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Abstract

A general analytical model is developed in a concise block matrix form for surface-
mounted permanent magnet (SPM) machines with series-parallel coil connections un-
der inter-turn short circuit (ITSC) fault. In the model, branch currents are used as state
variables and inductances of different series-parallel coil connections are calculated using
an analytical method, namely winding function approach (WFA) together with slot per-
meance method. Based on the characteristics of the calculated inductances and the
developed fault model, the multiphase Clarke transformation has been proposed to
simplify the fault model. In the process of model simplification, the healthy machine
model using branch currents as state variables have been proven to be equivalent to that
using 3-phase currents as state variables. The proposed fault models of a 3kW 96-slot 32-
pole SPM machine with different series-parallel coil connections have been built in
Matlab/Simulink and validated by time-stepping 2D FE simulations. Simulation results
show that different series-parallel coil connections have little influence on the amplitude
of the ITSC current. Finally, a small scale 24-slot 8-pole SPM machine prototype has been
built to further validate the accuracy of the proposed fault model.
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maintenance works [2]. This is particularly the case for

offshore wind turbines, which are much more difficult to ac-

As one of the most promising renewable energy sources, wind
power is becoming more and more competitive and attracts
increasing attention from industry and academia. Most coun-
tries have a strong motivation to transform the way of elec-
tricity generation from the conventional energy sources such as
natural gas, oil, coal, and nuclear to more eco-friendly energy
sources such as solar and wind. It has been reported that since
the 1990s, the cumulative capacity of the installed wind energy
has increased exponentially. In the near future, both the power
capacity and size of a single commercial wind turbine are ex-
pected to increase [1]. However, if there is a severe fault in a
large wind turbine, it often requires complex and costly

cess to than their onshore counterparts. Therefore, despite
many technological advances have been made in recent years,
the reliability of wind turbine systems remains a growing
concern to both academia and industry. Based on the distri-
bution of number of failures and downtime in different
components of a wind turbine recorded by major wind turbine

manufacturers [3], it is found that although the failure rate

>
of large wind generators is not the highest, the downtime of
which is often one of the longest. This shows the necessity of
investigating the faults in large wind generators.

Regarding the faults of large wind generators, one early

literature review [4, 5] showed that the winding fault is one of
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the most frequent faults, second only to the bearing fault.
According to statistical data, it is found that there are five
major types of winding faults, namely (1) open circuit of one
phase, (2) inter-turn (turn-to-turn) short circuit (ITSC), (3) coil
to coil short circuit, (4) phase to phase short circuit, and (5)
coil/phase to ground short circuit [6]. And the ITSC fault is
often regarded as one of the root causes of other more severe
faults [7]. If the ITSC fault can be detected and mitigated in
time, the amount of maintenance work could be reduced, and
the wind generators will be able to operate more efficiently
during their designed life span. Hence, an in-depth investiga-
tion of the ITSC faults and their impact on the performance of
electrical machines are necessary. This can be done by using the
physics-based fault modelling, which has attracted an
increasing interest from both the academia and industry in
recent years [8—11].

In [10, 11], a general analytical model of surface-mounted
permanent magnet (SPM) machines with series-connected and
parallel-connected coils under ITSC fault were proposed.
However, for medium and large-power electrical machines,
such as the ones used in wind power, series-parallel coil con-
nections are often used to increase the phase current whilst
reducing the phase voltage level, and the models based on
series-connected and parallel-connected coils might no longer
be applicable. In [12-14], the transient behaviour of salient-
pole synchronous machines with series-parallel coil connec-
tions under internal faults including ITSC fault was modelled
using branch currents as state variables due to unequal branch
currents when an internal fault happens. However, the
cumbersome inductance calculation considering the practical
distributed winding arrangement and large-scale systems of
differential equations required to characterise the fault model
make ITSC fault modelling for large salient-pole synchronous
generators quite complex and challenging. In addition, the fault
models proposed in [12—14] are not really general and simple,
and they cannot provide much meaningful physical insights
into the fault performance.

In [15], ITSC fault models for fractional-slot SPM ma-
chines with series-connected and parallel-connected windings
have been developed. To simplify the modelling, the authors
have assumed that all branch currents in healthy phases (phases
B and C) were equal when the I'TSC fault occurred in the faulty
phase (phase A) branch. In [16], the same assumption has been
made about the branch currents during the I'TSC fault when
modelling the fractional-slot SPM machines with multi-strand
windings. However, both [15, 16] only modelled one specific
fractional-slot SPM machine, and their assumptions are not
always valid for integer-slot SPM machines with series-parallel
coil connections as it will be investigated in this paper.

As for other fault modelling methods such as a magnetic
equivalent circuit [17, 18] and finite element analysis (FEA)
[19-21], they are quite time-consuming particularly the FEA
for large-power electrical machines under the I'TSC fault. This
is mainly because, due to the large numbers of slots and poles,
full FE models required for large-power SPM machines with
ITSC faults often have much more mesh elements, and are
hence much more time consuming to solve. This is particularly

the case when the FE models are coupled with PWM con-
verters (co-simulation) to simulate the faulty machine perfor-
mance under real operating conditions. In addition, it is
noticed that large-power SPM machines need more time to
reach a steady state, hence requiring longer simulation time.

Different from the developed fault models in [12—16], this
paper proposes a general and relatively simple analytical fault
model in a concise block matrix form for SPM machines with
series-parallel coil connections using branch currents as state
variables. In the fault model, the mutual inductive coupling
between any two branches has been considered. It should be
mentioned that, as shown in Figure 1, the winding of the
analysed SPM machines is single-layer, full-pitch, and distrib-
uted [slot/pole/phase (SPP) is equal to 1], which is often the
case for large PM generators used in wind power.

Due to this simple winding structure, inductances of the
fault model can be calculated easily by analytical methods such
as winding function approach (WFA) together with slot per-
meance method. It is worth noting that the core saturation has
been neglected during the analytical calculation of the in-
ductances. Once the inductances are determined, it is found
that the multiphase Clarke transformation can be used to
simplify the fault model based on the characteristics of the
calculated inductances and the concise block matrix form of
the developed fault model. As an example, fault models of a
3kW 96-slot 32-pole SPM machine with different series-
parallel coil connections, have been built in Matlab/Simulink
based on the proposed fault model and model simplification
method, and they have been validated by time-stepping 2D FE
simulations. In addition, a small scale 24-slot 8-pole SPM
machine prototype has been built to further validate the ac-
curacy of the proposed fault model.

2 | MODELLING OF THE ITSC FAULT
OF SPM WIND GENERATORS

A schematic representation of series-parallel coil connections
of an SPM machine is shown in Figure 2, where the I'TSC fault
is assumed to be in the first branch (A1 branch) of phase A.
Here it is also assumed that one parallel branch has 7 coils in
series, and 7 parallel branches of one phase will therefore
contain p = v X 7 coils in total, where p is the number of pole
pairs. This is because the windings of the analysed SPM ma-
chines are single-layer, integer-slot, and distributed, thus the
number of pole pairs p is the same as the number of coils in
one phase winding. To simplify the analyses, in the following
sections of this paper, 7S X 7P will be used to represent the
windings with 7 series coils (in each branch) and 7 parallel
branches (in each phase).

In addition, the short-circuited turns of the A1l faulty coil
is named as Al1_fm shown in Figure 2. Assuming that the
short-circuited turns A11_fm are somewhere in the middle of
the affected slots, then Al11_ht and A11_hb will represent
the remaining healthy turns at the top and at the bottom of the
affected slots, respectively. As for Al_hc, it represents the
remaining healthy » — 1 coils of the Al branch. Some mutual
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FIGURE 1 The studied surface-mounted permanent magnet (SPM)
machine with integer slot overlapping windings.
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FIGURE 2 Circuit schematic of the studied surface-mounted
permanent magnet (SPM) machines under ITSC fault. One FEM coil

Voltage
Source

contains 7 coils in series, and each phase has 7 parallel branches.

inductances between the short-circuited turns and the other
branches such as My1£4,, Mai£p1, Maifcn, etc are also illus-
trated in Figure 2.

From Figure 2, the voltage equations for every circuit
branch can be expressed in a compact matrix form as

V4 Lis Myg Myc iy iy
vg | = | Mpg Lp Mpc " i | +Ru | iB
ve Mcq4 Mcp Lec ic ic
Ry
ey / Myr | .
n 0 . M dlf
ep | — ir — —
B .Y 5|3,
(e 0 M cf

(1)

where column vectors v, i, and e represent branch-to-neutral
voltages (v), branch back-EMFs, (e) or branch currents (z)
for the phases A, B, and C windings. For instance,
vA=[va1 Va
the number of parallel branches defined eatlier. Additionally, z¢
is the current in the short-circuit path as shown in Figure 2. As
for Ly, and My, (“y” represents another phase winding
different from x), they are named as branch inductance

T . . .
Van |, and it has 7 entries, where 7 is

matrices in this paper. It is worth mentioning that the (2, j)th
entry of L, represents the inductive coupling between the ith
and jth branches of the same phase x. The (Z, j)th entry of M,,,
represents the inductive coupling between the ith branch of
the phase x and the jth branch of the phase y. These

representations can be interpreted as (L) ;=M and
(M), ;= M. In addition, Rg, in Equation (1) is the branch
resistance, and R 47 is the resistance of the short-circuited
turns. The elements of three column vectors Myz; Mps and
Mcy represent the inductive couplings between the short-
circuited turns and the branches in all three phases, and they

are given as

MAf = I:LAlfﬁAlf +MA1b,A1f MAZ:A]/[ MA”’A]}[]T
Mpr = [ﬂ’[}nmf Mo 417 MBn,Alf]T
My = [MCLAlf Mea.ayf MCn,A1f]T

(2)

where Lyi£417 is the self-inductance of the short-circuited
turns, and Myip41 r represents the mutual inductance be-
tween the remaining healthy turns and the short-circuited turns
in the branch Al.

The voltage equation of the short-circuited path is

) dz )
(Rp + Rayf)ip + LA1f,A1fd_f —eq1f — Raypin

rdip
dt

7di
= (M) (Tf + (M)

rdic
+ (M)
where Ry is the contact or insulation resistance between two
short-circuited points. In the following sections about the
simulations of the 3kW SPM machine, Rfis assumed to be zero
to simplify the analyses. e4r = () /7)e4 is the back EMF of
the short-circuited turns, where the coil faulty turn ratio py is
defined as u; = ny/n. for the studied integer-slot SPM ma-
chines and ey is the branch back EMF of phase A. In addition,
nyis the number of short-circuited turns A11_fm and 7, in-
dicates the number of turns per coil.

For a wye-connected 3-phase windings having series-
parallel coil connections, the branch currents need to obey
Kirchhoff's current law such as

n n n
D i+ g+ Y ick=0 (4)
k=1 k=1 k=1

Additionally, if thete are space harmonics in the branch
back EMFs in Equation (1) and the neutral point is not
accessible, then the three branch-to-neutral (or phase) voltages
V4, Up, and V¢ cannot be determined directly from the line
voltages v4p and vpc under the I'TSC fault. However, if the
“circulant” characteristic of branch inductance matrices (see
appendix A of [11]), and the constraint of branch currents are
considered, adding all circuit branch voltage equations will give

vq +vp+vc=(eq +ep+ec)

[ (L diy
=~ [Rayip + | 2 (Ma + My +Mcy), | -

k=1
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where eg and ec are branch back-EMFs of phase B and C,
respectively. (M Af + Mpr + Mcf) L indicates the kth element
of the sum of Myz; Mps and Mcy It is worth mentioning that
all branch-to-neutral voltages of the same phase are equal, and
this is the same for the branch back-EMFs.

When the sum of the three branch-to-neutral voltages in
Equation (5) is known, the two line voltages v45 and vgc can
be expressed as

UVAB = U4 — UB (6)
vpe = Vg — Ve = U4 + 2vg — (V4 + v + vC)

The use of Equations (5) and (6) will yield the three phase
voltages from the line voltages. Once the branch currents in all
circuit branches are known, the electromagnetic torque under
ITSC faults can be expressed as

T — (e) ia + (ep) iz + (ec) ic - eqifif Ty ()

Wym

where @,,, is the rotor mechanical speed (rad/s) and T, is the
cogging torque which can be calculated using FE models.
From the above model equations, it is evident that the level
of complexity of the established fault model using branch
currents as state variables is determined by the number of
parallel branches. Generally speaking, the larger the number of
parallel branches, the larger the number of first-order differ-
ential equations must be used to describe the faulty machine
behaviours, thus more efforts are required to build the fault
model. In fact, the number of first-order differential equations
of the complete model to predict the machine behaviour under
ITSC fault is 37 + 2 for the studied SPM machines with 7
parallel branches in every phase. Therefore, it would be much
better if the number of state variables especially the number of
derivatives of state variables in every differential equation is
minimised as this will significantly simplify the fault model. To
this end, multiphase Clarke transformation is adopted in Sec-
tion 4, which can considerably reduce the model complexity.

3 | INDUCTANCE CALCULATION

It can be seen from Section 2 that all elements in the nine branch
inductance matrices and three fault inductance vectors need to
be known while building the fault models in Matlab/Simulink.
Therefore, this section will be dedicated to the theoretical
calculation of inductances using an analytical method, which will
also be validated by 2D FE modelling (using JMAG software
package). To be consistent with the analytical modelling, the 2D
FE modelling also neglects the core saturation.

3.1 | Calculation of inductances

It has been mentioned that in [10, 11], there are three com-
ponents in the phase self- and mutual- inductances such as

{ Lph = Lg + Lyor + Lend (8)
b= My + Mo, + Mena

where the airgap components Lg, M, corresponds to the flux
traversing the airgap, the slot-leakage components Ly, Mo
are the leakage fluxes crossing the slots, and the end-turn
leakage components L,y and M.,y are associated with the
leakage fluxes in the end-winding region. In this paper, the
end-turn leakage components are neglected for simplicity and
initial study.

As mentioned previously, the airgap inductance compo-
nents could be determined by the WFA detailed in [11, 22]. If
the branch Al in Figure 2 has an ITSC fault, the branch A1 will
be separated into two parts: the faulty turns (A11_fm) and the
remaining healthy turns (A11_hb, A11_ht, and Al_hc).

After the winding functions of the remaining healthy turns,
the faulty turns in the faulty branch and other branches are
derived, all elements of the branch inductance matrices can be
calculated using the WFA together with the slot permeance
method as detailed in [10, 11]. It is also found that all branch
inductance matrices are circulant matrices (see appendix A of
[11]). According to the characteristics of the circulant matrices,
once the elements in the first row are known, all the elements
of the circulant matrices can be determined accordingly. As a
result, all the inductances needed for the fault modelling can be
obtained as

Laia1 =Lpip1 = Leict = Ly
My14; = Mp1g; = Mcrcj = My (j=2,3,-,n)
Mapi = Mpic1 =M,

My = Mpicj =M (j=2,3,-,n) (9)
Muyci=M (j=2,3,+,n-1)
Myicr =M + M,

Myicn =My + My

with

. po7ele 7(2p — 7) 2 2 b
L= o w(ne)” + 2r(ne) pole [—35(”
po7ele 72 (2p —37)
M= (‘5) wlne)” and Mo = =M,

Morele 1 2
M=t L) and M= (r— 1)
B g 3p B

(10)

where the meanings of g, 7., ley Ger B, S, and p are the same as
those in [11].

As for the elements in the fault inductance vectors, they are
given as

25U20I suowwo)) NI s[qearidde ayy q pauraa0S aIe SI[ANIE YO 3sN JO SN 10§ AIRIqIT SUIUQ AJ[IA UO (SUONIPUOI-PUB-SULI)/ WO K[1m" ATeaqriaur[uoy/:sdny) suonipuo)) pue SWId L, ay S *[£207/S0/€0] uo Areiqry aurjuQ £[ip IS9L £q 92€21°2d19/6401°01/10p/wod" K[ AIRIqI[oUI[uO yoIeasanal//:sdny woij papeojumod ‘0 ‘6L981SLT



MEI ET AL.

Lavs g+ Mupary =Lii My ary =My arp =Moo
Myj anp = Mpj anp =M j=2,3,-+,n)
Mejaip =My (j=1,2,,n—1)

(11)

Regarding L 44 £A1rand Maipa1 5 the airgap and slot-leakage

« 9

inductance components (indicated by subscripts “g” and
“slot”, respectively) will be calculated separately as follows
Ly =Ly ay +Mapay = (me,mf)g + (Larr.arf) gy,
+ (Mmb,mf)g + (MAlh,Alf)slot
(12)

with
A, (2p —
(LAlﬁAlf)g + (Mm;,m,f)g = % (];’Tr)ulvr(nc)z (13)
s Z(hb - ha>2 1 2
Carar)ac=2m () 5 (5= .- )

1 \> | b (b, — b, 2
(MAlhAlf)slm =2pole </95) (wa)

L (=h)

5 {(/os—hbJr/?ﬂ)z—/oi} (15)

where b, and by, represent the fault locations along the slot, the
same as those in [11].

In addition, M, and M, in Equation (11) can be expressed
as

”orele r
?M ™

(nc)* and My, :@M]l (16)

€

Equations (10) to (16) show that the inductance elements
in all branch inductance matrices and corresponding fault
inductance vectors can be easily updated if the series-parallel
coil connection S X nP of a SPM machine is changed.
This means that the developed fault model in this paper is
generic and can be applicable to SPM machines with different
series-parallel coil connections.

3.2 | Results of inductance calculations

3.21 | Elements of branch inductance matrices

The key parameters of the studied 3kW SPM machine are
listed in Table 1. This machine is the same as the one inves-
tigated in [10, 11], except this machine adopts different

combinations of series-parallel-connected coils rather than
series-connected or parallel-connected coils.

By the way of example, the 2D FE linear inductances of
the 3kW machine with 25 X 8P coil connection are shown in
Figure 3a. In Figure 3b, the relative error of the inductances is
the difference between the 2D analytical and FE inductances
divided by the corresponding 2D FE inductances.

It is worth mentioning that, although all three series-
parallel coil connections have been investigated, only the

TABLE 1 Specifications of the studied 3kW surface-mounted
permanent magnet (SPM) machine.

Series-parallel coil connections

(1S X nP)
8S x 2P 4S X 4P 28 x 8P
Rated power (kW) 3
Rated speed (rpm) 170
Rated voltage (Vrms) 345 172.5 86.3
Phase current (Arms) 5 10 20
Series turns/coil 52
Numbers of slots/poles 96/32
Rotor outer diameter (mm) 426.4
Stack length (mm) 110
Airgap length (mm) 2
7 T T T T T T
& My a1 FE
6 4
O Mgy an
JE: 5 A Mcj a1 1
o 4t \J = L Mgy 41 is Lyy aa 1
43
e s
8
g 2
°
£ 1
4 N
0
-1

3 4 5 6
Index of branch #j

(@)

9]
o

Analytically and
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inductances
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o O

—_—8 (MAj,Al)
et (Mg )

N
o o

Relative error of inductances(%)
N
o

-10 . .
j=1 (MAl,Al) RE 1S (LAI,Al) RE
-20 . . . . .
1 2 3 4 5 6 7 8
Index of branch #j
(b)

FIGURE 3 Characteristics of inductances between #A1 branch and
other branches. (a) 2D FE results and (b) relative errors between analytical
and FE results.
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results for 25 X 8P coil connection ate shown due to space
limitation. In addition, to be consistent with the conditions
used by the analytical method, all permanent magnets in the
FE model are treated as air, and the stator and rotor cores are
assumed to be magnetically linear with a relative permeability
wr = 10000. After setting these conditions for materials, 1A
DC current is then supplied to only the A1 branch, meaning all
other branches in the three phases are open-circuited.

Due to the symmetrical 3-phase overlapping windings
adopted by the studied SPM machine, the branch inductance
matrices L4 = Lgg = Lcc and M4 = Mpce. As mentioned
earlier, the determination of elements in the first row of all
these branch inductance matrices will be enough to determine
all the elements of these matrices. Hence showing the char-
acteristics of inductances only related to the Al branch is
sufficient.

Although there are some large errors between analytical
and FE inductances in Figure 3b, due to the small values of
these inductances, they may not have a significant impact on
the accuracy of the developed fault model, as it will be
investigated in Section 5.

3.2.2 | Equivalent phase inductances

Further calculations of the equivalent phase self- and mutual
inductances for the 25 X 8P coil connection have been carried
out, and the results are shown in Table 2. It is worth noting
that how to calculate the equivalent phase self- and mutual-
inductances for 3-phase windings with series-parallel coil
connections will be left in Section 4. From Table 2, much
smaller differences in the equivalent phase self- and mutual
inductances can be observed. This means that the predicted
phase currents of the healthy machines by the analytical and
linear FE models would be very much similar. As for the
inductance values and relative errors of inductances between
the short-circuited turns and other branches, they are very
much similar to those shown in Figure 3 and hence are not
presented here to avoid duplication.

4 | MODEL SIMPLIFICATION

Although the proposed fault model uses branch currents as
state variables in the direct phase domain, it does not provide
much meaningful physical insights because all the elements in
the branch inductance matrices would not be zeros in theory,
making the analyses very complicated and the computation

TABLE 2 Equivalent phase self- and mutual-inductances (mH).

Lpa My Muc
2D FE 0.495 —0.0953 —0.0953
Analytical 0.499 —0.104 —0.104
Relative error (%) 0.9 8.9 8.9

quite intensive. Meanwhile, it is difficult to construct a fault
model in the Matlab/Simulink if the number of patallel
branches 7 is large (7 > 10), which is very often the case for
large-power wind generators. To simplify the fault model, that
is, to make all the branch inductance matrices spatse ones, in
this papet, the original branch currents, voltages, and back-
EMFs are transformed into new variables using the multi-
phase Clarke transformation matrix C of [11] (see appendix B
of [11]. The number of parallel branches 7 will replace the
number of pole pairs p appearing in C of [11] to keep matrix
dimensions consistent) such as

£

C 0 0][f4
fol =10 C 0]|fg (17)
flC 0 0 C fc

where f/;, f and ;- are the corresponding transformed branch
current, voltage, and back EMF vectors. In this paper, C has
the power invariant form, that is, C” =T, Therefore, it is
quite easy to obtain f4, fz and fc from f;i, /B and f’c such as

£47 [ct o o [f4

fg|=]0 ct! o0 £
—1

fc L 0 0 C fl

¢ o0 0 £y

=lo c’ o] |fp
Lo 0o C'] g,

After using the multiphase Clarke transformation, the new
circuit-branch voltage equations can be expressed as

V/A L/AA Mﬁw Mﬁqc iiq iiq
vp | = | Mpy BB e I ip | +Ro | ip
V/c M/CA /CB /cc i,c i,c
€, cC 0 0]
+ ez -0 C 0
A 0 0 C|
RAl -
Of M yf g4
i
X ot | My | -
Mc
0 f

(19)

where L, = CLC", M}, = CM,,C". “x” and “y” repre-
sent different phases amongst A, B, and C. If the inductances
calculated by analytical method are employed in this analytical
model, then L,

Mﬁqc is a block diagonal matrix.
To sum up, after the transformation, the fault model is

M/, 5, and Mj are diagonal matrices and

greatly reduced because the number of the first-order
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derivatives of state variables in every circuit branch voltage
equation is reduced from 37z + 1 to the minimum value. To be
more specific, there will only be 3 to 5 derivatives of state
variables after the transformation.

The transformed voltage equation for the short-circuited
path will be

(Ry + Rayp)ir + LA1/A1/— —eayy =R (CT1y),

]
rdip

7diy Td
= (M) At (CMyy) T2+ (CM )" E

(20)

where (CTi;l)l is the first element of the vector CTi;l. The
torque equation now can be expressed as

eqtq + epip + ecic — eyqirt
7—;3:( - ff)+7—;og (21)

It should be mentioned that during the simplification
process, the relationship between the phase self- and mutual-
inductances for 3-phase windings having series-parallel-
connected coils (Lgp and Mgp) and those having the series-
connected coils (Lg and Mg) can be detived such as

(Ladop =1 D (L) =L

(22)
(M) gp = (M), = (M)

j=1

5 | SIMULATION RESULTS

As can be seen from Figure 2 in the FE simulations, the
studied 3kW SPM machine is excited with 3-phase balanced
sinusoidal voltages. In addition, the machine's rotor mechanical
speed is kept constant during the whole operation period to
shorten the simulation time. It is also worth mentioning that
FE and Matlab/Simulink simulations for this 3kW SPM ma-
chine with different coil configurations such as 8§ X 2P,
4S x 4P and 2S X 8P have been carried out under different
fault severities and different speeds. It is found that all the FE
and analytical results generally have good agreements. How-
ever, due to space limitation, only some representative results
are provided in this section.

5.1 | One coil short-circuited (2S X 8P)

Figure 4 shows a comparison of some branch currents in all
three phases before and after the one-coil short-circuit fault. It
can be seen from Figure 4a that the branch currents obtained
by these two models match well. It is worth noting that i43 to
48 are very much similar to 145, ig; to ip; are very much
similar to igy, and ics to icy are very much similar to Zco.
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FIGURE 4 Some branch currents of three phases before and after
one-coil short-circuit fault. (a) phase A, (b) phase B, and (c) phase C.

Hence they are not shown in these figures. Figure 4b,c show
some branch currents of phases B and C. Here only the FE
results are used, as they are very much the same as the
analytical results. It is found that, different from the assump-
tion made in [15, 16], the branch currents of the remaining
healthy phases especially phase C are unequal for this integer-
slot SPM machine after the ITSC fault.

In addition, it is found that the sum of i and i, is about
2 times as large as i, for 4S X 4P and 2S X 8P coil con-
nections. This means that more assumptions can be made to
greatly reduce the number of differential equations in the fault
model if some loss in the model accuracy is allowed. This may
be very useful for developing fault mitigation strategies.
Meanwhile, the currents in the short-circuited coil predicted by
the two models are shown in Figure 5. It can be seen that there
is a significant increase in the current of the short-circuited
coil. For example, the amplitude of current in the short-
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circuited coil increases from 4.25 to 38.6A after the ITSC fault.
This will lead to changes in the phase current, and hence
changes in the developed electromagnetic torque, as shown in
Figure 6.

It is worth noting that, in Figure 0, the cogging torque has
already been included in the analytical model according to (7)
or (21) to give more accurate prediction of torque ripple under
the ITSC fault. It can be observed that after the ITSC fault, the
torque ripple increases only slightly. This is mainly because
each phase current is the sum of 8 individual branch currents.
As a result, although some branch currents change signifi-
cantly, the phase current is only slightly affected.

5.2 | Different fault severities

The amplitudes of inter-turn short-circuit currents obtained by
the FE and Matlab/Simulink simulations for the 3kW SPM
machine with different coil connections such as 8S X 2P,
4S8 X 4P, and 2S x 8P and under different fault severities are
shown in Figure 7. Here, the fault location is at the bottom of
the slot, that is, b, = hy/n.. A generally good agreement be-
tween the FE and analytical results can also be observed. The
slightly larger difference between FE and Matlab/Simulink
results for 8§ X 2P and 4S X 4P coil connections is mainly
because the relative errors between the inductances obtained
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FIGURE 5 Currents in the short-circuited coil under the one-coil
short-circuit fault.
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by linear 2D FE and analytical approaches are larger when the
number of branches is smaller.

It is also found that when the coil faulty turns ratio in-
creases, the ITSC current reduces. This is the case for all seties-
parallel coil connections. The reason for this is that the ITSC
cutrent is mainly determined by the ratio of open-circuit flux
linkage of the short-circuited turns to their self-inductance.
When the faulty turns ratio increases, the self-inductance of the
short-circuited turns (proportional to number of turns
squared) increases faster than its open-circuit flux linkage
(proportional to number of turns). In addition, if the coil faulty
turns ratio is the same, different series-parallel coil connections
will have negligible influence on the amplitude of the ITSC
current. This means that the impact of the ITSC faults on all
series-parallel coil connections is the same.

6 | EXPERIMENTAL VALIDATIONS

6.1 | Test rig setup
A small-scale 24-slot 8-pole SPM machine prototype has been
manufactured to validate the proposed fault model. The main
parameters of this prototype are listed in Table 3. The test rig
setup of this prototype is shown in Figure 8. As this prototype
has single-layer, full-pitch and distributed winding structure,
each phase will have 4 coils in total. To achieve a series-parallel
coil connection, each phase winding will have 2 parallel
branches and each branch has 2 coils connected in series.

In addition, it is worth mentioning that all the faults are
introduced in the A1l coil and three fault scenatios can be
carried out, that is, one-coil, half-a-coil, and single-turn short-
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FIGURE 7 Amplitudes of ITSC current versus coil faulty turns ratio
for different series-parallel coil connections.

TABLE 3 Specifications of 24-slot 8-pole surface-mounted
permanent magnet (SPM) prototype machine.

<—Healthy—>:<— Postfault ==
80 ! H . 7 .
0.08  0.09 0.1 0.11 012 013  0.14
Time(s)

FIGURE 6 Change in on-load torque of the 3kW surface-mounted
permanent magnet (SPM) machine before and after the one coil short-
circuit fault.

Rated torque (Nm) 1.09 Stator outer diameter (mm) 100
Rated current rms (A) 2.5 Rotor outer diameter (mm) 49
Series turns/coil 20 Air gap length (mm) 1
Slots/poles 24/8 Stack length (mm) 50
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circuit faults. The SPM machine in Figure 8 is used as a
generator driven by a DC machine, and its 3-phase terminals
are connected to a 3-phase rheostat, which replaces the 3-
phase voltage sources in Figure 2. In this way the hardware
implementation becomes much simpler but the main purpose
such as fault model validation can still be achieved.

Meanwhile, it is found that it is sufficient to use the
Magtrol Model 3401 torque display instead of a position
encoder to record the speed information, which is an input to
the analytical model built in Matlab/Simulink. This is because
the 2.2kW dc machine has a good torque-speed characteristic
to reduce the speed ripple caused by the 150W 24-slot 8-pole
SPM machine prototype, which acts as its load.

6.2 | Inductances

The analytical and 2D linear FE inductances have been
calculated first, and a good agreement between them can be
observed, as shown in Table 4. To consider the influence of
core saturation and long end windings on inductance values, a
nonlinear 3D FE model of this prototype has also been built
using JMAG, and the inductance results are compared against
the measured ones by using the Hioki IM3533-01 LCR Metre.
The nonlinear 3D FE and measured inductances are listed in
Table 5. It can be seen from Table 5 that all the relative errors
between the nonlinear 3D FE and measured inductances are
generally acceptable.

As for the nonlinear 3D FE and measured inductances
related to the short-circuited turns, especially those associated
with the single turn short-circuit fault, they can be estimated by
using the inductances related to coil All. For example, the
self-inductance is proportional to the square of the number of
turns in a coil, and the mutual inductance is proportional to the

t_——_ Dc _—_ Tested .| Torue m_!

i 3-phase ¥ Current
rheostat probes

FIGURE 8 Test rig setup.

TABLE 4 2D FE and analytical inductances (uH) of the machine
pf()t()tpr.

Method L My 42 Myp Mup
2D FE (linear) 331.7 —59.4 19.3 —59.5
2D analytical 283.5 —063.1 21 —63.1
Difference (%) 14.53 —6.23 —8.81 —6.05

number of turns. As such, all inductances will be known for the
three fault scenarios.

6.3 | Branch and faulty currents under half-
a-coil short- circuit fault

To validate the proposed fault model, all the three fault sce-
narios (single-turn, half-a-coil, and one-coil short-circuit faults)
have been carried out under different speeds and loads. It is
found that the measured and simulated results generally match
well. However, due to page limit, only some representative
results of half-a-coil short-circuit fault are presented.

The measured and predicted branch currents and phase
currents at about 900rpm with a resistive load of 1.2€ are
shown in Figures 9 and 10, respectively. It is worth mentioning
that the simulated branch and phase currents by using 3D
nonlinear FE and measured inductances in the fault model are
very much similar. Therefore, for more clarity, only the

TABLE 5 3D FE and measured inductances (uWH) of the machine
prototype.

Method Laian Mpia2 Map Mup
3D FE (nonlinear) 316.8 —25.8 —14.5 —34.1
Measured 317.5 —27.45 —13.68 —-353
Difference (%) —0.22 —6.4 5.65 —3.52
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FIGURE 9 Branch currents before and after half-a-coil short-circuit
fault. (a) Measured and (b) predicted.
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simulated results using measured inductances have been pro-
vided in Figures 9 and 10.

Like the branch currents and phase currents, the difference
between the simulated 7417 using the 3D nonlinear FE and
directly measured inductances is very small, as shown in
Figure 11. In addition, although there is a slight discrepancy
between the measured and simulated 2,44 it is still within the
acceptable range.

6.4 | Different loads and speeds

To further wvalidate the fault model, more tests at different
loads and speeds under the half-a-coil short-circuit fault have
also been carried out, and the results are shown in Figure 12. It
can be seen that the measured currents (amplitude) in the
short-circuited turns All_fm and faulty phase A with two
different resistive loads (no-load and 1.2Q) and different rotor
speeds match well with the simulations. Therefore, together
with other results in the previous sections, the accuracy of the
proposed fault model can be validated.

It should be mentioned that in Section 4, the effectiveness
of the developed fault model and model simplification method
have been fully validated by the 2D FE and Simulink simula-
tion results when analytical inductances are used. However, in
this section, only the fault model with nonlinear inductances
has been validated. In our future work whether the model
simplification method can be applied to the developed fault

Three phase currents(A)

-10 Short Circuit—> 1
€= Healthy —><— Postfault =

0.45 0.47 0.49 0.51 0.53 0.55
Time(s)

FIGURE 10 Measured and predicted 3-phase currents before and
after half-a-coil short-circuit fault.
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FIGURE 11 Measured and predicted fault currents (2,41 in the short-
circuited turns before and after half-a-coil short-circuit fault.

model with nonlinear inductances will be studied. If this suc-
ceeds, then the fault model and model simplification method
may be easily extended to other types of non-PM machines
and also their multiphase counterparts with practical winding
configurations. This is particularly useful for large-power
electrical machines, in which the prediction of changes in
machine currents and voltages under ITSC faults is very
difficult due to their complex winding configurations.

7 | CONCLUSION

This paper develops a general and simple analytical model in a
concise block matrix form for PM wind generators with
different series-parallel coil connections under inter-turn short-
circuit (ITSC) fault. The fault model is divided into two parts,
that is, the healthy part of the machine model uses branch
currents as state variables and the faulty part is represented by
the current in the external short-circuited path and the in-
ductances between the short-circuited turns and every branch
windings. In the fault model, inductances for different series-
parallel coil connections have been calculated by an analytical
method such as WFA together with slot permeance method.
Based on the characteristics of the calculated inductances and
the concise block matrix form of the developed fault model,
the multiphase Clarke transformation has been proposed to
simplify the fault model. This simplification not only signifi-
cantly lowers the modelling complexity, but also reduces the
computational burden considerably, especially for large-power
SPM wind generators under ITSC faults. In the process of
model simplification, the healthy machine model using branch
currents as state variables have proven to be equivalent to that
using 3-phase currents as state variables. Simulation results
from 2D FE and analytical models generally match well for
different fault scenarios and different coil connections. This
validates the accuracy of the proposed fault model and model
simplification method when analytical inductances are used.
The analytical fault model proposed in this paper can be very
useful for developing model-based fault detection and miti-
gation strategies for large wind power generators. For these
machines, modelling methods like the FE or magnetic
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FIGURE 12 Amplitudes of current of short-circuited turns and faulty
phase under different resistive loads and speeds.
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1

equivalent circuit can be very time-consuming and performing
fault tests may be difficult. From the developed fault model, it
is found that the branch currents of the remaining healthy
phases under ITSC fault are not always equal and different
series-parallel coil connections have negligible influence on the
amplitude of ITSC current at the same torque and speed.
Finally, the proposed fault model is further validated by a series
of experiments on a 24-slot 8-pole machine prototype.

AUTHOR CONTRIBUTIONS

Zeting Mei: Writing—original draft, Visualisation, Investiga-
tion, Validation, Methodology, Formal Con-
ceptualisation. Guang-Jin Li: Supervision, Writing—review &
editing. Zi-Qiang Zhu: Funding acquisition, Writing—review
& editing. Richard Clark: Funding acquisition, Resources,
Project administration, Writing—review & editing. Arwyn
Thomas: Funding acquisition, Resources. Ziad Azar: Funding

analysis,

acquisition, Resources.

ACKNOWLEDGEMENTS

This work is supported by the UK EPSRC Prosperity Part-
nership “A New Partnership in Offshore Wind” under Grant
No. EP/R004900/1.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data subject to third party restrictions.

ORCID
Guang-in Li
Zi-Qiang Zhu

https://otcid.org/0000-0002-5956-4033
https:/ /otcid.org/0000-0001-7175-3307

REFERENCES

1. Yaramasu, V., et al.: High-power wind energy conversion systems: state-of-
the-art and emerging technologies. Proc. IEEE 103(5), 740-788 (2015).
https://doi.org/10.1109/jproc.2014.2378692

2. Freire, NM.A., Marques Cardoso Antonio, J.: Fault detection and con-
dition monitoring of PMSGs in offshore wind turbines. Machines 9(11),
260 (2021). https://doi.org/10.3390/machines9110260

3. Ribrant, J., Bertling, L.M.: Survey of failures in wind power systems with
focus on Swedish wind power plants during 1997-2005. IEEE Trans.
Energy Convers. 22(1), 167-173 (2007). https://doi.org/10.1109/tec.
2006.889614

4. Nandi, S., Toliyat, H.A., Li, X.: Condition monitoring and fault diagnosis
of electrical motors — a review. IEEE Trans. Energy Convers. 20(4),
719-729 (2005). https://doi.org/10.1109/tec.2005.847955

5. Alewine, K., Chen, W.: A review of electrical winding failures in wind
turbine generators. IEEE Electr. Insul. Mag. 28(4), 8-13 (2012). https://
doi.org/10.1109/mei.2012.6232004

6. Bonnett, AH., Soukup, G.C.: Cause and analysis of stator and rotor
failures in three-phase squirrel-cage induction motors. IEEE Trans. Ind.
Appl. 28(4), 921-937 (1992). https://doi.org/10.1109/28.148460

7. Otlowska-Kowalska, T., et al.: Fault diagnosis and fault-tolerant control
of PMSM Drives-state of the art and future challenges. IEEE Access 10,
59979-60024 (2022). https://doi.org/10.1109/access.2022.3180153

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Moon, S., et al.: Interturn short fault diagnosis in a PMSM by voltage and
current residual analysis with the faulty winding model. IEEE Trans.
Energy Convers. 33(1), 190-198 (2018). https://doi.org/10.1109/tec.
2017.2726142

Fonseca, D.S.B., Santos, CM.C., Cardoso, A.J.M.: Stator faults modeling
and diagnostics of line-start permanent magnet synchronous motors.
IEEE Trans. Ind. Appl. 56(3), 2590-2599 (2020). https://doi.org/10.
1109/12.2020.2979674

Mei, Z., et al.: Scaling effect on inter-turn short-circuit fault of PM
machines for wind power application. IEEE Trans. Ind. Appl., 1-11
(2022)

Mei, Z.T., et al.: Modelling and analysis of inter-turn short-circuit fault of
PM Machines with parallel-connected coils. IEEE Trans. Energy
Convers., 1-11 (2023). https://doi.org/10.1109/tec.2023.3234332
Wang, X.H., et al.: Transient behaviour of salient-pole synchronous
machines with internal stator winding faults. IEE Proc. Elec. Power
Appl. 149(2), 143-151 (2002). https://doi.org/10.1049/ip-epa:20020068
Tu, X., et al.: A new model of synchronous machine internal faults based
on winding distribution. IEEE Trans. Ind. Electron. 53(6), 1818-1828
(2006). https://doi.org/10.1109/tie.2006.885125

Tu, X, et al.: Modeling and real-time simulation of internal faults in
synchronous generators with parallel-connected windings. IEEE Trans.
Ind. Electron. 54(3), 1400-1409 (2007). https://doi.org/10.1109/tie.
2007.892004

Gu, B,, Choi, ], Jung, I: Development and analysis of interturn short
fault model of PMSMs with series and parallel winding connections.
IEEE Trans. Power Electron. 29(4), 2016-2026 (2014). https://doi.org/
10.1109/tpel.2013.2265400

Qian, H., Guo, H., Ding, X.: Modeling and analysis of interturn short fault
in permanent magnet synchronous motors with multistrands windings.
IEEE Trans. Power Electron. 31(3), 2496-2509 (2016). https://doi.org/
10.1109/tpel.2015.2439574

Naderi, P: Magnetic-equivalent-circuit approach for inter-turn and
demagnetisation faults analysis in sutface mounted permanent-magnet
synchronous machines using pole specific search-coil technique. IET
Electr. Power Appl. 12(7), 916-928 (2018). https://doi.org/10.1049 /iet-
epa.2017.0403

Forstner, G., Kugi, A., Kemmetmiuller, W.: A magnetic equivalent circuit
based modeling framework for electric motors applied to a PMSM with
winding short circuit. IEEE Trans. Power Electron. 35(11), 12285-12295
(2020). https://doi.org/10.1109/tpel.2020.2986042

Dallas, S.E., Safacas, A.N., Kappatou, J.C.: Interturn stator faults analysis
of a 200-MVA hydrogenerator during transient operation using FEM.
IEEE Trans. Energy Convers. 26(4), 1151-1160 (2011). https://doi.org/
10.1109/tec.2011.2166401

Ge, B, et al.: Improved model of synchronous generators internal faults
based on circuit-coupled FEM. IEEE Trans. Energy Convers. 32(3),
876-884 (2017). https://doi.org/10.1109/tec.2017.2694883

Gao, C.,, et al.: Research on interturn short-circuit fault indicators for
direct-drive permanent magnet synchronous motor. IEEE J]. Emerg; Sel.
Top. Power Electron. 10(2), 1902-1914 (2022). https://doi.org/10.1109/
jestpe.2021.3059287

Lipo, T.A.: Analysis of Synchronous Machines, 2nd ed. CRC Press
(2012)

How to cite this article: Mei, Z., et al.: In-depth
investigation of inter-turn short-circuit faults of surface-
mounted permanent magnet machines with series-
parallel coil connections. IET Electr. Power Appl. 1-11
(2023). https://doi.org/10.1049/elp2.12326

25U20I suowwo)) NI s[qearidde ayy q pauraa0S aIe SI[ANIE YO 3sN JO SN 10§ AIRIqIT SUIUQ AJ[IA UO (SUONIPUOI-PUB-SULI)/ WO K[1m" ATeaqriaur[uoy/:sdny) suonipuo)) pue SWId L, ay S *[£207/S0/€0] uo Areiqry aurjuQ £[ip IS9L £q 92€21°2d19/6401°01/10p/wod" K[ AIRIqI[oUI[uO yoIeasanal//:sdny woij papeojumod ‘0 ‘6L981SLT



	In‐depth investigation of inter‐turn short‐circuit faults of surface‐mounted permanent magnet machines with series‐parallel ...
	1 | INTRODUCTION
	2 | MODELLING OF THE ITSC FAULT OF SPM WIND GENERATORS
	3 | INDUCTANCE CALCULATION
	3.1 | Calculation of inductances
	3.2 | Results of inductance calculations
	3.2.1 | Elements of branch inductance matrices
	3.2.2 | Equivalent phase inductances


	4 | MODEL SIMPLIFICATION
	5 | SIMULATION RESULTS
	5.1 | One coil short‐circuited (2S × 8P)
	5.2 | Different fault severities

	6 | EXPERIMENTAL VALIDATIONS
	6.1 | Test rig setup
	6.2 | Inductances
	6.3 | Branch and faulty currents under half‐a‐coil short‐ circuit fault
	6.4 | Different loads and speeds

	7 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT


