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Abstract—Transverse flux machines (TFMs) with independent
phases are suitable for aerospace applications, where fault-
tolerance is required. Their complex 3D flux path can be accom-
modated by using soft magnetic composites (SMC). However, core
loss evaluation of SMC-based electrical machines is limited by the
accuracy of calculation models, most of which have been applied
under no-load conditions. Therefore, the aim of this paper is to
compare experimental power and losses in an SMC-based TFM
with results given by the equivalent circuit and the finite element
method, thus providing a better insight of loss mechanisms. At
5000 r/min results show a good agreement, however, at 400 r/min
experimental power on the load is lower than expected for high
power values. Further measurements and analysis indicate that
great iron losses are affecting power production at low speeds.
Therefore, choosing a high-resistivity SMC material for the stator
cores, with a good performance regarding high-speed losses, may
entail some uncertainties for low-speed operation due to the
magnetic behavior of SMC under load conditions.

Index Terms—transverse flux machines, soft magnetic com-
posites, aerospace generator, permanent magnet machines, finite
element method

I. INTRODUCTION

Transverse flux machines (TFMs) are a well-known solution
for those applications in which high torque density is desired,
such as electric vehicles, wind turbines and fault-tolerant
aircraft generators [1], [2]. TFMs are mostly based on single-
phase structures that are stacked in the axial direction, thus
leading to multi-phase arrangements. Some advantages of the
modular construction include enhanced manufacturability and
simplified repairing [3]. Each single-phase stack is formed by
a hoop-shaped coil, surrounded by a number of ferromagnetic
cores that guide the magnetic flux through the stator and the
rotor. This feature makes TFMs unique, as the hoop-shaped
coil encompasses the flux linkage of all the pole pairs, leading
to high torque and back electromotive force (back-EMF)
ratings [4], [5]. Besides, in most TFM topologies the rotor
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has permanent magnets (PMs), therefore these machines op-
erate commonly as permanent magnet synchronous machines.
Moreover, TFMs exhibit good fault-tolerance capabilities via
two mechanisms: the physical separation between segmented
phases and the high inductance that limits short-circuit current
(61, [7].

Additive manufacturing (AM) has been recently introduced
in the field of electrical machines in order to overcome the
limitations of traditional manufacturing techniques and their
effects on electric drives design and performance. AM offers a
broad range of benefits over conventional manufacturing tech-
niques, such as optimal material utilization, improved thermal
and mechanical performance, complex shape realizations, size
and weight reduction and control over physical properties of
the materials [8]. In terms of the level of technology maturity,
AM of active components is still behind structural and thermal
management implementations [9]. Soft magnetic composites
(SMC), made from pressed iron particles that are magnetically
insulated from each other, are known as the most appropriate
active material for realization of innovative core structures,
due to their unique properties, such as magnetic and thermal
isotropy, low eddy current losses at high frequencies, and
the prospect of low-cost mass production [10]. Nevertheless,
they suffer from higher hysteresis losses and lower magnetic
permeability than conventional ferromagnetic materials [11].

As TFMs usually have a complex structure, with a large
number of ferromagnetic pieces, AM opens up new possi-
bilities for magnetic core designs based on SMC [12]-[16],
as well as structural improvements given by flexibility of 3D
printing [17]-[20]. Regarding the magnetic core design, some
authors indicate that SMC-based electrical machines exhibit
higher experimental losses than those computed by the finite
element method (FEM) [21]-[24], therefore loss characteriza-
tion is a major concern in order to improve accuracy when
designing electrical machines with SMC.

The literature presents different methods to calculate iron
losses in electrical machines [25], [26]. In case of SMC
materials, the inclusion of rotational losses in loss equations is
of great importance, as specific rotational losses can be higher
than their alternating counterpart [27]. Authors in [28] propose
an iron loss model based on a three-term equation that includes
the effects of rotational components of the magnetic field, as
well as higher-order harmonics. The model has been applied
to loss computations of a claw-pole machine [21]-[23] and a
transverse flux machine [29], [30].
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Although it is well-known that the armature reaction sig-
nificantly affects the magnetic field, and therefore iron losses,
among previous references only [30] includes core loss results
under full-load conditions, whereas [21]-[23], [29] present no-
load core losses exclusively. Thereby, the effects of partial
loads at different speeds in electrical machines with SMC
materials are still unknown. This paper provides a better
insight of loss mechanisms in an SMC-based TFM, compar-
ing experimental results with those given by FEM and the
equivalent circuit (EC). Furthermore, the innovative structure
of the TFM, with four independent phases formed by C-shaped
cores and flux-concentrating magnets, makes the assembly and
modeling being unique, as discussed in [15], [16].

This paper is structured as follows. In Section II the main
characteristics of the proposed transverse flux generator for
aerospace applications are presented, as well as the experi-
mental determination of the equivalent circuit. In Section III
power computations and tests at low and medium speeds for
different loads are described, comparing results given by the
equivalent circuit, the finite element method and experiments.
Section IV presents a deeper analysis of low-speed losses on
the TFM. Finally, Section V concludes the paper.

II. SMC TRANSVERSE FLUX GENERATOR FOR
AEROSPACE APPLICATIONS

A. Design and Prototyping

The TFM that is analyzed and tested in this work is intended
to work in civil aviation as a fault-tolerant generator within
the auxiliary power unit, i.e. a small jet engine that provides
electric and pneumatic power when the main engines are not
running. The electric generator provides a redundant power
supply to the Full Authority Digital Engine Control (FADEC)
electronics and actuators, being direct-driven from the engine
gearbox via a dedicated low speed output and delivering
constant power across a wide engine speed range [31].

Fig. 1 shows a single-phase overview of the proposed TFM
[15], [16]. The stator and the rotor are formed by soft magnetic
composite (SMC) cores that embrace each single-phase hoop-
shaped coil of the stator, thus guiding the magnetic field. This
stator core is known as a C-shaped core, according to the
classification proposed in [1]. The rotor is formed by flux-
concentrating SmCo magnets that are retained by a carbon
fiber sleeve against centrifugal forces. SmCo magnets operate
better than NdFeB magnets at higher temperatures and in
more corrosive environments [32], this being a critical attribute
for maintaining functionality in the demanding environmental
conditions of aerospace operations. The rotor hub and the rotor
shaft, made of a Titanium alloy and steel respectively, are for
mechanical support and are not part of the magnetic circuit.
The utilization of innovative segmented stator technology with
SMC components makes the prototype of this aerospace alter-
nator expensive, however, mass manufacturing of the proposed
alternator will substantially save costs, as it eliminates leftover
components often seen in electrical machines with laminated
steels, and the proposed machine’s windings consist of simple
hoop coils rather than single tooth windings.

The main design specifications and target values of the
TFM are shown in Table I [15]. The machine is formed by
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Figure 1: Single-phase overview of the proposed TFM and
detail of the magnetic field path

Table I: Design specifications and target values of the trans-
verse flux generator

Number of phases, m 4
Number of pole pairs, p 12
Rated, low speed 400 r/min
Rated, high speed 15000 r/min
Stator outer diameter < 160 mm
Active stack length < 100 mm
RMS Back-EMF at 15000 r/min <265V
RMS short circuit current at 15000 r/min <25A
Power per phase at 400 r/min > 40 W
Power per phase at 15000 r/min after a passive rectifier > 1200 W

four independent phases that are shifted 90 electrical degrees.
Besides, the TFM has two rated speeds, 400 r/min and 15000
r/min, and 12 pole pairs, thus leading to 80 Hz and 3 kHz rated
frequencies. Furthermore, the number of turns is different in
each single-phase stack (/N1 = 26 turns in phases 1 and 4, and
Ny = 20 turns in phases 2 and 3) in order to balance short-
circuit currents as the central phases (Phase-2 and Phase-3)
utilize higher mutual flux linkage in comparison to end phases
(Phase-1 and Phase-4).

The prototype is shown in Fig. 2. The rotor outer diameter
is 110 mm and the air gap length is 0.8 mm. In previous
work the topology was optimized for maximum power output
using the response surface method [15], and then the effect of
combining the four phases in a single stack was investigated
[16]. Moreover, in [24] a preliminary insight into power
calculation was presented, but computational results did not
show a good accuracy when compared with experimental tests.

B. Egquivalent Circuit

Fig. 3 illustrates the equivalent circuit of a permanent
magnet synchronous machine (PMSM). Initialy, no iron losses
will be considered, as commonly done, so the core loss resistor
Rp. fulfills Rp. — oco. Therefore, the main parameters to be
determined in order to characterize the generator performance
are: the back-EMF Ej, i.e. the induced voltage with no load,
the synchronous reactance X, and the stator resistance Rj.
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Figure 2: TFM prototype: (a) stator, (b) rotor view without the
carbon fiber sleeve
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Figure 3: Equivalent circuit of a PMSM

The synchronous reactance is defined as the sum of the magne-
tizing reactance X,,, and the leakage reactance X,. In case of
under-load operation, the resistive and inductive components
of the load, Ry, and X, have also to be determined.

1) DC Current Tests, Stator Resistance: The stator resis-
tance has been determined experimentally. Current-controlled
sources introduce DC currents Ipc in the TFM and then
the terminal voltage of the source Upc¢ is recorded with an
Agilent 34972a data logger, so the stator resistance Ry is
given by Ohm’s law (1). Correlating resistance values with the
temperature rise, that is measured using K-type thermocouples
embedded in the stator slots, the rated resistance values at
20 °C can be obtained. More details about the experimental
procedure and results can be found in [24].

R, = 2¢ M)
DC

2) Open-Circuit and Short-Circuit Tests, Synchronous
Impedance: Open-circuit and short-circuit tests have been
conducted on the proposed TFM, using the test rig illustrated
in Fig. 4. This is a 100 kW test rig rated up to 30000 r/min.
When the prime mover drives the TFM at a given speed,
mechanical torque 7' and speed n are recorded through the
torque transducer, and electrical magnitudes such as voltage
and current are registered by the digital oscilloscope. More
precisely, open circuit tests give the total no-load losses
and the back-EMF, and short circuit tests give the short-
circuit current (SCC). Furthermore, temperature measurements

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

Phase 1

EfeEE Datalogger
Phase 3

Py
——omse? |
o [use]

Phase 1

ouoo i
Thermocouples R L@ U s

Phase 2
TFM +

RL’w Us
v

Oscilloscope;

Computer

Torque
meter

Prime mover
"

Phase 3
+

RL’¢ lUs

Phase 4
+

RLlw lUs

T,n

Fast

Transform

U,

usB

. :
3 %arbox

Torque

transducer |

Differential
probes
Oscilloscope
and datalogger

(b)

Figure 4: Experimental setup: (a) General scheme, (b) Instru-
ments for open-circuit tests

from the thermocouples can be recorded over time using a
datalogger.

According to the IEC Standards for synchronous machines
characterization [33], the synchronous reactance X is deter-
mined as the quotient between the back-EMF and the SCC
at rated speed, provided that the armature resistance is lower
than 0.2 of the synchronous reactance. As this condition is
not fulfilled in the proposed TFM at rated low-speed (400
r/min), a different procedure will be used. Moreover, first-order
harmonics shall be considered, say FEy; for the back-EMF and
Iscq for the SCC. The RMS back-EMF first harmonic has
been found to be linear with speed in the TFM throughout the
whole speed range, up to 15000 r/min.

Fig. 5 illustrates the back-EMF waveforms of the four
phases at 400 r/min and their first harmonics, it is shown
that the first harmonic amplitudes are close but not equal to
the peak values. Moreover, the back-EMFs of phases 1 and 4
differ from phases 2 and 3 because the number of turns is not
the same, as stated in Section II-A.

In order to determine the synchronous reactance in the most
general case, when the stator resistance cannot be neglected,
a curve-fitting approach has been used. Firstly, open-circuit
and short-circuit tests at different speeds give the synchronous
impedance Zs; (2). As the stator resistance Rs has been
measured and the synchrouous reactance X is a function
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Figure 5: Back-EMF at 400 r/min: experimental waveforms
(solid lines) and first-harmonics (dashed lines)
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Figure 6: Curve-fitting of the synchronous impedance versus
speed

of speed n in r/min and synchronous inductance Lg (3), the
synchronous inductance can be determined as an independent
parameter of speed from Z; via curve-fitting (4).

E()l(n)
Zy(n) = =2 2
(n) Toon () (2)
X,(n) = Lyw = QGLOpLsn 3)

Zs(n) = VR + X2(n) “4)

Fig. 6 shows the results from experimental tests at 400 r/min
and 5000 r/min: at medium and high speeds the inductive
reactance is the main component of impedance so Z; is linear
with speed, however, at low speeds near 400 r/min there is
a significant effect of the stator resistance and impedance
becomes nonlinear with speed. Table II shows more details
about the parameters of the equivalent circuit from open-circuit
and short-circuit tests, where it is clearly shown that the stator
resistance cannot be neglected at lower speeds as it is the main
contribution to synchronous impedance.

C. Finite Element Model

3D FEM simulations have been computed using Altair Flux.
A single pole pair of a single phase has been modeled, using
tetrahedral, second-order elements. Boundary conditions are:
periodicity along pole pairs in the circumferential direction
and zero magnetic field in infinity by use of an infinite box
technique. Regarding the materials properties, nonlinear B-H
curves of SMC materials have been introduced, furthermore,
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4
Table II: Parameters of the equivalent circuit
Parameter Phase 1  Phase 2 Phase 3  Phase 4

Eo1(rc) (V) at 400 t/min 43 38 38 49

Ep1(Ec) (V) at 5000 /min 59.4 47.7 47.1 60.7

Rs (ohm) at 20 °C 0.1420 0.1170 0.1170 0.1420
L (uH) 460 290 293 447

X (ohm) at 400 r/min 0.2314 0.1457 0.1473 0.2248

X (ohm) at 5000 r/min 2.8927 1.8214 1.8419 2.8103
Rs/Xs at 400 r/min 0.61 0.80 0.79 0.63
Rs/Xs at 5000 r/min 0.05 0.06 0.06 0.05

the rotor hub and PMs are modeled as solid conducting regions
in order to compute Joule losses, and in case of Joule losses
in the winding the experimental value of the resistance has
been introduced instead. Then iron losses calculation has been
conducted in postprocessing using a dedicated script. This
script implements an empirical three-term model, based on
[28], that aggregates alternating and rotational losses given by
the harmonic decomposition of the flux density. Simulations
have been conducted over several electric periods for different
loads and speeds, coupling FEM model and the circuit model
of the load. The measured loads obtained using a static motor
analyzer (Baker Instrument by SKF) have been utilised. FEM
software calculates the field distribution and then Joule losses
in conducting regions, as well as active power on the load.

III. POWER COMPUTATIONS IN A TRANSVERSE FLUX
GENERATOR FOR DIFFERENT LOADS AND SPEEDS

A. Selection of the Loads and Experimental Tests

The TFM has been tested for different loads at 400 r/min
and 5000 r/min, i.e. for low and medium speeds. The exper-
imental setups are based on adjustable resistive loads Ry, as
shown in Fig. 7. For low-speed tests, a collection of resistors
has been selected, changing the connections from series to
parallel in each case. On the other hand, for medium-speed
tests four variable resistors are utilized instead. The generator
is operating alone, so the power factor is imposed by the
load. Resistors of low-speed tests have a unity power factor,
however, it has been checked experimentally using a static
analyzer that the rheostats utilized in medium-speed tests have
a parasitic inductance, their power factor being near 0.9.

According to the equivalent circuit of a synchronous ma-
chine, that neglects iron losses, maximum power transfer from
the generator to the load gives (5). If the inductive component
of the load impedance is assumed to be null, X; = 0, the
condition for maximum power transfer is then reduced to (6)
at each particular speed.

Ol 0% By = B2t (Xt X0) 5)
ORy,

Ry =2, (6)

Besides, the torquemeter records the torque 7' applied to
the generator shaft, therefore experimental input power F;,
follows (7).

2T
sl (7N
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Figure 7: Experimental setup for load tests: (a) 400 r/min, (b)
5000 r/min

Furthermore, four-phase experimental power on the load
Pr 4 is given by the stator voltage and the load parameters at
each phase, then adding up the contribution of all phases (8).
The stator voltage of each phase is recorded by the digital
oscilloscope, so the RMS value of its first harmonic Uy
can be determined using Fourier series. Besides, the load is
characterized at each phase with a static analyzer, being Ry,
its resistive component and cos ¢ its power factor.

4 2
U2 (cos
Pr, = Z 51 (RL ©) (8)

m=1

Joule losses in the stator resistance P,y are given by (9),

and power balance follows (10), where P, denotes other loss

components, such as Joule losses on PMs and the rotor hub

region, as well as iron loses in SMC materials and mechanical
losses.

Z R2 = Xz ©)

Pip = Pra+ Py + Py (10)

B. Power Computations Using the Equivalent Circuit With No
Iron Losses

According to the single-phase circuit of the synchronous
machine (Fig. 3), when iron losses are neglected as in con-
ventional analytical approaches, active power on the load
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PryEecy is given by (11), where the contribution of all
the phases has been added up. The RMS back-EMF, first
harmonic Ey;(gc) is generally assumed to be linear with speed
(12). Besides, the resistive load has been selected to match
the synchronous impedance for different Ry, /Z values each
speed. In case of medium-speed tests, a load power factor of
0.9 has been considered in equivalent circuit calculations, as
the experimental values were between 0.87 and 0.93. Although
the number of turns per phase N,,s is not symmetrical, it can
be seen that power of each phase will be balanced, as the
back-EMF is proportional to N,,s; and, neglecting the stator
resistance, the load resistance is proportional to Z, = X, and
therefore to N2,..

Praee) 24: Fozerfr (an
LA(E
( 1 +RL (XS+RLtanap)2
Eoiec) = kan (12)

When iron losses are not considered, power balance in the
equivalent circuit model is given by (13), where Py gc)
are Joule losses in the stator resistance (14) and P,, are
mechanical losses.

Pinec)y = Praec) + Psaec) + P (13)
sl(EC
Pupc) = Z Sl X2 (14)

Mechanical losses P, (15) are generally formed by bearing
losses P, windage losses in the rotor external surface Py,q1
and windage losses in the rotor end surfaces Pj,,2. In this
work bearing losses have been determined using the bearing
selector by SKF [34]. Besides, windage losses are due to
friction between the rotor and surrounding air, and they have
been determined using analytical formulae as a function of
the Couette Reynolds number and the tip Reynolds number,
respectively [35].

P, =

mb + mel + me2 (15)

C. Power Computations Using the Finite Element Method

Single-phase active power on the load Prirgar) is ob-
tained by FEM software as (16), where I(rgar) is the current
through the load that is determined by FEM calculations, and
27 /p is the mechanical angle that corresponds to one electric
period. As the time consumption of FEM simulations is very
high for the proposed case studies (more than 48 hours in
total), four-phase active power Pr4rgar) has been estimated
from single-phase power using (17), considering that active
power on the load is proportional to the stator voltage squared
(8) and therefore to the number of turns squared, neglecting
inner voltage drops. /V; denotes the number of turns of phases
1 and 4, and N, is the number of turns of phases 2 and 3.

27 /p

1
Pryrem = /p / Ry ppary A6 (16)
0
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2
Pryrem) = 2Pyrem) +2 (%ﬁ) Pryremy (A7)
In case of FEM simulations, power balance is given by (18).
Four-phase Joule losses Pjyrpar) are calculated using (19),
where P+ Ppys are losses in the single-phase portion of the
rotor hub and permanent magnet volumes (20), and Py (rEar)
are losses in the stator coil of phase 1, with [V; turns and then
resistance Rg1 (21).

Pinrem) = Pragrem) + Prarem) + 4Ppe1 + Py (18)

N\ 2
Prarem) =4 (Pruy + Ppar) + |2+ 2 <Ni) Poi(ren)
(19)

) 27 /p
Py + Ppy = p—r / / JEAV dE  (20)

27T/p 2 VhubUVP M
. 27/p

Parew) = 37 [ Balipnas e

0

Computation of single-phase iron losses Pr.; has been
based on the model presented in [28]. In previous work
this model was applied to the proposed TFM under no-load
conditions [36], and here it is evaluated under load. This
loss model ultimately aggregates alternating and rotational
losses, that are in turn formed by hysteresis, eddy current
and excess loss components obtained through a three-term
empirical formula. The alternating loss coefficients of the TFM
materials were determined experimentally, whereas circular
rotational core losses were estimated from alternating losses,
assuming that rotational versus alternating loss mechanisms
are similar in the TFM materials and in a reference material
(22).

Dr (f, B) _ Pr(ref) (f, B)
pa(£:B)  Parer (£.B)

Starting from the single-phase FEM model, the flux density
at each volume element in cylindrical coordinates (B,., B, B;)
is determined as the average value of all nodes within an
element. Secondly, the k-th harmonics are calculated using
Fourier analysis, and the axis ratios of their associated ellipses
Rpy, are derived. Then specific losses (W/kg) p: at each
volume element are obtained from alternating and rotational
losses pqr and p,r, adding up the contributions of all the
k-th harmonics (23). Finally, total losses of a single phase
Pre1 in W fulfill (24), where p is the number of pole pairs
of the machine, i. e. the number of periodicities in FEM
model. p. and V. are the mass density and volume of each
volume element in the FEM domain, with a total of N, volume
elements.

(22)
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D. Comparison of Power Computations

The analysis procedure described in this section has been
summarized in Fig. 8. Experimental data will be compared
with results given by the equivalent circuit (EC) and the finite
element method (FEM).

Fig. 9 and Fig. 10 compare active power and input power
results at 400 and 5000 r/min, respectively, considering the
three methods presented here: experimental tests, the EC and
FEM. Moreover, Table III quantifies the accuracy of the EC
and FEM through the mean absolute error (MAE) of computed
powers.

At 400 r/min, i.e. low-speed tests, experimental active power
on the load (Fig. 9a) seems to decline for those power
values where mean (Rr/Zs) < 3, so when power is near its
maximum value. This decline in experimental power on the
load is a clear trend that is not captured by the EC and FEM
and will be discussed in Section IV. Moreover, total input
power does not decrease near the maximum power point (Fig.
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Figure 10: Power comparison at 5000 r/min: (a) active power
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Table III: Mean absolute errors with respect to experimental
values

400 r/min 5000 r/min
Pryec 89.37 % 4.66 %
Pryrenm) 75.43 % 8.28 %
Py (e0) 16.77 % 17.81 %
Pin(rEM) 12.04 % 1141 %

9b), therefore it can be stated that computed input power is
distributed experimentally among losses and active power on
the load in a different way than expected.

On the other hand, results at 5000 r/min (Fig. 10) show
a good agreement, with FEM having MAEs around 10 %
when computing active power on the load and input power.
At medium-speed the EC seems so predict load power with a
very good accuracy, however, it predicts input power poorly.

IV. ANALYSIS OF LOW-SPEED LOSSES IN THE
TRANSVERSE FLUX GENERATOR

In order to clarify load power discrepancies at 400 r/min
near maximum power point, the following issues have been
analyzed:

o Changes in the material properties due to the temperature
rise (thermal effects). With the TFM rotating on the
test rig under no load for 45 min, the temperature rise
in the coil is measured using thermocouples that are
integrated in the prototype. Fig. 11 shows experimental
results, where the temperature rise has been depicted as
a linear function of the no-load power. Then, it can be
estimated that at 400 r/min the temperature rise after
45 min will be 2 °C, as experimental no-load losses
are 11 W. Furthermore, the temperature rise at 5000
r/min is 78 °C. As agreement between experimental
and computational results is much higher at 5000 r/min,
involving higher power and temperature rise, thermal
effects on the material properties can be neglected at 400
r/min.

e PMs model. The FEM model of magnets is linear
(constant remanence and permeability), and should be
accurate enough as PMs in the TFM prototype (Recoma
33E SmCo magnets by Arnold Magnetics) have a linear
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Figure 11: Experimental temperature rise after 45 min on the
test rig versus no-load power at different speeds

B-H curve at 20 °C [37] and the temperature rise at
400 r/min is negligible (Fig. 11). Electric conductivity
is also included in FEM model in order to compute Joule
losses in PM regions. Furthermore, demagnetization of
PMs has been checked analytically, calculating the peak
H-field H,4 produced by armature reaction in the d-axis
(25). Ny,s is the number of turns per phase, fd is the
peak current in the d-axis, g4 is the air gap in the d-axis
and factor 2 is given by C-cores as the magnetic field
crosses the air gap twice [4], [S]. In the worst case, i.e.
short-circuit conditions, Had is lower than 50 kA/m, and
according to the B-H curve of PMs it is a very low value
in order to provoke demagnetization of PMs.

2 Nmsj
Had = d
294

e SMC model. The stator material is Somaloy 130i 5P and
the rotor material is Somaloy 700 HR 3P by Hoganids AB
[38], [39]. SMC is characterized in the EC with a constant
reactance, therefore assuming a linear material. Besides,
in FEM domain it is modeled as an isotropic material
with a nonlinear B-H curve, thus including saturation
effects. According to experimental and FEM results, the
back-EMF is linear with speed, so saturation effects can
be neglected. Furthermore, hysteresis loops and electrical
conductivity are not included in the FEM model, then iron
losses (hysteresis, eddy current and anomalous losses)
are calculated with a postprocessing script, as commonly
done in FEM modeling of electrical machines.

(25)

A. Equivalent Circuit Including Core Losses

Analytical methods such as equivalent circuits are useful to
model different physical phenomenon separately, such as the
armature reaction and Joule losses. Besides, SMC materials
typically have higher hysteresis losses than conventional steel
laminations [11], this being of great importance at low fre-
quencies, i.e. at 400 r/min. Therefore in this section the EC
of Fig. 3 will be analyzed including core loss resistor Rp..

In EC models, iron losses Prqpcy are assumed to be
proportional to the product of flux density and frequency
squared, and therefore to resultant EMF E,. gcy squared [40],
thus fulfilling (26).
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The expression of active power (27) according to the EC that
includes iron losses (Fig. 3) shows that, once the impedances
have been determined in a precise way, a decrease in active
power can be explained by a decrease in the the resultant
EMF E. gc) (demagnetization). Moreover, terminal voltage at
the load U,y (gc) follows (28). Thereby, a reduction in active
power is correlated with a reduction in the resultant EMF, and
so in the terminal voltage.

4 E? R
r(EC)*tL
P - 27)
L4(BC) = (Rs+Rp)* + (X, + X1)?
VR? + X3
L + L (28)

Usiec) = Ereo) > -
V(B4 R+ (X, + X1)

Measurements of the terminal voltage (Fig. 12) confirm
that experimental values are significantly lower than computed
values for Ry, /Z, < 3, thus following the same trend as the
load power (Fig. 9a). Moreover, this decrease in the terminal
voltage indicates that real losses at the stator resistance in the
TFM prototype are also lower than computed values, as the
coil losses are proportional to the terminal voltage squared (9),
(14).

Solving the equivalent circuit in Fig. 3 shows that the back-
EMF and resultant EMF follow (29), where |z| denotes the
absolute value of complex number z, being j = /—1.

Eyec) . 1 1
B |1+]Xm RFe + Rs +RL +,](XU+XL) |
(29)
Therefore, for a given magnetization from rotor PMs, i.e.
for a given back-EMF Fy(gcy, a reduction of the resultant
EMF in experiments with respect to expected values at low
speeds can be explained by:

E(ec)

« An increase in magnetizing inductance X,,, i.e. a stronger
armature reaction, due to non-linear magnetic perfor-
mance of the stator SMC material with speed for low
speed values.
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Figure 13: Core loss resistor changing with speed

o Iron losses resistor Rp. decreasing at low speeds. Fig.
13 shows the iron losses resistor values that have been
determined from experimental no-load losses Py(ezp)
using (12), (26). Results indicate that the core loss resistor
is significantly reduced at low speeds, thus contributing
to a reduction in the resultant EMF.

B. FEM and Experimental Power Segregation

FEM simulations include a more accurate model of SMC
material, with a non-linear B-H curve and a three-term equa-
tion to calculate iron losses in postprocessing, taking into ac-
count high-order harmonics and rotational fields. Nevertheless,
even with these improvements, FEM models do not capture
the decrease in experimental load power at 400 r/min for high
power cases.

Regarding experimental results, if both the load power
and the coil losses are lower than expected, but not input
power (Fig. 9b), it means that other losses P, have a greater
contribution than expected in the TFM prototype. At such low
speed (400 r/min, i.e. 80 Hz), Joule losses on PMs and the
rotor hub do not have a significant effect, as well as mechanical
losses, so the remaining component of P, are essentially iron
losses on SMC materials.

Fig. 14 illustrates power segregation at 400 r/min from FEM
and experimental values. Although total input power values
are similar with both methods, power segregation is quite
different. Experimental results prove that for those points that
are near maximum power point production, P, losses that
are dominated by iron losses are the biggest contribution to
total input power by far, this contribution being much greater
than predictions using conventional modeling. Besides, Fig.
15 shows experimental power validation at 5000 r/min, where
the contribution of P, losses over total power is much lower,
and therefore EC, FEM and experimental results have a better
agreement.

V. CONCLUSION

The evaluation of core losses in SMC-based electrical ma-
chines is limited by the accuracy of calculation models, which
have primarily been applied under no-load conditions. This
restricts the understanding of loss mechanisms under varying
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Figure 14: Power segregation at 400 r/min according to: (a)
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Figure 15: Power segregation at 5000 r/min according to
experimental values

load conditions. Therefore, in this work a transverse flux gen-
erator (TFG) with SMC cores for aerospace applications has
been modeled and tested at different speed and load conditions
for a better comprehension of power and loss mechanisms.
Conventional models, such as the equivalent circuit (EC) and
the finite element method (FEM), have been compared with
experimental results in order to analyze power segregation on
the TFG.

Firstly, experimental tests have been conducted in order to
determine the main parameters of the equivalent circuit, using
a curve-fitting approach as the effects of the stator resistance
cannot be neglected at low speeds in the TFG prototype.
Furthremore, at 5000 r/min experimental and computational
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results of active power on the load and input power given by
the EC and FEM show a good agreement. However, at 400
r/min there is a decline in experimental active power on the
load near theoretical maximum power point, and this effect is
not present in EC and FEM results.

Subsequently, conventional expressions of active power
according to EC suggest that a decrease in the load power
at low speed can be attributed to a reduction on the resultant
electromotive force (demagnetization) and so on the terminal
voltage. Measurements of the stator voltage have confirmed
demagnetization in the TFG at 400 r/min. Furthermore, this
phenomenon can be explained using the EC by a stronger ar-
mature reaction and a greater contribution of iron losses at low
speeds. Power segregation from FEM and experimental results
at 400 r/min confirms that remaining losses, dominated by iron
losses on SMC materials, have a significant contribution to
total input power. Therefore, power analyses presented in this
work suggest that choosing a high-resistivity SMC material for
the stator cores, with a good performance regarding high-speed
losses, may entail some uncertainties for low-speed operation
due to the magnetic behavior of SMC under load conditions.
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