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Abstract: In the transportation industry, the use of renewable energies has been implemented in
conjunction with the development of higher-power electric motors and, consequently, the develop-
ment of intelligent control systems for torque and speed control. Currently, the coupling between
both systems is being developed through mechanical systems, affecting the efficient transmission
of energy and the useful life of the components. On the other hand, new configurations of electric
motors are being developed, such as axial flux motors (AFM), because these can be coupled directly
without a mechanical coupling, given their characteristics of high torque at low speeds. In the present
work, an innovative design of a multipole axial flux motor (MAFM) is introduced. General criteria
for the design and construction are presented considering the geometry in axial flux and permanent
magnets. The performance of the system is evaluated through finite element magnetic simulations
(FEMM) and compared with experimental measurements of the developed prototype; confirming the
effectiveness of the design, obtaining torques of up to 1.784 Nm without extra mechanical couplings
and maximum speed regulation errors of 8.43%. The motor was controlled by a digital pole switching
system whit six control mode, applied to a permanent magnet MFA for speed and torque control at
constant speed. This control can be extended to conventional radial flux electric motor configurations
and intelligent traction applications, based on torque demand.

Keywords: multipole motors; permanent magnet; axial flux; U coil

1. Introduction

The electric motor (EM) plays a predominant role in the industrial system, consuming
up to 65% of the total electrical energy demand, which represents 38.4% of the total electrical
energy consumed [1]. Furthermore, their reliability and efficiency characteristics have
driven their use in the green transportation industry as backup traction sources [2] and even
as primary traction sources as in the case of [3]. The entry of EM in the automotive industry
in conjunction with the accessibility and advancement in power electronics controlled by
digital systems has led to the development of motors with emerging technologies such as
permanent magnet motors (PMM), switchable reluctance motors (RM) and synchronous
reluctance motors that exceed 95% efficiency. Despite the great development in areas of
EM design and operation, these, like internal combustion engines, continue to depend
on mechanical systems such as gear trains (transmission system) to convert their high
speed with low torque to low speeds with high torque, resulting in more expensive, heavy,
inefficient applications that are more susceptible to failure than they should be. They would
allow energy consumption to be limited to the minimum necessary, increasing its autonomy
and efficiency.

The development of electric motors in automotive vehicles and the advancement of
power electronics have led to emerging technologies such as the development of perma-
nent magnet motors, commutable reluctance motors (CRMs), and synchronous reluctance
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motors (SRMs), which exceed 95% efficiency [1-3]. However, these motors continue to rely
on mechanical systems like gear trains to convert their high speed with low torque to low
speed with high torque, resulting in expensive, heavy, inefficient, and failure-prone appli-
cations. Exploration of other motor configurations, such as axial flux motors, has proven
to be ideal for low speed, and high torque applications [4]. These motors dispense with
mechanical couplings and are complemented by a digital speed and torque control system,
which allows energy consumption to be limited to the minimum necessary, increasing the
autonomy and efficiency of the vehicle.

This article describes the general aspects of the design, construction, validation and
testing of a multipolar electric motor in axial flow configuration. In Section 2.1, the theoret-
ical aspects of the design of a multi-pole electric machine in axial flow configuration are
mentioned, based on the power delivered, efficiency and duty cycle of the machine. For
the design, the availability of commercial components was considered, such as magnets
for the rotor and ferromagnetic cores for the design of the stator poles, and in Section 2.2,
the design of the U coil for the stator design, is shown. Based on these and applying the
general equations, the evaluated design was obtained.

Section 2.3 shows the design of the rotor, considering the geometry of the proposed
magnets according to the commercial dimensions. In Section 2.4, the finite element simula-
tion is carried out with the objective of obtaining the theoretical results and, from these,
comparing them with the experimental results from the construction of the prototype.

Section 2.5 mentions the type of control developed for this multipolar electric machine,
where from each of the polar sections of the stator, the connection and disconnection
arrangement are made to vary the number of poles without losing the delivered torque. A
more complete description of the motor control is shown in [5].

Section 3 gives the construction parameters and equipment used in the evaluation
of the developed engine, and a comparison is made of the results obtained both in the
simulation and in the laboratory tests.

2. Materials and Methods
2.1. Axial Flux Motor Design
The dimensional design of electric motors depends on the application of interest, the

supply voltage V and the current I, which will be reflected in the power delivered P; by
the motor. The power of the motor is a function of its efficiency K, and duty cycle Kj;.

Py = m-Ky-K4-V-I, 1

where, K; depends on the number of rotor poles P, and the number of stator poles Ps,
considering the angle between stator poles 6.

6D, P

4= 360" 2)

In [6,7], the expression has been developed for V as a function of the dimensions of
the stator, according to Figure 1:

VZ(l1/a)meTph°(D2+Dl>‘<D2_Dl) 3)

4 2

where
o is the ratio of inductances when the pole is aligned L, with the rotor and when the
pole is unaligned L,,.
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Figure 1. Geometric arrangement of coils and adjacent permanent magnets.

x= Lq /Lu (4)

B = average flux density.

Ty = # of turns per phase.

wpy = rotor speed.

The magnetic charge is expressed as a function of the dimensions of the stator, Tph, I,
and the number of phases (m):

2Tl
Agp = m-—F
sp m 71'Dm; (5)
where Dy + Dy +Ds+D
Dav _ 1 2 3 4 (6)

4

Considering that the power duty cycle factor is constant [4], the power delivered by
the motor based on the dimensions of the stator will be

.D2+D1'D2—D1.D1+D2+D3+D4

P;=K 7
4 = Kpa-—— 5 1 7)
where
Kpa = 4KK K Ky BAspwm 8)
K =0.1964, K, is the efficiency, K; is the duty cycle, and K, =1 — 1/cx.
According to Figure 1, the average working diameters can be obtained as
D1+ D,
Rip = =5 ©)
D3 + D
Roc = % (10)
The minimum thickness for the poles in the stator can be determined as
D, — Dy
L,=—= —“1 11
== a1
The working power can be determined as
Py = KdeiRocRic (12)

Roc and R, are restricted to parameters that can be the diameter of the shaft, dimensions
of the pole winding, etc.
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The AFMs are ideal for applications where the space determined for each element
must be reduced to a minimum [8,9]. In the case of axial flux motor and generator design,
the component that determines the final dimensions of the motor is the stator (Figure 1)
since it provides an effective working area and the minimum diameter of the rotor [9,10].

In AFMs, the design of the stator depends only on the number and dimensions of the
coils. The stator is made up of U-type coil (UC) and modular coils, and its topology consists
of two-series windings arranged on each leg of the UC [11,12]. A bar is placed on top of the
UC that simulates the part of the rotor that interacts magnetically with the magnetic flux
field generated by the UC windings. Figure 2 shows the UC topology.

3
Bw r
Wr 1

Uh

ul

Figure 2. General scheme of UC.

where

Bw = bar width (rotor);

Ul = length;

Uh = height;

Uwd = leg width;

WI = window width;

Wh = window height;

Wrl = copper winding height;
Wrh = copper winding width.

2.2. U-Type Coil (UC) Design

The magnetic circuit shown in Figure 3 is derived from the scheme presented in
Figure 2.

R1

+

& 2

R4 R3

M

Figure 3. Model of the magnetic bar circuit (rotor), between iron and windings.

In the magnetic circuit of Figure 3, the series-connected windings are modeled as a
single source of magnetomotive force (MMF) in Ampere-turns. R1 and R3 represent the
average reluctance of the gap between the UC and the top bar (rotor), R2 is the average
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reluctance of the top bar, and R4 represents the average UC reluctance in A/Wb. The
average reluctance (R) is defined by Equation (13).

PL
R = M (13)
Wm Ac
where
MPL = mean magnetic path length;
#im = magnetic permeability of the medium Wb/m?A;
A, = cross-sectional area mZ.
The maximum magnetic field in the UC will be in accordance with Equation (14).
8.84iW;, (W), — D)(R1 + Ro + Rz + Ry)
BnTu = W (14)
D37T<AC + VAdcIn zG”)
where
Ic = gap length;
Ry = reluctance of each component of the magnetic circuit (R;...... Ry).

The magnetic field density in the UC depends on the material that is used, the geomet-
ric configuration, and the spacing between the UC and the upper bar (rotor) [13].

2.3. Rotor Design

The rotor is made up of two circumferences that inscribe the polygon formed by
the number of magnets to be used (Nm), with an internal (R;;) and external (R,) radius,
respectively, which have the permanent magnets (IPs) distributed uniformly on their
perimeters. Both circumferences mainly depend on the dimensions of the stator, according
to Figure 4.

Major
Magnet

Minor

Q/2
Magnet /

Figure 4. Arrangement of permanent magnets of rotor on inscribed polygon.

The minimum radius of the rotor depends on the number of IPs, the radius of the
internal IPs (R;), the radius of the external IPs (R,), and UL, which is the length of the leg of
the U-type core (UTC). Figure 4 shows the diagram used to obtain the internal IP radius
according to Equation (15) [14].

Rig = Ri + gmi (15)

where R;; = internal IP radius (R;), and g,,; = separation distance between internal IPs.
For the construction of a rotor with commercial components, it is necessary to meet
the following conditions:
Rg < 2Up — R; (16)

0 < gio < 2U; — R_Rgi (17)
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2.4. Behavior Simulation

In permanent magnet axial flux motors (PMFAMs), the only source of losses in the ME
is mainly generated in the stator (core losses, copper losses, dispersion flux losses, etc.). The
magnitude and weighting of these depend on the materials, the winding, and the design of
the stator. Therefore, it is necessary to use tools that allow for the exploration of a wide
range of possible configurations. Finite Element Analysis Magnetic Software (FEMM 4.2) is
the tool currently used to evaluate the design and performance of an EM.

Analysis of conventional radial flux motors using the finite element method (FEM) is
carried out by analyzing a two-dimensional cross-section of the motor, but for axial flux
motors (AFMs), this is not possible due to magnetic fields are in the radial direction and
parallel to the simulation plane. To overcome this limitation, the AFM is visualized as a
bipolar linear motor, rearranging the circularly arranged poles in the AFM to a new linear
arrangement, as shown in Figure 5a,b.

L
5

(a) Circular Distribution

(b) Linear Distribution

Figure 5. Three-dimensional model for analysis using finite element analysis (FEA).

In the linear rearrangement of the magnetic poles of the AFM, the minor and major
magnets are not aligned (rotor magnetic poles) to the poles of the U-type coils (rotor
magnetic poles) because the major magnets and minor magnets are arranged on perimeters
of different lengths. For this reason, the analysis must be divided into two analyses: a
two-dimensional cross-sectional analysis for the interaction of the U-type coil poles with
the larger magnets (Figure 6a) and a second two-dimensional cross-sectional analysis for
the interaction of the U-type coil poles with the smaller magnets (Figure 6b).
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(b) UC and Minor magnet simulation

Figure 6. Simulation of FEA of redistributed AFM in linear motor.
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A simulation was carried out by modifying the characteristics and positions of the
electrical circuits of the stator coils and the permanent magnets of the rotor. Figure 6 shows
the magnetic flux density for the displacement of the rotor to the left in relation to the
coils. The previous procedure was carried out iteratively on the cross-sections of Figure 6
to simulate a complete revolution (forty-eight sequences) at different supply currents for
each of the six torque settings.

From the simulations developed in FEA and the AFM evaluation, the speed curves in
relation to the torque were obtained for each of the six proposed torque configurations.

2.5. Motor Control

Rotation in permanent magnet motors (PMMs) is produced by the interaction of an
alternating magnetic field with a static magnetic field, generating attractive or repelling
forces depending on the present magnetic polarity. To calculate the rotational speed in
RPM for a PMM, one must consider the time the stator magnetic poles remain active in
each magnetic polarization sequence and the time it takes to switch from one sequence to
another [15-17].

Considering that the switching time between sequences is negligible and that the
stator magnetic poles are active for T; seconds per sequence, then the rotational speed in
RPM for a PMM of order n can be calculated using Equation (18).

1 160seg 5 _ 5f; (18)
SPRT T, min  (2"2)Ty  2n-2

Srpm =

where
fs = commutation frequency per second;
SPR = sequences per rotor revolution.
The rotational speed in terms of the electrical power frequency can be determined by

L 30fp 30
SrpM = 2 = T, (19)

where

fE = electrical frequency (1/6Ts);

TE = full cycle period.

Equation (19) is also applicable to the case of a sinusoidal three-phase supply. Figure 5
shows the speed variation with respect to electrical frequency (fg) for different values of
order n (Figure 7).

%x10*
.

Frequency (RPM)
w £

N
T

0%

. cac iR L L L L L L L
100 200 300 400 500 600 700 800 900 1000
Speed (Hz)

[=]

Figure 7. Speed vs. electrical frequency for different values of n.
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In a first-order configuration (n = 1), at least three coils are needed for three phases,
while in larger configurations (n = 2, n = 3, n = n, etc.), it is possible to use a single coil
per phase, although this will reduce the delivered torque. The fourth-order configuration
(n = 4) with twelve poles in the stator (3n = 12) and sixteen in the rotor (2" = 16) allows
for the evaluation of different partial applications of torque. The AFM allows the applied
torque to be modified according to the number of active stator poles, and it can have up to
six torque configurations depending on the commutation of the stator coils.

In the design of the motor, six connection configurations are used for speed and torque
control. These consist of changing the connection of the number of stator poles that are
interacting with the rotor poles; considering that the use of the stator coils is limited to
the minimum in configuration number 1 (one coil per phase), and in configuration 6, the
operation is carried out at the maximum mechanical power available, since all the coils
(four coils) are used per phase [17-19]. The development of the control system is shown
more extensive in [5], where the six different control configurations and their behavior
are analyzed.

Figure 8 shows the commutation of the twelve coils in the stator, with three different
states: positive activation (rising), negative activation (descending), and no activation (flat).

Control Sequence of Configuration 6
——Coil 1

——Coil 2

200 ——Coil 3
eeteed | Dt | N Goil 4
i P LRSS PO NS ——Coil 5

180 A Coil 6
D e ——Coil 7

——Coil 9

~+—Coil 10

= Coil 11
Coil 12
120

0 5 10 15 20 25 30 35 40 45 50
Time (ms)

Figure 8. Commutation signals of the twelve magnetic poles (configuration 6). Reprinted from
Ref. [5].

The sequential control method for changing the rotational speed of the AFM modifies
the electrical switching frequency of the stator coils to achieve a digital switching frequency
in a digital system. Equation (20), which expresses speed as a function of electrical switching
frequency, is obtained by combining Equations (18) and (19) in terms of Ts.

75 5

Srpm = 6T, — 1T, (20)

The system allows for changing the three-phase frequency to vary the speed and the
independent commutation of the coils to modify the torque.

3. Results
3.1. Motor Design and Construction

An AFM with 12 (3n with n = 4) poles in the stator and 16 (211) poles in the rotor was
constructed according to the dimensions shown in Figure 9.
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9.5

9.5

29

9.5

Figure 9. UTC dimensions in mm (Core EI-750).

Once the geometry of the AFM is defined, the magnetic interaction between the stator
and rotor magnetic dipoles can be evaluated to determine if it is effective in generating
motion in the motor. This magnetic interaction depends on the magnetic fields between
the adjacent stator (EMD) and rotor (RMD) magnetic dipoles having the same shape and
magnitude. Equation (21) provides the intensity of the magnetic field H for the type of
IP used.

B I+L I
H= 7* e = — - (21)
VUL + 2 ey 22
where
B, = remanent magnetic field density of the material;
I = distance from the center of the magnet to the point of measurement;
L;; = magnet thickness;
D = magnet diameter.
The main AFM parameters are shown in Table 1.
Table 1. Input and output parameters for the AFM.
Dimensional Design with 12/16 Poles in Stator/Rotor
Parameters Variable Definition Value Unit
u; U core length 9.5 mm
Nc¢ Stator pole number 12 Parts
Ny Rotor pole number 16 Parts
Np, Lamination number 23 mm
Input
Er Lamination width 0.5 mm
Minimum perimeter separation between major and
Emmd minor ma 4 mm
gnets
Minimum separation desired between major magnet and
&mimod minor ma; 6 mm
gnet
r Radius of inscribed polygon of stator coils 44.5 mm
Ric Radius of inscribed polygon of minor magnets 44.8 mm
Roc Radius of inscribed polygon of major magnets 64.1 mm
8min Minimum perimeter separation between minor magnets 4.4 mm
Output Smom Minimum perimeter separation between major magnets 55 mm
Minimum separation desired between major magnet and
mimod minor ma 31 mm
gnet
D;/R; Minor magnet diameter 12.7 mm
Do/R, Major magnet diameter 19.0 mm
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If the distance between the stator and the rotor is small (0.2 mm), the interaction
between the DPM and the U-type coil (UC) is produced by the incidence of the normal
component of the magnetic field to the plane of the simulation. The curve of Figure 10
shows the effective magnitude of B of the UC is equal to or above trajectory B, confirming
that the most effective interaction occurs in the central part of the design.

Bn Path A
Bn Path 8
Bn U-Coil

Magnetic Field Density (T)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Distance (mm)

Figure 10. Magnitude of normal B generated by UC and by DPM.

The constructive values of the built prototype are presented in Table 2, which includes
the overall dimensions of the device.

Table 2. Input and output parameters for the MAF design.

Input and Output Parameters

Parameters Variable Definition Value Unit
UL Distance between U-type coils and bar (rotor) 9.5 mm
Wh Window height 29 mm
WI Window length 9.5 mm
Uwd Window width 9.5 mm
Input EL Lamination thickness 0.5 mm
NI Lamination number 23 Part
Mm Air relative permeability 1 NA
nurc Relative core permeability 4316 NA
Hp Relative bar (rotor) permeability 1.04 NA
By Magnetic field density 4 Tesla
AWG(,, Copper wire gauge 24 AWG
Imax Current 0.803 A
R, Winding resistance 4.77 (@)
L. Winding inductance 44.89 H
Ved CD voltage 3.83 A%
Output N Total 376 Part
NL Layer number 8 Part
NCpL Number of conductors per layer 47 Part
AWG; Copper conductor total length 60.16 m
AWGy Copper winding total weight 0.109 kg




World Electr. Veh. ]. 2024, 15, 256

11 of 15

3.2. Behavior Assessment

For the evaluation of the prototype, it is necessary to use a known system that can be
programmed with different types of variable loads, with respect to speed and frequency, in
such a way that they meet the necessary parameters for the characterization of the electric
motor. For this evaluation, a variable load dynamometer was directly coupled to the motor
shaft, which is governed by the control system and a data acquisition system, with which
the necessary evaluations can be programmed to determine the main characteristics of
the prototype.

The Lab-Volt measurement system shown in Figure 11 consists of the Lab-Volt 8960—a
four-quadrant source/dynamometer module configured in dynamometer mode to measure
speed, torque, and mechanical power delivered. Also included is the Lab-Volt Series 9063-
02 Data Acquisition and Control Interface (DACI) and the free Lab-Volt Electromechanical
Systems Control and Data Acquisition Software (LVDAC-EMS 9063-A).

(" Software LVDAC-EMS

Figure 11. Measurement system used to measure and record the dynamic characteristics of the AFM.

3.3. Evaluation

The first dynamic characteristic measured was the change in angular velocity with
respect to the change in the electrical supply frequency. The speed of the AFM was
measured without load, while the electrical frequency was estimated by converting the
digital switching frequency, developed by the speed control, into electrical frequency.

The comparison between the theoretical speed change and the actual measured speed,
with respect to the change in electrical frequency, was made considering the calculation
of the speed using Equation (20), with the same values of electrical frequency variation,
applied with the system. evaluation for speed control.

Figure 12 shows the frequency graph with respect to angular velocity obtained from
the simulation, with respect to the speed obtained from the evaluation of the motor, where
on the horizontal axis, we have the electrical supply frequency, and on the vertical axis, the
velocity produced in the AFM.

From these results, it is observed that there is a difference of 8.43% in the values
obtained in the simulation with respect to the values measured in the AFM evaluation.
Table 3 shows the maximum and minimum values of the evaluations with respect to
the simulations.
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Electrical Frequency vs Speed

Speed (RPM)
L

20 4 0———0———0 Theoretical Speed (RPM)
0——0——0 Measure d Speed (RPM)

0 T T T T T T T T T T T T T T T T T T T T
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Electrical Frequency (Hz)

Figure 12. Plot of speed vs. electrical frequency of power supply in the AFM.

Table 3. Speed comparison between theoretical and measured.

Speed (RPM)
Characteristic Minimum Maximum
Theoretical 37.50 314.07
Measured 37.39 318.08
% Error 0.23 8.43

Table 4 shows the result of the maximum and minimum behavior for each of the
control modes, with respect to the results obtained from the simulation and the evaluations
carried out.

Table 4. Simulated and measured torque comparison (Nm).

Torque Conf. 1 2 3 4 5 6
Parameters Min Max Min Max Min Max Min Max Min Max Min Max
Simulated 0240 0295 0572 078 0533 0779 0529 0777 0917 1438 0936  1.757
Measured 0210 0455 0509 0823 0450 0955 0339 0867 0.651 1.330 0706  1.748
% Error 1.889 67.031 0.725 11.062 1.027 22.744 0425 40333 5358 33779 0.081 24.617

The presentation of a maximum error of 67%, with respect to the results obtained from
the evaluations, is due to the low electromagnetic coupling with a reduced number of poles
in the stator, according to configuration 1 [20].

Figure 13 shows a comparison of the torque with respect to the speed for each of the
motor configurations, observing that for low speeds, there is a greater difference than for
high speeds. These differences observed between the simulated values and those measured
in configuration 1, or low speed, are due to the fact that there is a low electromagnetic
coupling due to the synchronism speed between the rotor and the stator, observing an
increase in the electric motor cogging.
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Figure 13. Plot of speed vs torque for the six AFM configurations (simulated and measured).

The evaluation of the power was carried out with respect to the speed delivered by the
AFM, and as in the evaluation of the torque in relation to the speed, a low electromagnetic
coupling is observed in configuration 1 compared to the rest of the configurations.

Plots of speed versus power are shown in Figure 14 for each of the six torque configurations.
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Figure 14. Plot of speed vs. power for the 6-torque configuration (simulated and measured).

In a similar way as in Figure 13, a decrease in Figure 14, the power supplied as a
function of speed is observed, which represents a low electromagnetic coupling between
the rotor and the stator.

The maximum and minimum results for each of the configurations are shown in
Table 5, obtaining better performance for configuration 6.

Table 5. Simulated and measured power comparison (Watts).

Torque Conf. 1 2 3 4 5 6
Parameters Min Max Min Max Min Max Min Max Min Max Min Max
Simulated 1174  4.010 3.127 12706 3.101 14196 3.092 17.646 5724 30.555 6.993 41.584
Measured 1.700  4.251 3360 11.300 3.798 11970 3450 11300 5.151 21.660 0.076  24.610
% Error 0.59 69.11 0.11 11.06 1.08 27.92 1.07 40.26 3.26 33.81 0.08 24.61
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4. Conclusions

In this work, the bases for the design and construction of an electric machine in axial
flow configuration, with U-type coils, were established, from commercial components for
the design of the stator (magnetic cores) and the rotor (permanent magnets).

These consider that the operating conditions of the motor must be considered and
based on this, the necessary power P; must be specified for the specific application, consid-
ering the efficiency K, and the work cycle Kj.

It was found that the best configuration for this application is the design of a motor
considering a fourth order configuration, which represents 12 poles in the stator and
16 poles in the rotor, which interact with each other.

By means of a digital switching of stator poles, which changes its connection con-
sidering one coil per phase (configuration 1), until obtaining the maximum power with
the connection of four coils per phase (configuration 6). The development of the control
system has been previously published in [21], where the development and evaluation of
the control system is shown in detail. The most outstanding advantages of the developed
control are the absence of sensors for speed control, the omission of extra mechanisms to
produce high torque at low speeds, its simple implementation, and the possibility of being
extended to conventional configurations of radial flux motors.

For the optimization and verification of the design, the finite element modeling tool
was used, with the particularity that this modeling was carried out by means of two separate
simulations, considering the larger magnets of the external part of the rotor interacting with
the stator coils and the modeling of the smaller magnets of the internal part, interacting
with the same stator coils, finding differences between the simulated part and the real part
of 8.43%, of speed regulation and with torques of 1.78 Nm, without having additional
mechanical couplings.

Differences were found in the simulation of torque with respect to speed of up to 67%
in the lower configurations, which is due to the lower electromagnetic coupling of the rotor
with the stator at low speed, causing a greater cogging.
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