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Abstract: This article proposes a model-based method for the detection and phase location of
interturn short fault (ISF) in the permanent magnet synchronous generator (PMSG). The simplified
mathematical model of PMSG with ISF on dg-axis is established to analyze the fault signature.
The current residuals are accurately estimated through Luenberger observer based on the expanded
mathematical model of PMSG. In current residuals, the second harmonics are extracted using negative
sequence park transform and angular integral filtering to construct the fault detection index. In
addition, the unbalance characteristics of three-phase current after ISF can reflect the location of the
fault phase, based on which the location indexes are defined. Simulation results for various operating
and fault severity conditions primarily validate the effectiveness and robustness of diagnosis method
in this paper.

Keywords: permanent magnet synchronous generator; interturn short fault; current residuals;
negative sequence; fault detection; fault phase location

1. Introduction

Permanent magnet synchronous machines (PMSMs) have the advantages of high
power density, high efficiency and stability, so it has a wide range of applications in
aerospace, electric automobile and new energy power generation [1,2]. In terms of wind
power generation, permanent magnet synchronous generators (PMSGs) are currently used
extensively compared to doubly fed induction generators (DFIGs), especially in direct-
driven power generation systems (PGs) for low weight and volume and the capability of
multipole design of PMSGs [3-5].

Interturn short faults (ISFs), demagnetization faults, rotor eccentricity and other faults
are common faults during the operation of PMSGs, among which ISFs occur most fre-
quently [6]. Due to the damp environment, mechanical vibration, instantaneous overvolt-
age and other reasons, the winding insulation of PMSGs may be damaged, resulting in the
occurrence of ISFs [7]. ISFs will produce large fault current both in the short circuit and
fault phase winding, which may cause serious secondary faults such as open circuit, inter-
phase short circuit, and grounding fault [8]. In addition, short-circuited coils will generate
magnetomotive force opposite to other coils. The direction of the magnetic field generated
by the short-circuited coil is opposite to the direction of the air gap composite magnetic
field, which will create the irreversible demagnetization of permanent magnets [9]. Thus,
prompt and reliable detection and location algorithms will help in early fault diagnosis to
conduct repair and maintenance as soon as possible.

At present, most of the research objects of fault detection technology, at home and
abroad, are induction motors (IMs). Due to the relatively short time of appearance, the
fault detection technology of PMSMs or PMSGs is still in the development stage. The
existing fault detection methods for PMSMs can be roughly divided into the following
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three types: the method based on analytical model; the method based on knowledge; and
the method based on signal processing [10,11]. The first method constructs an accurate
mathematical model of the motor through the logical relationships between the parameters
of the system, so the model can predict the output under healthy conditions. This method
judges the occurrence of the fault by comparing the residuals between the predicted output
and the actual output of the motor [12]. The main advantage of this approach is that no
additional hardware is required to implement fault detection and isolation algorithms. In
reference [13], an efficient, simplified physical faulty model considering the disposition of
coils under the same or different pole-pair is proposed, which can simulate different types
of stator faults. In reference [14], model predictive control (MPC) is used in the PMSM
control system and detection is acquired by analyzing the dc component and the second
harmonic in the cost function.

The knowledge-based method can be divided into model-based reasoning, neural
network based and fuzzy logic based fault diagnosis methods, based on different sources of
knowledge learning [15,16]. Common diagnosis methods include artificial neural network,
fuzzy logic diagnosis, expert system and information fusion diagnosis, etc. [17]. The
method avoids the high dependence on the machine model, and can introduce many
aspects of motor information, which opens up a new path for research of fault detection.
In reference [18], a diagnostic system based on convolutional neural network (CNN) is
proposed to detect the PM damages using raw phase current signals. However, the
complexity of the algorithm reduces the possibility of real-time diagnosis. To detect and
locate the open-circuit of PWM-VSI in the PMSM drive, the fuzzy logic method is used to
process fault diagnosis variables from the average current Park’s vector in reference [19], but
the problem of poor self-learning still exists. In reference [20], the vibrations and currents
of the fault machine are calculated using a multidimensional diagnosis methodology, and
support vector machine (SVM) is used to classify single and combined fault scenarios under
different speed and torque conditions.

The signal processing method collects the voltage, current, output torque, back elec-
tromotive force (EMF) and other signals of the fault machine, then uses various signal
processing methods to extract and analyze the time-frequency domain characteristics of
the fault signal for fault diagnosis [21,22]. Common signal processing methods include fast
Fourier transform (FFT), Hilbert-Huang transform (HHT), wavelet transform (WT) and em-
pirical mode decomposition (EMD). The method does not need accurate motor analytical
model and related parameters, and has strong adaptability, which is a mature and widely
used method in motor fault detection. In reference [23], HF rotating square-waveform volt-
ages are injected to detect and classify the turn fault and high-resistance connection (HRC)
fault of PMSM, by extracting HF currents consisting of fault characteristics. Reference [24]
proposes a diagnosis algorithm based on discrete wavelet transform (DWT) and SVM, and
designs an adaptive filter to address the problem of harmonic removal. Reference [25]
uses EMD energy entropy and normalized average current to diagnose open-circuit faults
of one or more phases in the PMSM drive circuit, which can also be used for interturn
fault detection.

In addition, the fast location of the fault phase ensures the efficiency and accuracy of
the overall fault diagnosis algorithm of PMSMs. Common fault location algorithms, on the
one hand, use the amplitude and phase difference of fault phase current or voltage as the
diagnosis basis [26], or acquire the waveform distortion of the magnetomotive force under
fault conditions, which require additional equipment investment [27]. Thus, there are still
a lack of clear indexes for fault location under variable conditions and the accuracy of the
location algorithm needs to be further improved.

The accuracy of residual-based fault diagnosis methods depends on how accurately the
residual is measured. The residuals (current, voltage, EMF) can be obtained by building an
accurate model of the normal machine, which can be established from lumped parameters
and finite element (FE) analysis [28], or using a virtual observer such as the Luenberger
observer, sliding mode observer (SMO) and extended state observer. Since data in a healthy
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state are generally obtained from steady-state conditions, the effects of transient speed
and load conditions on the detection performance cannot be neglected. However, the
measurement method based on a virtual observer can be applied to variable operating
conditions without additional equipment investment.

The paper proposes a new detection and location strategy for ISF in PMSGs based
on extracting and analyzing the negative sequence residuals. The current residuals are
accurately measured by the Luenberger observer. The defined fault diagnosis and phase
location indexes can be extracted from the residuals through negative sequence park
transform and angular integral filtering. The indexes have good robustness to speed
and load fluctuation, which can adapt to the speed variations of wind turbine under the
maximum power point tracking (MPPT) or limited power state.

The paper consists of five essential parts. In Section 2, a simplified ISF model of PMSG
on dg-axis is established to analyze the fault components on dg-axis. In Section 3, the
Luenberger observer based on expanded mathematical model on dg-axis is designed to
accurately measure current residuals under fault conditions. Section 4 defines the fault
detection and fault phase location indexes, which consider speed and load fluctuation
during operation of PMSG. Finally, simulation results in Matlab/Simulink are given in
Section 5.

2. Mathematical Model of PMSG with ISF
2.1. Wind Turbine Aerodynamic Model

According to Baez theory and aerodynamics, the mechanical power Py, captured by
wind turbines from wind energy are expressed as [29]:

Py = %n—pRzﬁcp(A,/s) 1)

where p is the air density, R is the wind turbine radius, A = w;;R/v is the tip speed ratio, v is
the wind speed, wy, is the mechanical speed of the wind turbine; Cp is the power coefficient,
B is the blade pitch.

Figure 1 shows the wind turbine power-rotor speed characteristic curves at different
wind speeds, the maximum power points (MPPs) under different wind speeds forms the
optimal power curve. PMSGs usually operates under maximum power point tracking
(MPPT) control, where there is a optimal value Aqyt at which the PMSGs can extracts the
maximum power Py, g from wind given by:

TR’ Cpmaxw,

2A§pt

= kay, 2)

P w_max —

where Cpyay is the maximum power coefficient, k is the optimal power constant, which is
only related to the characteristic parameters of the wind turbine. Accordingly, the optimal
torque at MPPs is expressed as:

Pw_max _ sz (3)

W n

Tw_max =

2.2. Modeling of the PMSG with ISF

Considering there is only one branch in each phase winding, the electrical model of
PMSG with ISF in phase a is shown in Figure 2. The faulty winding a is divided into the
healthy and faulted parts. The faulted part is represented by a winding with resistance
Ry, inductance Ly, and back EMF ey, and the current flow through it is defined as faulted
current izr. The contract resistance in shorted path is defined as Ry, with the short-circuit
current ir flowing through it. The ratio of number of turns in faulted winding to the total
number of turns per phase is defined as y, which ranges from 0 to 1. The ratio y and Ry
collectively represent the fault severity of the ISE. Under ideal conditions, the resistance
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and back EMF can be considered proportional to number of turns, and the inductance is
proportional to the square of turns. Thus, the parameters both in the healthy and faulted
parts can be calculated accordingly.
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Figure 1. Wind turbine power-rotor speed characteristic curves at different wind speeds.
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Figure 2. Electrical model of PMSG with ISF in phase a.

From reference [30], the mathematical model of PMSG with ISF can be expressed in (4),
where R; is stator resistance, 6, is electrical angle. L and M are self and mutual inductance
of stator winding respectively, Apys is the PM flux linkages.

Ugh (1—p)Rs g (1—u)cosb,
up | R ip 4 dApy cos (0, —2m/3)
ue | Rs ic at | cos(6, +27/3)
Upf URs Iof 1 cos 0, @
(1 - V)ZLM (1 - V)Mab (1 - F)Muc ﬂ(l - ,V)Lua 1:11
4 (1= p) My, Lyp My, HMpq d| b
(1 - }”)MM Mg Lec UMeq at 'lc
H (1 - V) Laq UMy, UM HZLM Laf
Considering the voltage in the faulty phase can be written as:
Ug = Ugp + Ugf @)
The current and voltage of faulted portion have relations as follows:
af = ia — i )
{ Uaf = Ryig ©

Using (5) and (6) in (4), the three-phase voltages equations under turn fault conditions
can be rewritten as:

Ug Rs iq Las Mgy Mgc iq

uy, | = Rs 1:b + | My Ly My | & l:b

Uc R Ic M, . My Lec Ic @)
Do cos 0, i Laa i

+~4 | cos(fe —2m/3) | —uRs| O | —p| Mgy ,T{
cos(6, +27/3) 0 Mac
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By Park transformation, the voltage equations of PMSG with ISF in dg coordinate can
be written as:

ugr = Rsig + Ld% — welLgig — %Rs;ﬁf cos 6,
—%wequif sin@, — %qu cos 96%( + %weLdyif sin 6,
. diq . 2 .. (8)
ugp = Rsig + Lg—5f + welgig + wg/\pM + gRsyzf sin 6,

. . d .
—%ngd;uf cos B, + %qu smee% + %ngd;uf cos 0,

where w, is the electrical angular speed, u4r and 1 are dg-axis voltages in ISF condition, iy

and i, are dg-axis currents in normal condition, and L, and L, are dg-axis inductance. The

angle 0, will be replaced with (6, — 27t/3) or (6, + 27t/3) when ISF occurs in phase b or c.
Rearrange the voltage Equation (8) as:

. di .
{ Ugf = Rsldf + dedfdtf — ngqqu )
Ugf = Rsiqf + Lq% + wg(Ldidf + Apm)
where ijr and ;¢ are dg-axis current in ISF situation, which can be written as:
igf = ig— §pifcosb, = ig+ Aig
PO A SO ; (10)

Equation (9) has the same form as the normal voltage equations. It means if the same
voltage 14 and uy in (8) are applied in the normal model conditions, the fault current with
ISF can be extracted and expressed in (10). The Aiz and Aig are defined as current residuals,
whose magnitude only depends on y and if. Since the residuals equal to zero under normal
conditions and can indicate the severity of the ISF, it is a stable and robust signature for
ISF detection.

From reference [31], the electromagnetic torque of the PMSG with ISF is expressed as:

eqlig + epip + ecic — ey
Ty = - (1)

We

where ¢, are the back electromotive force, the mechanical torque of the wind turbine is
the load torque of PMSG, so the mechanical part of PMSG can be described as:

dwy,

]7 = ef_Tw—me (12)
where | is the rotor inertia, B is the damping coefficient, which characterizes the combined

viscous friction of rotor and load.

3. Estimation of Current Residuals
3.1. Design of State Observer

As expressed in (10), the current residuals can be obtained by measuring the difference
between currents in ISF and healthy conditions. However, the healthy model needs to
be accurate enough to meet diagnostic needs, and this measuring method need to store
and invoke voltage and current data under different operating conditions. In contrast, the
flexibility of the virtual observer and the need for no additional equipment investment
make up for this defect. The paper use the Luenberger observer for the estimation of
current residuals for its dynamic response performance and estimation accuracy.

According to (9) and (10), the current residuals can be defined as state variables, and
the expanded mathematical model of PMSG with ISF can be written as:

{ x =Ax+Bu

y=Cx (13
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R weLy R we(Lg—2Ly)
Ly L L Ly
_welg Ry we(2Lg—La) _Rs
A= Ly L, L, L, (14)
0 0 0 2w,
0 0 —2wWe 0
p_[0 % 09 15
& 0 00 15
d
1 0 0 O
C= {0 1 0 0] (16)

and x = [ig iy Aig A T are the state variables, y=ig i) T are the output variables,

T . . . . .
u = [ud Ug — (Ue/\pM] are the control variables, A is the state matrix, B is the input
matrix, and C is the output matrix.

In order to measure the current residuals, the classical Luenberger observer can be
designed as:

(17)

Lh I3 Is Iy
Iy 1y Ig Ig
matrix. Figure 3 shows the structure diagram of the Luenberger observer.

x(0)
. +
A

g

IS

T
where superscript ' indicates the estimated value. L = [ ] is the observation

Luenberger
Observer

Figure 3. Structure diagram of the Luenberger observer.

The Luenberger observer reflects the error between the observation state and the actual
state to the observation output through the observation matrix L. Therefore, the selection
of the parameter L will affect the convergence and accuracy of the observer.

3.2. Stability Aanlysis

As mentioned above, the parameter design of observation matrix L is crucial, to simplify
the parameter design process, it is set that [ = I3 = I = I; = 0. The state error equation of the
observer can be obtained by making a difference between Equations (13) and (17) above:

e=x—x=A(x—%)—Ly—79) (18)
=(A—-LC)e

where (A — LC) is the system state matrix of the observer, whose eigenvalue is called

system poles of the observer. When the poles of the system are all located in the left half

plane of the s-domain, or the real components of the eigenvalues of state matrix (A — LC)

are all negative, the system response will decay and tend to be stable. The characteristic

equation for (A — LC) can be written as:

|sI—(A—LC)| = ags* + a35% + aps% + ays + ag (19)



Energies 2022, 15, 9441

7 of 18

where
ay =1, az — ZRS +11+l4
RI4w?L2
ap = L;ﬂ+%)+my+&m+u+g+k)
Is+lg)R2  1s(2L3+L3)w?
m = —(Stg) s = zéqu “ 4L+ L+ 5+ Ig)w? 20
| SRe(@2 Iy lyls) 20)
Ly
ay = 4L§,w§+4R§w§+15;18R§+218L,,st§ B 218st3+2(£1+15)18de3
L q
d
2Lg (Ials+1slg)w? —4(Iy +1g+15+1g) Rew?
+4(I +15) (I + Ig)w? — q(lals+15l8)wp Lgl 4+I5+15)Rswp

For the observer system, the commonly used stability judgment methods include
Routh criterion, Hurwitz criterion, Nyquist criterion and Root Locus method, etc. The
Hurwitz criterion is more suitable for the stability analysis of the fourth order system for
its simple rules and convenient use. Therefore, the Hurwitz determinant of characteristic
Equation (21) can be written as:

az a; 0 O

_lag ay ay O
D4 |0 a3 aJ 0 (21)
0 ag dpy Ao

According to the Hurwitz criterion, the Luenberger observer of PMSG designed
above has global stability only when the principal determinant of each order of Dy is
greater than zero. In order to ensure that the observer system has a higher bandwidth
than the original system without observer, the larger the parameters of the L are, the
better the dynamic characteristics of the observer. However, the parameters of L are firstly
limited by the saturation characteristics of the devices in actual system. Secondly, there are
usually interference and measurement noise in the measured output y of the actual system.
Excessive parameter setting will amplify system interference and noise. Considering the
level of noise measured by the actual system, in order to avoid the pulsation caused by
amplified noise, the observer poles are generally 2~10 times of the original system poles [32].
How to select the gain parameters according to the working conditions is still a key issue.

4. Detection and Location Strategy of ISF
4.1. Fault Detection

Without considering high-order harmonics, the short-circuit current ir can be ex-
pressed as:
lf ~ If sin(Gg—i—Gp) (22)

where Ir and 0F are the amplitude and initial phase angle of short-circuit current. The

amplitude is mainly affected by shorted turn ratio y and fault resistance Ry, but also related

to speed and load condition of PMSG. While the phase angle 0r is associate with the

location of the fault, which is synchronized with the initial phase angle of the fault phase.
By substituting (22) into (10), it has:

Aig = yIf sin(6. + 6F) cos 6,
= —f‘ul sin(26, + 0) — 3l sin 6
= Al 94 5in(20, + OF) + Aig 4

Aig = 5ulfsin(6, + 0F) sin 6,
= —3ulycos(26, + OF) + 3uls cos Op
= Aiq_an COS(ZGE -+ 91:) + Aiq_dc

(23)

It can be concluded from (23) that the current residuals on dg-axis contain dc com-
ponents and second harmonics. The amplitudes of both are related to the amplitude of
short-circuit current and shorted turn ratio, both can be used as index parameters to char-
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acterize the severity of ISF. However, the dc component is also affected by the 0. When
the 0 approaches a certain value, the dc component residuals on axis d or 4 may decrease
to zero, thus affecting fault judgment. In addition, when the actual parameters of the
generator do not match the theoretical parameters, or when the sudden change of the speed
or load torque of the motor causes the offset of the fault angle, these will introduce the dc
component into the current differential Equation (9) without affecting the higher harmonic
component. Therefore, this paper selects the second harmonics of current residuals on
dg-axis to construct the fault index.

Flsum = \/(Aid_an)2 =+ (Aiq_an)z (24)

From reference [33], the amplitude of short-circuit current Ir is approximately propor-
tional to the speed of the motor. Therefore, the above-mentioned index Fls,;;, will fluctuate
when the motor speed changes or the outside wind speed changes for wind turbines, which
is not conducive to the determination of the fault detection threshold. In order to eliminate
the influence of the speed on the fault index, the fault index need to be reconstructed into

the following form:
Fl— wlf _ 3V2FLsum (25)
We 2w,

The above index is only proportional to the ratio y, but not to other factors such as
speed. The construction of FI needs to extract the second harmonics of current residuals.
A common frequency domain analysis algorithm, such as FFT, HHT and WT, decompose
and reconstruct signals in frequency domain or time-frequency domain. However, these
algorithms need to track the frequency of the motor in real time, which will fluctuate under
ISE, thus resulting in the final measurement bias. To avoid this, extraction of second har-
monic residuals can be indirectly accomplished by negative sequence Park transformation
as follows:

Ail; = Aigcos 20, — Aig sin 20,
= Aij 4.+ Ailf 5, 5i0(20 + OF)
Ai;Z = Aiy sin 26, + Aig cos 20,

= Ai;fdc - Aigfznd cos(26, + Or)

(26)

where superscript ‘n” indicates the value in negative sequence. Through the above transfor-
mation, the second harmonics of the current residuals in the positive sequence coordinates
are the dc components in the negative sequence coordinates. Thus, only the high-order
harmonic components other than the dc component need to be filtered out, which does
not need to reselect the cut-off frequency of filters due to the change of motor operating
frequency during ISF.

Traditional researches generally employ low pass filter or notch filter to filter out high-
order harmonic components and preserve dc components. However, when the operating
frequency changes, the parameters of the filter need to be adjusted accordingly, resulting in
the detection error. To solve this, the paper presents a method based on angle integral filter
to accurately measure the dc components of negative sequence current residuals, which
can be incorporated into the original measurement algorithm. The principle of angular
integral filtering can be expressed as:

A" 1 /0 Ain(e )
d_dc _ = q\be
Ai?_dcl 0, / 6, {Aig‘(()e)} 0. 27)

where 8, is a complete electrical angle cycle, generally 27t. Therefore, the above fault index
for ISF can be redefined as:

3,/(A )7+ (B ,)

FI" =
ﬁwe

(28)
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4.2. Fault Location

When the ISF occurs in PMSGs, the three-phase current will no longer maintain phase
symmetry, and the phase angle difference between non-fault phases will decrease with the
severity of fault. Figure 4 shows the phase angle change with ISF in phase a.

Before ISF After ISF

/71200
“\\eab

\

Figure 4. Phase angle changes with ISF in phase a.

Under the premise of ignoring the influence of higher harmonics, the stator three-phase
current of PMSG can be expressed as:

ip = I;sin(6, + 6,)
i, = I sin(6, + 6) (29)
ic = I sin(6. + 6;)

where [; and 6; (j = 4, b, ¢) are the amplitude and initial phase of phase current, respectively.
The phase angle differences between phase currents can be defined as:

91‘]‘2 |9i—9]', 91‘—9/" <
91‘]' =2 — ’91‘ —9]' , 7T<’91‘ —9]| <2r (30)
i,j=abci#]j

When the PMSG operates normally, there is 6, = 05, = 04c = /3. While the phase
angle differences between the fault phase and the non-fault phases will increase (>71/3),
and the phase angle difference between the non-fault phases will decrease (<7t/3) when
ISF occurs. Based on the above signature, the fault phase location indexes can be defined
as follows:

kll — 9ac+9ab
be,
0,p+6,
kb = ‘%be (31)
k _ 9ac+§bc
T 20,

The theoretical value of fault location indexes when ISF occurs in different phases
is shown in Table 1. There is a clear boundary between the location indexes of the fault
phase and non-fault phases, which can be used to locate the fault phase. Under the same
operating condition, the degree of deviation of the location indexes from 1 can reflect the
severity of the fault to some extent.

Table 1. Theoretical value of fault location indexes with ISF.

Fault Phase kg kp k¢
a >1 <1 <1
b <1 >1 <1

c <1 <1 >1
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For phase angle measurement of three-phase current, the currents can be projected to
a rotating coordinate system, which can be expressed as:

il = ijcosf, = %Ij sin(20, + 0;) — %Ij sin 6;

]
=i, ;sin(20, + 6;) + i

‘ ’j_an j_dc (32)
1]7 = ijsinf, = —%Ij cos(26, + Gj) + %Ij cos 0
= Z?_2nd cos(26, + 6;) + z?_dc

where j = a, b, c. Subscripts 2nd” and ‘dc” are the second harmonic and dc component
respectively. According to Equation (32), the dc component in the rotating coordinate
systems contains the initial phase angle of the three-phase current. Therefore, the angular
integral filtering method mentioned above can be used to extract the dc components first,
and then the reconstruction can be carried out as follows:

it
— c
0; = tan! (— b ) (33)

lj_dc

4.3. Overall Process of Fault Detection and Location

The overall process of ISF detection and location in PMSG in this paper is shown
in Figure 5. Firstly, the residual currents on dg-axis in the ISF state is observed by the
Luenberger observer. Secondly, the dc components in the negative sequence current
residuals are extracted by negative sequence Park transformation and angular integral
filter to construct fault detection index, and the initial phase angle of three-phase currents
are calculated by the method of rotating coordinate projection, on which the fault location
indexes are constructed. Finally, the measured parameters are compared with the normal
conditions to determine whether the ISF occurs in PMSG, thus send out alarm signal or
trip the circuit breaker according to the severity of the fault.

MSC GSC Grid

i 1 4

ine SVPWM 4svPwM
Vind A I
abe
Y 7

/ > Colrl/[:(iler Cogtiocller “gabe
af’ « Uge

MPPT "
-r——7+-rr-----—-—-—-—-—-—-"—-"—-"—-"—-"—-——
I ug| Ug| taf ' :
I Yy yvy Aid Negative Ais Angular Ai; de . |
| Luenberger > Sequence Park —®{ Integral — | Detection
I Observer . »| Transformation > Filtering = E F128 I
| i, Eq (26) Aiy | Bqen A & | B4 (28) :
I
| i Rotating i‘; Angular 6, ~ . l
I abe | Coordinate > Integral | 6, Loc:ltlon l
I Transformation —> Filtering | ¢ - EqG1) I
| Eq(32)(33) | ¥ Eq (27) > = [
| Detection and Location System of ISF in PMSG :
L

Figure 5. Overall process of ISF detection and location in PMSG.

5. Simulation Verification

In order to verify the effectiveness and rationality of the ISF detection and location
strategy proposed in this paper, the ISF model of PMSG is built in Matlab/Simulink for
simulation testing. The parameters of PMSG used in the simulation are shown in Table 2.
Before the simulation time ¢ = 1.3 s, the PMSG is in a healthy state. When t = 1.3 s, the ISF
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occurs in phase a by closing the breaker of the short circuit

are set to u = 0.15, Rf =

0.002.

Table 2. Parameters of the PMSG based wind power system.

. The short circuit parameters

Specification Symbol Value
Blade radius R 38.8 m
Air density 0 1.225 kg/m?>
Optimal Power Coefficient Cpmax 0.48
Rated wind speed (4% 12m/s
Rated power P, 2.4 MW
Phase resistance Rs 0.01 Q)
d-axis inductance Ly 5mH
g-axis inductance Ly 5mH
Rotor inertia ] 16,000 kg-m?
PM flux linkage Appm 10 Wb
Pole-pair numbers 1p 40
5.1. ISF Detection under Steady Wind Speed

The simulated wind speed vy, is set as 10 m/s. Figure 6 shows the simulation
waveforms of three-phase current, rotation speed and electromagnetic torque of the PMSG
in healthy and failure states. The three-phase current will lose symmetry after ISF, and
harmonic components appear in the speed and electromagnetic torque, which conforms to
the basic characteristics of the fault.

2000y

:

Figure 6. Simulation results. (a) Three-phase current of stator; (b) speed; (c) electromagnetic torque.

The waveforms of current residuals on dg-axis are shown in Figure 7a—c is the spectrum
of current residuals after the fault. Under normal conditions, the current residuals are
almost equal to zero, so the spectrum analysis of the signal before the fault is not very
meaningful. After the fault, obvious dc component and second harmonics appear in the
residuals. The second harmonic on d-axis and g-axis have almost the same amplitude,
while the difference between dc components is mainly related to the fault location, which
is consistent with the theoretical analysis result of Equation (23) above.
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Figure 7. Simulation results of current residuals. (a) d-axis current residual; (b) g-axis current residual;
(c) spectrum of current residuals after ISE.

Figure 8 shows the simulation results of fault detection and phase location indexes
under health and fault conditions. When the PMSG is in a healthy state, the fault detection
index is close to 0, and the three-phase location indexes are all close to 1. After the ISF
occurs, the detection index mutates and stabilizes to 1.044 within 0.05 s. The location
indexes show a difference after 0.1 s, k; > 1, and it is significantly greater than indexes of
other two phases, which corresponds to the occurrence of ISF in phase a.

1.5
S o T A
B ; FI=1.044
2 |
< o5 ; ]
= FI=4x10’ |
0.5 1 1.047 1.5 2 25
Time(s)
()
1.04f ka Ky ke 1
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<
<1 b,
0.98F ]
0.5 1 15 2 25
Time(s)
(b)

Figure 8. Simulation results of fault detection and fault location indexes. (a) Fault detection index;
(b) fault phase location indexes.

Considering that the interturn fault are not handled in time, which may lead to further
failures, it is necessary to study the universality of fault indexes in continuous state. The
degree of failure is mainly determined by the shorted turn ratio y and fault resistance
Ry. Figure 9 shows the influence of different ; and Ry on fault indexes under continuous
operation state. In Figure 9a,b, the fault resistance Ry is set to 0.02, the ratio y increases
by 0.05 every 0.5 s after 1 s. With the increase of shorted turn ratio y, both detection
index FI and fault phase location indexes k. increase proportionally. In Figure 9¢,d, the
shorted turn ratio y is set to 0.15, the fault resistance Ry rises from 0.005 to 0.04. As the fault
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resistance Ry increases, the detection index FI and fault phase location indexes kg decrease
inversely. When Ry > 0.03, kg has almost become stable with little change. Therefore, the
proposed fault detection index and fault phase location indexes can reflect the severity of
the ISE.

or |
|

L Po#=005
Fleax10® | FI0.12

FI (A.s/rad)

[N

0.5 1

~ 37
=
£ or
K]
<
= R/=0.005
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0
0.5
1.05 ‘ ‘ ‘ fa ‘ o ‘ ‘
! ‘ I R=002 | R~0.03 | R=004
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R=0.005 {f 7\ 0sgt  R=0.0T | ‘ e
ﬁ I""’" a i | a . 1 % i i
0.95 : : ‘ ‘ ‘
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Time(s)
(d)

Figure 9. Fault detection index and fault phase location indexes under different fault severity.
(a) Detection index with different  when Rf=0.02; (b) location indexes with different y when
Rf=0.02; (c) detection index with different Ry when y = 0.15; (d) location indexes with different Ry
when p =0.15.

Figure 10 shows the changes of detection index and location index under different
wind speeds. Since the wind generator work under MPPT mode, different wind speeds
mean that the PMSG will track the maximum power point at different optimal speeds. In
Figure 10a,c, the changes of wind speed has little impact on the detection index FI under
the same fault severity. Therefore, the threshold of fault detection index is almost universal
for different working wind speeds. In Figure 10b,d, the location index of fault phase k,
decreases with the increase of wind speed, but the decrease is not large, and is obviously
larger than that of healthy state, so the indexes are still effective in the location of the ISE.
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Figure 10. Fault detection index and fault phase location index under different wind speeds. (a) De-
tection index FI with different y; (b) location index k, with different y; (c) detection index FI with
different Rf; (d) location index k, with different Rf.

5.2. ISF Detection under Variable Wind Speed

In the above, the fault detection is carried out under the steady state of a specific wind
speed, while the PMSG mostly works under continuously changing wind speed, so the
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following will discuss the ISF detection under variable wind speed. Figure 11a shows
the stepped wind speed input. The optimum, and actual speed, of PMSG are shown in
Figure 11b. Under MPPT control mode, the speed of PMSG can still track the basic trajectory
of the optimum speed, but there is obvious fluctuation caused by ISF. In Figure 11c, the fault
detection index of the same fault severity is almost the same at different wind speeds. At
the moment of step change of wind speed, the index value will fluctuate, but the fluctuation
is limited, which needs to be considered when selecting the fault threshold. However,
the fault phase location index may change suddenly when the wind speed surges, and
the indexes of non-fault phases may be greater than 1, thus affecting the location results.
Therefore, the fault phase location can be carried out after the fault detection index is stable.
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Figure 11. Fault detection results under stepped wind speed. (a) Stepped wind speed; (b) pptimum
and actual speeds of PMSG; (c) fault detection index; (d) fault phase location indexes.

Under the stepped wind speed in Figure 11a, the fault detection index curves of
different fault severity are shown in Figure 12. From the simulation results, the sudden
change of the wind speed will cause the fluctuation of detection indexes under different
fault severity, but the overall trend is stable, which will not have a great impact on the final
fault diagnosis.

On the basis of above simulation under stepped wind speed, when the wind generator
operates at random wind speed as shown in Figure 13a, the simulation results are shown
in Figure 13. The speed and electromagnetic torque of the PMSG have obvious harmonics
after ISE. Under the continuously changing wind speed, the detection index cannot reach
a relatively stable state due to the measurement error caused by the low frequency of the
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PMSG, but it is obviously larger than the index curve under the healthy state, so it is still

effective for ISF diagnosis.
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Figure 12. Fault detection results under stepped wind speed with different p.
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Figure 13. Fault detection results at random wind speed. (a) Random wind speed; (b) optimum and

actual speeds of PMSG; (c) electromagnetic torque; (d) fault detection index.

Under the random wind speed in Figure 13a, the fault detection index curves of
different fault severity are shown in Figure 14. Compared with stepped wind speed, the
fluctuation of detection index is more intense with the deepening of fault severity, but there
are still clear boundaries between different curves. If subsequent fault severity prediction
is required after diagnosis, it can be distinguished by calculating the energy spectrum or

power spectrum of the curves.
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Figure 14. Fault detection results at random wind speed with different p.

6. Conclusions

A robust fault detection and location strategy for ISF in PMSGs based on negative
sequence current residuals is presented in this paper. The proposed method utilizes the
second harmonics in the residuals as a reliable fault signature rather than the dc components
since the dc components are not only related to the severity of the ISFE, but also affected
by the short circuit location and errors of the motor parameters. The current residuals
on dg-axis are acquired by the Luenberger observer based on the expanded mathematical
model of PMSG. The second harmonics are extracted through negative sequence park
transform and angular integral filtering equivalently. By reconstructing the negative
sequence current residuals, the defined fault detection index has great robustness to the
normal speed fluctuation of wind generator. In addition, the unbalance characteristics of
three-phase current after ISF can reflect the location of the fault phase, which is the basis for
the definition of location indexes. However, there are mutations in location indexes, so the
location of fault phase can be done after detection index is stable. The extensive simulation
results in Matlab/Simulink validated the effectiveness and stability of fault detection and
fault phase location method proposed in this paper.
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