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Abstract—Electrical machines for transportation applications
need to be highly reliable, particularly if they drive safety-critical
systems. At the same time, another main requirement is
represented by the significant torque density, especially for
aerospace, where weight constraints are extremely stringent. For
achieving high peak torque, an effective strategy consists in
supplying the windings with a current greater than the rated
value; thus, thermally overloading the machine for limited time
periods. However, if the insulation is overheated, the machine
lifetime is shortened and reliability issues can arise. This paper
experimentally investigates the influence of short-time thermal
overload on the insulation lifetime for low voltage, random wound
electrical machines. The analysis is performed on round enamelled
magnet wire coils, which are aged by accelerated thermal cycles.
The obtained results are statistically processed through a two
parameter Weibull distribution. According to the findings of the
experimental data post-processing, a lifetime prediction model is
built. This model is employed for predicting the lifetime
consumption of a motor embedded into an electromechanical
actuator for aerospace application.

Keywords—More  electric  aircraft,  Electromechanical
actuators, Reliability, Insulation, PMSM, Accelerated lifetime
testing, Lifetime model.

I. INTRODUCTION

HE last 15 years have seen a trend towards transportation

electrification especially in automotive and aerospace
sectors. For these applications, electrical machines (EMs)
represent a key component for future transportation systems. In
automotive, the technology readiness level is such that the
internal combustion engine is successfully being replaced by
high performance, traction EMs. The push towards the more
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electric aircraft (MEA) is resulting in a growing number of
aircraft secondary systems electrically operated [1, 2]. An
example is the ever-increasing role of electromechanical
actuators (EMAs). EMAs have already been proposed for
primary and secondary flight control surfaces [3, 4], landing
gear extension/retraction and nose wheel steering systems [5].
EMAs benefit from the noticeable flexibility typical of the
electric system [3] and they allow a significant weight reduction
along with higher efficiency [6] when compared to traditional
hydraulic and/or pneumatic systems. However, it is still
difficult today for these EMAs to achieve the same level of
force/torque density performance such as those of hydraulic
systems. The maximum achievable force/torque density of an
EM is constrained by three factors, namely electromagnetic,
mechanical and thermal limits. The electromagnetic limit is
related to the magnetic saturation of the electrical steel used for
manufacturing both stator and rotor cores. The mechanical limit
is associated to the strength of mechanical components such as
bearings and shaft. Both electromagnetic and mechanical
factors can only be pushed by the adoption of high-performance
materials (e.g. high permeability, low-loss soft magnetic
materials, high strength bearings etc...). The maximum
temperature that insulating materials can withstand (i.e. thermal
class) represents the EM’s thermal limit [7]. This constraint can
be mitigated by an effective thermal management e.g. using
forced liquid cooling [8, 9]. Nevertheless, in order to avoid
complex cooling methods, natural air-cooled EMs are generally
preferred for EMA applications [5]. EMAs usually work with
short-time duty cycles, since the EM is operating for a brief
period of time with respect to its thermal time constant (i.e. the
time required for reaching the 63.2% of the steady state
temperature) [10]. Considering these operating conditions, an
excellent torque density can be achieved by feeding the
windings with higher current density. Conventional EMs are
traditionally designed for a hot spot temperature always lower
than that of the insulation thermal class. In fact, as per
Montsinger/Arrhenius laws, every 8-10°C temperature increase
halves the insulation lifetime [11-13]. In terms of insulation, the
weakest component is represented by the turn to turn enamel
layer. Indeed, insulation-related failures are generally
originated by a turn to turn breakdown [14], which yields to
over-temperatures that can trigger most severe failures (e.g.
phase to ground short-circuits) and eventually lead to the EM
outage. Although fault-tolerant designs and specific control
algorithms can be implemented for safely operating the EM
under electric fault condition; the availability of a tool capable
of predicting the insulation lifetime consumption, might result
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beneficial for scheduling the maintenance activity and
preventing the EM’s performance derating. These requirements
are crucial for EMs employed in safety-critical applications
such as aerospace and automotive [15].

Insulation lifetime models, based on Montsinger/Arrhenius
laws, are suitable for evaluating the lifetime consumption of
EMs operating in continuous-duty service, where the winding
temperature is mostly constant throughout the working period.
On the contrary, these models show some limitations when the
EM operates in short-duty service and a considerable variability
in the winding temperature is observed. For this reason, the
insulation lifetime model needs to be properly modified in order
to include the influence of the variable temperature. A lifetime
model accounting for the dynamic temperature is presented in
[16], where the analysis is carried out through simulations
performed on an EM for traction application. Similarly, the
impact of repeated motor starts on the insulation lifetime is
evaluated and quantified in [17], where the study is focused on
mains fed induction motors. Lifetime models are also used for
predicting the lifetime consumption of high voltage AC cables,
when they are exposed to load cycling / thermal transients [18].

This paper analyses the effect of short-time thermal
overloads on the insulation aging for low voltage EMs.
Accelerated lifetime tests are performed on round enamelled
magnet wire coils and their results are elaborated via the
two-parameter Weibull distribution. A lifetime prediction
model, developed according to the Arrhenius law and
accounting for the thermal cycling (i.e. Miner law), is built
employing the outcomes of the statistical study. Finally, the
probability of failure and the lifetime consumption of an EM
integrated into a landing gear extension/retraction EMA are
estimated by means of the experimentally-tuned lifetime model.

II. HELICOPTER LANDING GEAR ACTUATOR

For assessing the repercussions of the short-time thermal
overload on the insulation lifetime, a low voltage, aerospace
EM is considered as a case-study. The selected machine drives
a helicopter nose landing gear mechanism [19]. A schematic
illustration of the landing gear retraction/extension mechanism
is shown in Fig. 1. The system is actuated by a permanent
magnet synchronous machine (PMSM) through a coupling
gearbox whereas the PMSM is supplied by power electronics
converters (PECs). The connection cable between PECs and
PMSM is chosen as short as possible for the purpose of
minimizing the voltage enhancement at the motor terminals,
due to waveforms reflection [20].
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Fig. 1. Diagram of the helicopter landing gear EMA.

Fig. 2. Geometry and winding layout of the dual three-phase, 12 slots / 10
poles PMSM.

The machine is a surface mount PMSM with a dual three-phase
winding configuration i.e. two identical set of windings are
wound on the same stator core [21]. Each winding set is
supplied by a separate PEC, thus the PMSM can be operated by
feeding both sets simultaneously or by supplying only one of
the two sets (i.e. fault-tolerant EMA architecture).

In order to avoid thermally-induced mechanical stresses,
caused by mismatches in thermal expansion, the windings are
not impregnated [22]. Physical separation among the phases is
ensured by using concentrated windings, wound around
alternating teeth [23], as shown in the cross-sectional view of
the machine reported in Fig. 2. In Fig. 3, the assembled PMSM
is depicted, while its main features are listed in TABLE 1,
alongside with the PEC parameters [24]. The landing gear EMA
is only powered after taking off and just before landing.
Therefore, it is activated for a short period compared to the total
flight length. The time necessary for a single extension /
retraction cycle is equal to 20 s. However, for safety reasons,
the EMA should be able to perform three extension / retraction
cycles in a row without any cooling-down time, according to
the mission profile reported in Fig. 4 [5, 25].

Fig. 3. PMSM driving the landing gear EMA.

TABLE I  LiST OF DRIVE PARAMETERS
Parameter Data
Slot number (Q) 12
Pole number (2p) 10
Turns per coil (nt) 100
Number of strands (ns) 1
Single conductor diameter (D.) 0.511 mm
Rated Speed (QPMSM) 2500 pm
Rated Torque [tpmsm] 1 Nm
Rated Current [I,] 1.1A
Stack Length [L] 60 mm
Stator Outer Diameter [D,] 60 mm
Copper fill factor (ff) 50 %
Winding configuration Concentrated
Insulation Thermal Class 200 °C
Max DC link voltage 270V
Max fundamental frequency 208 Hz
Max switching frequency 10 kHz
Connection cable length <0.5m
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Fig. 4. EMA mission profile.
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A. Lumped Parameter Thermal Network

The thermal management of the PMSM relies on a natural air
cooling system through an aluminium housing equipped with
radial fins.

The PMSM is tested at the rated operating condition (i.e. rated
current), in order to identify the hot spot temperature and to
fine-tune its lumped parameter thermal network (LPTN) which
is reported in Fig. 5 [24]. Details regarding the thermal
resistances and capacitances computation have been presented
in [24]. For brevity reasons they are omitted in the present work.
The 7-node LPTN has been implemented in a Matlab
Simscape™ environment and its fine tuning has been
performed using Simulink Design Optimization™ via a
sequential quadratic programming (SQP) algorithm [8]. The
aim of the SQP algorithm is to minimise the error between the
measured temperature and the one predicted by the LPTN. The
tuned values of resistances and capacitances of the 7-node
thermal network are listed in TABLE II, while the
experimentally measured and LPTN-predicted temperatures,
relative to the mission of Fig. 4, are given in Fig. 6. From Fig.
6 it can be observed that the LPTN can precisely estimate the
temperature during both rising and falling fronts of the profile
and the mismatch with the measured temperature is well below
5%.

The EMA is designed for a rotorcraft which is not expected to
reach altitudes higher than ~10000 ft. Nonetheless, the landing
gear is extracted just before the rotorcraft approaches ground
level. Thus, in the performed analysis, a sea level operating
pressure has been assumed.

The fine-tuned LPTN implementation represents an important
step of the presented study, since it allows to accurately
evaluate the PMSM’s temperature profile under overload
conditions.

Housing
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Fig. 5. 7-Node LPTN of the case-study PMSM [24].

TABLE II TUNED VALUES OF THE RESISTANCES [K/W] AND CAPACITANCES [J/K] OF
THE 7-NODES LPTN

Ri=23.64 R;=10.34 C,=86.79
R,=0.07 Rg=1.12 C,=26.42
R3=0.09 Ro=4.47 C;=8.37
R4=77.67 R;=240.29 C4=2.55
R5:029 R11:74793 C5:1674
R=0.48 R1»>=160.79  C¢=5.49
C;=144.32

The LPTN tuning procedure was performed with the PMSM
unaged, that is as conventionally done in ‘traditional” EMs
thermal modelling. Nonetheless, insulation thermal aging can
also influence the heat transfer within the machine windings
[26], since the insulation physical properties are modified.
Thus, future work will also address this aspect which is omitted

here as it goes beyond the scope of the paper.
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Fig. 6. Hot spot temperature profile during the EMA mission: measured (black
solid line) and LPTN predicted (red dashed line).

III. THERMAL CYCLES EXPERIMENTS

Accelerated aging tests are widely adopted for estimating the
service life of EMs [27]. During these tests, the insulation is
exposed to a stress above the level expected in normal
operations. The test outcome is post-processed, and the life at
“normal” stress level is then extrapolated through lifetime
models.

For thermal aging, the Arrhenius model, proposed for the
first time by Dakin in 1947 [12], is commonly used as
accelerated life model. Based on the Arrhenius law, the lifetime
L (in unit measure of time) of a solid insulating material
operating at temperature 6 can be calculated by (1), where 4
and B are parameters depending on the material properties [28].

L =A-exp(B/O) (1)
If the thermal class of the insulation 6 is known, then (1) can

be rearranged as in (2) [13], where Ly is the life at temperature
0.

L =Ly exp [—B (eio - %)] )

From (1) and (2), the Montsinger rule can be derived as
expressed by (3), where HIC is the halving interval, which
identifies the temperature increase in Celsius degrees for a
corresponding 50% lifetime reduction [11, 16, 17].

69—6

L =Ly 2HE 3)
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A. Preliminary test and specimens’ choice

Different failure modes can be derived by thermal insulation
deterioration, these include: phase to phase, phase to ground,
and turn to turn failures [27]. The phase to ground and the phase
to phase faults are considered the most severe electrical failure
topologies, since they can cause the instantaneous EM outage
unless corrective actions are promptly taken (e.g. post fault
control strategy) [23]. These failure modes are usually
originated by a turn to turn fault [14]. Indeed, the occurrence of
a turn to turn fault results in a localised temperature hot spot
caused by the increased current density in the faulted section of
the coil. The temperature rise promotes the insulation
deterioration leading to a fault escalation (e.g. the higher
temperature quickly degrades the slot liner insulation
developing a phase to ground short circuit). Considering the
windings configuration of the analysed PMSM (i.e. single layer
concentrated winding with alternate teeth), the phase to phase
failure mode is unlikely to happen, because the phases are
physically separated.

For practical reasons, accelerated lifetime tests are generally
performed on motorettes representative of the original EM
stator geometry. When the turn insulation aging needs to be
investigated, twisted pairs can also be employed [20]. In this
work, it has been decided to adopt random wound coils
specimens, similar to the ones used in the case-study PMSM.
This choice was also supported by the findings of a preliminary
experimental test. In particular, a set of 5 motorettes, 10 twisted
pairs and 10 coils wound in air have been manufactured for the
preliminary test using the same class 200 round magnet wire
[29] as shown in Fig. 7. The motorette represents 1/2 of the
case-study PMSM stator (i.e. 6 slots instead of 12). For
assessing the aging of the turn to turn insulation, the motorettes
are wound with two strands per coil. Further, the phase to
ground insulation (i.e. slot liner) is provided by a layer of 0.13
mm Nomex® paper, with a thermal class greater than 240 °C.

All the specimens (i.e. motorettes, coils and twisted pairs) are
thermally aged at a constant temperature of 270°C in a
ventilated oven until the turn to turn insulation fails, as
prescribed by the standard IEC 60172 [30]. The failure times
have been recorded and post-processed by means of the
two-parameter Weibull distribution. The results of the
post-processing are summarised in TABLE III, where the mean
time to failure (MTTF) of the specimens, alongside with the
95% confidence intervals (CIs) and the standard errors are
listed. For sake of completeness, the Weibull probability
density plot of the specimens’ failure time is shown in Fig. 8.
From the results of both TABLE III and Fig. 8, it can be noted
that the MTTF of the coils is considerably lower than the ones
of motorettes and twisted pairs. In fact, the coils” MTTF is
42.8% and 23.3% shorter compared to the MTTF of the twisted
pairs and motorettes respectively. According to these outcomes,
the coils are selected as specimens for the following accelerated
ageing tests.

TABLE III  SPECIMENS MTTF AT 270 °C

Specimen (lower CI) MTTF  (upper CI) Std error
Twisted pairs 306 h 392h 502 h 49h
Motorettes 266 h 292 h 319h 13h
Coils 193 h 224 h 260 h 17h

‘ Twisted pair ‘ ‘ Coil ‘

Motorette ‘

Fig. 7. Specimens used during the preliminary test: motorette (left), twisted
pair (middle), and coil (right).
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Fig. 8. Probability density plot of time to failure for the preliminary test.

This choice is justified by the convenience of building a
conservative lifetime model for relying on an adequate safety
margin in the lifetime consumption prediction.

As part of the preliminary test, the dissipation factor tip-up
(i.e. Atand) is measured for assessing the phase to ground
insulation of the motorettes adopting a Megger® Delta4000.
This test allows to identify if the insulation is subject to partial
discharges (PDs) activity [31]. Once all the motorettes’ strands
insulation reached the end of life point, the phase to ground
dissipation factor is measured for different voltage levels
ranging from 0 to 1.75 kV using the procedure indicated in
IEEE Std 286-2000 [31]. The test outcome is reported in Fig. 9
where the motorettes’ %tand (mean value and variance) is
plotted against the applied voltage.
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Fig. 9 Motorettes dissipation factor versus voltage measured at the end of
thermal aging cycles.
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From the recorded data, it can be observed that PDs are
incepted at a voltage level considerably above the worst-case
voltage at the PMSM’s terminals (including enhancement
factors such as waveform reflections, high dV/dt etc.) [20].
Such findings were expected, due to the higher thermal class of
the slot liner (i.e. >240°C) with respect to the one of the magnet
wire insulation (i.e. 200°C). Also, they confirm that the weakest
part in the motorettes’ insulation system is represented by the
turn to turn insulation. Therefore, the employment of coils as
specimens for the accelerated thermal aging tests, is
representative of the most likely failure mode (i.e. turn to turn
failure).

B. Coils features

Based on the analysis performed in the previous subsection,
the chosen specimens are coils made of a class 200 round
magnet wire with double enamel layer (i.e. a modified polyester
base coat and a polyamide-imide over coat) [29]. The main
properties of the specimens are listed in TABLE IV. For the
accelerated thermal aging tests, the coils are hung to a PTFE
rod and inserted into a fume hood with variable air flow-rate, as
shown in Fig. 10. By regulating the flow-rate, it is possible to
adjust the convection heat exchange between coils and ambient.
Thus, the coils’ cool-down period is varied.

Fig. 10. Coils hung to a PTFE rod inside the fume hood.

The schematic of the experimental setup is depicted in Fig. 11.
The specimens (i.e. coils) are heated exploiting the Joule effect,
hence they are fed using a DC power supply. The coil
temperatures are measured by means of K-type thermocouples
uniformly distributed within the specimens. The acquired
temperatures are elaborated by a digital signal processor (DSP),
which also controls the DC power supply via the analogue
interface. For aging purpose, the applied aging temperature
profile is shaped by selecting the suitable DC current value and
the proper air flow-rate of the fume hood. Once the specimens
are hung inside the fume hood, a fixed air flow-rate is set on the
extractor control board, depending on the required AB/At (i.e. a
higher temperature derivative requires a higher air flow-rate).
Two DC current values are then selected on the DC power
supply, /; and I,, where /; is applied during the rising portion of
the temperature profile, and I, is applied during the falling
stage. The DC power supply is controlled so that the specimens’
temperature stays within the chosen limits. If a stepper
temperature profile is required, then /; must be increased, whilst
I; must be reduced. The flow-rate and the DC currents are
selected at the beginning of tests and then maintained for the
whole aging campaign as the test rig is in an environmentally-
controlled room (i.e. the ambient temperature is maintained
constant throughout the aging campaign).

DC Supply DsP ‘

eries-connected coils|

Thermocouples

am phﬂers

\ : -
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1 1 I
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I

I

Thermocouples

Fig. 11. Diagram of the experimental test bench.

TABLE IV CoILS PARAMETERS

Parameter Quantity
Thermal class 200
Number of turns 20
Strands in parallel 2
Copper core diameter 0.4 mm
Average turn length 250 mm
Number of coils per cycle 12

The accuracy and the statistical validity of accelerated aging
tests are largely reliant on the number of tested specimens. No
recommendations are provided by the standards regarding the
tests at variable temperature for low voltage coils. However, for
tests at constant temperature (i.e. performed in a ventilated
oven), the standards generally recommend to use at least 10
specimens per temperature cycle [30]. In the presented
investigation, 12 specimens (i.e. coils) are aged for each tested
temperature profile.

The performed accelerated aging tests, despite being
different to those proposed in technical standards (i.e. constant
temperature), are more representative for short duty cycle EMs.

C. Aging temperature profiles definition

Before starting the accelerated thermal tests, the aging
temperature profiles are defined, according to the following
constraints: 1) the duty cycles should have the same order of
magnitude as the analysed application, and 2) the temperatures
should be higher than the magnet wire thermal class in order to
enhance the thermal stress and reduce the duration of the testing
campaign. Three temperature profiles are determined, whose
shape and characteristics are reported in TABLE V and Fig. 12
respectively (note that Fig. 12 is only used to introduce the
nomenclature and to show the temperature profile shape, used
here). These temperature profiles have a time duration (i.e.
Ateyere) Which is compatible with typical EMAs duty cycles [,
32] and their minimum and maximum temperatures (i.e. Omin
and Omax) are determined in order to purposely achieve an
average profile temperature higher than the insulation thermal
class. Hereafter, they are named as TP-1, TP-2 and TP-3.

At this stage, it is important to note that for random wound
coils, the standards do not prescribe specific temperature
profiles that must be used during accelerated lifetime tests at
variable temperature.
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TABLE V  TEMPERATURE PROFILES CHARACTERISTICS

Temp. Profile  0pin [°C]  Omax [°C]  Ateyae [S]  AB/AL [°C/s]
TP-1 180 290 100 1.10
TP-2 200 280 77 1.04
TP-3 250 280 120 0.25

emax
=
5 A8
j=W
G
F‘
Bmin
time [s] Atcycle

Fig. 12. Shape of the selected temperature profiles.

D. End of life criterion

Any property 4 of the insulating system, which has a time
trend correlated to the thermal ageing state, is called diagnostic
property or ageing marker [33]. When the generic /4 reaches a
certain value, known as end point, the insulation system has
arrived at its end of life. Diagnostic properties can be e.g.
dissipation factor, insulation resistance, dielectric strength,
weight analysis, etc...[34].

For insulation systems applied in low voltage, converter fed
EMs (i.e. Type I insulation) rated at 300 Vrms or above, the end
of life criterion is given in the standard IEC 60034-18-41. In
these EMs, the wire insulation consists of a thin organic film
vulnerable to PDs, which are electrical discharges that only
partially bridge the insulation between electrical conductors
[35]. The PDs inception erodes the wire insulation leading to a
failure. Thus, the PDs inception (in normal operating
conditions) is assumed as end of life criterion for the turn to turn
insulation of low voltage, converter fed EMs rated at 300 Vrms
or above. As earlier mentioned, the case-study PMSM is
powered by a PEC with 270 V DC link voltage. Since its rated
voltage is below 300 Vrms and the connection cable between
PMSM and PEC is reasonably short (< 0.5 m), it has been
decided to utilise a different end of life criterion, because the
PMSM is not expected to experience PD activity. The selected
end of life criterion is the AC electric withstand test (also called
AC Hipot test), which is a pass/fail test consisting in applying
500V, 50 Hz AC voltage for one minute. The specimen fails if
a dielectric breakdown is detected during the AC voltage
application (i.e. tripping of the Megger generator). Thus, the
considered diagnostic property (which degrades as the thermal
aging accumulates) is the turn to turn insulation dielectric
strength. This voltage level (i.e. 500 V) is well above the
expected turn to turn voltage faced by the EM, thus a
conservative approach is adopted. For testing the turn to turn
insulation, the AC voltage is applied between the two parallel
strands (i.e. two parallel sub coils) composing the coil. If the
specimen fails the AC Hipot test (i.e. the insulation does not
resist the 500 V AC voltage and the end of life occurs), it is
removed from the experiment. The specimen’s time to failure
is calculated as the sum of the total thermal exposure hours

minus the duration of half cycle (i.e. the end of life is assumed
to be occurred at half of the last thermal cycle) [30]. For the
sake of clarity, the testing procedure flow diagram is reported
in Fig. 13, while Fig. 14 shows a coil after 10 aging cycles,
together with an unaged coil.

Specimen/ inserted
in fume hood and TP
is selected

Breakdown

detected? NO

YES

Time to failure j™ specimen =
(24-1)-12[h]

Fig. 13. Flow diagram of the testing procedure.

Looking at the aged coil (right-hand side of Fig. 14), it is
possible to observe the colour change of the enamel coating
caused by the overheating. In addition, some of the specimens
were submitted to a visual screening using an optical
microscope, prior and after the thermal cycles. In certain cases,
cracks were noted on the enamel coating at the end of cycle, as
proven by the enlargement in Fig. 15.

t|Unaged specimen Aged specimen ||

Fig. 14. Comparison between unaged (left) and thermally aged (right)
specimens.

Cracked enamel
on aged specimens

Fig. 15. Optical microscope analysis of thermally aged specimen.
IV. RESULTS POST-PROCESSING AND DISCUSSION

A. Weibull distribution

The two-parameter Weibull distribution has been used for
post-processing the time to failures experimental data. The
Weibull cumulative distribution function can be described as in
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(4), where ¢ is the time to failure, a is the scale parameter and
is the shape parameter.

F(t) =1 — exp [— (&)B] (4)

In particular, a is the 63.2% percentile of time to failure,
while f represents the inverse of the data scatter, which is
proportional to the variance of the time to failures [36].

For estimating a and f, the recorded time of failure data are
rearranged in ascendant way, whereas (4) is linearized by taking
the natural logarithm twice, as expressed in (5), where ¢ is the
i time to failure.

In [Zn (1_; (ti))] =g In(t) - fIn(a) (5)

As consequence of the linearization, (5) is the general equation
of a straight line having f as gradient (i.e. slope of the straight
line) and pln(o) as intercept on the y-axis. For sake of clarity,
(5) is rewritten as in (6).

Y(t;) = BIn(t;) — B In(a) (6)
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Fig. 16 Weibull probability plot for TP-1 (top sub-plot), TP-2 (middle sub-plot)
and TP-3 (bottom sub-plot).

The Weibull cumulative distribution function F(;) at the time
to failure ¢ is evaluated using the median rank estimator, which
is given by Bernard’s approximation (7), where » is the sample
size (i.e. the number of specimens) [37].

i-0.3

Ft)=—- (7

n+0.4
Thus, by plotting Y(t;) versus In(t;), it is possible to obtain o and
f through a linear regression.

The Weibull probability plots with 95% CIs for the three
analysed temperature profiles, are presented in Fig. 16. The
probability plots show a good fit with the Weibull distribution.

Finally, an overview of the statistical analysis outcomes is
provided in TABLE VI, where the MTTF (i.e. mean number of
cycles to failure) and the 95% CI are listed for the tested aging
temperature profiles.

TABLE VI MTTF FOR THE ANALYSED TEMPERATURE PROFILES
Temp. Profile  (lower CI) MTTF  (upper CI) Std error
TP-1 15256 17135 19246 1015
TP-2 20745 24995 29931 2298
TP-3 11488 13391 15600 1047

B. Discussion

The lifetime model based on the Arrhenius equation is
implemented in Matlab® environment. In order to take account
of the thermal cycling, a popular tool for life inference of
devices under time-varying stresses has been implemented: the
cumulative damage law of Miner [30].

The first step consists in dividing the entire time pattern into
infinitesimal intervals, ranging from a generic time instant ¢ to
a subsequent time #+d¥, so that within every df, temperature can
be taken as constant and equal to the corresponding
instant-value of transient temperature, 6;(¢). Hence, the fraction
of life lost by the wire insulation, during a given dt within At
can be written like in (8), where L/6;(2)] is the insulation life at
constant temperature 6;(z) [18].
dt
wLF = ®)

Hereafter, the quantity dLF will be named ‘loss of life fraction’.
Therefore, the loss of life fraction at each cycle, LF e, 1s given
by (9).

At At at
LFcyCle = fO evete dLF = fO vete L[6;(®)] (9)

For the sake of clarity, a graphical explanation regarding the
computation of the loss of life fraction is shown in Fig. 17.

dLF, = & dt/L [B(l 1)]
== exp|-B|+——+—
2= 16,1 0P 1\e, 6,

Fig. 17 Computation of the loss of life.
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From the datasheet [29], the insulation of the used wires
shows an insulation life of 20000 hours at 222°C, according to
IEC 60172. For the enamel insulation under test, B is equal to
24778 K. This value is determined according to (10) where
00=(2734222), Lpp=20000 and 6y is a generic temperature,
whose corresponding lifetime on the Arrhenius curve is Lok.

B= ]n(ngk/igo)

6 6o

(10)

By imposing L=L¢/2 in (2) and rearranging as in (11), the
temperature increment for which the lifetime is halved, 65, is
then calculated. Therefore, the halving interval, (HIC in (3)),
calculated according to (12) is equal to 7.1 °C.

-1

In(0.5) 1
Bos = [Z52 + 4 (11)
HIC = 6,5 — 6, (12)

Determined the Arrhenius equation’s parameter B, there are
two possibilities. The first one is applicable when the exact
temporal profile of the temperature is known (as in the
presented study). In this case, the single period can be divided
into sub periods (rise and fall of temperature) and interpolated
in both separately so as to obtain two polynomial functions of
the second order to be inserted in the integral that appears in
(9). Following this approach, (9) can be rewritten as in (13),
where t#,, is the instant at which the derivative of the
temperature in time reverses its sign. The interpolating
functions 7;(#) and 1t(?) are expressed in (14), where
(1) =1/00-1/0(1).

LF.yce = fot"“’iexp(B‘rl) dt — f:z;ydeiexp(Brz) dt (13)
7,(t) = a;t? + byt + ¢;, t € [0, tiny]

14
Tz(t) = aztz + bzt + Cz, t e ]tinv'Atcycle] ( )

Alternatively, the second possibility results suitable when
only the data relative to the temperature range and total cycle
duration are available. This approach allows to make a rough
evaluation by assuming constant the gradient, which might be
an assumption not too far from reality in many cases. In
particular, f can be defined as given in (15), where
AT=Tmax-Tmin=T(Omax)-T(Omin).

SR (15)

dt — Atcycle

Hence, by making a change of variable and replacing (15) in
(9), the loss of life fraction at each cycle can be expressed as in

(16).
(16)

Once the loss of life fraction per cycle, LFe., has been
determined, regardless of the chosen algorithm, it is sufficient
to impose the following equality to obtain the theoretical
number of cycles to failure, K:

K=1 /LFcycle (17

In alternative, the total life, L.y, of the cyclically stressed
insulation can also be calculated:

Liot = KAtcycre

Atcycle B BT,
LF — —_cycle ePTmax — @®Tmin
cycle LoBAT ( )

(18)
Table VII summarises the data obtained with the model
described, using both (13) (referred to as Kpn) and (16)

(reported as Kiougn), using the measured temperatures as the
model input. The relative errors gsne and &rougn are computed
with respect to the MTTF values presented in TABLE VI (e.g.
&finc for TP-1 is calculated as (Kpnerp-i-MTTFrp.1)/MTTFrp.;). As
it can be seen, the error is by no means negligible. However,
this should be considered as a first attempt at modelling and
further experimental measures are needed for possible
validation or not. In fact, in the first instance it can be objected
that the final temperature of the different profiles may be too
high, giving rise to local phenomena of glass transition of the
polymer and, therefore, to consequent intrinsic changes in the
mechanisms of thermo-mechanical aging of the material.

In conclusion, by postponing the final verification of the
model for later work, it can be used for a rough estimate of
working cycles that can support the isolation of an EMA under
temporary overloads. On the other hand, it can also be observed
that the estimate would be conservative, as long as the gradient
is low (below 1°C/s, see Table V).

TABLE VII RESULTS FROM ARRHENIUS/MINER MODELLING

Temp. Profile Kfine Efine Krough Erough
TP-1 13947 -0.19 17117 0
TP-2 28822  0.15 35263 0.45
TP-3 9087  -0.32 8784 -0.35

V. LIFETIME MODEL — STUDY CASE APPLICATION

The developed lifetime model is employed for predicting the
lifetime consumption of the coil insulation, when exposed to
operating cycles leading to temperatures above the magnet wire
thermal class. The investigation is performed considering the
PMSM presented in Section II and the fine-tuned LPTN
reported in Fig. 5 is used for determining the hot spot winding
temperature profile, in case of thermal overload. For this
purpose, three consecutive EMA extension/retraction cycles are
performed (i.e. 60 s operating time, as in Fig. 4), by suppling
the PMSM with a current 4 times higher than the rated one.
Compared to conventional operations, the PMSM overload is
purposely overstated for enhancing the thermal stress. The
LPTN-estimated temperature profile, when thermally
overloaded, is depicted in Fig. 18. Regarding Fig. 18, the
following comments can be made:

1. The starting temperature is set to 70 °C (i.e. worst-case
scenario for aerospace applications) [32, 38, 39];

2. Temperatures below the insulation thermal class (i.e.
200 °C) are assumed to give a minor contribution to the
thermal aging. Thus, they are neglected in the upcoming
analysis.

Taking into consideration the above comments, the input
temperature profile of the lifetime model is selected, as the one
highlighted by the red dashed box in Fig. 18 (i.e. temperature
trend from 28 s to 82 s and above 200 °C) and marked with
TP-EMA.

In Matlab® environment, the lifetime model receives the
TP-EMA (i.e. temperature versus time), as input, and predicts
the resulting loss-of-life fraction based on (13). Subsequently,
the number of cycles to failure is determined by using (17). For
TP-EMA, the lifetime model results are given in Fig. 19, where
the predicted loss of life LF gy occurring during a single time
period Atemy is plotted. In addition, the corresponding number
of cycles to failure Kgma, provided by the lifetime model, is
equal to 53,689.



IEEE Transactions on Industrial Electronics

Temperature [°C]

0 10 20 30 40 50 60 70 80 90 100 110 120
time [s]

Fig. 18. PMSM LPTN estimated temperature profile during the EMA mission
under thermal overload conditions.

Assuming the worst-case scenario represented by two EMA
mission profiles per flight (take-off and landing), where each of
them lasts 1 minute (as in Fig. 18), the first insulation failure
(due to thermal aging) is expected after 26,844 flights. It is
important to point out that the proposed lifetime model is built
considering the MTTF. Nonetheless, different percentiles of the
Weibull distribution can be adopted. In order to double check if
the proposed lifetime model provides reasonable results, data
regarding the actual time of failure need to be available.
However, winding failure databases for electrical machines
employed in EMA applications (i.e. electrical machines
operating with intermittent duty) are still not readily available,
due to the relatively recent adoption of EMA technology in
actual applications. Therefore, to ensure feasible degradation,
then, for the considered case-study, the thermal boundaries of
the PMSM have been pushed considerably above the thermal
class limit.
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Fig. 19. Predicted loss of life (red solid line) resulting from the TP-EMA
(black dashed line) application.

It is also worthy to remark that the turn to turn insulation
failure does not imply an EMA out of service. EMs for
safety-critical applications are designed with multiple level of
redundancy, in order to operate even during severe fault
conditions [39]. In this case a dual three-phase configuration
has been adopted. Hence, the EMA mission can be safely
completed, despite a turn to turn insulation failure, without
compromising the helicopter flight performance. However, the
PMSM needs to be replaced/rewound afterwards, for avoiding
the escalation of the turn to turn failure into more severe faults,
as previously discussed. The presented lifetime model, which is
able to predict the number of flights/hours before service, is
convenient for scheduling the maintenance operations. This
will improve the availability of the EMA fulfilling one of the
main requirements demanded by the MEA initiative. Another
perceived advantage is that the developed model can be used as

a tool for electrical machines designers, at the preliminary
design stage (knowing the operating duty-cycle) for performing
a trade-off analysis between power density and lifetime.

VI. CONSIDERATIONS ON THE PRESENTED ANALYSIS

Throughout the analysis carried out in the previous sections,
the thermal stress is accounted as the only factor contributing to
the insulation aging. However, several other aging factors
promote the insulation lifetime shortening. Among them, the
most relevant (apart from the thermal one) are the electrical,
mechanical and environmental stresses. As already mentioned,
thermally induced mechanical stresses, given by mismatches in
thermal expansion can also compromise the insulation lifetime
in short duty cycle motors [22].

For EMs operating below 300Vrms, the electrical aging is
generally neglected, since the voltage across the insulation is
below the partial discharge inception voltage (PDIV) [20].
Nevertheless, the voltage value of 300 Vrms, which guarantees
no PDs at ground level, might not ensure PD-free operations in
aerospace environment. Indeed, based on Paschen’s law, the
voltage necessary to incept a discharge between two electrodes
at fixed distance, decreases at low pressure. This aspect is
crucial in electrical devices for aerospace applications, because
high altitude corresponds to lower ambient pressure with
respect to sea level. Consequently, the voltage level should be
carefully chosen for avoiding the inception of PDs, which can
cause the premature insulation breakdown. As the analysed
drive operates with a DC link of 270 V and the PEC is
connected to the PMSM through a short feeder cable, according
to IEC 60034-18-41 [20], then there is no risk of PDs inception.
In case of higher DC link voltage and/or faster switching
devices (e.g. silicon carbide MOSFET), the end of life criterion
adopted in the presented investigation (i.e. AC Hipot test) might
result inappropriate. Mechanical stresses, such as vibrations,
represent a typical aging factor in transportation applications
[36]. According to the experience gained during the test
campaign, it is observed that the insulation coating becomes
brittle after few days of thermal cycling above its thermal class.
Hence, mechanical vibrations and/or shocks might lead to the
enamel detachment exposing the conductive material of the
magnet wire. For this reason, precautions should be taken at
design and manufacturing stages of the EM, for minimising
and/or preventing the enamel detachment e.g. using
silicone-based varnishes.

VII. CONCLUSIONS

This paper presented an experimental investigation on the
thermal aging of low voltage random wound coils, with a short
duty cycle aerospace PM machine acting as a case study. A new
lifetime model (based on Arrhenius and Miner laws) was
proposed and validated. The outcomes provided by the
proposed lifetime model allow to assert that the PMSM can
withstand 53,689 thermally-overloaded activations before
having a turn to turn failure caused by thermal aging. For the
considered EMA, the obtained value corresponds to a number
of flights higher than 26,000.

All this highlights the worth of the proposed model. While
the described processes and lifetime model have been used for
the application at hand, it is important to underline that the
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model introduced here is applicable for all short duty cycle EMs
that adopt similar winding systems (i.e. random wound EMs).

From the performed accelerated aging tests, it was verified
that the insulation lifetime of low voltage EMs halves for every
~7 °C temperature increment, even in dynamic temperature
operations above the thermal class. Furthermore, it was
confirmed that the turn to turn insulation is the weakest
insulation subsystem in a low voltage EM.

One of the main objectives of the presented study consists in
including insulation physics of failure aspects in the design
processes of electrical machines. In this work, it has been
shown that a thorough knowledge of insulation degradation
mechanisms can eliminate the need for over-engineering. In
many cases, electrical machines are over-dimensioned in order
to keep a “safety-margin”. This can be removed by the use of
physics of failure methodologies, which become even more
effective if they are considered at all stages of the design
process. This implies that with these methodologies, then, the
same mission profile can be fulfilled with a smaller and lighter
machine, which is a very attractive feature for aerospace
applications.

The model here can then be developed further to achieve a
comprehensive lifetime model that combines and considers the
effects of thermal, electrical, mechanical and environmental
aging on the insulation lifetime. This is going to be examined
as the next steps of the presented work.

REFERENCES

[1] B. Sarlioglu and C. T. Morris, "More Electric Aircraft: Review,
Challenges, and Opportunities for Commercial Transport Aircraft," [EEE
Transactions on Transportation Electrification, vol. 1, no. 1, pp. 54-64,
2015.

[2] V.Madonna, P. Giangrande, and M. Galea, "Electrical Power Generation
in Aircraft: Review, Challenges, and Opportunities," IEEE Transactions
on Transportation Electrification, vol. 4, no. 3, pp. 646-659, 2018.

[31 A. Boglietti, A. Cavagnino, A. Tenconi, and S. Vaschetto, "The safety
critical electric machines and drives in the more electric aircraft: A
survey," in 2009 35th Annual Conference of IEEE Industrial Electronics,
2009, pp. 2587-25%4.

[4] W.Cao, B. C. Mecrow, G. J. Atkinson, J. W. Bennett, and D. J. Atkinson,
"Overview of Electric Motor Technologies Used for More Electric
Aircraft (MEA)," IEEE Transactions on Industrial Electronics, vol. 59,
no. 9, pp. 3523-3531, 2012.

[51 J. W. Bennet, "Fault tolerant electromechanical actuators for aircraft,"
PhD, Newcastle University, http://hdl.handle.net/10443/990, 2010.

[6] G. Qiao, G. Liu, Z. Shi, Y. Wang, S. Ma, and T. C. Lim, "A review of
electromechanical actuators for More/All Electric aircraft systems,"
Proceedings of the Institution of Mechanical Engineers, Part C: Journal
of Mechanical Engineering Science, vol. 0, no. 0, p. 0954406217749869.

[71 M. Galea, C. Gerada, T. Raminosoa, and P. Wheeler, "A Thermal
Improvement Technique for the Phase Windings of Electrical Machines,"
IEEE Transactions on Industry Applications, vol. 48, no. 1, pp. 79-87,
2012.

[8] V. Madonna, A. Walker, P. Giangrande, C. Gerada, G. Serra, and M.
Galea, "Improved thermal management and analysis for stator end-
windings of electrical machines," IEEE Transactions on Industrial
Electronics, Vol. 66, no. 7, pp. 5057-5069, 2018.

[91 V. Madonna, P. Giangrande, A. Walker, and M. Galea, "On the Effects

of Advanced End-Winding Cooling on the Design and Performance of

Electrical Machines," in 2018 XIII International Conference on

Electrical Machines (ICEM), 2018, pp. 311-317.

C. Sciascera, M. Galea, P. Giangrande, and C. Gerada, "Lifetime

consumption and degradation analysis of the winding insulation of

electrical machines," in 8th IET International Conference on Power

Electronics, Machines and Drives (PEMD 2016), 2016, pp. 1-5.

V. M. Montsinger, "Loading Transformers By Temperature,"

Transactions of the American Institute of Electrical Engineers, vol. 49,

no. 2, pp. 776-790, 1930.

[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]

T. W. Dakin, "Electrical Insulation Deterioration Treated as a Chemical
Rate Phenomenon," Transactions of the American Institute of Electrical
Engineers, vol. 67, no. 1, pp. 113-122, 1948.

G. C. Montanari and L. Simoni, "Aging phenomenology and modeling,"
IEEE Transactions on Electrical Insulation, vol. 28, no. 5, pp. 755-776,
1993.

S. Grubic, J. M. Aller, B. Lu, and T. G. Habetler, "A Survey on Testing
and Monitoring Methods for Stator Insulation Systems of Low-Voltage
Induction Machines Focusing on Turn Insulation Problems," IEEE
Transactions on Industrial Electronics, vol. 55, no. 12, pp. 4127-4136,
2008.

P. Giangrande, V. Madonna, G. Sala, A. Kladas, C. Gerada, and M.
Galea, "Design and Testing of PMSM for Aerospace EMA
Applications," presented at the 2018 Annual Conference of the IEEE
Industrial Electronics Society - IECON 2018, Washington DC, 2018.

R. Rothe and K. Hameyer, "Life expectancy calculation for electric
vehicle traction motors regarding dynamic temperature and driving
cycles," in 2011 IEEE International Electric Machines & Drives
Conference (IEMDC), 2011, pp. 1306-1309.

E. L. Brancato, "Estimation of lifetime expectancies of motors," [EEE
Electrical Insulation Magazine, vol. 8, no. 3, pp. 5-13, 1992.

G. Mazzanti, "Analysis of the Combined Effects of Load Cycling,
Thermal Transients, and Electrothermal Stress on Life Expectancy of
High-Voltage AC Cables," IEEE Transactions on Power Delivery, vol.
22, no. 4, pp. 2000-2009, 2007.

C. Sciascera, P. Giangrande, C. Brunson, M. Galea, and C. Gerada,
"Optimal design of an electro-mechanical actuator for aerospace
application," in JECON 2015 - 41st Annual Conference of the IEEE
Industrial Electronics Society, 2015, pp. 001903-001908.

IEC 60034-18-41:2014 Rotating electrical machines - Part 18-41:
Partial discharge free electrical insulation systems (Type 1) used in
rotating electrical machines fed from voltage converters - Qualification
and quality control tests 2014.

P. Giangrande, V. Madonna, S. Nuzzo, and M. Galea, "Design of Fault-
Tolerant Dual Three-Phase Winding PMSM for Helicopter Landing Gear
EMA," presented at the 2018 IEEE ESARS-ITEC, Nottingham UK,
2018.

H. Zhe, "Modeling and Testing of Insulation Degradation due to
Dynamic Thermal Loading of Electrical Machines," PhD, Lund
University, 2017.

V. Madonna, P. Giangrande, C. Gerada, and M. Galea, "Thermal analysis
of fault-tolerant electrical machines for aerospace actuators," IET
Electric Power Applications, 2018.

C. Sciascera, P. Giangrande, L. Papini, C. Gerada, and M. Galea,
"Analytical Thermal Model for Fast Stator Winding Temperature
Prediction," IEEE Transactions on Industrial Electronics, vol. 64, no. 8,
pp. 6116-6126, 2017.

W. Li and J. Fielding, "Preliminary study of EMA landing gear
actuation," in Proc. 28th Int. Congress of the Aeronautical Sciences,
Brisbane, Australia, 2012, pp. 23-28.

S. J. Williamson, R. Wrobel, J. Yon, J. D. Booker, and P. H. Mellor,
"Investigation of equivalent stator-winding thermal resistance during
insulation system ageing," in 2017 IEEE 11th International Symposium
on Diagnostics for Electrical Machines, Power Electronics and Drives
(SDEMPED), 2017, pp. 550-556.

G. C. Stone, I. Culbert, E. A. Boulter, and H. Dhirani, Electrical
Insulation for Rotating Machines: Design, Evaluation, Aging, Testing,
and Repair. Wiley, 2014.

L. Simoni, "A General Approach to the Endurance of Electrical
Insulation under Temperature and Voltage," [EEE Transactions on
Electrical Insulation, vol. EI-16, no. 4, pp. 277-289, 1981.

C. R. Paul, Introduction to electromagnetic compatibility. John Wiley &
Sons, 2006.

IEC 60172:2015 Test procedure for the determination of the temperature
index of enamelled and tape wrapped winding wires, 2015.

"IEEE Recommended Practice for Measurement of Power Factor Tip-Up
of Electric Machinery Stator Coil Insulation," /EEE Std 286-2000, pp. i-
29,2001.

J. W. Bennett, B. C. Mecrow, A. G. Jack, and D. J. Atkinson, "A
Prototype Electrical Actuator for Aircraft Flaps," IEEE Transactions on
Industry Applications, vol. 46, no. 3, pp. 915-921, 2010.

DuPont, "Nomex 410 Technical Data Sheet," ed, 2016.

A. Cavallini, D. Fabiani, and G. C. Montanari, "Power electronics and
electrical insulation systems - Part 3: Diagnostic properties," [EEE
Electrical Insulation Magazine, vol. 26, no. 5, pp. 30-40, 2010.



IEEE Transactions on Industrial Electronics

[35] H. Okubo, N. Hayakawa, and G. C. Montanari, "Technical Development
on Partial Discharge Measurement and Electrical Insulation Techniques
for Low Voltage Motors Driven by Voltage Inverters," IEEE
Transactions on Dielectrics and Electrical Insulation, vol. 14, no. 6, pp.
1516-1530, 2007.

[36] P. Mancinelli, S. Stagnitta, and A. Cavallini, "Qualification of Hairpin
Motors Insulation for Automotive Applications," I[EEE Transactions on
Industry Applications, vol. 53, no. 3, pp. 3110-3118, 2017.

[37] F. N. Nwobi and C. A. Ugomma, "A comparison of methods for the
estimation of Weibull distribution parameters," Metodoloski zvezki, vol.
11, no. 1, p. 65, 2014.

[38] M. Rottach, "Drive-system optimisation for a helicopter electromecanical
actuation system," PhD, University of Nottingham, 2014.

[39] P. Giangrande, A. Al-Timimy, A. Galassini, S. Papadopoulos, M.
Degano, and M. Galea, "Design of PMSM for EMA Employed in
Secondary Flight Control Systems," in 2018 IEEE ESARS-ITEC, 2018,

pp. 1-6.

Vincenzo Madonna (S°17) received the BSc degree
in Electronic Engineering from the University of
Calabria, Italy, in 2012, and the MSc degree in
Electrical Engineering from the University of
Bologna, Italy, in 2016. In 2012 he was an Exchange
Student at KU Leuven, Belgium, and in 2015 he was
a Visiting Researcher at the University of
Nottingham, UK. He is currently a Marie Curie
Fellow and PhD candidate in electrical machines
design within the Institute for Aerospace Technology
(IAT) and the PEMC group at the University of Nottingham, UK. His research
interests include design, thermal management and lifetime prediction modelling
of electrical machines. Mr. Madonna received the qualification of Italian
Chartered Engineer in 2016. He serves as a reviewer for the IEEE TRANS. ON
INDUSTRIAL ELECTRONICS, TRANSPORTATION ELECTRIFICATION
and various IEEE-sponsored International Conferences.

Paolo Giangrande (M’12) received the Bachelor’s
(Hons.) and Master’s (Hons.) degrees in electrical
engineering at the Politecnico of Bari in 2005 and
2008, respectively. During 2008, he was a Marie Curie
Intra-European Fellow at the University of Malta. He
received his PhD in electrical engineering at the
Politecnico of Bari in 2011. Since January 2012, he is
Research Fellow at the University of Nottingham
(UK), within the Power Electronics, Machines and
Control Group. From 2017, he is the head of the
Accelerated Lifetime Testing Laboratory at the
Institute of Aerospace Technology, Nottingham. His main research interests
include sensorless control of AC electric drives, design and testing of
electromechanical actuators for aerospace, thermal management of high-
performance electric drives and reliability and lifetime modelling of electrical
machines.

Luca Lusuardi (S'17) was born on 16 September

1991. In March 2016 he received the M.S. degree in

energy and nuclear enegineering from the University

. of Bologna (Italy), where is currently pursuing the

o \ Ph.D. degree in biomedical, electrical and systems

engineering. In June 2017 he joined IEEE Dielectrics

& and FElectrical Insulation Society. His research

' interests are diagnosis of insulation systems by partial

, discharge analysis, the study of the ageing

mechanisms of rotating electrical machines and

reliability of inverter-fed low voltage motors, especially in the acronautical and
automotive fields.

Chris Gerada (M’05-SM’12) received the Ph.D.
degree in numerical modelling of electrical machines
from The University of Nottingham, Nottingham,
UK., in 2005. He subsequently worked as a
Researcher with The University of Nottingham on
high-performance electrical drives and on the design
and modelling of electromagnetic actuators for
aerospace applications. In 2008, he was appointed as
a Lecturer in electrical machines; in 2011, as an
Associate Professor; and in 2013, as a Professor at
The Un1vers1ty of Nottmgham He was awarded a Research Chair from the
Royal Academy of Engineering in 2013 and his main research interests include
the design and modelling of high-performance electric drives and machines.
Prof. Gerada serves as an Associate Editor for the IEEE TRANSACTIONS ON
INDUSTRY APPLICATIONS and is the past Chair of the IEEE IES Electrical
Machines Committee.

Andrea Cavallini (M’95) was born on December 21,
1963. He received from the University of Bologna the
Master degree in electrical engineering in 1990 and
the Ph.D. degree in electrical engineering in 1995. He
was a researcher at Ferrara University from 1995 to
1998. Since 1998, he is an Associate Professor at
Bologna University. His research interests are:
diagnosis of insulation systems by partial discharge
analysis, reliability of electrical systems and artificial
intelligence..

Michael Galea (M’13-SM’18, FRAeS) received
his PhD in electrical machines design from the
University of Nottingham, UK, where he has also
worked as a Research Fellow. He is currently the
Head of School of Aerospace in the University of
Nottingham, Ningbo, China, where he is also the
Director of Aerospace. He currently lectures in
Electrical Drives and in Aerospace Systems
Integration and manages a number of diverse
projects and programmes related to the more / all
electric aircraft, electrified propulsion and associated fields. His main research
interests are design, analysis and thermal management of electrical machines
and drives (classical and unconventional), the more electric aircraft and
electrified and hybrid propulsion. He is a Fellow of the Royal Aeronautical
Society and a Senior Member of the IEEE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /DoulosSIL
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /KrutiDev040Bold
    /KrutiDev040BoldItalic
    /KrutiDev040Condensed
    /KrutiDev040Italic
    /KrutiDev040Thin
    /KrutiDev040Wide
    /KrutiDev060
    /KrutiDev060Bold
    /KrutiDev060BoldItalic
    /KrutiDev060Condensed
    /KrutiDev060Italic
    /KrutiDev060Thin
    /KrutiDev060Wide
    /KrutiDev070
    /KrutiDev070Condensed
    /KrutiDev070Italic
    /KrutiDev070Thin
    /KrutiDev070Wide
    /KrutiDev080
    /KrutiDev080Condensed
    /KrutiDev080Italic
    /KrutiDev080Wide
    /KrutiDev090
    /KrutiDev090Bold
    /KrutiDev090BoldItalic
    /KrutiDev090Condensed
    /KrutiDev090Italic
    /KrutiDev090Thin
    /KrutiDev090Wide
    /KrutiDev100
    /KrutiDev100Bold
    /KrutiDev100BoldItalic
    /KrutiDev100Condensed
    /KrutiDev100Italic
    /KrutiDev100Thin
    /KrutiDev100Wide
    /KrutiDev120
    /KrutiDev120Condensed
    /KrutiDev120Thin
    /KrutiDev120Wide
    /KrutiDev130
    /KrutiDev130Condensed
    /KrutiDev130Thin
    /KrutiDev130Wide
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MTExtraTiger
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SILDoulosIPA
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /SymbolTiger
    /SymbolTigerExpert
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Tiger
    /TigerExpert
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


