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Abstract

The purpose of this thesis is the construction of an axial-flux concentrated winding disk induction
motor and its electromechanical characterization, including a lumped parameter equivalent electric
circuit description. This machine uses an innovative geometry as well as an isotropic soft magnetic
composite material called Somaloy. Axial-flux machines are especially used when the short axial length
of the machine is advantageous, so vehicle applications can benefit from this research, using a single-sided
rotor design operating in a direct drive system.

After the typical tests for obtaining the lumped parameters failed to give an accurate set of values, a
trust region algorithm was used to estimate the parameters that best fit the experimental data. These
results were validated with a method developed in a previous thesis.

The results obtained prove that the developed machine does not have enough torque to speed up
to near the synchronous speed so the machine’s efficiency is low. The algorithm used to compute the
equivalent machine’s parameter has provided a satisfactory fit to the data. Several recommendations
are given in order to improve the machine’s performance.
Keywords: Induction machine; axial-flux machine; electrical machine design;

1. Introduction

The present work continues the research developed
in the master thesis [], where an in-wheel, single-
sided disk-rotor induction motor was initially de-
veloped for a student car competition. In the pre-
vious work, it was verified that the machine’s de-
veloped torque was insufficient to meet the race
car requirements. The designed machine, however,
proved promising for high torque and low speed ap-
plications where a short axial length is required.
As such, the proposed design, a Somaloy based in-
duction machine working prototype using the ax-
ial flux topology, was implemented in this thesis
with the construction of a prototype and tested
to characterized its electromechanical characteris-
tic and lumped-parameter model.

Axial-field electrical machines (AFMs) differ from
conventional machines in that the air-gap flux is in
the axial direction, while the effective conductors
are radially positioned, and the stator and rotor
cores are of disc type []. The special features of
an axial flux machine, such as its planar and ad-
justable air-gap, better power to weight and diame-
ter to length ratio, compact construction and better
efficiency, especially in a machine with a large num-
ber of poles, makes it an attractive alternative over

conventional machines.

AFM and new discoid topologies are now being
used in electric vehicle propulsion systems, mostly
as wheel-direct coupling motors, replacing a me-
chanical gearbox by an electric one and attach the
load machinery directly on the motor shaft, remov-
ing the losses brought by the mechanical gearbox
and giving a full speed control to the drive.

AF induction motors, moreover, have been used
in applications where short axial length geometry is
advantageous. Indeed, for an electric vehicle drive
motor, it is often required that it combines high
power and torque density and efficiency with a light
structure; this geometry achieves this with advan-
tages in terms of size and increased economy in the
use of raw materials. A solid-rotor induction motor
is also claimed to offer advantages in terms of me-
chanical strength over conventional cage-induction
motors especially when an elevated rotational speed
is needed.

This geometry has its drawbacks, however, es-
pecially due to the difficulty associated with the
production of the magnetic cores, given the axial
force acting on the rotor and bearings caused by
one-sided magnetic pull. Powder composites, how-
ever, offer advantages in the construction and man-
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ufacture of the magnetic cores, easing the construc-
tion of build-up structures, otherwise difficult to
build from traditional materials, though they are
not as efficient as magnetic strips or sheet. They
contribute to fringing by allowing the main flux
in stator cores to stray in the r-dimension, being
isotropic, while their low permeability strengthens
these stray parts.

2. Background
An analytic model solving for the magnetic vector
potential requires the machine to be reduced to a
single homogeneous domain. The equivalent model
is constructed in the following way:

a) One single homogeneous zone (the equivalent
air-gap);

b) Two thin layers at the boundary points of the
domain: one current density layer representing
the stator windings and characterized by a pa-
rameter jeq, and an electrical conducting layer,
being characterized by a parameter σeq

c) A material of high permeability µr capable of
closing the magnetic circuit, passing from the
stator to the rotor and back again.

The thin layers described must maintain an
equivalence with the real stator windings and rotor
disk parameters. This is to say that the total cur-
rent and Joule losses have to be the same in the real
and equivalent machines and therefore a relation
must be established between the real 2D current
density and the 1D thin layer: the equivalent rotor
layer conductivity and stator layer current density
are as follows:

σeq = σal hal (1)

js =
In
Sc

hsc
θ

2π
(2)

where In is the rated current, Sc is the cross-section
of the conductor, θ is the angular displacement
of the coil between two stator teeth, σal is the
aluminum electrical conductivity and hal and hsc
are the thickness of the aluminum disk and cop-
per coils, respectively. This approximation is possi-
ble because the air-gap in the real model is very
small compared with the diameter and thickness
of the electrical machine; in the equivalent model,
however, the aluminum height adds to the air-gap,
forming the magnetic air gap, as this material has
non-magnetic characteristics. Because the flux lines
do not cross the copper windings they are not ac-
counted for in the equivalent air-gap length:

δeq = δ + hal (3)

In order to obtain a relationship between the pa-
rameters σeq and js and the magnetic vector poten-
tial in the equivalent air-gap, Ampres law is used.
As there is no current density in the air gap, Am-
pres law is written as:

∇×H = 0 (4)

Recalling the magnetic flux density as the curl of
the potential vector A:

∇×A = Bz +Bθ =
∂Ar
∂z

~eθ −
1

r

∂Ar
∂θ

~ez (5)

and taking again the curl in the previous expression,
the equation of a wave is obtained:

∇× (∇×A) =

(
− 1

r2
∂2Ar
∂θ2

− ∂2Ar
∂z2

)
= 0 (6)

This equation is only valid on the air gap, where the
curl of the magnetic flux density, i.e., the current
density, is equal to zero. As the fields are traveling
fields and have harmonic content, it is necessary to
define the magnetic vector potential as a function of
its harmonics, so the nth harmonic of the magnetic
vector potential A can be written as:

An(θ, t) = An(z)ej(ωt−nkθ) ~er (7)

where the subscript n denotes the harmonic rank
and k denotes the number of pair of poles of the
machine. Substituting in the wave equation it is
possible to write each harmonic term as a sum of
a forward and backward travelling wave, where C1

and C2 are constants to be found for each harmonic:

An(z) = C1e
knz
r + C2e

−knz
r (8)

These constants are obtained through two bound-
ary conditions. The first boundary condition is in
the stator, where the equivalent stator current den-
sity js is related with the magnetic field component
Hθ via the closed path Cs; similarly, Ampres law
is used in the rotor path Cr, relating the magnetic
field with the equivalent induced current density ji.
This is represented schematically in figure (1):

Crji

Cs

js

Figure 1: Ampre’s law application in the stator and
in the rotor
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The induced current density ji can be defined in
terms of the electromotive force and the magnetic
field, both function of the potential vector Ar:

ji = σeq(E + v ×Bz) (9)

and substituting the electric field and the rotor ve-
locity by the following equations:

E = −dA
dt

~er (10)

v = rωr ~eθ (11)

the induced current can be written as:

ji = −jσeqAr · (ω − ωrnk) ~er (12)

Equation (13) and (14) result from using Am-
pre’s law in the two boundaries defined in figure
(1), where zs and zrotor denote, respectively, the z-
coordinate of the thin current layer on the top of
the stator and the height of the thin electrical con-
ducting material layer on the bottom of the rotor.

Hθ(z = zrot) = ji (13)

Hθ(z = zs) = −js (14)

It is now necessary to write the magnetic field as a
function of the potential vector, which is done using
the equation above:

Hθ =
1

µ
(∇×A) · ~eθ =

1

µ0

∂Ar

∂z
(15)

The model can be simplified setting zs = 0. The
model is unchanged by making the stator top as the
origin of the z-axis, since only the relative distance
between the two layers is relevant for the calcula-
tions :

−µ0js =
kn

r
(C1 − C2) (16)

Solving now for the two constants it is possible to
obtain:

C1 =
µ0jsr

K

(
1− j µ0σeqrS

K

)
(

1 + j
µ0σeqrS

K

)
e

2Kzrot
r −

(
1− j µ0σeqrS

K

)
(17)

C2 =
µ0jsr

K

(
1 + j

µ0σeqrS
K

)
e

2Kzrot
r(

1 + j
µ0σeqrS

K

)
e

2Kzrot
r −

(
1− j µ0σeqrS

K

)
(18)

where
K = kn (19)

S = (ω − ωrK) (20)

Since K depends on the harmonic rank, each har-
monic will have its set of C1 and C2 constants. Sub-
stituting these constants for each harmonic rank in
equation (8) yields the magnetic vector potential for
that rank. It is possible to decompose the spatial
distribution of the traveling current density using
the FFT and from it describe this signal as a sum
of its relevant harmonic components traveling either
in the positive or negative direction. Equation (8)
states that the value of the magnetic vector poten-
tial for each harmonic depends only on these two
values and on the z-value. At the boundaries, the
potential vector is equal to:

An(z = 0) = C1 + C2 (21)

An(z = zrot) = C1e
Kzrot

r + C2e
−Kzrot

r (22)

Having the vector potential defined at the bound-
ary points, it is now possible to obtain the induced
current density. The machine torque is calculated
by integrating the force density on the volume of the
rotor conductive thin layer. To compute the total
force it is necessary to integrate the force density
over the rotor area:

d~F = ~ji × ~Bz (23)

F =

2π∫
0

ravg∫
0

dF dr dθ = 2πravg dF (24)

T = rF = 2πr2avg dF (25)

To estimate the efficiency of the machine, the out-
put power is first defined based on the developed
torque and the Joule losses in both the stator and
rotor disk are computed. No iron losses are consid-
ered in this model:

P = Tωr (26)

Pj = RsI
2
s +

2π∫
0

hal∫
0

deal
2∫

dial
2

j2i
2σal

dr dh dθ (27)

Equation (27) represents the Joule losses both in
the stator windings and in the rotor disk. This last
quantity is calculated integrating the power density
over the rotor volume.

η =
P

P + Pj
(28)
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3. Implementation

Following the designed proposed on [1], the task
was to build a circular bottom part with an exter-
nal radius of 85 mm and an internal radius of 35
mm from a soft magnetic composite (SMC) mate-
rial called Somaloy; this material is sold in wafer-
shaped pieces with a fixed height of 20mm and a
fixed radius of 60 mm. This meant that it was nec-
essary to cut and glue several pieces in order to
obtain the required shape; however, it was decided
from the start that only straight cuts were to be
made, so the circular arc of the wafer was used.

A high number of cut wafers glued together would
make the process expensive as well as create a num-
ber of air gaps inside the stator base, increasing
the magnetic reluctance; using a high number of
wafers, however, has the advantage of better fitting
the original design. Four models were developed,
with 5, 6, 8 and 12 parts, respectively.

A comparison between the circular area and the
area obtained using the cut wafers is done in table
(1), where the extra area error ε is also calculated
and it can be seen that, as expected, ε decreases as
n increases.

5 6 8 12

b (mm) 41.15 35 26.79 21.6
Ap (mm2) 5657.4 4244.1 2939.6 2270
Ac (mm2) 4319.7 3559.7 2699.8 2159.8
ε (%) 31 17.9 8.9 5.4

Table 1: 5,6,8 and 12 part model real and approxi-
mated area comparison

Model
Extra stator
core area (%)

Needed
wafers

∆Rm(%)

5 31 9 21.3
6 17.9 9 25.6
8 8.9 8 34.1
12 5.4 9 51.1

Table 2: Cost and magnetic reluctance comparison
of the four models

From the results of table (2), the following con-
clusions can be made: i) the 8-part model is the
cheapest although by a small margin; ii) increasing
the number of glued parts decreases the extra stator
core area, which has a small influence on the motors
geometry and an increase in its weight; on the other
hand, increasing n also has the negative effect of
adding extra magnetic reluctances. As the second
objective has a much bigger influence in the ma-
chines performance than the first, the 5-part model
was chosen. The type a and b CAD designs are

represented in figure (2) and two complete views of
the final stator design are shown in figure (3).

(a) (b)

Figure 2: Type (a) and type (b) parts

(a) (b)

Figure 3: Two views of the stator final design

The final design, complete with a shaft to connect
the induction machine to a DC machine acting as
load, three windings with N=66 turns, a stainless
steal vertical support and a pillow block bearing is
shown in figure (4)

(a)

Figure 4: Final assembly

3.1. Results
In order to obtain both the machines nominal cur-
rent and its thermal time constant, a temperature
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test was performed with the rotor blocked. As no
information was available on the maximum temper-
ature the insulation band is capable of withstand-
ing, a threshold of 90C was established for these
tests.

The temperature inside the stator coils was mea-
sured using a logger thermometer. The temperature
curve over time for the stator coil closer to the ro-
tor when a 10 A rms AC current with a frequency
f = 50 Hz was applied to the three phases is shown
in figure (5). The test was interrumpted at the tem-
perature threshold as the temperature was not yet
in its steady-state value. A second test was ime-
diately performed: the motor was left to chill by
natural convention with no stator currents applied.
In this case, the steady-state temperature is equal
to the room temperature T room = 18◦ C.

By varying the steady state temperature value
and the thermic time constant it is possible to fit
a theoretical curve to the experimental data; how-
ever, it was not possible to obtain a small error
between the two curves using only one time con-
stant. A new exponential term was added; this has
allowed for a better fit (the residual, defined as the
sum of the squared difference between experimen-
tal data and the theoretical curve, decreased from
105 to 20). Two thermal time constants may indi-
cate that the heat propagation is not isotropic, but
is composed instead of two directions, radial and
axial, with different heat transfer coefficients.
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Figure 5: Temperature dynamics: heating (a) and
cooling (b)

One reason why the one time constant fit is not
satisfactory for the experimental data is the rela-
tively short time of the experiment, compared with
the thermal time constants of the motor. Assum-
ing now that the curve with two time constants is a
good representation of the temperature dynamic of
the stator coil, an exponential with only one time
constant was fitted to that function, e valuated for
a much longer time than in the experiment. This
is shown in figure (), where it can be seen that one
time constant fairly approximates the real temper-
ature curve, with a maximum error of 10◦C and a
steady state error of less than 5◦ C. The thermal
constant of the machine, using the one thermal time
constant model, is then τ = 50 mins.

Given the relatively high thermal constant of
the machine, it was considered that even though
the steady-state temperature is above the threshold
temperature, the machine will never operate more
than two hours, so the applied current can be de-
fined as the maximum current.

3.2. No load and blocked rotor tests
The equivalent circuit parameters of the machine
can be obtained performing two tests: a blocked
rotor test and a no-load test. In the blocked rotor
test, an iron bar blocks the rotor movement, causing
the slip to be equal to 1, resulting in the following
expression for the total impedence seen from the
stator:

Rim+jXim = Rs+jXs+(jXm//(R
′

r+jXr)) (29)

where the two slashes denote a parallel of two
impedances. The variable resistance R

′

r/s is here
at its minimum, therefore, as the magnetizing
impedance is expected to be much higher than the
rotor branch this expression takes the following ap-
proximated form:

Rim + jXim = Rs +R
′

r + j(Xs +Xr) (30)

meaning that the magnetizing branch can be ne-
glected. Figure (6) (a) shows the voltage and cur-
rent waveforms taken in such conditions.
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Figure 6: Voltage and current waveforms for the
blocked rotor (a) and no load (b) tests
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Calculating the total impedance and taking the
real and imaginary part yields the following results:
Rs + R

′

r = 0.77 Ω and Xs + Xr = 2.76 Ω. As the
stator resistance is known Rs = 0.31 Ω, the rotor
resistance is obtained from the equation above and
is equal to R

′

r = 0.46 Ω. Since neither the stator
or the rotor reactances are known, these quantities
cannot be decoupled from the total reactance value.

In order to perform the no-load test, the machine
has to attain a speed near the synchronous speed.
This is not the case with this machine, which is
unable to develop a torque bigger than the static
torque for high speeds. To perform the no-load
test, therefore, additional torque provided by a DC
machine was necessary to make the rotor disk ac-
celerate to near synchronous speed. The machines
topology changes now in the following way: as the
slip approaches zero, the rotor resistance increases
as

lim
s→0

R
′

r

s
→∞ (31)

so the rotor current is approximately zero. The re-
sult of this experiment is shown in figure (6) (b).
The impedance seen from the stator is then:

Rim + jXim = Rs + j(Xs +Xm) (32)

and again taking the impedance imaginary part the
following relation can be obtained: Xs + Xm =
3.24 Ω.

The results obtained show that the magnetizing
inductance is not, as previously expected, much big-
ger than the other inductances. This explains the
high currents drawn from the motor even at the
no-load test. It also shows that the approximation
that the magnetizing impedance is bigger than the
rotor branch, made in equation (30), is not valid.
The typical tests and their common assumptions,
therefore, revealed not to be a valid way of char-
acterizing the tested machines equivalent electrical
circuit parameters. Further in this chapter a means
of obtaining these parameters is developed.

3.3. Testing the induction machine symmetry
A test was conducted to see if the magnetic circuit
is symmetrical: feeding only one phase, an induced
voltage is expected in the two other phases and it
is given by equation (??). The magnetic circuit is
considered symmetrical if:

Mik = Mki = M, i, k := 1 : 3 (33)

or, equivalently,

eik = eki = e, i, k := 1 : 3 (34)

for the same excitation current ik. From the results
of this experiment, it can be seen that the induced
voltage is not the same in all three phases for the

same current value. This result shows that the sta-
tor leakage inductance is not the same for all the
phases and that the machine will be working on an
unbalanced condition. The machine is not entirely
symmetrical, both due to a variation of the wind-
ing position in the z-dimension and the presence of
a stator core on only one side.

In order to work in a more balanced condition,
each phase is separately fed by a single phase trans-
former with the same current value. This has shown
to improve the machine’s performance, making it
achieve higher speeds as the torque ripple decreases.

3.4. DC machine characterization
A DC generator can be used to measure the torque
developed by the induction machine: since the an-
gular acceleration on the rotor disk is equal to zero
in steady state operation, the sum of torques acting
on the rotor disk has to be zero, so a relationship
can be established between the developed torques
in the two machines:

Tdc = kφia (35)

Tim = −(kφia + Tsb + Tsvω) (36)

where kφ = f(if ). It is possible to characterize the
static torque, here defined as:

Tf = Tsb + Tsvω (37)

by allowing only the DC machine to turn the rotor
assembly, implying that

Tim = 0 (38)

and that
Tf = −kφ(if ) ia (39)

By defining K = kφ, it is possible to obtain
a relationship between the DC motor speed and
the electromotive force and represent its variation
alongside the field current.

This relationship was obtained for a number of
field current values by measuring the motor speed at
various armature voltage values. The electromotive
force was calculated using equation (??), with an
armature resistance value Ra = 5.3Ω. For each field
current value, a linear regression was performed to
obtain the line slope which represents the constant
K with dimension [V/rad s−1].

Since the rated field current is close to the sat-
uration point of the magnetization curve, the ma-
chine is expected to saturate for current values big-
ger than the rated value. This is represented in
figure (7), where K is plotted as a function of the
field current.

The rated field current for this DC machine is
equal to 0.37A, and as expected, the DC machine
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Figure 7: K as a function of the field current

seems to enter the saturation zone for a value of
field current bigger than 0.4A. The rated field cur-
rent is close to the saturation point on the magne-
tization curve since this ensures that the flux/field
current ratio is the highest, allowing for the maxi-
mum power to weight ratio out of a machine. From
this point on, a fairly large increase in field current
will be necessary in order to obtain only a small
increase in the induced voltage.

Figure () represents a plot of the developed
torque versus machine speed for all the acquired
points, showing a dependency of the static torque
with speed. A linear regression allows to describe
the static torque as a constant value plus a speed
variable term:

Tf = 0.16 + 8.378× 10−5 n (40)

where n denotes rotational speed in rotations per
minute.
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Figure 8: Measured static torque as a function of
rotational speed

3.5. Induction machine under load
The induction machine developed torque can now
be obtained from the DC machine armature current
and the value of K computed from the field current
characteristic for each operating point. When the
DC machine is used as a generator and the induc-
tion machine is used as a motor, spinning the as-
sembly shaft, the DC machine electromotive force is

proportional to the shaft speed and this constant is
equal to K(if ), determined in the previous section.

The armature circuit can either be left open,
meaning that the induction machine only has to
overcome the friction torque or an additional resis-
tance can be added between the armature termi-
nals. As this resistance is lowered, the armature
current for a given shaft speed starts to increase;
this in turn increases the developed torque by the
DC machine, opposing the developed torque by the
induction motor and decreasing the shaft speed.
This means that a decrease in the armature resis-
tance leads to a new operation point with higher
torque and lower speed.

Hence, by changing the armature resistance and
by adding the friction torque to the calculated DC
generator torque, the value of the induction ma-
chine induced torque can be obtained for a num-
ber of shaft speed points. This is represented in
figure (9). As the friction torque alone is bigger
than the induction machine torque at high speed,
this experience can only acquire data for low speed
points. The field current, moreover, was kept at a
minimum, as the opposing DC machine torque is
proportional to K.
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Figure 9: Torque/speed characteristic for low speed
values

To obtain an estimation of the developed torque
and efficiency for high speeds, a new set up is used
where both the induction machine and the DC ma-
chine are working as motors, and where they only
have to overcome the friction torque. Since the
friction torque dependency with rotational speed is
known, the torque developed by the induction ma-
chine can be obtained from the experimental data,
as indicated in equation (40). Figure (10) repre-
sents the friction torque as a full line, the DC torque
values computed using equation (35) as red and
yellow squares and the induction machine torque
points, obtained from the difference between these
two quantities, are plotted in blue.

The full characteristic can be thought of as the
concatenation of the results obtained in the two pre-
vious experiments and is shown in figure (11). The
output power of the induction machine is now given
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by:
Pout = Tωm (41)

from where its efficiency can be calculated as:

η =
Pout
Pin

(42)

where the input power is the sum of the three phases
real power. The efficiency curve is shown in fig-
ure (12). It can be seen that the calculated torque
does not follow accurately the theoretical model;
this might be due to miscalibration of the material
used to obtain the DC developed torque. The er-
ror propagates into the efficiency plot as well, as
the torque value is used as a measure of the ouput
power.
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speed

3.6. Parameter fitting
The data acquired in the last experiment, where
the both the DC and the induction machine are
working as motors, is used as input data for a fit-
ting equation alongside with the equations which
describe the equivalent electrical circuit of the in-
duction machine. This data consists of the stator
voltage and currents, as well as the active and re-
active power, obtained using a FLUKE power ana-
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Figure 12: IM efficiency as a function of speed

lyzer. The lsqcurvefit function, a trust region algo-
rithm already defined in section (??), can estimate
the parameters of the equivalent electrical circuit
by giving it both the input data and the equations
that the data must fit.

Three equations are given which describe the
topology of the equivalent circuit: an outward mesh
comprising the stator and rotor branches and an in-
ward mesh comprising the magnetizing and the ro-
tor branches, where all the voltage drops sum to
zero, and an implicit equation, which allows the
magnetizing current to be written as the difference
between stator and rotor current. Finally, two equa-
tions relate the input real and reactive power with
the power consumed by each lumped parameter.

This function can be made to return the value
of the squared norm of the residual at the solution
point, so if several solutions returned by lsqcurvefit
are obtained by changing the initial value vector x0

the squared norm of the residual is used to retain
the vector x which creates the estimation with the
smallest deviation to the input.

From the structure of the equations above, ydata
is a (i × 7) null matrix, where i denotes the num-
ber of experimental data points. The trust-region-
reflective algorithm used by the trust region algo-
rithm requires the number of equations (the row di-
mension of f) to be equal or greater than the num-
ber of variables, i.e., it does not solve undetermined
systems.

Both the stator and the rotor resistances change
their values as their temperature increases due to
Joule losses. Therefore, the electric resistances of
the equivalent circuit change from one data point
to another, unlike the remaining parameters that
do not change with temperature. This means that
lsqcurvefit will require two extra factors βs and βr
defined as:

βs = 1 + αCu(Tsk − T0) (43)
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βr = 1 + αAl(Trk − T0) (44)

where αCu = 0.00404 and αAl = 0.0039 denote,
respectively, the copper and aluminum temperature
coefficients of resistance and where T0 = 20◦ C is
considered the reference temperature for the equiv-
alent circuit. Both the average temperature of the
three coils and the rotor is known, using a ther-
mometer, so the stator and rotor resistances used
in the f function fed to the program are now mod-
ified to:

R∗s = βsRs (45)

R
′∗
r = βrR

′

r (46)

The input data given to the program xdata is a
matrix with i rows and 5 columns; the kth row of
this matrix is: [sk, Vnk

, |Isk |e−jθk , R
′

s, βr], where sk
is the slip on the kth point. As only the slip of
the machine is changed in this test, the frequency
is kept constant. This program then returns the
parameter vector [ωLs, R

′

r, ωLr, ωLm, Rc] with the
lowest residual value from a set of initial points.
The parameters obtained are used to calculate an
estimation of the input data and a comparison be-
tween the two is made in terms of stator current,
real and reactive power. These are presented in fig-
ures (13) and (14), where the fit is shown to be
satisfactory. Finally, the equivalent circuit of the
induction machine is shown in figure (??).
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Figure 13: Real and reactive power

Parameter Value (Ω)
Rs 0.31
ωLs 0.62

R
′

r 0.71
ωLr 0.05
ωLm 0.77
Rc 11.7

Table 3: IM equivalent circuit lumped parameters

As expected, the estimated value of the magne-
tizing inductance is very low compared to typical
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Figure 14: Real and estimated stator current

values, and conversely, the leakage stator induc-
tance is high. This is explained by the high air-gap
value, as this makes the flux lines created in the
stator winding to close either on themselves or on
the other phase windings, without passing through
the rotor. Lower air-gap values would increase the
magnetizing inductance, in turn increasing the de-
veloped torque. The rotor resistance is also rather
high, decreasing the rotor currents which also con-
tributes for a smaller developed torque.

To investigate the temperature effect on the
torque and efficiency values, a parameter α is de-
fined as

α =
T

T0
(47)

Typical stator winding temperatures range from
α = 1 to α = 4 during the motor operation. The
experimental temperature curve of the rotor disk
follows approximately the stator coil temperature
curve, but with a positive offset of 20C. This allows
for the calculation of the equivalent stator and ro-
tor resistances for each value of α. The influence
of the operating motor temperature on the torque
speed characteristic and on the efficiency of the mo-
tor are shown in figures (15) and (16), obtained by
calculating these values using αRs and αR

′

r. These
figures show that another negative consequence of a
low magnetizing impedance is the strong tempera-
ture influence on the developed torque and thus on
the efficiency.

These figures are closer to the expected by the
theoretical model, reinforcing the idea that the
torque measurements are not precise enough. The
parameter estimation does not use the torque val-
ues, but only the input power and the losses on the
stator resistance. The rated torque, efficiency and
current values for the machine can now be obtained
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Figure 15: Torque as function of rotational speed,
parameterized by α
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Figure 16: Efficiency as function of rotational
speed, parameterized by α

from the maximum efficiency point and are shown
in table (4)

3.7. V/f experiment

A similar experiment to that of section (3.5) was
made, where the torque value for different speeds
was obtained by changing the armature resistance
of dc machine working as a generator. In figure (17)
the result of section (3.5) is shown alongside two
new curves, obtained with a V/f ratio of 0.8 and 1,
respectively and where it can be seen that for low
speeds the maximum torque value increases with a
higher flux. As the flux has a quadratic relation to
the number of stator turns, this figure shows that
increasing N would result in a better performance.

Rated value

n 2000 rpm
η 0.25
T 0.222
Is 10.1 A

Table 4: Induction machine rated values
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Figure 17: Torque speed curves parameterized by
the V/f ratio

4. Conclusions
In this master thesis, the construction of a axial flux
machine was carried out. This included the design
of both stator core and teeth, which were then glued
together, the design of a 3D housing bearing part,
the design of a shaft, the construction and assem-
bly of the stator windings and the construction of
a workbench with a DC machine for running tests.
There were some deviations in terms with the pre-
vious design, mostly made because of cost and time
limitations, such as the use of an iron plate for the
rotor magnetic part instead of replicating the stator
design and a significant reduction of the number of
turns in the stator windings.

Following the motor construction, a number of
experiments testing for the relative permeability of
the soft composite material, thermal analysis to find
the maximum current and a electromechanical char-
acterization of the machine using a DC machine as
load was carried out. As the typical tests for find-
ing the equivalent electrical circuit of the machine
failed did not give accurate results, a method using
a trust-region algorithm was developed and a sat-
isfactory fit to the experimental data was achieved.
Finally, changing the V/f ratio has proven that the
machine can work with higher flux levels without
saturating. A higher number of winding turns can
then be used in further applications of this geome-
try.

Partly due to the high air-gap length, the mag-
netizing inductance is quite low. This has conse-
quences in the maximum torque value and maxi-
mum efficiency, which have proven to be unsatis-
factory.
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