TFLIM to operate with three inner
motors. In this way, central and lateral teeth generate the trust force, and all magnetic flux
works to develop a force along the direction of the movement [8]. The inclusion of a central
ferromagnetic yoke in Model 3 sets up the magnetic circuit, so a longitudinal magnetic
flux operates into the machine and generates a positive thrust force. In Test 1, AL};? in-
creases around 19%, and it decreases at 16% for Test 6.

AL%,{I(%) = (Lm,MoaeLz - Lm,Model,l Loy woder 2) -100 (30)
AL372(9%) = Lm,Model,S - Lm,Model,z -100 31
m (/0) - Lm_Model_3 ( )

e  The mean value of the magnetizing inductance for each model is a value around 12.13
mH for Model 1, 21.39 mH for Model 2, and 27.48 mH for Model 3. These values are
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estimated using Equations (32)-(34), where L, y,4e 1 (MH), Ly, 4040 2 (mH), and
Loy Moder 3(mH) are the mean value of the magnetizing inductance in each case, and
n = 6 is the number of tests simulated.

6
LmModell = Z L%Modell/n (32)
n=1
6
mMudelz Z mMudelz/ (33)
n=1
6
Lin moder s = Z L:Ln,Model,S/n (34)
n=1

e Now, we propose a new KPI that helps to evaluate prototypes. Usually, electrical
engineers work with goodness factor or efficiency ratio, but we define an intermedi-
ate quotient that allows us to incorporate the contribution of each geometrical change
into the net thrust force developed. A, (mH/N) is the gain of the inductance that
considers the ratio between the increment of the magnetizing inductance and the net
thrust force generated (see Equation (35)). The index i—j denotes the model. The val-
ues of these coefficients are shown in Table 6.

i~j _ (AL,
a5l =(or,) (33)
=J

Using Equation (35) for Model 2, we obtain a gain Af;l that varies between 2.55
mH/N (Test 1) and 1.61 mH/N (Test 6). Af;z measures the gain once we added the central
ferromagnetic yoke, and it was lower than Af;l (varies from 0.73 (Test 1) to 0.63 (Test 6)).
So, we can conclude the following three statements about the magnetizing inductance
analysis:

1.  Firstly, ALZ;* > 0 and AL3;? > 0 allows us to quantify the convenience of adding
geometric changes in the TFLIM considering the value of the EC parameter. The
modifications made in the primary and secondary parts are included in the magnet-
izing inductance where AL% ! > AL 2

2. Secondly, all tests proposed indicate the same results that we obtain analysing the

mean value of the magnetizing inductance: L., yoger 1 < L moder 2 < Lm Model 3-

3.  Thirdly, we defined a gain to evaluate the improvement of L,, and to compare with
the net thrust force developed. We obtained Af;l >0 and Af;z > 0 and verified
that A1 > A} 2.

Table 6. Values related to specific gain Aim.

Lm(mH)

TFLIM Models Variation (%) Gain: Aum(mH/N)
Modell Model2 Model3 ALis>? A L2 Avnis21 Auis32
Test 1 10.500 21.100 26.100 50.237  19.157 2.553 0.729
Test 2 11.300 21.500 28.200 47.442  23.759 2411 0.904
Test 3 11.800 20.700 28.200 42.995  26.596 2.185 1.012
Test 4 12.300 21.600 28.200 43.056  23.404 2.188 0.890
Test 5 12.900 21.700 28.300 40.553  23.322 2.061 0.887
Test 6 14.900 21.800 26.100 31.651 16.475 1.609 0.627
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6.2. Primary Leakage Inductance, Lis

The next step is to determine the primary leakage inductance L;; for the TFLIM mod-
els. Itisimportant to remark that L,; (mH) is the result of the addition of magnetic leakage
fluxes that do not reach the secondary part [27]. Additionally, the air gap flux space har-
monics produce a primary part electromotive force (EMF), so it should also be considered
in the leakage category. Now, we only analyse total leakage flux. Figure 13 represents the
Lj; values obtained for each model. Ly, ., (MH), Lis yoger 2 (mMH) and Lig yoqe 3(mH)

are the L;; data obtained for each model in the tests proposed previously.

Model 1 operates under transverse magnetic flux conditions, and only the central
teeth contribute to generating a thrust force along the desired direction. In Model 2, all
transverse magnetic fluxes produce an effective electromagnetic conversion, so the L, will
be lower than Model 1. Finally, Model 3 must present the lowest L;; value. Figure 13 also
represents the associated reactance values, X;(2) (X poaer 1(), Xis moder 1(€), and
X5 Model 3(82) are reactance data for each model). Finally, in a similar way that L,,, we de-
fine a new KPI to describe the evolution of L, with the net thrust force, A, (mH/N), (see

Equation (36)). Table 7 shows the values of L, X, and A:S]

A = (ALIS

Lig

ar,) (36)

i—j

From Figure 13, it can be observed that Lis yoger 1 > Lis modet 2 > Lis moder 3- That im-
plies a similar relationship in the resulting fluxes of dispersion in each model, ¢, poger 1 >
Po Model 2 > Po Moder 3- As we described, Model 3 implies an optimization of the main
magnetic circuit when operating under a mixed magnetic flux configuration. The inter-
tooth dispersion flux (¢,s), the slot dispersion flux (¢,;), and the tooth head dispersion
flux (@4¢) [9] are minimized when we add a useful magnetic flux in the longitudinal di-
rection that closes through the ferromagnetic core located under the central tooth. Addi-
tionally, there is an increasing evolution of L;; throughout the conducted tests. The most
unfavourable situation is presented in test 6, where we obtain values of Lis yoger 1 =
32mH and L yoger » ® 26 mH. However, Model 3 presents the highest value in test 5,
Lls,Model,S ~ 15 mH.

L,. [mH]

Analysis of primary leakage inductance Lj; and reactance Xj,
35.000
30.000
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20.000
15.000
10.000

5.000

0.000

mmmm X1s Model 1 B X1s_Model 2 mmmmX1s Model 3 Lls Model_1 —e—Lls Model 2 —e—Lls Model_3
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Figure 13. Primary leakage inductance and reactance obtained in each TFLIM model.
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The values obtained for AZSj show that Af;;' > A3%, reinforcing the advantages of
Model 3. Thus, in the case of A%}, in most of the tests, precisely between tests 1 and 5, a
value close to 0.42 mH/N is obtained. However, in Model 3, the hybrid magnetic flux con-
figuration allows for achieving lower values of this indicator, close to 1.18 mH/N in the
worst-case scenario. It is not recommended to use test number 6 as a reference due to the
disparity of values compared to those obtained previously.

Table 7. Values related to specific gain Aus.

Lis(mH)
Ne Test TFLIM Models Variation (%) Gain: Aus (mH/N)
Modell Model2 Model3 ALis2! ALs32 A1 Ans32
Test 1 13.300 3.700 1.500 72180  59.459 0.488 0.084
Test 2 14.900 5.600 1.700 62.416  69.643 0.473 0.148
Test 3 17.400 9.400 4.800 45,977  48.936 0.407 0.175
Test 4 20.900 12.500 7.800 40.191 37.600 0.427 0.179
Test 5 25.800 17.900 14.200 30.620  20.670 0.402 0.141

Test 6 32.100 26.000 1.500 19.003  94.231 0.310 0.932

6.3. Secondary Leakage Inductance, Lir

In this section, we describe how to obtain the secondary leakage inductance repre-
sented in Figure 14. In this case, we obtained a different result from other EC parameters
because each geometric change implies an increment in the leakage inductance data. In
Model 3, L, presents higher values than other models for all tests, and it fluctuates be-
tween 470.2 mH (Test 1) and 868.8 mH (Test 5). It supposes a relevant increase with respect
to Model 2, where the maximum values obtained occur in Test 1, reaching a L, value
around 106.1 mH. We notice that the hybrid magnetic flux configuration presents this dis-
advantage due to the presence of a higher secondary eddy current inside the aluminium
layer in comparison to Model 2, where the transverse magnetic flux is the only one that
operates. Both Model 2 and Model 3 present the same configuration in the aluminium
layer. So, L; corresponds to the sum of each secondary leakage inductance generated in
central and lateral regions inside the aluminium layer. Finally, Model 1 presents the low-
est value between 24.7 mH (Test 1) and 37.1 mH (Test 6). The KPI defined in Equation (37),
A, (mH/N) estimates the rate of increase in L, as a function of the thrust force devel-
oped from TFLIM models (see Table 8).

A = (ALlr

Ly AFy) (37)

i~j
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Analysis of secondary leakage inductance L; and reactance X,
1000.000 300.000
900.000
— 250.000
AOCID 200.000
600.000 =
500.000 150.000 2
400.000 ~
00100 100.000
200.000 B0
100.000 g
1 2 3 4 5 6
N°® Test
M X1 Model_1 M XIr_ Model 2 W88 XIr_Model_3
Llr_ Model 1 =—@=LIr_Model 2 =—®=Llr_Model 3

Figure 14. Secondary leakage inductance and reactance obtained in each TFLIM model.

The analysis of this indicator allows us to confirm that the evolution of L;. is com-
pletely different from L, as AZ,' < A3;°. The geometric changes have a greater influence
on L, thanon L. Thus,avalueof A% ~ 4.14 mH/N is obtained in the most unfavour-
able case. However, for Model 3, the value of the indicator increases considerably to values

close to A3;% ~ 29 mH/N.

Table 8. Values related to specific gain Atr.

Llr(mH)

TFLIM Models Variation (%) Gain: Au(mH/N)
Modell Model2 Model3 AL ALpd2 A1 Ari32

Test 1 24.700 106.300 470200 76.764  77.393 4.148 13.845
Test 2 28.300 104.600 868.000 72945  87.949 3.878 29.044
Test 3 29.700 105.900 868.000  71.955  87.800 3.873 28.995
Test 4 31.100 104.800 868.300  70.324  87.930 3.746 29.048
Test 5 32.900 105.000 868.800  68.667 87.914 3.665 29.060
Test 6 37.100 105.300 470.200 64.767  77.605 3.467 13.883

6.4. Secondary Equivalent Resistance, Rr

In this section, we discuss the changes in the equivalent secondary resistance R, and
the equivalent secondary impedance Z,.Regarding R, plotted on the left y-axis of Figure
15, the following relationship is obtained: R, yo4e12 < Ry moder 1 < Ry moder 3- In Models 1
and 2, which operate under an exclusive transverse magnetic flux (¢, ) configuration, it
can be concluded that the addition of the two non-conductive slots lead to a reduction in
the resistance of the secondary in Model 2. For a better understanding of this result, we
use the following variables: R, y,q0 2" (superscript c refers to the central section located
above the central tooth of the TFLIM) is the equivalent resistance corresponding to the
central aluminium section and R, yoger 2" and R, yoger 2- COrresponding to two lateral al-
uminium sections located to the ri;ght and left, reispec’gively (the superscripts r and 1 refer
to the right and left sections located above the extreme primary teeth of the TFLIM).

Model 2 is internally configured as a triple linear motor where each of the three alu-
minium sections generates a positive thrust in the direction of the movement.
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Consequently, according to Equation (38), the three new sections of Model 2 operate in
parallel, so the equivalent resistance is lower than the initial resistance of the aluminium
plate in Model 1. However, when we introduce a new longitudinal flux ( ¢long) in Model
3, an increase in secondary resistance A R, occurs. This resultis consistent throughout the
six tests conducted.

It is worth noting that throughout the tests, R, y,4.2 and R, yo4 3 have a con-
sistent value over the six tests, around 100 Q) for Model 1 and 175 Q for Model 3. Model 1
shows some variability, with the maximum value of R, 4.1 (see Figure 15) reaching a
value close to 155 Q) in test number 5. S

(¢"V'¢long)
( r l) c r
Rr_Model_Z // Rr_Model_Z // Rr_Model_Z < Rr_Model_l < Rr_Model_Z + Rr (38)
Ry Model 2 Dy Ry Model 3

Pery

A similar behaviour is obtained with the total secondary impedance, where
Zy Model 2 < Zy Model 1 < Zr moder 3- The right y-axis of Figure 15 shows the combined action
of resistance and s_catteri;\g reactance associated with each model (see Equation (39)).
Z, Moder3 Teaches up to 350 Q). Models 1 and 2 have values very close to the secondary
resistance R,, as shown in Equation (40).

Analysis of secondary resistance R,and impedance Z,
350,000
175,000
150.000 S
. =

125,000 : 250,000
_. 100000 & - e
c - ™
E 75,000 150000 N

50,000 100,000

25,000 50,000

0.000 0.000
: | 2 3 - 5 6
N® Test
mmmm 7r Model_1 mmm 7r Model 2 mmm 7r_Model_3
Rr_Model_1 —e—Rr_Model_2 —e—Rr_Model_3
Figure 15. R, and Z, in the different TFLIM models during the tests.
Zy_Model 2 Zy_Model 1 Zy_Model 3
(Rr_Model_Z + ] ) Xlr_Model_Z) < (Rr_Model_l + ] ' Xlr_Model_l) < (Rr_Model_S + ] ) Xlr_Model_S) (39)
¢t‘rv (¢LT"'¢lang)
Zr_Model_l,Z = \/Rr_Model_l,Z2 + Xlr_Model_l,Z2 & RrMadele (40)

Rr_Model_l,Z >>Xlr_Model_1,2

Finally, to evaluate the result of R,, the coefficient A;j (mQ/N)) is proposed (see

Equation (41) and values in Table 9). Firstly, if we analyse the value of 4R,, it can be ob-
served that ARZ™! < AR?7%. That represents an increase for Model 3 between 42.157 mQ
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and 44.640 m() for all tests. Secondly, gains A;?’er_z > Aﬁ:l, indicating that the model with
mixed magnetic flow experiments showed a greater increase in secondary resistance for
each unit of force. Thus, tests 1 and 6 return lower values, with a gain close to 3.035 mC)/N.
Model 2 in test 2 has the lowest gain value with only 0.936 mC/N.

i~j _ (AR,
a7 = ( /Apy), | (41)
i—j

Table 9. Values related to specific gain Aze.

Rr(mQ)

TFLIM Models Variation (%) Gain: Ar(mQ/N)
Modell Model2 Model3 AR21 AR#2 ARre21 ARs32
Test 1 131.900 98.941 178.700  24.988  44.633 1.675 3.035
Test 2 117.300 98.893 171.800 15.692  42.437 0.936 2.774
Test 3 127.600 98.911 171.000 22484  42.157 1.458 2.743
Test 4 139.500 98.903 171.000  29.101 42.162 2.063 2.743
Test 5 153.900 98.913 171.800  35.729  42.425 2.795 2.773
Test 6 86.300 98.928 178.700 14.632  44.640 0.642 3.035

6.5. Qualitative Analysis of Thrust Force in TFLIM According to Electric Parameters

In conclusion, it is necessary to conduct a brief qualitative analysis of the TFLIM’s
behaviour, which should be explained by combining the action of three EC parameters
(Xm, R, and Xj,) with the influence of the thrust force developed by the TFLIM. The stud-
ies carried out highlight three important trends that determine the thrust evolution with-
out considering the dynamic longitudinal edge effect. Table 10 presents the evolutions of
the three electrical parameters, including the mathematical expression of the thrust [18].

Table 10. Influence of the evolution of electrical parameters on thrust force.

Qualitative Analysis of Thrust Force in TFLIM

Trend I
Trend 11
Trend III

_3.(1 )Z.R
Fy— 2 r/Z'Tl"

Xm_Model_3 > Xm_Model_Z > Xm_Model_l
Rr?ModeLZ < Rr?Model?l < Rr?Modelj

Zr,Model,Z < Zr,Model,l < Zr,Model,B

3 (Y, egox) 'Rr/z (3+('m sz, 'Rr)/

f1'5 '7t'f1'S= Z'Tt'f1's

7. Estimation of Equivalent Air Gap g, and Equivalent Secondary Conductivity o,

After we computed the EC parameters to evaluate the effect of the geometric changes,
we to estimated five relevant parameters used in electrical machines. These parameters
include several important electromagnetic phenomena, and all of them are dimensionless
parameters. We will obtain the values of the Carter’s coefficient K, the fringing effect pa-
rameter Kp,, the skin effect parameter K, the saturation factor of the iron layer K,
and the goodness factor, G,,. All parameters are explained in the next subsections, as it is
shown in Figure 16 [31-33]. These five parameters will be used to estimate the effective air
gap and the effective secondary conductivity.

Figure 16. Schematic diagram to obtain g5, and oge.
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7.1. The Secondary Equivalent Air Gap g,

Equation (42) calculates the equivalent air gap of the motor given by g_ (mm). This
definition of air gap considers two fundamental aspects. Firstly, the magnetic air gap
(gmag (mm)) is equivalent to the sum of the mechanical air gap (g, ,.(mm) = 5mm) and
the thickness of the first layer of aluminium in the secondary (h,(mm) = 10 mm), which
has a relative permeability value of u_= 1. Secondly, the path of the magnetic flux lines

is increased by two phenomena quantified by the parameters K, and K.

gse [mm] = gmag ' Kc ! KFr = ‘gmec + hAl ' Kc ' KFr (42)
~—_———

Imag

7.1.1. Computation of Carter’s Coefficient

Carter’s coefficient considers the effect of the air gap magnetic flux density, which
varies when opening the primary slots [18]. Equations (43) and (44) calculate this coeffi-
cient, where t,(mm) is the slot pitch, b;(mm) is the slot opening, and b, (mm) the
equivalent slot opening [27].

Tu _T'l.l.
o= -0)= T -k *

b b 2
k= 2/71' arctag( 1/2 . gmec) — 2" Gmec ln\/l + ( 1/2 ) gmec) (44)

We considered a separation depending on the topology of the magnetic flux that op-
erates inside the TFLIM. So, for Model 1 and Model 2, which work with transversal mag-
netic flux, we define Carter’s coefficient with the parameter K_ ,.,. For Model 3, where
there is a new longitudinal magnetic flux, it is necessary to define a new parameter to
consider the slot opening along the longitudinal direction, called K
ters are defined in the following equations:

clong- These parame-

e  Transverse Magnetic Flux. Equations (45) and (46) define K, ., for Models 1 and 2,
where 7, (mm) is the slot pitch along the transversal direction and b, (mm)
and b, .., (mm) are the slot opening and equivalent slot opening, respectively.

K — Tutrv / — Tutrv / 45
o (Tutrv - betru) (Tutrv — ke bltru) (#9)

b b 2
k., = 2/1{' arctag( 1””/2 ‘g ) -2-g cln |1+ ( 1"”/2 g ) (46)
mec mec

for Model 3,
(mm) is the slot pitch along the longitudinal direction and by ;,,,(mm)

e  Longitudinal Magnetic Flux. Equations (47) and (48) calculate K

c_long
where 7, ;54
and b, ;y,,(mm) are the slot opening and the equivalent slot opening, respectively.
In Model 3, transverse and longitudinal fluxes work simultaneously; therefore, we
must define a Carter’s coefficient that considers both opening slots, called K, ,,;, (see
Equation (49)). Therefore, the mean value between the transverse Carter’s coefficient

and longitudinal Carter’s coefficient is computed [9].

T _long Tulang
K I = u / = 47
“om (Tuflong - be?long) (Tuflong - klong ! bl) ( )
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klong

2

b b
= 2/1{' arctag ( 1’long/2 g ) -2 Ioe In |1+ ( l’long/z g ) (48)

mec mec

K _ (Kctrv + Kclong)/z (49)

c_mix

All calculated K, parameters are shown at the end of this section, and the main con-
clusions are as follows:

e Model 1 and Model 2, which operate only with transverse magnetic flux, present the
same slot pitch 1, , = 72.5 mm, and its opening slot effect is similar in both cases.
So, we obtain a value of K., = 1.648 that implies an equivalent slot opening

around b = 3.8 mm. So, in TFLIM, the effect of slot opening is higher than in

e_long
LFLIM. K, ppm > K¢ ppv and oscillates between 1.1 and 1.3 approximately [18].
e  However, by adding a new longitudinal magnetic flux in Model 3, the Carter coeffi-

cient is also modified because the longitudinal magnetic circuit has a new slot pith

attached T jony = 16.5 mm. It is necessary to evaluate the slot opening effect. The
value of T, o implies a new Ko,y = 1.299 with an equivalent slot opening of
be 1ong = 3.8 mm. Consequently, we obtain a relationship between both Carter’s co-

efficients, where K., > K Furthermore, the presence of both magnetic fluxes

c_long*
configures the equivalent magnetic circuit with a new equivalent slot opening, whose
influence we estimate with K_.; = 1.4736. So, we can determine that K, >
K > K

adding a new configuration into the primary part with a central ferromagnetic yoke.

This result is very relevant because we can quantify the influence of

c_mix c_long*

7.1.2. Computation of Fringing Coefficient, Kg,

K, quantifies the fringing effect along the air gap. It is calculated using Equation
(50), where its value is equal to one (K, = 1) for all TFLIM models.
i gmec
sinh (—2 : Tp)

KFT ~ gmec ~ 1
21,

(50)

7.1.3. Secondary Equivalent Air Gap

To better show the effect of the equivalent air gap for all models, we define the coef-
ficient 7, (%) that compares both air gaps, gmqy and gs.. The results obtained from
Equation (51) are shown in Table 11. Observe that (rgse_Model_l = T’gse_Model_z) < Tyep Model_3-
Using the Carter coefficient, we can conclude that Model 1 and Model 2 have the same
value of gg, = 24.722 mm and 7, , = 60.67%. Model 3 reduces the effective air gap value
to around 22.1 mm, and consequently, the value of 7, , increases by 7 percentage points
compared to the previous models.

ro [%] = (g"‘“g/gse) - 100 (51)

Table 11. Values of gsand rgs obtained for each TFLIM model.

Values of Secondary Equivalent Air Gap, gse (mm)
gmag (mm) =15 TFLIM_Model 1 TFLIM_Model 2 TFLIM_Model 3
gse (Mm) 24.722 24.722 22.103
rgse (%) 60.67 60.67 67.86
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T2,
Kssi = (2 e HO)

7.2. The Equivalent Secondary Conductivity og, (S/m)

In this section, we calculate the equivalent of secondary conductivity o, [18]. In the
following subsections, we describe the successive steps necessary to obtain this coefficient
for the three proposed TFLIM models. Section 7.2.1 describes the calculation of the mag-
netic saturation effect. Section 7.2.2 presents the high influence of the skin effect. Section
7.2.3 shows how to obtain the goodness factor, and Section 7.2.4 includes the computation
of the effect of transverse edge in the different topologies. Finally, in Section 7.2.5, we cal-
culate og,.

7.2.1. Computation of Saturation Coefficient Kgg;

To compute the dimensionless parameter K, we use the Equations (52) and (53),
where §;,,, (mm) is the depth of the ac field penetration inside the ferromagnetic layer
and p, = 2500 the relative permeability of the iron layer. In Equation (53), B{" (T) is
the tangential component of the magnetic flux density on the back-iron upper surface,
f1 (Hz) = 50 is the nominal frequency and o0;,, (S/m) is the electric conductivity of the
iron layer. Particularly, we use o, = 0 S/ mm-

L (215 1o)
<2 12 (Gmec + ha) - (1/(1'[/ )) ! ”iron) (52)

(2 2 (gmec + hAl) ' 6iran ' .uiron) -

Siron = Re |1 ; 1 (53)
l/\/(n/‘[p) +js fir2-mep '#iran'Bgmn'O_iron /( /Tp)

7.2.2. Computation of Skin Effect Coefficient Ky,

In this section, it is estimated the skin effect phenomenon that appears when there is
an alternating current in a conductor that produces an alternating flux inside the arma-
ture. This effect increments the DC resistance of the conductor material. To calculate it, we
define the following parameters (see Equations (54)—(58)):

e  Computationof a:Itis the propagation coefficient used in Equation (54), where p, =

4-7-107 /) isthe magnetic permeability of free space p, 0copper = 421 - 107 S -

m~! is the copper conductivity, and w,(rad/s) is the source electrical angular fre-

quency. f(Hz) is fixed to 50 Hz, and ppenetration (M) is the penetration depth.

a= \/#0 * Ocopper * (‘)e/z —

1
/ppenetration (54)
e  Estimation of ¢: This coefficient can be defined using a dimensionless number (see
Equation (55)), where hg,, (m) is the height of the slot.

§=a hgo (55)

e  Computation of Kp, : Equation (56) defines the dimensionless parameter Kp,,
which modifies the initial value of R; ;.. This was explained before, and it is the DC
value of the resistance per phase. R, , corresponds to the value of the alternating
current resistance for a single-layer winding.
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(nphase ' (pCu 'Zcoil ) Nphase) /AC> . E ( Sinh(Z ) f) + sin(2 * f)

Sac dec ) KRac =

) (56)
cosh(2 &) — cos(2-¢)

Rsgc Kpge=1

e  Computation of Kp,,,.: Using Equation (57), with the dimensionless parameters
K pimac, We can correct the skin effect. The AC resistance value is adapted to windings
with layers not equal to 1. Variable m is the number of layers of a double-layer wind-
ings configuration, where m is equal to 2.

2 _ ’
Kskin = Kpae + ((m 1)/3) 4 (5) =
(57)

(m*-1) ) sinh(&) + sin(§)
Ko+ /) ( / (Ccosh(?) + cos(2)) - e))

e Estimation of equivalent resistance for alternating current: Equation (58) estimates
the primary resistance of a primary winding operating under alternating current and
adapted to the number of layers.

R = Rs?dc ’ KSkin (58)

s_ac
Table 12 shows relevant information about the skin effect phenomenon. Its design
implies open slots, and therefore, the primary resistance is incremented considerably with
respect to the DC value. In our work, there is a double-layer winding; therefore, the coef-

ficient Kp,,,. reaches a value around 4.2, and the resistance per phase increases until 11
Q.

Table 12. Skin effect parameters in a double-layer TFLIM.

Skin Effect Parameters
ppenetration (m) f KRac KRmac Rs?dc (Q) Rsﬁac (Q)
0.01095 4.0155 4.0176 4.2654 2.58 11.0046

7.2.3. Computation of Goodness Factor, Gg,

In this subsection, we compute this quotient with Equation (59), where X,, () is the
magnetizing inductance and R, (1) is the secondary resistance [33]. Both parameters
were computed using the system of equations analysed. A good design of an LIM must
use a Gy, > 1. We define G, y,40 1 to determine the goodness factor for Model 1 and
Ge moder 2 and Gy, poger 3 for Model 2 and Model 3, respectively.

X wq " L
Gse = m/Rr =1 m/RT >1 (59)

From this estimation, we can conclude the following;:

e  Transverse Magnetic Flux: G, yoger 1 < Gse moder 2- We Obtain an improvement of G,
when the TFLIM operates under transverse rﬁagnetic flux configuration. So, for
Model 1, G,, varies between 25.1 (Test 1) and 54.38 (Test 6). For Model 2, G,, reaches
a value of around 66.89 and 69.17, respectively.

e Mixed Magnetic Flux: We obtain values of G, for Model 3 that oscillates between
values in Models 1 and 2. So, G, poger 1 < Gse model 3 < Gse model 2- The addition of a
new longitudinal magnetic flux only supposes the increase in G, with respect to

Model 1. In Test 1, the value of G,, is around 45.9 and in Test 5 reaches a value of
51.6.
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Ose [S/m] = (JAZ/KtrAl-Kskin) ' (1 +

7.2.4. Computation of Transversal Coefficient Ky,

After we estimated the goodness factor, we were able to compute the effective trans-
verse edge effect K,,,, that represents the transverse edge effect that occurs inside the al-
uminjum layer [18]. We compare this effect between the TFLIM models that will involve
a reduction in the aluminium electrical conductivity. Now, we computed all parameters
of Equation (60) and K, is estimated by Equation (61).

2
_#O'Tp'w1'0Az'hAl
Gse - m-g K ' Kc ' KFr ' KtrAl (60)

mag . Skin

K ' Kc ! KFr ' Gse (61)

2

K _#O'Tp'w1'UAz'hAl
trAl — T-g .
mag. skin

7.2.5. Secondary Equivalent Conductivity

Finally, Equation (62) defines the value of the conductivity using oy, that corre-
sponds to the value of the electrical conductivity of the aluminium layer of the secondary
and the electrical conductivity of the second layer of the secondary o¢,,, = 0S/m tomin-
imize the computational effort (see Table 1).
Oiron * 6i ’ KtrAl ' KSkin _oa
KtrAl ' hAl) - /KtrAl~Kskin (62)

Uironzos/ m
A new ratio 7, (%) is also defined by Equation (63) to assess the divergence be-
tween the electrical conductivities, g4 and oy, in percentage terms.

"oy = (7*/,,) - 100 (63)

T5,,(%) values are shown in Table 13. There, we can observe that o, yoger3 >
Ose Model 2 > Ose Moder 1- Lhis is very important and indicates that Model 2 decreases the
transverse edgeief'fecit and increases in equivalent conductivity. The same occurs in Model
3, which achieves values closer to the conductivity of the aluminium plate, o, = 3.73 -
107 S/m. When we analyse the deviation rate between both magnitudes, we obtain that
To., Model.3 > Tay, Model2 > Tog, Model1- L NS is coherent with the previous result in Model 3,
where these values increase by 20% with respect to the original conductivity. Tables 14
and 15 show values of the parameters and variables that were calculated throughout this
section.

Table 13. Values of osey rose obtained for each TFLIM model.

Values of Secondary Equivalent Conductivity, os(5/m)

TFLIM_Model 1

OseModel1(S/m) 412 x106 497 x10° 4.75x105 4.53 x 106 4.32x105 8.92 x 10¢

Yase_Model_1 (%) 11.03 13.32 12.74 12.14 11.59 23.90
TFLIM_Model 2

Ose Model 2(S/m) 590 x 106 6.63 x10° 6.66 x 10  6.66 x 10°  6.65 x 106 5.90 x 10¢

Yase_Model_2 (%) 15.83 17.78 17.85 17.87 17.82 15.83
TFLIM_Model 3

Ose Model 3(S/m)  6.73x106 756 x106 7.59x106 7.59x10¢ 7.57 =106 6.73 x 106

Yase_Model_3 (%) 18.04 20.26 20.34 20.36 20.30 18.04
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Table 14. Analysis parameters of TFLIM operating with transverse magnetic flux.

Model 1 Model 2
(f;}:) (l:;}:) ko (l;}:) goes (mim) goug (mam) (lr)rln}:) Ko (l:;}:) gmec (mm) ginas (mum)
72.5 35 0.8146 0.0038 5 10 725 35 0.8146 0.0038 5 10
Carter’s Coefficient Kc o 1.648 Carter’s Coefficient Kc trv 1.648
Fringing Effect Coefficient Ke: 1 Fringing Effect Coefficient Kex 1
Equivalent air gap ge: (mm) 24.722 Equivalent air gap get (mm) 24.722
Skin effect Coefficient Kskin 4.265 Skin effect Coefficient Kiskin 4.265
Saturation Coefficient into Iron layer Kssi  1.29 x 10°  Saturation Coefficient into Iron layer Kesi ~ 1.29 x 10
Goodness Factor Gse Goodness Factor Gse

Testl Test2 Test3 Test4  Test5 Test6  Testl  Test2 Test3 Test4d  Testb Test 6
25.1 30.31 2898 27.63 26.37 54.38 66.896 68295 65.700 68543 68.793  69.170
Transversal edge effect Coefficient into Aluminium Transversal edge effect Coefficient into Aluminium layer

layer Ktai Keal
2.125 1760 1.841 1931 2.023 0.981 0.797 0781 0.812 0.778 0.775 0.771
Equivalent secondary conductivity ose (S/m) Equivalent secondary conductivity ose (S/m)

4.75 6.66
4.12 x 100 4.97 x 10° 10: 4.53 x 100 4.32 x 10 8.92 x 106 5.9 x 10° 6.63 x 10° 106>< 6.66 x 106 6.65 x 10° 5.90 x 10¢

Table 15. Analysis parameters of TFLIM operating with mixed magnetic flux.

Model 3
Transverse Magnetic Flux Parameters Longitudinal Magnetic Flux Parameters

Tu_trv b1t be_trv ag Tu_long b1_tong be_tong mec mag
(mm)  (mm) " (mm) 5™ (mm) (limm) (mm)  (mm) " (mm) (f;m) (lgnm)

72.5 35 0.8146  0.0285 5 10 16.5 85  0.4468 0.0038 5 10
Carter’s Coefficient Kc_tv 1.648 Carter’s Coefficient Kc_iong 1.299

Fringing Effect Coefficient Kk 1 Fringing Effect Coefficient Kk 1
Skin effect Coefficient Kskin 4.265 Skin effect Coefficient Kskin 4.265

Mixed Magnetic Flux Parameters
Test 1 Test 2 Test 3 Test 4 Test5 Test 6
Goodness Factor Gse

Carter’s Coefficient Kc_mix

45907 51557 51.761 51.810 51.668 45.907 1.4736
Transversal effect Coefficient into Aluminium layer Kea Equivalent air gap get (mm)
1.300 1.157 1.153 1.152 1.155 1.2996 22.10
Equivalent secondary conductivity gse (S/m) Saturation Coefficient into Iron layer Kasi
6.73 x 106 7.56 x 106 7.59 x 106 7.59 x 106 7.57 x 10¢ 6.73 x 106 1.45 x 10

8. Conclusions

In this section, we summarize the main conclusions of the paper, emphasizing key
points that are considered particularly relevant when the primary parameters of the EC
using FEM-3D are obtained.

The dynamic curve of thrust force versus slip was obtained to identify speed ranges
where the geometric changes introduced in the different TFLIM models are particularly
significant. For the experiences, we can conclude that for slips between one (v, = 0 m/s)

and 0.6 (vy,. =8m/s), the relationship between the thrust forces is I-T)yiModelj >

Fy model2 > ?y_Model_l' We must remark that in secondary standstill conditions, the thrust
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force increases from Model 1 to Model 3 by around 60% and I yoger 1 > 11 moder 2 >
11 poder 3- This is a good result because we obtain an increase in the force with a lower
power consumption during motor starting with Model 3.

For each of the three models, tests under conditions of secondary blocked and TFLIM
operation without load, known as indirect tests, were replicated using FEM-3D. In this
way, values corresponding to the variables Ry, L., and L, were obtained. The tests with
secondary blocked determine that R.q yoder1 < Req moder2 < Req moder3s aNA Leg poder 1 <
Leg modet 2 < Leq model 3- Subsequently, after simulating the tests of TFLIM without load, L
has the following performance L yoge1 3 > Ls model 2 > Ls moder 1-

In our paper, a system of equations was proposed whose solution corresponds to the
main parameters of the equivalent circuit (L,,, Lis, L; and R,). Additionally, two main
currents of the machine, I, and I,, will be obtained. It is important to remark that the
current through the primary winding, I, is obtained with the finite element simulation
tool. Regarding the magnetization inductance, we obtain that L, moder 3 > Lm_moder 2 >
L moder 1- Analyzing the behaviour of the primary and secondary leakage inductances
(Lls and Llr )/ we establish that Lls_Model_l > Lls_Model_Z > Lls_Model_S and Llr_Model_3 >
Lir modet 2 > Lir moaer 1- Finally, the values of the equivalent secondary resistance are
Rr?Model?Z < Rr?ModeLl < Rr?Model?S'

The main results obtained from the analysis of specific phenomena in linear motors
were presented. The calculated Carter coefficient varies depending on the analysed topol-
ogy: K.y > K. iy > K Thus, for Model 3, this coefficient reaches a value of

K. mix = 1.4736. This emphasizes that the results of g5, must be considered in the analy-

sis of TFLIM because (‘gse_Model_l = gse_Model_Z) > ‘gse_Model_3'
secondary equivalent conductivity, which quantifies the transverse edge effect, was cal-
culated, and we obtained that o, yoge1 3 > Tse model 2 > Tse Moder 1- The inclusion of the
two non-ferromagnetic slots implies a decrease in the transverse edge effect, increasing
the useful surface of the aluminium plate.

In future work, we propose to calculate the LEE and its inclusion in the EC, specifi-
cally in the magnetizing branch. In this way, we would achieve the complete computation
of the system model for each TFLIM. Additionally, a control strategy can be designed. To
this end, once the motor plant is fully identified, the following steps are proposed. Firstly,
the joint TFLIM-Inverter simulation must be analysed to detect additional parasitic har-
monic fields, which modify the evolution of thrust force ripple [34]. Secondly, the best
control strategy must be selected, especially focusing on Model 3, where two main mag-
netic fields, longitudinal and transverse, operate together [35-37].
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