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Abstract—This paper proposes a general analytical model
of surface-mounted permanent magnet (SPM) machines
with series-connected coils under inter-turn short circuit
(ITSC) fault. One prominent feature of this fault model is
that the air-gap and slot-leakage components of
inductances under fault are calculated separately, and the
influences of pole number and spatial distribution of coils
have been considered in the calculations. In the model, the
winding function approach (WFA) is used to calculate the
air-gap inductance components by considering all space
harmonics whilst slot-leakage inductance components are
obtained by using slot permeance method. The proposed
fault model built in Matlab/Simulink is validated by time
stepping FE simulations for a 3kW 96-slot 32-pole SPM
machine. The fault model has acceptable accuracy and is
suitable for the fast evaluation of fault performance of SPM
machines and its accuracy considering core saturation can
be improved using FE-based results. Other power ratings
(0.5MW and 3MW) have also been investigated to study the
scaling effect on machine fault-tolerant capability. A 12-slot
4-pole small scale prototype has been built to validate the
developed fault models.

Index Terms—inter-turn short-circuit, permanent magnet
machine, scaling effect, slot permeance, winding function
approach (WFA).

I. INTRODUCTION

As wind power capacity in the global market is increasing
rapidly, reducing the cost of energy becomes an important
issue. It has been reported that the operation and maintenance
costs accounted for 10% to 25% of the total income of a wind
farm [1], [2]. Therefore, fault diagnosis of wind turbines is
important to reduce the operation and maintenance costs in
order to make wind energy more economical. Compared with
faults in other major components of wind turbines, the
downtime of wind generators was the longest, up to 7 days, in
which winding faults accounted for 20% of the overall faults
[3], [4]. There are five major types of winding faults for wind
generators, whether they are doubly-fed induction generators
(DFIG) or promising permanent magnet generators, namely (1)
inter-turn (turn-to-turn) short circuit (ITSC), (2) coil to coil
short circuit, (3) open circuit of one phase, (4) phase to phase
short circuit, and (5) coil/phase to ground short circuit [5].
Amongst all these faults, the ITSC fault was perceived to be the
early stage of other more severe faults. Due to the above
reasons, it is important to detect and mitigate such faults before
they escalate. Regarding fault detection and mitigation,

physics-based fault modelling is often regarded as a good
starting point to propose effective model-based methods.

For physics-based modelling of permanent magnet (PM)
machines under ITSC fault, there are three major methods in
literature: (1) winding function approach (WFA) [6]-[10], (2)
finite element (FE) approach [11]-[13], and (3) magnetic
equivalent circuit (MEC) approach [14], [15]. WFA is a
circuit-based modelling method in essence, and it is the
foundation of analytical derivation and calculation of
inductances of integer-slot AC machines [16]. Researchers in
[6], [17] have tried to use this method to analyze the fault
performance of induction and synchronous machines in the last
30 years. The disadvantage of this method for calculating the
inductances is that it neglects the core saturation and also space
harmonics. If space harmonics are considered, the derivation of
general inductance expressions under faulty conditions for
machines with complex winding configurations will become
significantly difficult. Considering this difficulty in employing
the WFA, researchers in [18]-[20] made assumptions to
simplify the determination of the fault inductances in the fault
model based on the relationship between the healthy
inductances and the number of turns. However, when large
number of coils per phase are located in different slots around
the stator periphery, such assumptions may not be valid. Unlike
WFA, both FE and MEC approaches can consider the core
saturation. However, they require detailed geometrical
dimensions of the machines, and simulations using these two
methods are much more time-consuming. Using the FE model
as an example, a total computation time of several days or even
months if sinusoidal voltage source and full model are
employed for large direct-drive wind power generators with
large numbers of stator slots and rotor poles.

Therefore, WFA will be adopted for the analyses of
integer-slot SPM machines with a slot/pole/phase (SPP) of 1 in
this paper. However, it was found that the simulated results
using the air-gap inductance components calculated by WFA
with all space harmonics considered cannot match well with
that of 2D FE simulations even when linear magnetic material
was used. This is due to the fact that for surface-mounted PM
(SPM) machines, the slot-leakage inductance components will
also have some influence on machine performance due to large
effective air gaps. To establish a more accurate analytical fault
model, the slot-leakage inductances will be calculated based on
the slot permeance method and are added to the corresponding
air-gap inductance components. The proposed fault model built
in Matlab/Simulink is validated by time stepping FE
simulations. In addition, a comparison between the developed
model in this paper against the analytical model proposed in
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[18] has been carried out. The comparative results show that the
influence of pole number and spatial distribution of coils on
determination of inductance values under faulty conditions
cannot be neglected when the number of short-circuited turns in
one coil is large. Furthermore, the proposed analytical model
could be used to reduce the number of FE simulations to
develop a more accurate fault model considering core
saturation if necessary. The SPM machines with different
power-ratings, e.g. 3kW, 0.5MW and 3MW will also be
investigated to analyse the effect of scaling on the ITSC fault
performance by using the proposed model. To validate the
developed fault models, a small scale 12-slot 4-pole SPM
machine has been built and tested.

II. MODELLING OF ITSC FAULT OF SPM WIND GENERATOR

A. Analytical Modelling Neglecting Saturation

An example of ITSC fault in a stator armature coil of wind
power generator is shown in Fig. 1. Due to a turn insulation
breakdown, two electrically isolated points will have an
electrical contact, leading to an ITSC fault and a large
short-circuit current, which can cause local overheating,
speeding up the insulation breakdown of the entire armature
windings.

The equivalent circuit of the ITSC fault in a wye-connected
stator winding of a PM machine is shown in Fig. 2, where the
fault is assumed to occur in phase A. The parameters shown in
Fig. 2 will be explained in detail later. This equivalent circuit
will be used to build the electrical model of the studied PM
machines. Together with the mechanical model, tools like
Matlab/Simulink can be used to investigate the influence of
ITSC fault on PM machine’s performance.

7-turn coil
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R Contact
Armature Coil R g

Fig. 1 ITSC fault in armature coils.
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Fig. 2 Equivalent circuit of PM machines under ITSC fault in the phase A.
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From Fig. 2, the circuit-based voltage equations representing
the relationship between phase voltages, EMFs and also
currents under ITSC fault can be expressed as (1), where R; is
the phase resistance, R4y is the resistance of short-circuited
turns, and Ry (assumed to be zero for the 3kW machine) is the
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contact resistance between short-circuited points. My, ¢, Mgy,
and M, are the mutual inductances between the remaining
healthy winding Ah, healthy windings B, C and short-circuited
turns, respectively. Ly is the self-inductance of short-circuited
turns. iyn (= iy), ip and i, are the currents of remaining healthy
windings Ah, B and C, respectively. Similarly, ey, eg, and e,
are the phase back EMFs of healthy phase windings. In
addition, e,, = (1 — p)e,, ey = pey,, in which the phase faulty
1ng
p ne
for the studied integer-slot SPMs with a SPP of 1. The
corresponding coil faulty turns ratio in one elementary coil is
defined as u; = ns/n., where ny denotes the number of
short-circuited turns in one coil, and n, describes the number of
turns per coil. Furthermore, p is the number of pole pairs.

. S ! 1
turns ratio in one phase winding is defined as u = SH =

vy [Rs 0 0 —Rap fia] e
IUB |0 R 0 0 |is] |ee
ve [ 0 0 R 0 J ic|™ |ec
0 RAf 0 0 —RAf—Rf lr €r |
Lag Map My _(MAh,f + L)) iy M
+ Mg, Lgp  Mpc —Mpy d l:B
Mcy Mcp  Lec —Mcy dt fLc
(Mpan +Ls) Mpp My - 1

If the phase back EMFs in (1) contain harmonics and no
neutral line is introduced, then the phase voltages cannot be
directly obtained from the line voltages under ITSC fault. This
means that the sum of the 3 phase voltages will be

vy +vp +vc = (eg +ep +ec) — Ryfis
dif 2)
— (L + Map s + Mgy + Mcf)E

Equation (2) together with (3) and (4) could be used to

calculate the phase voltages from line voltages.

Uap = Va — Vg 3)
Vge = Vg — Ve = Vg + 2v5 — (V4 + V5 + V() 4)

Once the currents in the healthy and faulty windings are
determined, the electromagnetic torque under ITSC fault can be
calculated by

(eAiA + eBiB + ecic - eflf) n
Wy

Te=p Teog ®)
where w, is the rotor electrical speed (rad/s), Teoq is the
cogging torque.

The above equations will be used in the Matlab/Simulink to
analytically predict the machine’s performance before and after
ITSC faults. It should be mentioned that the phase back EMFs
and cogging torque obtained from FE simulations of healthy
machines are imported into the Matlab/Simulink to accurately
predict the torque ripple before and after introducing the ITSC
fault. In addition, inductances in the fault model will be
calculated based on the analytical method (which needs the
machine’s geometrical dimensions) in the following sections.

B. Analytical Modelling Considering Saturation

If core saturation needs to be fully included into the
analytical modeling based on Matlab/Simulink, its influence on
apparent and differential inductances together with PM flux
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linkages should be taken into account. In order to consider the
saturation effect, in [21], the flux linkage lookup table based
model is used. However, such a model does not provide
meaningful physical insights into the fault phenomena and
multiple fault scenarios might not be easily incorporated.
Furthermore, there is no detailed discussion about how to
determine the current profiles as inputs to obtain the stator flux
linkages. In [22], lookup tables using differential inductances
considering core saturation are employed. However, only the
influence of core saturation on differential/incremental
inductances is considered, and the influence of core saturation
on on-load PM flux linkages and apparent inductances has not
been included because the frozen permeability method such as
investigated in [23], [24] has not been employed. In order to
overcome the shortcomings in existing methods, the frozen
permeability method has been used in this paper to obtain
saturated apparent inductances and on-load PM flux linkages of
the studied machines under different operating conditions.

In the frozen permeability method, accurate determination of
the current profiles as inputs to obtain the permeability in every
mesh element in the FE model is the key to achieving the
saturated apparent inductance and on-load PM flux linkage
look-up tables. For 3-phase healthy machines, the currents are
often balanced and their waveforms are sinusoidal. However,
this is no longer the case for faulty machines, especially when
significant harmonics exist in their phase back EMFs. A
proposed method making full use of the linear analytical model
(based on Matlab/Simulink) developed in this paper is shown in
Fig. 3. As illustrated in Fig. 3, the current profiles as inputs into
non-linear FE fault models could be determined by the linear
analytical model. This can help to update the saturated apparent
inductance and on-load PM flux-linkage under different
operating conditions. If necessary, this method can be iterated
to further improve the model’s accuracy. Meanwhile, a
predefined current accuracy of 5% (deemed acceptable for
most cases) or a maximum number of iterations of 5 can be
selected to terminate the iteration, which are similar to the

settings in the FE modelling (JMAG software package).

Voltage
Input

Current
Output

Nonlinear FE
Fault Model with
Frozen Permeability

Fault Model
in Simulink

Updated Inductances & PM Flux Linkages I

Initial Values
¢ Inductances (FE or Analytical)

e Back EMFs & Cogging Torque(FE)

Fig. 3 Analytical modelling (based on Matlab/Simulink) of ITSC fault with
consideration of core saturation.

C. FE Numerical Modelling

To validate the results obtained by the developed analytical
models, 2D FE simulations (JMAG software package) for the
outer rotor 3kW 96-slot/32-pole SPM machine have been
carried out in this paper. Since the machines under ITSC fault
become asymmetric, a full FE model is necessary as shown in
Fig. 4, where only part of the model is shown to have a clearer
view of the ITSC fault. Furthermore, the faulty machine is
excited by voltage sources to fully reflect the fault
characteristics in FE simulations, as shown in Fig. 5. In Fig. 4,

3

the 15 healthy coils are represented by one FEM coil (A_1_15)
in the FE simulation and the faulty coil with the ITSC fault is
represented by three FEM coils in Fig. 5. For example, the
remaining healthy turns at the bottom, the top, and the
short-circuited turns in the middle of the affected slot are
represented by A_16_hb, A_16_ht, and A_16_fm, respectively.
This arrangement will lead to balanced three phase back EMFs
when the switch in Fig. 5 is off, i.e., the machine is healthy.
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Fig. 4 Cross-sectional view of the machines with the ITSC fault for FE
simulations.
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Fig. 5 External circuit for the ITSC fault simulations.

III. INDUCTANCE CALCULATION

One of the most important parts of fault modeling is to
determine the model’s parameters, especially the inductances.
Experimental measurement and theoretical calculation are two
typical ways to obtain inductances of a machine’s model.
However, experimental measurement of inductances for
different fault scenarios (under ITSC faults) would be
inconvenient, and even impossible at a machine design stage. In
[18]-[20], the researchers have made a simple assumption
about the determination of the elements in the faulty inductance
matrix (under ITSC fault), which assumes that they could be
obtained by calculating the inductances of the healthy
machines. However, the validity of that assumption under fault
are neither confirmed by FE simulations nor by the
conventional inductance calculation method, i.e., WFA. Hence,
whether it could be applied to multipole SPM machines is
questionable. The only advantage of making that simple
assumption is that a faulty inductance matrix could be
determined from the calculated or measured phase self- and
mutual-inductances of the healthy machines. In [25], a more
accurate approach, based on FE modelling only, is adopted to
calculate the inductances under ITSC fault. One important
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conclusion in [25] is that the pole number has a significant
influence on the values of the inductance of the short-circuited
turns under ITSC fault. However, the assumption that the
mutual-inductances between any two coils are the same is not
valid, which can be proven by the WFA and FE. This is mainly
because coils that are closer to each other will have larger
mutual-inductances, whilst the ones that are further apart will
have smaller mutual-inductances.

A. Calculation of Inductances

In [26], the phase self- and mutual-inductances are
considered to have three components:

{Lph = Lg + L= Lg + Lot + Lena 6)
Mph = Mg + M = Mg + Mot + Meng

where Ly, M are the air-gap components and L, M are the
leakage components, respectively. Lg,: , Mgo: are the
slot-leakage components, and L,,4 and M,  are the end-turn
leakage components, respectively. It is worth noting that for
long-drum-type SPM machines, the end-winding leakage
components can be neglected. Therefore, 2D FE simulation is
enough to ensure the accuracy of the calculated inductances.
The final inductance matrix now is split into two parts, i.e.,
air-gap component L, and slot-leakage component Lj.

Lag Myp  Myc _(Mf,Ah + Lf)
MBA LBB MBC _MB ’ ’
M Mg L m |F et )
CA CB cCc cf
(Mpan+1Lg) M Mgc —Lg

Calculation of air-gap inductance components is done by
WFA. Air-gap component of inductances can be calculated by
[27]:

2n
Ly =B [T )0 o ®)
ge 0

where [y, is the effective stack length, 7, is the mean air-gap
radius, g, is the effective air-gap length, p, is the permeability
of free space. Both g, and r, for SPM machines can be
calculated using the method in [26]. N;(¢) and N;(¢s) are the
winding functions of the ith and jth windings, respectively.
When an ITSC fault happens, the healthy phase winding is split
into two parts: faulty winding and remaining healthy winding.
The corresponding winding functions after fault (the influence
of the slot opening on the derivation of winding functions is
neglected) is illustrated in Fig. 6, which will be used to get the
air-gap components of the inductances in these two windings.

(1 ~ L) N{(d’s)
2p) P11

Short-circuited turns: My = U1 N
Number of turns per coil: 71,

4 Zﬂl ¢s

1
H
H
1
1
1
H
H
1
258 VP
-

N an(¢s) Number of turns of
(% + IZ‘_;) nl .. remaining healthy winding: PTtc — T

<%_(1—$)u1>nc E ccccee

Fig. 6 Winding functions of faulty winding (Phase A).

4
The air-gap inductance component of phase A is
HoTelstr T 2
=2 e 9
Lag =——7 () ©)

After some arrangements, the air-gap component inductance
matrix is expressed as follows:

. 1 1
3 73 #
1 1
3 1 3 3
L;nszLAg 1 1 " (10)
- - 1 =
3 3 3
booou 5
- L _p2@2p-1
| u 3 "3 u*(Zp — 1)}

Slot-leakage inductance component calculation is based on
the slot permeance method in [28]. For the studied PM
machines with open slot shown in Fig. 7, the slot-leakage
inductance components can be written as

[ Lisa 0 0 —(Mgans+ Lzs,f)1I
, 0 Lisg 0 0
= G 11
L} 0 0" L 0 } an
Mis apy +Lisy 0 0 Lis s

where Lig 4, Lis g, Lisc, Lis s are the slot-leakage components
of self-inductances of phases A, B and C and short-circuited
turns, respectively. Mg 4p ¢ is the slot-leakage component of
mutual inductance between the remaining healthy phase
winding and short-circuited turns.

i — e J ! 4

1
1
A
NG
! Nha ul: hq
7/

Fig. 7 Flux distribution in open slot caused by remaining healthy winding.

According to Fig. 7, the unknown inductances in the
slot-leakage inductance matrix are derived as

ne\? (hs)?
Lls,A Lls,B Lls,C Zpﬂozlstk (hs> 35w ( )
n:\2 (hy — hy) 1 2
Lisy = 2uolsee (1) e (hs = 3ha—3hy)  (13)
S w
n\2 [hg(hy — hy)?
Mis f.an = Mis_any = 2polser (h—c) [%
(hy — hg) ’ ¢ (14)
+ %{(hs - hb + ha)z - hczz.}]
w

where S, is the slot width, hy is the slot height, h, and h,,
represent the fault locations along the slot, shown in Fig. 4, and
ny = ng(hy — hy)/hs represents the number of short-circuited
turns.

B. Results of Inductances

To simplify the inductance calculation by FE simulations,
one coil short-circuit fault is assumed for 3kW, 0.5SMW and
3MW SPM machines. The machine specifications are given in
Table I, in which the rated voltage and current of the 0.5MW,
3MW are adjusted due to the change of series/parallel
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connected coils into series connected coils. To be consistent
with the WFA, in the FE model, permanent magnets have been
replaced by air, and the stator and rotor cores are assumed to be
linear magnetic material with a relative permeability u, =
10000. The self- and mutual-inductances of the 3kW machine
calculated by FE and analytical methods are shown in Table II.
It can be found that there is generally a reasonably good match
between the FE and analytical results although discrepancy for
the mutual inductances is relatively larger. This relatively large
difference in mutual inductances is mainly due to the fact that,
in the WFA, the negative part of the air-gap flux density (or
magneto-motive force) generated by the short-circuited coil is
assumed to be constant at different angular positions, as shown
in Fig. 6. This is not the case predicted by the FE model, which
shows air-gap flux density far away from the short-circuited
coil has reduced value. This is the same for the 0.5MW and
3MW SPM machines, but due to space limitations, their results
have not been included in this paper.

Table I Key parameters of the studied SPM machines

Rated power 3kW 0.5 MW 3IMW
Rated speed (rpm) 170 32 15
Line-line rated voltage (Vrms) 690 4830 13800
Phase current (Arms) 2.5 62.6 139.5
Series turns/coil 52 23 14
Numbers of slots/poles 96/32 294/98 480/160
Rotor outer diameter (mm) 426.4 2195.5 5000
Stack length (mm) 110 550 1200
Airgap length (mm) 2 2.15 5

Table II Inductances in mH of the 3kW machine under one coil short-circuit
fault

Inductance/Me
thod Laa/Lgg /Lec Mpc/Mac [Mug Mpp/Mcy Mang
2D FE 31.62 -6.1 -0.382 -1.038
Analytical 31.96 -6.627 -0.414 -1.165
Error 1.1% 8.6% 8.4% 12.2%

IV. SIMULATION RESULTS

A. One Coil Short-Circuit Fault

Due to the limitation of voltage source excitation in the FE
simulations, three phase balanced sinusoidal voltages are fed to
the studied 3kW SPM machine and its rotor mechanical speed
is kept constant during the whole operating period. It is worth
mentioning that FE simulations for the 0.5MW and 3MW SPM
machines using the same method with the Dell Precision Tower
5820 PC workstation took more than one month to complete,
hence the FE simulations for those machines using voltage
source excitation have not been carried out. In this section, one
coil short-circuit fault has been selected as an example, and the
results for a single turn short-circuit will be introduced in
section IV.B.

a. Linear Magnetic Core Material

To validate the proposed analytical model, core material with
a relative permeability p,, = 10000 is used first. Fig. 8 shows
the currents in the healthy and short-circuited coils before and
after one coil short-circuit. Here, the 3kW machine operates
under rated condition and with i; = O control.

In Fig. 8, the legend of the proposed analytical model in this
paper is marked as “Proposed”, the direct FE simulation results
are labeled with “FE”, and the results obtained using the
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analytical model proposed in [18] have also been added for the
purpose of comparison. From Fig. 8, without considering the
core saturation, a very good match (the errors between the
currents of the analytical and FE models are less than 1%) can
be observed between the results obtained by the proposed
analytical (based on Matlab/Simulink) and FE models.
However, if the influence of pole number and spatial
distribution of coils on the determination of the inductances
under fault is neglected like that in [18], the phase current and
faulty coil current will be overestimated. In addition, the
change in currents due to the one-coil short-circuit fault is also
obvious. This is particularly the case for the current in the faulty
coil, the peak value of which has increased from 4.24A to
38.6A. The change in phase currents and faulty coil current will
also have an impact on the electromagnetic torque generated by
the machine, as shown in Fig. 9.

12 -

— FE
[18]
==== Proposed

NI

©

)

'
-

Phase A current (A)
o

L Short Circuit —>4

-8
(]
) = Healthy »>e— Postfault —
» A H !
0.06 0.08 0.1 012 014 016 0.18
Time(s)
(a)
120 .
< |—-FE
Ta) 80 [18]
Za0l ---- Proposed
=]
ﬁ 0 T
£
£-a0 |
=
£ -80 | Short Circuit —»
(]
3120 <= Healthy <pre— Postfault —>
0.06 0.08 0. 012 014 0.6  0.18
Time(s)
(b)

Fig. 8 Currents in (a) healthy coils and (b) short-circuited coil before and after
one coil short-circuit.
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Fig. 9 Change of on-load torque of the 3kW SPM machine before and after the
one coil short-circuit fault.

It is worth noting that the cogging torque obtained by the FE
model has already been incorporated into the Simulink model
to accurately capture the torque ripple characteristic before and
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after the one coil short-circuit fault. It can be observed that
although there is a slight discrepancy, both models predict a
slight increase in torque ripple after the one-coil short-circuit
fault.

To validate the accuracy of the proposed analytical model
under different operating conditions, Fig. 10 shows the results
of peak currents of phase A and short-circuited coil before and
after the one coil short-circuit fault. As with the previous
analysis, the g-axis current is maintained at a constant to
produce the rated torque and only the rotor speed is changed.
The good agreement in simulated results at different rotor
speeds further confirms that the proposed analytical model is
accurate.

50 T T T T
2 -« = - Faulty coil current(FE)
“;” 0 X Faulty coil current(Matlab)
o L J
c Reg gl
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< 10f o p! (FE)
2 oSSR ettt ese

0
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Rotor speed(rpm)

Fig. 10 Peak values of phase A currents of the 3kW SPM machine before and
after one coil short-circuit fault.

b. Nonlinear Magnetic Core Material

If the core saturation is considered, there will be some
discrepancy between the simulated results obtained by the
proposed analytical (based on Matlab/Simulink) and the
non-linear FE models, as shown in Fig. 11. In order to improve
the model accuracy while considering the core saturation effect
in the Simulink model, the proposed method in Fig. 3 has been
employed. As can be seen from Fig. 11 that the error between
the currents of the analytical and FE models is now reduced
from 16% to 8%. It should be mentioned that only one iteration
in Fig.3 is used to obtain the on-load PM flux linkages and
saturated inductances in the Simulink model. This is why there
is still an 8% difference between the analytical and FE fault
currents. More iterations will reduce this difference further but
will be more time consuming and add extra model complexity.
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Fig. 11 Currents in phase A when the saturation is considered in the analytical
and FE models.
B. Single Turn Short-Circuit Fault

Similar to the one coil short-circuit fault, the single turn
short-circuit fault has also been investigated, and the results are
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shown in Fig. 12. A generally good agreement can be observed
between the results obtained by the analytical (based on
Matlab/Simulink) and FE models. It is noticed that under the
single turn short-circuit fault, the faulty phase turn ratio is
u = 1/832, which is too small to cause variations in current
waveforms in the healthy windings. However, as expected, the
single turn short-circuit leads to the highest short-circuit current
(almost 27 times the rated current while for the one coil short
circuit fault, it is about 10 times). This extremely large single
turn short-circuit current could lead to serious local overheating
problems. So it is still important to detect such faults in order to
take measures to prevent further damage to the machine.
However, this is out of scope of this paper and will be part of
our future research.
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Fig. 12 Currents in (a) healthy coils and (b) short-circuited turn before and after
one turn short-circuit fault.

The peak currents at different rotor speeds under single turn
short-circuit fault have also been simulated, as shown in Fig.
13.
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Fig. 13 Peak currents in phase A of the 3kW SPM machine before and after
single turn short-circuit fault.

Interestingly, the single turn short circuit current seems to
increase linearly with the rotor speed for the full investigated
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speed range. This phenomenon can be explained by using the
voltage equation of the short-circuited path to predict the
amplitude of the short-circuited current. To simplify the
analysis, it is assumed that after the ITSC fault, the motor
currents are almost unchanged. If all harmonics in the phase
currents and back EMFs are neglected, then the following
equation to predict the amplitude of the short-circuited current
for the 3kW SPM machine is valid
Hwr Ay

Ir =

(WR)? + (w,Ly)* ()
where 1, is the amplitude of the open-circuit phase flux
linkage. When the rotor speed is low, the resistance in the
denominator of (15) is much greater than the reactance, thus the
amplitude of the short-circuited current increases linearly with
the rotor speed. If the rotor speed goes higher and higher, the
reactance will be the more important term in the denominator,
and the amplitude of the short-circuited current will become
almost constant, similar to what is shown in Fig. 10. It is
estimated that the maximum short-circuit current for the one
coil short-circuit fault is about 40.5A. However, the maximum
single-turn short-circuit current is much higher, up to 1419.9A.
If w.Ls = 1/3puR; is used as the critical point for the “linear
region” in the current-speed curves, then for the one-coil
short-circuit fault, the critical rotor speed is about 23rpm,
beyond which the increase rate of short-circuit current reduces.
However, for the single turn short-circuit fault, the critical rotor
speed for the “linear region” is around 803rpm. This means that
the single-turn short-circuit current will increase linearly with
rotor speed within a quite wide speed range.

C. Performance Comparison of Different Power Ratings

It is worth noting that the proposed analytical model is
general for all PM machines with series-connected coils and
can be used to investigate the fault performance of PM
machines with different power ratings. A comparison in terms
of fault tolerant capability amongst PM machines with different
power ratings, e.g. 3kW, 0.5MW and 3MW has been carried
out, and the results are shown in Fig. 14 and Fig. 15.
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Fig. 14 Normalized short-circuit current versus coil faulty turns ratio.

In this comparative study, considering that the core
saturation will not lead to a big difference in predictions of the
short-circuited current, hence the linear model is used for
simplicity. In Fig. 14 and Fig. 15, FE simulations of single turn,
10 turns, 21 turns, 31turns, 41 turns and one entire coil
short-circuited faults for the 3kW machine have been carried
out to compare against the analytical model based on
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Matlab/Simulink. However, the FE modelling for higher power
ratings is significantly time consuming because large number
of slots and poles exist and full models are needed when
inter-turn short-circuits occur, and hence it has not been carried
out in this paper. All data points in Fig. 14 and Fig. 15 are
obtained when the machine operates under rated condition and
with i; = OA control. It is apparent from Fig. 14 and Fig. 15 that
large-power machines with series-connected coils are generally
more fault-tolerant to the ITSC fault, but they are still
vulnerable to short-circuit fault when a relatively small number
of turns are short-circuited.
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Fig. 15 Normalized short-circuit current versus phase faulty turns ratio.

V. EXPERIMENTAL VALIDATION

A. Machine Prototype and Experimental Setup

A 12-slot 4-pole SPM machine prototype with internal rotor
has been built and the ITSC faults are introduced to validate the
proposed fault model. The main machine specifications are
listed in Table III and the stator is shown in Fig. 16 (a). three
fault scenarios can be introduced, i.e., single-turn, half-a-coil,
and one-coil short-circuit faults. Because the main purpose of
the experiments is to validate the proposed fault model, the
SPM machine is used as a generator driven by a dc machine. In
this way, no sophisticated control algorithm is needed, and the
experimental setup can be simplified, as shown in Fig. 17.
Because the validation of the fault model requires rotor speed
as an input, the position encoder together with dSPACE in Fig.
17 are used to accurately capture the speed information (DC
and ripple components).

Table III Specifications of 12-slot 4-pole SPM machine

Rated speed (rpm) 400 Stator outer diameter (mm) 100

Rated current rms (A) 2.5 Rotor outer diameter (mm) 49

Series turns/coil 40 Airgap length (mm) 1

Slots/poles 12/4 Stack length (mm) 50
Fault Location //”;/\zg5 \

Fig. 16 (a) Stator and (b) Winding layout of the 12-slot 4-pole SPM machine
with ITSC fault.
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The winding layout of this 12-slot 4-pole SPM machine is
shown in Fig. 16 (b). All the coil ends (labelled as Al to A4, B1
to B4 and C1 to C4) will be connected outside of the machine
housing. On the other hand, the associated circuit schematic is
illustrated in Fig. 18, in which each phase has two coils
connected in series. The ITSC fault to be implemented occurs
in A1A2 coil of the phase A. It is worth mentioning that no
extra current limiting resistor is added to Ry in the
short-circuited path. However, Ry # 0 because the resistive
effect caused by the extension wires and the electrical contact
have to be included, particularly when fewer turns are
short-circuited. The value of Ry can be obtained by subtracting
Ryf from Ry + Ryyf. It should be mentioned that both R,; and
R; + R,y can be measured by using a low resistance instrument
like Rhopoint Milli-Ohmmeter M210 or Hioki IM3570
Impedance Analyzer before the ITSC is introduced. For the
single-turn, half-a-coil, and one-coil short circuit faults, the
measured values of Ry are 0.036Q, 0.031Q, and 0.033Q2,
respectively. As for R, £ they are 0.007€2, 0.145€Q), and 0.323Q),
respectively.

o —
7 Torque
R transducer

3-phase

&I ’ resistive load
y istive I

Fig. 17 Expérmental setup.

Rload

Rload

Rioad C1 Cc2 (3 C4
Generator

Fig. 18 Circuit schematic showing the introduced ITSC fault.

B. Cogging Torque and Back EMFs

As mentioned previously, the cogging torque needs be
included in the analytical model built in Matlab/Simulink to
predict the torque ripple more accurately. The cogging torque
obtained from the 2D FE model and experimental measurement
using the method in [29] is shown in Fig. 19. It is noticed that
the cogging torque of the test machine is quite large relative to
the torque output capability of the driving dc machine. At low
speed, it could not be overcome by the developed torque of the
dc machine, and thus it prevents the test motor from spinning.
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The cogging torque also acts as a torque disturbance to the dc
machine to cause speed variations, especially at low speed, as
will be investigated in section V.D.

On the other hand, to avoid the negative impact of relatively
large speed variations on the back EMFs measurement, a rotor
speed of 900rpm has been adopted for the simulated and
measured back EMFs of A1A2 coil as shown in Fig. 20 (a). As
mentioned earlier, the harmonics of the phase back EMFs, as
shown in Fig. 20 (b), can be included into the proposed model
to predict currents more accurately.

1.5

1

051

Cogging torque(N-m)
o

0 10 20 30 40 50 60
Rotor electrical position(deg)
Fig. 19 Cogging torque obtained from the 2D FE model and measurement.
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Fig. 20 Measured and 2D FE predicted back EMFs of A1A2 coil. (a)
waveforms and (b) spectra.

C. 2D and 3D FE Inductances

The analytical method proposed in this paper to calculate the
2D linear FE inductances under ITSC faults is applied to this
12-slot 4-pole SPM machine. To simplify the calculation of the
slot-leakage inductances, the trapezoidal slot shown in Fig. 16
(b) is approximated to a rectangular slot with equal height and
area. With this approximation, the inductances have been
calculated and results are shown in Table IV. It should be
mentioned that all the FE inductances are average values over
one electrical period. From Table IV, a generally good
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agreement between the analytical and FE results can be
observed.

In addition, the effect of core saturation on inductance values
can also be observed based on the results in Table I'V. It can be
seen that when core saturation is considered, the inductance
values drop significantly, therefore the core saturation cannot
be neglected. It is also worth noting that as the length of
end-winding at each side is almost equal to the stack length, the
end-windings cannot be neglected during the inductance
calculations either. To make a direct comparison against the
measured inductances using Hioki IM3570 Impedance
Analyzer, a 3D FE model has been built (see Fig. 21) and the
3D FE and measured inductances are shown in Table V.

Table IV Inductances in mH of the machine prototype under one coil
short-circuit fault

Method Laa/Lgg /Lec Map/Mpc/Muc  Mpp/Mcy  Mapg
Analytical 1.148 -0.328 -0.164 -0.246
2D FE
(Linear) 1.116 -0.3 -0.15 -0.223
Error (%) 29 9.3 9.3 10.3
2D FE
(Nonlinear) 0.85 -0.21 -0.105 -0.08
Difference (%) 31.3 42.9 42.9 178.8

Note: the difference (%) in the last row is between the 2D FE (linear) and 2D
FE (nonlinear)
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Fig. 21 3D FE model of the 12-slot 4-pole SPM machine.

Table V Phase self- and mutual-inductances in mH of the tested machine

Method Laa/Lgg [Lcc Mg /Mpc/Mac
3D FE (Nonlinear) 1.323/1.321/1.319 -0.264/-0.266/-0.265
Measurement 1.418/1.419/1.461 -0.283/-0.294/-0.296
Error(%) -6.7/-6.7/-9.7 -6.7/-9.5/-10.5

From Table V, it is found that the discrepancies between the
measured and 3D FE phase self- and mutual-inductances are
relatively small, both of them can therefore be used in the
simulations of healthy and faulty machine performance in the
following sections.

D. Phase and Faulty Currents under Different Fault
Scenarios

In this section, although three fault cases have been
investigated, only the currents of one-coil and single-turn
short-circuit faults are shown due to space limitations.

a. One-Coil Short-Circuit Fault

When the one-coil short-circuit fault is introduced, a 3-phase
resistive load (see Fig. 18) of R;pqq = 5Q is used to limit the
amplitude of the phase currents. The measured speed is
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obtained from the encoder, as shown in Fig. 22. This speed is
used in the simulation to fully consider the impact of speed
ripple on the predicted current waveforms. The measured and
predicted phase currents and the fault current (i,r) in the
short-circuited coil are shown in Fig. 23.
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Fig. 22 Rotor speed under one-coil short-circuit fault.
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Fig. 23 (a) Phase currents and (b) fault current (i45) in the short-circuited coil
under the one coil short-circuit fault.

In Fig. 23 (a), it is worth noting that, as the predicted phase
currents obtained by using measured inductances and 3D FE
inductances are very much the same, to make the comparison
between the measured and predicted phase currents clearer,
only the predicted phase currents using 3D FE inductances are
shown. A generally good agreement can be observed between
the predicted and measured phase currents. This is the same for
the predicted and measured fault currents (i, ) in the
short-circuited coil, as shown in Fig. 23 (b), where the predicted
fault currents (i4f) both obtained by using 3D FE inductances
and measured inductances have been presented.



IEEE TRANSACTIONS IN INDUSTRY APPLICATION
b. Single-Turn Short-Circuit Fault

In this case, the 3-phase resistive load R;,,4 (see Fig. 18) is
also set to be 5Q, and the tested motor starts under a single-turn
short-circuit fault directly. The speed profile obtained from the
encoder is similar to that shown in Fig. 22. The corresponding
phase currents and current in the short-circuited turn are shown
in Fig. 24. In Fig. 24(a), there is a very small difference
between the predicted and measured phase currents. However,
in Fig. 24(b), the difference between the fault current (iyf) of
the short-circuited path is relatively larger. This difference is
mainly caused by the not very accurate measurement of
single-turn resistance and by the neglected contact resistance
between the connection points of the single turn when
introducing the short-circuit fault. It is worth mentioning that
the single turn resistance (Ryf + Ry) is only 43mQ. Such a
small value is very sensitive to any disturbance and it can be
altered after introducing the short-circuit fault.
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Fig. 24 (a) phase currents and (b) fault current (i45) in the short-circuited turn
under the single turn short-circuit fault.

Compared with the one-coil short-circuit current in Fig. 23
(b), the single-turn short-circuit current shown in Fig. 24 (b) for
this machine prototype is much lower, which is opposite to that
observed for the 3kW one. This is mainly because for this
12-slot 4-pole machine, not a perfectly full single-turn
short-circuit fault is introduced, i.e. Rf = 0.0360Q #+ 00, which
is about 5 times the resistance of short-circuited turns (R, =
0.007Q). In addition, for this tested machine operating at
900rpm, the resistances are at least 2.5 times the corresponding
inductive impedances. As a result, the inductive impedance in
(15) could be neglected for simplification. This allows for an
estimate of the amplitude of the fundamental component of i,
by using
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By A

I~ —rfm 16
7 (Rf + Ray) (10

For the one-coil short circuit fault, the estimated Iy is 25.6A.
However, for the single-turn short circuit fault, I¢ is only
5.23A. It is noticed that both estimated Ir are slightly higher
than the corresponding measured results. This is due to slightly
lower measured resistances, which cannot take the contact
resistance into consideration when two terminals are connected
to introduce the ITSC fault.

c. Different Loads and Speeds

Further validation of the proposed model has been carried
out for different load conditions (different currents and rotor
speeds). The currents (peak value) in the short-circuited coil
A1A2 under two different resistive loads and different rotor
speeds have been measured, as shown in Fig. 25. Again, the
measured results generally match well with the simulated ones
using the measured inductances, further proving the accuracy
of the proposed fault model under various operating conditions.
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Fig. 25 Amplitude of current of the short-circuited coil under different resistive
loads and speeds.

VI. CONCLUSION

This paper presents a general analytical model for fault
performance evaluation of multipole PM wind power
generators with different power ratings under inter-turn
short-circuit (ITSC) fault. Simulation results from 2D FE and
Simulink models match quite well when a linear magnetic
material is used, which verifies the accuracy of the proposed
analytical model. It is found that the influence of pole number
and spatial distribution of coils on determination of inductances
under fault cannot be neglected when the number of
short-circuited turns in one coil is large. It is also found that the
developed analytical model could be used to obtain current
profiles, which can be used as inputs in the nonlinear FE fault
model to obtain the saturated inductances and on-load PM flux
linkages in order to improve the prediction of fault performance
under core saturation. As for fault-tolerant capability, large
power machines with all coils connected in series are generally
much more fault-tolerant to ITSC fault. However, they are still
vulnerable to faults when relatively small number of turns are
short-circuited. Finally, the proposed fault model is validated
by a series of experiments on a 12-slot 4-pole machine
prototype.
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