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Abstract: This paper proposes a general analytical model for large-power surface-mounted per-
manent magnet (SPM) wind generators under inter-turn short-circuit (ITSC) faults. In the model,
branch currents rather than phase currents are used as state variables to describe the electromagnetic
behavior of the faulty machine. In addition, it is found that the multiphase Clarke transformation
can be used to simplify the proposed fault model with the inductances calculated analytically or
numerically using finite element analysis. With the latter, both linear and nonlinear inductances can
be obtained, and the non-linear inductances are used for the fault modelling of large power rating
machines due to larger electrical loading and heavier magnetic saturation. With the developed fault
model, studies of scaling effects (different power ratings such as 3 kW, 500 kW and 3 MW) and the
influence of fault location on the electromagnetic performance of SPM generators with series-parallel
coil connections have been carried out. The simulation results show that large-power SPM wind
generators are vulnerable to ITSC faults when a relatively small number of turns are short-circuited
and a single-turn short-circuit fault at the top of the slot is found to be the worst case.

Keywords: inter-turn short circuit; multiphase Clarke transformation; series-parallel coil connections;
SPM wind generators

1. Introduction

Due to the concerns about the depletion of non-renewable resources and significant
global climate change, many countries are now resorting to renewable energy [1]. Wind
energy, as one of the most promising renewable energy sources, has been well developed
in the past 30 years. However, improving the reliability of wind turbine systems is still an
important topic to both academia and industry [2,3]. As the size of wind turbines becomes
larger, the loss of a single wind turbine unit leads to significant loss in the generated
revenue. For this reason, some investigations have been conducted by major wind turbine
manufacturers to obtain statistical data on the annual failure rate and downtime of major
components of wind turbines, as reported in [4]. It was found that the wind generator
and gearbox, as two of the key components of the powertrain, have the longest downtime,
although they are less prone to failure than the power converters and their associated
control units. Therefore, it is necessary to study the faults of wind generators and try to
reduce their downtime by detecting their faults at an early stage and then optimizing the
maintenance schedules.

With regard to wind generators, there are many different types, including permanent
magnet synchronous generator (PMSG), squirrel cage induction generator (SCIG), wound
rotor induction generator (WRIG), doubly fed induction generator (DFIG) and wound rotor
synchronous generator (WRSG) [5]. In addition, line-start permanent magnet synchronous
machines are also widely used in relatively constant speed applications, such as pumps
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and fans [6,7]. However, they all have similar fault types and distribution [8]. Amongst all
the faults of these wind generators, the winding fault, as the second most frequent fault,
has attracted significant interest in the past 30 years [8-15]. It has been reported by the
authors in [8] and the Electrical Apparatus Service Association (EASA) that there are five
major winding faults: (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-to-ground
short circuit. Amongst all the faults, the inter-turn short-circuit (ITSC) fault, often regarded
as one of the root causes of other winding faults, has attracted increasing attention from
researchers over the last few decades [12,14,16,17].

From the fault detection and protection perspective, it would be much better if the
changes in machine currents and voltages under ITSC faults could be predicted and
understood. This would help to develop a model-based fault detection method or increase
the sensitivity and accuracy of the available techniques before doing any test [18]. A
cost-effective fault model is especially useful for large-power electrical machines because
performing fault tests on them is costly, difficult and often destructive. For these reasons,
some prior work on ITSC fault modelling of different electrical machines has been carried
out by researchers [10-12,19-25]. In the literature, there are three well-established methods
to model ITSC faults, i.e., the analytical approach, magnetic equivalent circuit, and finite
element method (FEM).

The advantage of the analytical approach is that it is generic and is applicable to
machines with any power rating, although it can be less accurate, and the analytical
calculation of inductances used in the fault model can sometimes be very complex. As for
the magnetic equivalent circuit and FEM, although they have better accuracy, they are often
much more time consuming, particularly for large-power electrical machines under ITSC
faults. This is mainly because the full models required for large-power electrical machines
with ITSC faults lead to many more mesh elements in the FE models or flux tubes in the
magnetic equivalent circuit models; hence, they require much more time to solve at each
step to maintain appropriate accuracy. If the full models of large-power electrical machines
with a large number of slots and poles are interfaced with PWM converters (co-simulation)
to simulate faulty machine behavior under real operating conditions, the long simulation
time (which could be many days or even months) using common office computers would
not be acceptable at the machine design stage.

Therefore, it is desirable to develop a relatively simple general analytical fault model
that can use either analytical or FE inductance parameters. However, it has been reported
in [10,19,20] that a system with a large number of first-order differential equations is
required to characterize the fault model when loop or branch currents are used as state
variables, which makes the ITSC fault modelling of large-power electrical machines very
challenging. Therefore, it would be very useful if the fault model could be simplified.

In [21,22], the authors proposed a simplified fault model for fractional-slot SPM
machines with series-parallel coil connections by assuming that all branch currents in the
remaining healthy phases were equal when the ITSC fault occurred in one branch of the
faulty phase. However, this assumption might not be applicable to large-power integer-slot
SPM wind generators. On the other hand, the authors in [26,27] try to simplify the fault
model by assuming that most of the mutual inductances are zeros. However, the validity
of this assumption is also questionable for large-power SPM wind generators. Overall, no
relatively simple and general analytical fault model has been proposed.

To fill this research gap, this paper proposes a simple general analytical fault model in
a concise block matrix form for large-power SPM wind generators, in which the branch
currents are used as state variables. In addition, the multiphase Clarke transformation
is proposed to simplify the fault model. As one of the most important parameters in the
fault model, the inductances can be calculated using both the analytical approach and FEM.
The analytical approach is used to calculate the inductances of single-layer and distributed
overlapping windings (slot/pole/phase (SPP) is equal to 1), which are often adopted by
large-power SPM wind generators. As for the inductance calculation using FEM, both
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linear and nonlinear inductances have been calculated. With the developed fault model,
studies of scaling effects such as power ratings (3 kW, 500 kW, 3 MW) and the influence of
the fault location considering the series-parallel coil connections have also been carried out.
It should be mentioned that although the scaling effect study was investigated in [28], the
large-power SPM machines were assumed to have series-connected coils, which is often
not the case in practice.

2. Analytical Modelling of ITSC Faults of SPM Wind Generators

Figure 1 shows the circuit schematic of the studied SPM wind generators. The circuit
schematic in Figure 1 is also used in the FE model for inductance calculation in Section 3.2,
where the meanings of A1_hc, A11_ht, A11_hb, and A11_fm are explained in more detail. It
is worth noting that in the FE models of the SPM wind generators, one FEM coil represents
one parallel branch that contains r coils in series, and each phase has n parallel branches.

One FEM coil contains rcoils in series

R, =0

Branch A1
igllan
Branch An

Branch B1 :
L ]

Branch

icy
Branch C1 2
iCn S
Branch Cn

[N

—
le

Figure 1. Circuit schematic of the studied SPM wind generators under an ITSC fault.

In addition, the ITSC fault is assumed to occur in A11_fm turns of a certain coil in the
first branch (A1 branch) of phase A. If the switch in Figure 1 is closed, i.e., a short circuit
occurs, a large current will circulate in the short-circuited path marked in red, which causes
the branch currents in each phase to become unbalanced, i.e., the branch currents in each
phase are not equal anymore. To consider this situation, the branch currents are used as
state variables to describe the machine behavior under an ITSC fault. Therefore, the voltage
equations for every circuit branch and the short-circuited path can be expressed in a concise
block matrix form as (1):

Mg Mac  —Myy ig is es _Olf 8
Lgg Mpc  —Mjps | d |ip ip ep

—-— . R . 0 [R - 0 1
M(%B LcTc ~Mcr | dt |ic FRa il T ee | T 0 Alf 0 M
MBf MCf *LAlf,Alf lf 0 eAlf iAlf Rflf

where v, i, and e are column vectors that represent branch-to-neutral voltages (v), branch
back-EMFs (e) or branch currents (i) for the phase windings A, B and C. For example,

eq = [e Al €An e An] T represents the back-EMFs in every branch of phase A. This
column vector has n entries, where 7 is the number of parallel branches described earlier. In
terms of Lyy and M,y (“y” denotes another phase winding different from “x”). In this paper,
they are referred to as branch inductance matrices. The entry (LXX)i,j of Lyy represents the
inductive coupling between the ith and jth branches of the same phase x. Similarly, the
entry (Myy) ij of My, describes the inductive coupling between the ith branch of phase x

and the jth branch of phase y. These definitions can be written concisely as (Lxx)l-,]- = Myixj

and (Mxy)i,j = Muiyj-
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Additionally, Ry, in (1) is the branch resistance. As for Rair, Laif a1y, eais, they
are the resistance, self-inductance, and induced back-EMF of the short-circuited turns,
respectively. It can be easily seen that ea1s = (pi1/7)es, where the coil faulty turn ratio y; is
defined as 1 = n i /n¢, r is the number of coils connected in series in every parallel branch,
and e 4 is the branch back-EMF of phase A. With regard to 7 and n,, they are the number of
short-circuited turns A11_fm and the number of turns per coil, respectively. Furthermore,

irand iy (: igg—1 f) are the currents in the external short-circuited path and short-

circuited turns, as shown in Figure 1. Meanwhile,Ry in (1) is the contact or insulation
resistance between two short-circuited points. It is worth noting that, in practice, Rf would
change according to the degree of insulation degradation. However, for simplicity, in this
paper, unless specifically highlighted, Ry has been assumed to be zero, meaning that the
worst case of ITSC fault has been considered.

The last remaining terms to be explained are the three faulty inductance vectors My,
M3y, and Mcy. They represent the inductive couplings between the short-circuited turns
and the branches in all three phases, which can be expressed as

T
Myr = [MAl,Alf Muo arf - MAn,Alf}
T
Mps = [MBLAU Mpo,a1f - MBn,Alf} @)
T
Mcs = [Mcr,a1f Mceoary -+ Menaiy]

where M1 a1f = Laif,a1f + Main,atf- Main a1y represents the mutual inductance be-
tween the remaining healthy turns and the short-circuited turns in the branch Al.

Once all the branch currents in the three-phase windings and the current in the short-
circuited turns are known, the electromagnetic torque (Nm) under an ITSC fault can be
determined and expressed as

T, T, T. ,
(ea) ia + (ep) ip + (ec) ic —earfiy
Wrm

T, =

+ Tcog ®3)

where wyy, is the rotor mechanical speed (rad/s), and T, is the cogging torque (Nm),
which can be easily calculated using FE models.

Although the fault model is now complete, if the three-phase windings are Y-connected
and the neutral point is not accessible, then the branch-to-neutral (or phase) voltages v 4,
vp, and v¢ cannot be determined directly. This problem can be solved if the following three
conditions are satisfied:

(1) All branch-to-neutral voltages such as v41 to v4, of the same phase are equal and the
branch back-EMFs of the same phase such as €41 to ey, are equal.

(2) All branch inductance matrices are circulant matrices (see Appendix A).

(38) The sum of three phase currents is zero.

Adding all the circuit branch voltage equations together will yield

va+vp+uc=(eq+ep+ec)

o (Bt o) 0

where ey4, eg and ec are branch back-EMFs of phases A, B and C. My¢(k), Mgy (k), and
Mc (k) represent the kM elements of M 4 #Mps, and Mcy, respectively.

Now the sum of the three branch-to-neutral voltages v 4, vp, and v¢ is known. Using
(4), the three branch-to-neutral voltages can be easily determined separately from the two

line voltages v 4p and vpc using the following equation:

UAB = Up — UB ®)
vpc = Vg — Uc = VA +20p — (VA + vB + V)
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Equations (1)-(3) clearly show that the number of first-order differential equations
to characterize the fault model using branch currents as state variables is determined by
the number of parallel branches. This means that a total of 3n + 2 first-order differential
equations (2 mechanical equations have been included although they are not shown)
must be used to predict the machine behavior under an ITSC fault for the studied SPM
wind generators with n parallel branches in every phase. If the number of differential
equations for the fault model is large, it is very difficult to build and solve such a model
in MATLAB/Simulink R2018a or other similar software. To overcome this difficulty, the
multiphase Clarke transformation is proposed in Section 4 to simplify the fault model.

3. Inductance Calculation

It can be seen from Section 2 that if the number of parallel branches is large, many
inductance elements in the branch inductance matrices and in the three faulty inductance
vectors have to be determined when building the fault models using simulation software
such as MATLAB/Simulink. This is especially the case for large-power low voltage SPM
wind generators with many parallel branches in each phase to reduce the voltage stresses of
their interfaced converters. Therefore, this section will focus on the theoretical calculation
of inductances using both an analytical approach and FEM.

3.1. Analytical Approach

It is often convenient to use an analytical approach to calculate inductances at an initial
design stage when the winding configuration of the studied machine is not complex. Unlike
the large-power synchronous machines in [20], large-power SPM wind generators often
have a simple winding configuration. In this paper, the distributed single-layer winding
with a slot/pole/phase (SPP) equal to 1 has been used for the fault modelling, as shown in
Figure 2.

Rotor
o PM
- \
—
7 . AT W
© ©® \ anr
Stator '4:
=A B e C

Figure 2. Cross-sectional view of the studied SPM wind generators with distributed single layer
winding configuration.

For the phase self- and mutual-inductances, there are three components, i.e., air-
gap, slot-leakage and end-turn leakage components, that often need to be calculated (or
estimated according to their proportions) for accurate fault modelling [28,29]. However,
for the investigated large-power SPM wind generators, the end-windings are often much
shorter than the active windings in the slots. Therefore, the end-turn leakage components
have been neglected for inductance calculation, and this neglect has been found to have
little influence on the model accuracy. In addition, to simplify the analytical calculation
of the inductances, it is assumed that the conductors completely fill the rectangular slot,
and the shapes and the locations of the conductors are not considered. Otherwise, the
inductance calculation using an analytical approach would be very complex. However,
both the shapes and locations of the conductors can be relatively easily considered in the
direct FE simulations if more accurate predictions are required.

Using the analytical approach (winding function approach + slot permeance method)
in [28,29], all the elements of the branch inductance matrices of the studied SPM wind
generators can be obtained. It is worth mentioning that due to the spatial distribution of
the three-phase symmetrical windings, all the branch inductance matrices are circulant
ones (see Appendix A). From Appendix A, it can be easily seen that if the elements in
the first row of a circulant matrix are known, all the elements of the circulant matrix can
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be determined accordingly. Based on this characteristic, all the elements in the branch
inductance matrices required for the fault model can be defined and calculated as

Laia1 = Lpip1 = Laicn = Ly

Ma14j = Mp1gj = Mcicj = M1(j =2,3,--- ,n)

Mu1p1 = Mpic1 = Ma

Muipj = Mpicj = M1(j=2,3,--- ,n) (6)
Mpicj=Mi(j=23,--- ,n—1)

Mpic1 = My + My

Maicn = My + Mg

with L2 ) L
_ MHoTeler(2p — 71 2 2
L= g: e 77((%) + 2r(nc) pole {3;‘0}
_ Horel r 2 _ (2p—3r)
rele 1
Mg = mjg: £ grc(nc)z and My = (r —1)Mg

where the meanings of po,7e,le,ge.l1s, S and p are the same as those in [28,29].
The remaining inductances to be calculated are the elements of the three faulty induc-
tance vectors, and they are expressed as

Ma1,a1f = L1 and Mpy a15 = Mcp,a1f = Moz
Maja1f = Mpj a1 = M (j=2,3,--- ,n) 8)
Mcja1f =Mnu(j=12,,n-1)

with
L11 = Laif,a1f + Main,a1f = (LAlf,Alf)g + (LAlf,Alf)

slot (9)
+ (MAlh,Alf)g + (MAlh,Alf>Slot

where the air-gap and slot-leakage inductance components of L4 41 and M1y, 417 (in-

" 1

dicated by subscripts “g” and “slot”) are the same as those shown in [29] and have to be
calculated separately as follows:

rele 2p — 1
(LAlf,Alf)g + (MAlh,Alf)g = V(jg:E(sz)ﬂlﬁ(”c)z (10)
2 2
(LAlf,A1f>slot = 2pole <hs) B hs — ghu - ghb (11)

2 2
- ne hu(hb — ha) (hb - ha) 2 2

(MAlh'Alf) slot o Z‘MOZE (hs ) [ st * st {(hs hb T hu) hﬂ} (12)
where h,; and &y, represent the two fault locations along the slot, and n = ne(hy — hg) /s
represents the number of short-circuited turns associated with the fault locations. They are
illustrated in Section 3.2. In addition, My; and Mp; in (8) are expressed as

tele 3r—2
M = _“llo ¢ 67“1/[17'[(71&2 and My = 7( 3, p)

M 13
% 27 11 (13)
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3.2. FEM Modelling

Although a direct FE simulation of large-power SPM wind generators under an ITSC
fault using voltage sources is quite time-consuming, inductance calculation using FEM can
often obtain accurate results in a short time. For the studied 3 MW SPM wind generator, it
only takes several seconds to obtain all the linear inductances, and several hours to obtain
all the nonlinear inductances using the flux linkage subtraction method when the core
saturation is not heavy. These FE inductances can then be used in the fault model to predict
the performance of the machines under an ITSC fault. It is worth mentioning that under an
ITSC fault, the currents in the machine windings become asymmetric, and therefore, a full
FE model is necessary to calculate all the inductances required in the fault model.

In Figure 3, the fault locations /i, and hy, related to the number of short-circuited turns
(marked in red) are highlighted. The coil with short-circuited turns shown in Figure 1
is divided into three FEM coils with different numbers of turns. The Al_hc FEM coil
represents the remaining r — 1 healthy coils of the A1 branch. With regard to A11_hb and
A11_ht FEM coils, they are the remaining healthy turns at the bottom and top of the two
affected slots with short-circuited turns. The last FEM coil A11_fm in A1 branch represents
the short-circuited turns in the middle of the two affected slots. In addition, one FEM coil in
every other healthy branch of the three-phase windings is used to indicate it has » healthy
coils connected in series.

Figure 3. A FE model of the studied SPM wind generators with the ITSC fault for inductance
calculation.

3.3. Some Results of Inductance Calculations

The main parameters of the studied SPM machines are shown in Table 1. Due to space
limitations, only some analytical and direct FE inductance results of the 500 kW machine
are shown in Figure 4a,b as examples. In Figure 4c, the relative error of the inductances is
the difference between the 2D analytical and FE inductances divided by the corresponding
2D FE inductances.

Table 1. Key parameters of the studied SPM machines [28,30].

Rated power 3kW 500 kW 3 MW
Rated speed (rpm) 170 32 15
Rated voltage (Vrms) 690 690 690
Phase current (Arms) 2.5 438.2 2790
Series-parallel winding 16S1P * 757P * 4520P *
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

*: rSnP such as 16S1P is used to represent the series-parallel winding configuration of the studied machines. It
means 7 coils in series, n parallel branches.
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Figure 4. Characteristics of inductances between No. Al branch and other branches for the 500 kW
SPM machine. (a) Analytical results, (b) FE results and (c) Relative errors between analytical and
FE results.

It can be seen from Figure 4c that some relative errors of the elements in the branch
inductance matrices for the 500 kW SPM machine are quite large. For example, there
is about 500% relative error for M 441, Mpsa1 and Mcga1. However, these inductances
are very small, and the large error does not affect the accuracy of the fault model to a
great extent, as shown in Section 5. It is also worth noting that, although not shown, the
inductances of the 3 MW SPM machine also have similar characteristics.

4. Model Simplification Using Multiphase Clarke Transformation

As mentioned previously, the proposed fault model using branch currents as state
variables requires many first-order differential equations to simulate the faulty machine
performance, especially for large-power low-voltage SPM machines. In addition, very few
elements of the branch inductance matrices are zeros. These are the two main reasons why
it is difficult to construct a fault model for large-power low-voltage SPM machines. How-
ever, as the branch inductance matrices are circulant ones, the fault model can be greatly
simplified when the original branch currents, voltages and back-EMFs are transformed
into new variables using the multiphase Clarke transformation matrix C as follows:

o
0

fp (14)

*w
|

where f/;, fz and f(- are the corresponding transformed branch current, voltage, and back-
EMF vectors. In addition, C has the power invariant form, i.e., Cc ! =CT. Asaresult, it is
easily seen that

fa cl' o o[t ct o 07[f,
fgl=10 c! o Pl=10 ¢’ o]|fp (15)
fc 0 0o C'|[f- 0o o CT|[fc

The new voltage equations after using the multiphase Clarke transformation can be written as

0
0 (16)
0

M;qc —CM ¢ iy i e c
M ~CMgs | d |1 i ’ 0
BC Bf | 4 |1p R. |B €p
Lo —CMcy |arfig| T lic] el | T o

0

M(T;fCT —Laifa1f if 0 eAlf

conNno
ocnNnoo
— o oo

where Ly, = CL,,CT, and M;y = CMxyCT. “x” and “y” represent two different phases
amongst A, B, and C. It is worth noting that no matter what kind of inductances (FE linear
or nonlinear) are used in the fault model, L., will all have diagonal forms because they
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are circulant and symmetric, and Mx will all have block diagonal forms, the elements
of which are shown in Appendix B. In other words, after the transformation, the fault
model is greatly simplified because the number of the first-order derivatives of state
variables in every transformed circuit branch voltage equation represented by a first-order

differential equation is reduced from 37 + 1 to 3 or 5. In addition, i4qf (: ig1—1 f) has to

be represented by i1 ¢ {: (CTi;]) L ir], indicating that the transformed branch currents

are used as new state variables.
The torque equation now can be expressed as

(eAiA + epip + ecic — eAlfif)

T, = T, 17
e Orm + cog (17)

where iy, ip and ic are the phase currents, which are /1 times the corresponding trans-
formed branch currents iy, ip; and i(;.

In addition, the relationship between the equivalent phase self- and mutual-inductances
for the three-phase windings with series-parallel-connected coils (Lsp and Mgp) and those
with series-connected coils (Lg and M) can be established as follows:

1n 1
(Lxx)sp = ;jgl(Lxx)u = E(Lxx)s
(Mag)gp = 3 5 M)y, = 1 (M) "
vIsp = g T T s

From (18), it can be seen that the concept of equivalent phase self- and mutual-
inductances for three-phase windings with series-parallel-connected coils becomes “con-
crete” because they are now related to the mutual inductances between two branches in
the same phase.

5. Simulation Results

A series of Matlab/Simulink simulations using analytical, FE linear and nonlinear
inductances has been carried out for the 3 kW, 500 kW, 3 MW SPM faulty machines with
distributed overlapping winding configurations. As the main purpose of this paper is to
validate the fault model and model simplification method, for simplicity, the rotor speeds
are kept constant and balanced three-phase sinewave voltages are fed to the fault model to
shorten the simulation time. The inter-turn short-circuit faults are introduced when the
machines operate under the rated condition, i.e., rated speed and torque with iy =0 A
control. It is also worth mentioning that a system of 23 first-order differential equations is
required to simulate the 500 kW faulty machine, and for the 3 MW machine, a system of
62 first-order differential equations needs to be built. Such large-scale systems of first-order
differential equations are very complex and much more computationally demanding than
that for a healthy machine (only four to six first-order differential equations are required).

5.1. Fault Simulations with Linear Inductances

Due to limited space, only some typical results of the 3 MW SPM machine under
the one-coil short-circuit fault are presented in this section. Compared with other fault
scenarios, this fault case generally leads to the greatest imbalance in branch currents. In
Figure 5, the currents of the faulty coil before and after the one-coil short-circuit fault
are shown. A good match between the results from the two models using FE linear and
analytical inductances can be observed. Although the results of other ITSC fault cases using
analytical and FE linear inductances under different operating conditions are not shown
here, they generally show good agreement. In addition, it can be observed that the fault
current under a one-coil short-circuit fault increases significantly, about two to three times
the current in the faulty coil before the fault.
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Figure 5. Current in the faulty coil of the 3 MW SPM machine before and after a one-coil short-circuit
fault.

Some steady-state branch currents in phases A and C before and after the one-coil
short-circuit fault are illustrated in Figure 6. It is worth noting that the steady-state current
waveforms before (2.4 to 2.5 s) and after the one-coil short-circuit fault (3.8 to 4 s) have
been combined because the current transients last for quite a long time. By doing so, it
is much easier to see the variation in currents before and after the short-circuit fault. In
addition, since the results from the two models using analytical and FE linear inductances
are very much similar, in Figure 6, only the results using the FE linear inductances are
shown. It is also worth noting that the branch currents i 43 to i45 are very much similar
to igp, and ic3 to ic19 are very much similar to ic;. Although not shown, the changes in
the branch currents of phase B are negligible. These variations of branch currents before
and after the short-circuit fault have also been observed in the 500 kW SPM machines. In
addition, it is worth mentioning that the 3 kW SPM machine considered in this paper only
has series-connected coils, and the results have already been shown in [28].
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Figure 6. Steady-state branch currents of (a) phase A and (b) phase C in the 3 MW SPM machine
before and after the one-coil short-circuit fault. (Waveforms in the two time intervals 2.4 to 2.5 s and
3.8 to 4 s have been combined.)

Unsurprisingly, as the 3 MW SPM machine has a large number of parallel branches
and in each parallel branch, it has numerous series coils, the three-phase currents only
change slightly before and after the one-coil short-circuit fault. However, lower order
harmonics can still be observed in the d- and g-axis currents, as shown in Figure 7, and they
can be used as a fault indicator for the fault detection purpose, as investigated in [31,32].
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Figure 7. Steady-state (a) d-axis and (b) g-axis currents of the 3 MW SPM machine before and after
the one-coil short-circuit fault. (Waveforms in the two time intervals 2.4 to 2.5 s and 3.8 to 4 s have
been combined.)

5.2. Fault Simulations with Nonlinear Inductances

In the previous section, FE linear inductances are used to validate the fault model using
analytical inductances. However, in practice, the inductances are often nonlinear. This is
particularly the case in the large wind power generators that often have large electrical
loading and hence heavier magnetic saturation. As the impact of scaling (from 3 kW to
3 MW) will be investigated in this section, nonlinear inductances need to be used for more
accurate modelling. As described earlier, the multiphase Clarke transformation developed
in Section 4 can still be used to simplify the fault model with nonlinear inductances.
Thus, some studies such as the scaling effect and fault location can be carried out in
Matlab/Simulink in a more realistic way and without excessive increases in the modelling
difficulty.

5.2.1. Scaling Effect

According to the previous analyses, the large-power SPM machines in this paper
have series-parallel winding configurations, which are often used in offshore wind power
generators. The normalized ITSC currents of PM machines with different power ratings
(B kW, 0.5 MW and 3 MW) versus coil faulty turns ratio are shown in Figure 8. The reference
current values of these PM machines are their corresponding rated coil currents.

40 Nonlinear inductances based
—o— 3 MW
—&6— 500 kW

30+ —— 3 kW

Normalized short-circuit current

0 0.2 0.4 0.6 0.8 1
Coil faulty turns ratio

Figure 8. Normalized short-circuit current vs coil faulty turns ratio for different power-rating SPM
machines using nonlinear inductances.
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5.2.2. Influence of Fault Location

Although in the scaling effect study one of the fault locations was chosen to be at the
bottom of the slot, i.e., h,= hs /1, it is worth noting that the amplitude of the ITSC current
actually depends on the two fault locations /,; and h;,. This is because all the elements of
the three faulty inductance vectors M4 r,Mps, and Mcy are fault location dependent. It has
been reported that the worst-case scenario for fractional-slot SPM machines under a single-
turn short-circuit fault is a short circuit close to the slot opening [33-35]. However, to the
best of our knowledge, there is no similar report on large-power SPM machines with series-
parallel coil connections. Based on the proposed fault model and model simplification
method, the influence of the fault location on the amplitude of the ITSC current under
a single-turn short-circuit fault can be studied. The results are shown in Figure 9. For
large-power SPM machines (500 kW and 3 MW), the worst-case scenario of the single-turn
short-circuit fault is also a short circuit close to the slot opening. However, for low-power
SPM machines (3 kW), the influence of fault location on the amplitude of the ITSC current is
negligible. This is mainly because for the 3 kW machine, the amplitude of the ITSC current
can be approximated to the ratio of the back EMF to the impedance of the short-circuited
turn. Thus, the fault location has negligible influence on the amplitude of the ITSC current.
However, for large-power machines such as the 500 kW and 3 MW machines, the amplitude
of the ITSC current is affected by other inductances such as };_; May(k), Xx_; Mpg(k),
Yk—1 Mcs(k) and Laqf,41f- This conclusion is drawn by analysing the reduced-order fault
model to approximately predict the amplitude of the ITSC current, which is based on the
additional assumption that after the fault, all branch currents of the remaining healthy
phases are equal.

45 . . : .
= —6— 3 MW Nonlinear inductances based
[ 500 kW
5 40 —o— 3 kW
g 35
©
5 30
L
()
€ 25
=
(]
?c,, 20 | -
7 Slot bottom < » Slot top
15 ' ' ' '
0 0.2 0.4 0.6 0.8 1

Relative fault location

Figure 9. Normalized single-turn short-circuit current vs relative fault location for different power-
rating SPM machines using nonlinear inductances.

6. Conclusions

This paper presents a general analytical model and model simplification method
using multiphase Clarke transformation for large-power SPM wind generators under an
inter-turn short-circuit (ITSC) fault. Calculation of inductances in the fault model using
an analytical approach and FEM has been presented. It is found that the multiphase
Clarke transformation can be used to simplify the fault model with FE linear and nonlinear
inductances because all branch inductance matrices are circulant matrices. As a result, the
simulations for large-power SPM wind generators under an ITSC fault can be carried out
directly in an easier and more time-saving way while maintaining adequate accuracy using
the simplified fault model with FE inductances. It is worth mentioning that the proposed
fault model and model simplification method are generic and may be applied to other
types of non-PM machines and also their multiphase counterparts with practical winding
configurations. In addition, based on the simplified fault model, studies of scaling effects
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and the influence of fault location on the amplitude of ITSC current of PM machines with
different power ratings (3 kW, 500 kW, 3 MW) have been carried out. The simulation results
show that large-power SPM wind generators are vulnerable to ITSC faults when a relatively
small number of turns are short-circuited, and the single-turn short-circuit fault at the slot
top (close to slot opening) is the worst-case scenario.

Author Contributions: Writing—original draft, Z.M.; writing—review and editing, G.L. and Z.Z,;
funding acquisition, R.C., A.T. and Z.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the UK Engineering and Physical Science Research Council
(EPSRC) Partnership, a new partnership in Offshore Wind under Grant EP/R004900/1.

Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Regarding the circulant matrices, one important characteristic is that the elements of
each row of a circulant matrix are identical to those of the previous row, but are moved one
position to the right and wrapped around [36]. Its mathematical form can be expressed as
follows:

Lo L1 L Ly
Ly1 Lo Ly Ly
circ(Lo,Ly, -+ ,Ly_1) = Ly—2 Ln1 Lo Ly—3 (A1)
Ly L, Lz --- Lo
For simplicity, we define Ly = circ(Lo, Ly, -+, Ly—1).
Appendix B
The multiphase Clarke transformation matrix is shown in (A2)
V2 V2 V2
cos<72><27ﬂ> cos(me2%> cos(f(nfl)x%r)
sin(72>< 2%) sin<7m>< 27”) sin<7(n71)>< 2—7[)
cos<72><k>< 2%) cos<7m><k>< 2£> cos<7(n71)><k>< 2—7-[) (AZ)

sin<72><k><2—7t> sin<fm><k><2—7t)
n n

) ) cos((nl)x:<n;2)><2:>
sin(—Zx(ngz)XZ%> sin(— X(n;2>><277r) sin(—(n—l)x(ngz)ng>

In (A2), the assumption has been made that the number of parallel branches is an even
integer. If the number of parallel branches is an odd integer, the last row in (A2) should be
deleted and all (n — 2)/2 terms appearing in the third- and second-to-last rows have to be
replaced with (n — 1) /2.

The nonzero elements of the transformed branch inductance matrices are given as
(A3).
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(CLCirC CT) = Lh
L1 p=0
(CLawec™) . = (CLaxeC”) =Y Lycos (Z”h> k=122
T 2k,2k 2k+12k+1 = n 2
(CLCirCC )ij - T T n=1 27th n—2 (A3)
(CLC“CC )2k,2k+1 N (CLC“CC >2k+1,2k B ;EO thm( n ) k=123
n—1
(CLcircCT) = (_1)h Y Ly
nn h=0
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