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Abstract: This paper describes a computationally efficient model for predicting transient and steady-state behaviours of a
permanent magnet alternator (PMA) connected to an asymmetric PWM rectifier and load in aerospace applications under
healthy and fault conditions. The model is validated by finite element and circuit coupled co-simulation. The developed model is
used to predict the PMA performance under fault conditions and to identify fault signatures that can be exploited for the
development of fault detection techniques. The developed electric model is coupled to the thermal model to predict hotspot

temperature of the winding under the worst case inter-turn short-circuit condition and to estimate the winding lifetime.

1 Introduction

Inter-turn short circuit, also known as turn fault, resulting from
insulation breakdown under combined electrical, mechanical, and
thermal stresses is one of the most common fault types in electrical
machines [1, 2]. The resultant short circuit is usually very large
because the impedance associated with a few short-circuit turns are
very small, leading to excessive heat which further degrades the
insulation between the windings and lamination, and eventually
leading to complete failure. Hence, accurate thermal analysis
considering all effects is important at design stage for predicting
the temperature distribution and hotspot temperature under healthy
as well as fault conditions.

Usually, losses obtained from electromagnetic (EM) model are
simply fed to a lumped parameter (LP) thermal model [3-5] to
obtain the temperature distribution. Copper loss variation with
temperature can be accounted under the assumption that the
machine currents and back electromotive force (EMF) are
independent of temperature. Under a turn fault condition, however,
the turn fault current may be significantly influenced by the
impedance of the short-circuited path, and hence EM-thermal-
coupled analysis is required. Very few existing papers have
considered the directly coupled EM-thermal simulation because of
the complexity and different time constants between two physical
fields. Moreover, fewer have considered coupled EM-thermal
simulations under fault conditions.

However, EM-thermal-coupled simulation is vital under fault
conditions, especially when the current is not known and
dependent on the EM field. The inter-turn short circuit is a typical
example, where the turn fault current is determined by the EMF,
resistance, and reactance of the faulted turns while the turn copper
loss is dependent on the turn fault current and turn resistance. In
addition, resistance changes linearly with temperature, and the
reactance depends on the operating speed and the number of
faulted turns. Hence, there are three possible cases that will
influence the short-circuit current, depending on which component
of the short-circuit loop impedance is dominant: (i) resistant
limited, (ii) inductance limited, and (iii) both resistance and
inductance limited.

This paper analyses the fault behaviour of a permanent magnet
alternator (PMA) in aerospace application under healthy and inter-
turn short-circuit conditions. A computationally efficient EM
model of the PMA under turn fault conditions is established and
coupled to the thermal model of the machine for estimating the
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winding hotspot temperature and lifetime in the worst-case
scenario.

2 Inter-turn short-circuit fault problem

The PMA under study has 27 stator teeth and nine pole-pairs. To
provide a level of redundancy, two sets of independent three-phase
winding are employed, and each occupies nine slots as shown in
Fig. la. The two 3-phase windings are separated by unwound teeth
at both ends that provide thermal and magnetic isolations. Each
phase consists of three tooth wound coils with 150 turns connected
in series. However, the coils next to the unwound teeth are
magnetically different from other coils and, hence, the three-phase
systems are unbalanced.

An asymmetrical three-phase power electronic converter as
shown in Fig. 15 is used at the PMA output to regulate the rectifier
output voltage which supplies to a nominal load 20Q. The three
active devices switch simultaneously at a constant frequency of 5
kHz, while the duty ratio is controlled by the voltage regulator.
When all the three devices are switched on, the PMA output is
effectively terminally short-circuited, and hence the PMA output
power to the load is pulse-width modulated.

It is well known that the worst short-circuit failure is one-turn
short circuit (SC) because it results in the largest fault current.
However, since the fault current is also influenced by the mutual
inductances of the short-circuit turns with the healthy turns and
other phases, which are dependent on the location of the fault in
different slots and the position of the fault in a slot, a number of
possible fault locations and positions, as shown in Fig. 2, are
analysed in order to identify the worst case. It can be shown that
the turns close to the slot opening on the two sides of each set of
phase windings, denoted as SC1 and SC5 as shown in Fig. 2, have
the highest SC current. The following analysis will focus on inter-
turn SC that occurs in SC1 as an illustration example.

Since the PM field cannot be switched-off in an event of inter-
turn SC, it is essential that the PMA can survive for a sufficient
long period in the worst-case scenario. Further, effective
techniques for detecting any SC faults are also necessary for
mitigating action or informed replacement.
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Fig. 1 Schematic of
(a) PMA, (b) its rectifier and load

3 High fidelity, computationally efficient

modelling of inter-turn SC fault in PMA

The three-phase system of the PMA is unbalanced even in healthy
conditions. The unconventional controlled rectifier operation
coupled with a SC fault further increases the complexity of
analysis and simulation study. It is possible to simulate the PMA
operation in healthy and fault conditions by finite element analysis
that is coupled to the controlled rectifier circuit and load. However,
the process will be very time-consuming because a very small time
step is required for the PWM operation. This simulation technique
is, therefore, not practical for studying the PMA behaviour and for
development of fault detection techniques. It is, therefore, essential
to develop a high-fidelity, computationally model for the PMA
power-generation system.

3.1 Fault modelling

Without loss of generality, Fig. 3 shows the schematic coil
connections of the PMA for one 3-phase channel. Each phase has
three coils connected in series and an inter-turn SC fault is assumed
in phase C. The third coil in phase C is separated into the healthy
part ¢3_h and the faulty part ¢3 f. For the PMA with an inter-turn
SC fault, the fault winding ¢3 f'is also represented in addition to
the three-phase windings a, b, and c¢. As the two channels of the
three-phase windings are electrically, magnetically, and thermally
isolated, the analysis is focused on one channel of the three-phase
windings whose governing equations are given in (1). V, I, w and R
are the voltage, current, flux linkage, and resistance matrices for
the windings with the SC turns. R,, R, and R, are phase
resistances. The ratio of the number of short-circuited turns, Nz to
the total number of series connected turns, N, in phase C is denoted
as u=NyN. A short circuit may not be perfect, and this is
represented by the fault resistance Ry

The flux linkages of the four windings are magnetically coupled
and vary with the phase currents and fault current, as well as rotor
position due to the stator slotting effect. These relationships are
expressed in (2) where the flux linkage of each winding is a four-
variable function of phase currents i, i, SC fault current ir and
rotor position € since in the star connection, phase C current i, is
not an independent variable. The phase currents i, and i; can be
represented by their d- and g-axes components, iy, and i, It is

Slot bottom

High indw

.. Middle

Trailing
slot

Fig. 3 Three phase coils and SC coil in the machine model (assume fault
in Phase C)

apparent that high-fidelity flux linkage functions are key to the
modelling of the PMA machine.

The PMA FE model shown in Fig. 2 is utilised in building the
flux linkage functions with current sources fed into the phase
windings and faulty coils.

V., Iy
1% i
V= dy +RI. v=|" 1= .b
dt V., i
0 if
ey
W, R, O 0 0
Wy 0 R O 0
v=| [ R=
Ve 0 0 Rc _/"Rc
vy 0 0 uR. —(uR.+ Rf)
Wi = &ilia Ip, iy, 0) = fillig, iy, if, 0)
)

i=ab,c,f

At each given rotor position 6, current sources ig, ip, i, and ir are
fed into the windings, respectively, and the flux linkages of the
three-phase windings and the SC fault winding are computed by
FE and recorded. With adequate current samples of (i, i, if) or (ig,
iq> If) at various rotor position, four flux linkage tables, reflecting
the iron core material non-linearity, each of which is of four
dimensions, are built. Thus, flux linkages at a given (iy, iy, i 6) can
be represented by four-dimensional look-up tables.

In order to save computation time on the look-up tables, at a
given 6 and i; the flux linkage functions of (ig, iy) are curve-fitted
into two-variable polynomial functions. Besides, since the number
of short-circuited turns in the fault winding is relatively small
compared to the total number of the turns in the phase, the fault
current ir has benign effect on the level of core saturation even if ir
is relatively larger. Thus, only two irsamples are required in the FE
calculations and the flux linkage variation with i is considered
linear. By employing this technique, the four-dimensional flux
linkage tables become only one-dimensional look-up tables for the
polynomial coefficients with a single index §. Consequently, the
model which can be used to represent healthy and fault behaviours
of the PMA is both accurate and computationally efficient.
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Fig. 4 Simulation scheme in SimScape for PMA fault analysis and
diagnosis
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Fig. 5 Comparison of FE and simulation model results at 15,000 rpm,
uncontrolled rectifier with 20 Q load for

(a) Phase C current (healthy), (b) DC current (healthy), (¢) SC current (1-turn SC) and
controlled rectifier for, (d) DC current (healthy)

Table 1 Comparison of rms currents in phase C and short-
circuited turns predicted by SimScape and FE models at
15,000 rpm, rated load when the rectifier is uncontrolled

FE (rms. Sim (rms. Difference, %

A) A)
phase C current (Healthy) 4.82 4.86 0.805
phase C current (1-turn SC)  4.79 4.83 0.788
phase C current (4-turn SC)  4.74 4.77 0.578
SC current (1-turn SC) 56.6 56.97 0.648
SC current (4-turn SC) 31.8 32.03 0.738

As the magnetic field interaction between the fault winding and
phase windings are dependent on relative positions where the fault
occurs and also on the number of short-circuited turns N it is
necessary to build machine fault model for each possible fault
position and number of short-circuited turns. In reality, the position
where a SC fault occurs is unknown, and hence, a typical position
that represents the worst case would be sufficient to study the fault
behaviours.

The flux linkage maps are built with one-turn short circuit in
phase C located close to the slot-opening, which represents the
worst case in terms of the fault current. To represent an arbitrary
number of short-circuited turns, N the phase current, i, and the
fault current i should be adjusted by:

. Iq
ld |- LA f .
[lq} = Tp Il .= N_1 e, lf = Nfl/ (3)

.
c
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where T}, is the abe-to-dq transformation matrix, and the resultant
flux-linkages are obtained by:

yi = filig, iy, ir,0), i=a,b,c, f )
It is possible that insulation breakdown results in a number of turns
being short-circuited in parallel. Thus, for an n-parallel short-
circuited turns at the same position, the machine fault model built
under series inter-turn SC fault conditions is still applicable, but the
effective number of shorted turn should be 1, and the shorted turn
resistance should be 1/n of the value of the 1-turn series SC fault
model.

Fig. 4 shows the PMA simulation circuit established in
Simulink—SimScape environment. The PMA model represented in
(1) and (2) based on the flux linkages is connected to a controllable
asymmetrical rectifier. The rectifier utilises three MOSFETs to
control the PMA output power. When the rectifier is in the
controlled mode, the DC voltage is fed back to the voltage control
block in which the duty ratio of the three lower MOSFETs is pulse
width modulated by a Pl-controller so that the DC voltage is
regulated close to the given reference. When the rectifier is in the
uncontrolled mode, the MOSFETs are turned off and their body
diodes act as a three-phase diode rectifier.

With the PMA simulation model, two inter-turn fault detection
methods are studied. In the simulation scheme, the current
harmonic estimation block receives the DC current measured
through a current sensor and uses fast Fourier transform (FFT) or
Kalman Filter to compute the amplitudes and frequencies of the
harmonics contained in DC current which will be studies as the
fault diagnostic signal. Also the zero-sequence voltage is
monitored and its rms value is calculated as the other fault
diagnostic signal.

3.2 Phase current and SC current

The simulation circuit with the PMA machine fault model is
simulated under both healthy and various inter-turn SC fault
conditions. The simulation results (denoted as ‘Sim’ thereafter) are
compared with corresponding FE calculation results (denoted as
‘FE’) when the PMA operates at the max speed (15,000 rpm) with
the rated load (20 Q), in the healthy or SC fault status, with the
rectifier being controlled or uncontrolled, respectively. When a
fault occurs, it is located in the worst fault position which is close
to the slot opening at the trailing slot (Phase C) assuming R =0 as
the worst case.

Figs. 5a and b compare FE and simulation model predicted
phase C current waveforms and DC current waveforms,
respectively, when the PMA operates in the healthy condition with
uncontrolled rectifier. Fig. 5S¢ compares currents in the SC fault
turn when phase C has one turn short-circuited with uncontrolled
rectifier while Fig. 5d compares the DC current with the controlled
rectifier. The switch frequency is 5 kHz, and the MOSFET pulse
width modulation ratio is fixed at 0.4 which means the on-state of
the MOSFETs occupies 40% of a cycle. It can be seen that
simulation results in the figures match quite very well with the FE
predictions.

The quantitative validations of the model against FE predictions
are performed when the PMA operates at 15,000 rpm, rated load,
in the healthy status, 1-turn and 4-turn SC fault statuses and the
rectifier is uncontrolled and the results are presented in Table 1,
which compares rms currents in phase C and in faulted turns. It is
shown that the relative differences between the two predictions are
below 0.9% on the magnitude level ~5 A. As will be shown in the
following sections, for an inter-turn SC fault with a large number
of turns per phase but a small number of short-circuited turns, the
benign SC fault signature in the DC current component can be as
low as 0.5% of 10 A magnitude level which is set as the minimum
detectable fault signal. It follows that the high-fidelity PMA model
is crucial for the inter-turn SC fault analyses and detection.

When the rectifier is uncontrolled, Fig. 6 shows the variations
of phase rms current and SC rms current with the number of SC
turns. It can be seen that when an inter-turn SC fault occurs, the
phase current (healthy part) maintains the same magnitude level,
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Table 2 Comparison of DC current harmonic spectrum predicted by SimScape and FE model at 15,000 rpm, rated load when

the rectifier is uncontrolled

Harmonic orders Healthy 1-turn SC 4-turn SC
Amp. (A) (Sim) Diff. (%) Amp. (A) (Sim) Diff. (%) Amp. (A) (Sim) Diff. (%)
0 6.312 0.71 6.320 0.71 6.324 0.69
2 0.393 0.82 0.301 0.79 0.203 0.65
4 0.083 0.26 0.060 0.12 0.034 0.22
6 0.345 0.51 0.353 0.69 0.355 0.51

but SC current (in the short-circuited turns) changes significantly.
The worst case occurs at 1-turn SC fault when the SC current
increases up to 12 times of the phase current and creates ~124
times higher local heat load than healthy operation. As the number
of SC turns increases, the SC current decreases, approaching the
normal phase current magnitude when the number of SC turns is
>25.

4 Inter-turn short-circuit fault detection

Under balanced operating conditions, the harmonics in the DC
output current are of 6th order and its integer multiples. Since an
inter-turn fault results in unbalanced operation, the second-order
harmonic will appear. Thus, by monitoring the second-order
harmonic in the DC output current, it is possible to detect the fault.
However, the problem is compounded by the fact that the three-
phase system of the PMA is inherently unbalanced due to the
presence of unwound teeth. This is seen in the DC current at the
healthy status shown in Fig. 7.

Figs. 7a and b compare the DC currents and their spectrum
under the healthy and 1-turn fault conditions at 15,000 rpm with
uncontrolled rectifier. As is evident, the difference caused by the
fault in the DC current is quite small.

The accuracy of the proposed model on DC current harmonics
prediction is examined. Table 2 compares the amplitudes of main
harmonics in the DC current predicted by the PMA simulation
model and FE model under the same conditions stated previously.
The prediction differences of the model compared to the FE model
are maintained under 0.9%.

Table 3 lists the values of each harmonic amplitude under the
healthy and fault conditions. It is seen from the harmonic spectrum

that the second-order harmonic is present alongside with other even
harmonics. The change in the 6th harmonic due to fault is very
little, while the change in the 2nd harmonic is more noticeable.
Although the relative changes in the 4th and 10th harmonics appear
to be large under the fault condition, their base values are an order
of magnitude lower than that of the 2nd harmonic. It is, therefore,
not possible to detect these changes with limited sensor resolution
in an electrically noise environment. Monitoring the change in the
2nd harmonic, DC output current is the best option for the fault
detection based on the DC current.

Fig. 8 compares the percentage changes in the 2nd harmonic
currents under various fault locations and numbers of SC turns
when the PMA operates uncontrolled at 15,000 rpm. The positive
values indicate increases in the harmonic current, while the
negative values indicate the reductions of the harmonic current due
to the fault compared with the 2nd harmonic under the healthy
condition. As can be seen, increase or decrease in the 2nd harmonic
under a fault condition depends on the fault location in different
slots. This is because the fault location affects the phase angle of
the flux produced by the fault current, which in turn influences the
phase unbalance that is reflected in the second harmonic current. It
is also evident that the change in the 2nd harmonic current is very
small if an SC fault with the number of short-circuited turns less
than eight takes place in the middle slot closed to the back-iron.
Assume that the dynamic range and accuracy of the current
measurement are 0~4.0A and 0.5%, respectively, the absolute
accuracy of the current measurement will be £10 mA. Since the
2nd harmonic current under healthy condition is in the region of
0.4A, the absolute current measurement accuracy corresponds to
+5% change in the 2nd harmonic current. Therefore, if the change
in the 2nd harmonic current due to a fault is below +£5%, as
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Table 3 Comparison harmonic spectrum under healthy and fault conditions

Harmonic number Healthy, A 1-turn fault, A Relative change, %
2 0.390 0.299 -23.3

4 0.083 0.060 -28.0

6 0.343 0.351 2.2

8 0.045 0.036 -20.3

10 0.037 0.030 -18.7

12 0.065 0.070 74
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o
S
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Fig. 8 Changes in 2nd harmonic current due to SC faults at 15,000 rpm

Fig. 9 PMA thermal model of
(a) Whole machine for average temperature, (b) Slot FE model for local hotspot
temperature

indicated in the shaded region inside the red-dotted box in Fig. 8, it
is unlikely the fault can be detected. When a fault occurs in the
leading or trailing slot closed to the slot opening compared to those
in the other slots close to the back-iron, the fault signal is larger.

5 Electromagnetic-thermal-coupled modelling
5.1 Thermal model

To assess the thermal behaviour of the PMA in SC fault conditions,
a LP thermal model using Motor-CAD [6], Fig. 9a, is built to
predict average temperatures of PMA components such as
windings, magnets, and housing, and a slot FE model, Fig. 9b, is
built to predict the local hot-spot temperature. The copper loss per
turn is inputted to each turn in the slot FE model. When an inter-
turn SC occurs, the copper loss of SC turns is calculated from the
SC current of the PMA high-fidelity model described above, and
then input to the SC turns. Initially, the PMA is assumed operating
at 15,000 rpm and 20 ohm load in healthy condition, the winding
slot hotspot temperature is below 180°C.

As shown in Fig. 10q, the slot hotspot temperature at healthy
condition from the FE calculation is ~180°C. When a 1-turn SC
fault occurs which is the worst among inter-turn SC faults, the SC
current is 12 times of phase current, resulting in the hotspot
temperature risen significantly to 356°C.

5.2 Electro-thermal coupled method

In the previous discussions, the EM behaviours and thermal
behaviours PMA under inter-turn SC faults are calculated
separately. In fact, there is significant electro-thermal-coupling
effect in the SC fault conditions: the high temperature in the SC
turns caused by the SC current will increase the resistance greatly
thus affecting the SC current rise. To consider the coupling effect,

J. Eng.

Fig. 10 Temperature distribution within a slot in
(a) the healthy condition, (b) 1-turn short-circuit fault

the PMA EM model and the slot FE hotspot temperature
simulation results are coupled together as shown in Fig. 11, where
Ro, Tpo, Ep and Py are the initial values at 180°C for the
resistance, the hotspot temperature, the back-EMF caused by the
magnets and the currents in phase windings, and the copper loss of
the SC turns. The SC turn resistance is updated by the predicted
hotspot temperature from FE thermal results, as in (5) where a is
the copper resistivity temperature coefficient. Since that the SC
current has only marginal effect on the core saturation, Ej is
considered as constant regardless of the SC current and 7j. Thus
with updated resistance R(7}) and reactance wL, the copper loss of
the SC turns is updated by (6). Given that the temperature
distribution predicted by the slot FE thermal model is linear with
the copper loss distribution, the temperature rise A7y, =T, — 180
from 180°C in the healthy condition is caused by the SC copper
loss P, (T}) and is proportional to P, (T}). Therefore, the hotspot
temperature 77, is updated by (7). The newly obtained 77, is used in
(5) again to update the resistance. The process shown in Fig. 11
proceeds iteratively until 7, finally converges.

R(Ty) = Roll + a(T, — 154)] (5)
_ 2 R(Ty)

Pcu(Th) = EOR(Th)z + (wL)z (6)

T, = F C;(T")(Tho — 180) + 180 (7)

It should be noted that the method shown in Fig. 11 can also be
used to directly couple the PMA EM model shown in Fig. 4, by
importing the updated resistance from (5) to the EM model and
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output the copper loss into the slot thermal equation in (7). Due to
the limit of space, the process is not discussed here.

Fig. 12a shows the predicted hotspot temperatures for faults
with different numbers of SC turns, using the electrothermal
coupled method to consider the temperature effect on the resistance
and SC current. Compared with the results without considering the
temperature effect on the SC current, there are two different trends
in the SC current and the temperatures. When a small number of
turns are short-circuited, because the resistance effect is dominant
in the short-circuited path, the high temperature reduces the SC
current, and the steady-state hotspot temperature is lower than that
when the coupling effect is not considered. If a large number of
turns are short-circuited, the reactance effect becomes dominant,
and the SC current is not affected by the temperature. As the
resistance increases with temperature, the copper loss increases,
and thus the steady-state hotspot temperature is higher than that
when the coupling effect is neglected. It is seen from Fig. 124 that
the highest temperature 307°C occurs when two turns are short-
circuited rather than one turn is short-circuited. This is because
two-turn SC current is close to that of one-turn SC, but its
resistance is doubled, leading to higher copper loss.

Fig. 12b shows the predicted variation of the winding lifetime
under SC faults with number of SC turns, assuming a typical
lifetime of insulation is 20,000 h at 240°C (class R insulation) and
it halves by every 10°C temperature rise. It can be seen that the
lifetime is 535 h when a single turn is short-circuited. The lowest
lifetime of 187 h occurs when two turns are short-circuited.

6 Conclusion

A high-fidelity, computationally efficient model for power
generation system based on a dual channel PAM with
asymmetrically controlled rectifier has been developed. The model
can be coupled to the LP- and FE-based thermal models for
predicting the hotspot temperatures in the SC turns. It has been
shown that short circuit current in the worst case is ~12 times
higher than rated, and the resultant hotspot temperature reaches
307°C. The lifetime of the windings is reduced to <187 h, albeit
being sufficiently longer than any mission flight duration. The
model is also used to analyse the fault signatures for development
of a fault detection technique that can inform the need for
replacement if a turn fault has occurred in a flight.
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