
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024 4687

Open-Switch Fault Diagnosis in Back-to-Back NPC
Converters of PMSG-Based WTS via Zero Range

Value of Phase Currents
Ganesh Mayilsamy , Seong Ryong Lee , and Young Hoon Joo

Abstract—This study aims to enhance the reliability and avail-
ability of a three-level neutral point clamped (NPC) converter of
a permanent magnet synchronous generator (PMSG)-based high-
power wind turbine system by proposing a multiple open-switch
(OS) fault diagnosis method. The OS faults lead to severe torque
pulsation and distorted grid current in the system, hence requiring
early detection and isolation. To do this, principal diagnostic vari-
ables are first formulated using the zero range value of instanta-
neous current amplitude and dc-link capacitor voltages. Then, the
diagnostic variables detect the state of power electronic switches
of each leg of the converters without being affected by torque
pulsations, speed variations, and system power factor. Second, a
fault localization scheme is introduced with identification thresh-
olds to indicate the faulty switches of the machine side converter
(MSC) and grid side converter (GSC). In GSC fault identification,
an equivalent current transformation is employed to avoid errors
in current normalization. Finally, the effectiveness of the proposed
method is confirmed by verifying the results of comparative studies,
simulations, hardware experimentation, and robustness against
false indications in MSC and GSC.

Index Terms—Multiple open-switch (OS) faults, neutral point
clamped (NPC) converter, permanent magnet synchronous
generator (PMSG), wind turbine system (WTS).

I. INTRODUCTION

H IGH power-rated permanent magnet synchronous gen-
erators (PMSGs) are finding widespread applications in

multi-MW wind turbine systems (WTSs) because of their at-
tractive nature of direct-drive capability, increased reliability,
higher efficiency, and improved power density [1], [2]. Similarly,
the converter selection becomes essential to support high-power
grid-connected WTSs. Therefore, the three-level (3 L) back-to-
back (BTB) NPC, medium-voltage converter constructed with
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integrated gate commutated-thyristor (IGCT) is found to be
the promising configuration for the grid-connected operation of
10-MW rated high-power WTS with PMSGs [3]. Moreover, the
NPC BTB configuration presents higher voltage levels, low har-
monic distortion, and improved power conversion efficiency [4].
Furthermore, there has been considerable research to justify
the use of NPC converters in high-power WTSs [5], [6], [7].
Since the NPC BTB converter topology is composed of many
semiconductor switching devices, the possibility of device fault
increases with variable speed drives, this is a recent concern
among many of the research [8].

The converter failure in a WTS is attributable to 14.3% of
the total annual downtime [9]. Regarding the statistical analysis
of power converter equipment failure in WTSs, it is indicated
that 35% of converter failure is due to semiconductor switch
fault and the printed circuit board, connectors, and joint failure
account, respectively, for 32%, 4%, and 19% of converter failure.
The remaining 10% of faults are due to other reasons [10].
An industry-based survey on the reliability of power electronic
systems has pointed out that the gate driver failure and semicon-
ductor switch failure account for 15% and 31%, respectively, for
the converter outages. In addition, the survey on dc–dc power
converter systems has revealed that a major chunk of converter
failure rate is attributed to semiconductor devices (57%) or
their gate drivers (19%) [11]. Therefore, it can be concluded
that a considerable percentage of converter failures are due to
semiconductor switch faults and gate driver failures.

Besides, the device failure may result from the destructive
over-current due to a short-circuit fault, which is of serious con-
cern, hence required to be detected and isolated within10μs [12].
Moreover, the heavy inrush current makes the formulation of
integrated fault detection easier. Therefore, current limit-based
hardware protection can be integrated as a standard design into
the gate drivers of IGCTs [13], [14], [15]. On the other hand, the
OS fault resulting from bond wire liftoff or gate driver failure
does not result in severe concern and has no standard integrated
protection design as its effect varies for different converter
topologies. Despite this, the distortion in current and voltage
caused by the OS fault leads to torque pulsation in PMSG,
which also affects the grid power factor. Consequently, it results
in the failure of other devices in the WTS structure, resulting
in an entire shut-down [16]. Therefore, OS fault detection and
diagnosis are essential to improve the reliability and availability
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of WTSs. In this regard, there is numerous research on effective
OS fault detection and identification procedures. A great deal
of pole voltage-based methods are presented for reliable and
fast diagnosis [17], [18]. Nevertheless, these methods require
additional sensors and circuits, adding up the control system’s
complexity. Few recent research has addressed this by voltage
quantification and estimation [8], [19], [20], but still, it requires
higher sampling and increased complexity. Moreover, all these
methods are tested with constant dc-source; hence, the adapt-
ability to WTSs with varying rotor speeds has not been verified.

Meanwhile, the current-based schemes have garnered some
attraction for OS fault diagnosis in BTB converters. Moreover,
these methods are free from model dependency, simple to im-
plement, and do not need any additional sensors. A diagnostic
approach for a two-level (2 L) BTB converter of WTS based
on averaging the phase current is introduced in [21], in which
the derivative of Park’s vector angle and the average value of
current are the primary variable for detection and localization.
In [22], a Luenberger current observer and current farm factors
are used as the primary variables. These methods are found to
be reliable and less sensitive to load disturbances but require at
least one fundamental period of current to detect the fault. An
instantaneous amplitude estimation based on weighted sliding
Hilbert transform is presented in [23] to overcome this. In which,
detection speed has been considerably improved with less model
dependency. Although all these methods are only tested and
verified with a 2 L BTB converter for WTS operation.

In addition, virtual current mirrors are justified as an effective
variable for 2 L voltage source inverter (VSI) fault identifica-
tion [24]. Any extension of this scheme to three-level (3 L)
BTB converters may be possible for inner-switch (Sx

y2
, Sx

y3
)

faults, which have an identical current response to 2 L BTB
converters. Besides, the outer-switch (Sx

y1
, Sx

y4
) faults exhibit

divergent behavior based on many factors, such as power fac-
tor, rectification, and inverter mode of operations. It further
complicates the adaptation of these methods to 3 L converters.
Therefore, to deal with the distinct current patterns of outer and
inner switches, a reactive power injection-based method [25] is
introduced. Alongside, the model-based schemes, which use the
voltage residuals between the monitored and estimated signals,
are studied in [8], [19], [26], [27], [28]. The appropriateness of
these methods is confirmed only to the grid-connected VSI.

Moreover in WTSs, the rectification operation provides addi-
tional current paths through the freewheeling diodes and differs
from the inverter operation. Thus, the ideas cannot be applied
simultaneously to both GSC and MSC. To subdue this, the
current distortions caused by different switch faults in the BTB
NPC converter of a WTS are analyzed, and the fault localization
method is formulated based on the zero range duration of cur-
rents [29]. With this, better localization of faulty switches can
be achieved for nonunity power factor (NUPF) operation with
a trade-off in detection time. However, the unity power factor
(UPF) operation does not differentiate the inner and outer-switch
faults. Since the GSC of WTS has to operate in UPF most of the
time, this is a significant discrepancy.

Moreover, the signal attributes of inner and outer-switch
faults are indistinguishable, especially under UPF. In addition,

Fig. 1. High-power WTS structure with back-to-back NPC converters.

imperceptible outer-switch faults occur in GSC [20]. This issue
still needs to be addressed in NPC BTB fault localization of
WTSs regarding high-power rating. Therefore, this article aims
to propose a new OS fault diagnosis with the contributions
summarized as follows:

1) A zero range variable (ZRV) is defined to identify the
current ripple during zero crossing under OS faults. Then,
the detection and diagnosis variable γ is formulated by
analyzing the frequency of ripples in ZRV.

2) Next, an improved current-based scheme is formulated as
Algorithms 1, and 2, respectively for MSC and GSC to
detect and localize the faulty switch by utilizing the range
of γ values.

3) An equivalent current transformation from the machine
side to the grid side for the active power component is
introduced using the WTS rotor speed. Which avoids the
errors in current normalization.

4) The proposed method is validated by simulation for
10 MW PMSG-based WTS. Further, the applicability
and robustness of the proposed algorithms are verified
by hardware implementation for 5 kW permanent magnet
vernier generator (PMVG)-based WTSs.

5) The performance of the presented ZRV-based scheme is
compared with the other relevant current-based schemes
for various performance indicators.

The rest of this article is organized as follows. Section II anal-
yses the BTB NPC converter signal attributes of PMSG-based
high-power WTS under different OS faults. Section III discusses
the formulation of OS fault diagnosis algorithms for MSC and
GSC. Section IV presents the simulation results and hardware
implementation to signify the constructiveness and robustness of
the proposed method. Finally, Section V concludes this article.

II. SYSTEM DESCRIPTION AND OS FAULT ANALYSIS

The general structure of high-power rated PMSG-based WTS
with 3 L NPC converter is shown in Fig. 1. The power conversion
system comprises a wind turbine, PMSG, BTB converter with
NPC converter topology, and a grid-connected inductive filter.
The BTB topology comprises MSC, and GSC interlinked by
two dc-link capacitors. The converters are typically configured
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Fig. 2. Current paths of rectification/inverter operation for current direction from dc-link to phase-y with switching states (a) [P ], (b) [O], and (c) [N ]. Current
paths of rectification/inverter operation for current direction from phase-y to DC-link with switching states (d) [P ], (e) [O], and (f) [N ].

with IGCT switches with antiparallel power diodes to withstand
the higher amplitude of operating current and voltages. The
GSC control system ensures the dc-link voltage regulation,
capacitor voltage balancing, and reactive power injection. On
the other hand, the MSC takes control of the PMSG operating
speed (ωm)-based on the tracking signal from maximum power
extraction unit [7], [30]. The current and voltage sensors measure
the machine, grid, and dc-link parameters. Each leg of the GSC
and MSC consists of four switches, Sx

y1
, Sx

y2
, Sx

y3
, and Sx

y4
,

where x ∈ (m, g) denote the machine, grid and y ∈ (a, b, c)
denote the phases. Fig. 2 illustrates the current paths based on
the direction of current between any phase-y and the dc-link
with three possible switching states [P ], [O], [N ] under MSC
rectification and GSC inverter operations. An OS fault in any
switch will distort the respective BTB converter current and
affect the dc-link capacitor voltages. For understanding, the OS
fault of different phase-a leg switches is considered for the MSC
and GSC, respectively, in the following discussions. The details
regarding the switching states and current directions are referred
from [29].

A. Signal Attributes of MSC With Various OS Faults

The MSC operating parameters with normal and faulty switch
conditions under steady load on PMSG (constant wind velocity)
are shown in Figs. 3–5. The fault in switch Sm

a1
does not allow

the switching state [P ] to be realized; however, switching state
[O] is possible, hence, the current path for iy < 0 changes from
Fig. 2(a) to (b). Consequently, the pole voltage vmaz changes
from vc1 to 0 (switching state [P ] to [O]). As a result, the OS
fault causes a distorted negative current and the pole voltage
of phase-a is also distorted in the blocked interval, which is
depicted in Fig. 3(a). However, the positive portion remains
sinusoidal in shape due to the unaffected current path iy > 0
in Fig. 2(d) and (e). Further, the occurrence of fault causes the
phase current ima to remain in zero for a shorter duration after
zero crossing from the positive side and also affects the pattern
of imb and imc as pictured in Fig. 3(b). On the other hand, the OS
fault inSm

a4
blocks the switching state [N ] and blocks the current

path shown in Fig. 2(e), which originates the opposite effect to

Fig. 3. MSC signal attributes: (a) and (b) Pole voltage and currents under Sm
a1

fault; (c) and (d) Pole voltage and currents under Sm
a4

fault.

Sm
a1

fault as given in the Fig. 3(c) and (d). The blocked states
[P ] and [N ], respectively, for fault in Sm

a1
and Sm

a4
, have little

impact in capacitor voltages, as drawn in Fig. 5(a). However, the
current distortions initiated by the fault slightly affect the sine
wave pattern of phase currents. As a result, the electromagnetic
torque developed in the PMSG becomes distorted and creates
a considerable rotor speed and torque pulsations, which are
depicted in Fig. 5(b) and (c).

Next, the fault in Sm
a2

prevents the switching states [P ], [N ]
by blocking the current path in Fig. 2(a), (b) for the current
iy < 0. This makes the inner circuit of MSC to be open-circuited,
therefore the current path of phase-a switches to the path in
Fig. 2(c) to the switching state [N ]. Consequently, the pole
voltage vmaz changes from 0 to −vc2 resulting in a serious
distortion in phase-a current remaining in zero value for a longer
duration at the negative half cycle. Similarly, theSm

a2
fault blocks

the current paths in Fig. 2(e), (f) and switches to Fig. 2(d) by
allowing only the switching state [P ]. For this, the positive half
cycle of phase-a current will be distorted by remaining in zero
for a longer duration. Further, the application of switching state
N for the Sm

a2
fault makes the −vc2 remain connected to the

phase-a for the entire negative current duration iy < 0. This
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Fig. 4. MSC signal attributes: (a) and (b) Pole voltage and currents under Sm
a2

fault; (c) and (d) Pole voltage and currents under Sm
a3

fault.

Fig. 5. MSC signal responses: (a) Capacitor voltages, (b) rotor speed,
(c) torque responses with outer-switch fault; (d) capacitor voltages, (e) rotor
speed, (f) torque responses with inner-switch fault.

causes the capacitor voltage vc2 to become larger than the vc1
leading to a dc-link imbalance. Similarly, the Sm

a3
fault increase

the vc1 and causes dc-link imbalance.
The MSC parameters under OS fault in Sm

a2
and Sm

a3
are

given in Fig. 4. The current and pole voltage phase differs by
some angle due to the NUPF of PMSG. The rectifier operation
of MSC provides a freewheeling path through the diodes to
carry the part of the positive and negative half cycle of current.
Hence, the current remains zero for a duration only until the
switching state [O] is blocked due to the OS fault in Sm

a2
and

Sm
a3

, respectively, for the positive and negative half cycle. At
the same time, the blocked switching states impact the pole
voltages; the response of phase-a pole voltage and current is
given for Sm

a2
and Sm

a3
faults in Fig. 4(a) and (c). Further, the

distortion in ima causes an unbalance in imb and imc as pictured
in Fig. 4(b) and (d), respectively. The distortion caused by the
inner switch fault in phase currents is comparatively higher than
the outer switch fault, therefore resulting in more pulsation in
the electromagnetic torque of PMSG. The effect of Sm

a2
OS

faults in capacitor voltages, speed, and torque of the PMSG is
depicted in Fig. 5(d)–(f). Besides, an opposite effect in capacitor

Fig. 6. GSC signal attributes under UPF: (a) and (b) Pole voltage and currents
during Sg

a1
, Sg

a2
fault; (c) and (d) Pole voltage and currents during Sg

a3
and

Sg
a4

faults.

voltages will be experienced for theSm
a3

OS fault causing similar
disturbances in speed and torque.

B. Signal Attributes of GSC With Various OS Faults

The effect of OS fault in the switches Sg
a1

, Sg
a2

, Sg
a3

, and
Sg
a4

under UPF operation are detailed in [25]. Unlike the MSC
rectification operation, the GSC operates as a grid-connected in-
verter and most of the current flows through the IGCT switches.
Regarding phase-a, the switches Sg

a1
, Sg

a2
forms the path for

iy > 0 with switching state [P ] as shown in Fig. 2(a) and
the switching sate [N ] is realized as in Fig. 2(b). Therefore,
for the OS fault in switch Sg

a1
, the switching state [P ] is not

possible, however, switching state [O] is functionally possible.
The occurrence of fault with iy > 0 changes the current path
from Fig. 2(a) to (b) until the current decays to zero. After that,
the diode Dg

ca1
is reverse biased due to the positive grid voltage.

As a result, there are no current paths and the current iy > 0 does
not flow to the grid. At this time, the vc1 becomes larger than the
vc2 and causes severe capacitor voltage imbalance. Alternately,
for the fault in switchSg

a2
during the current iy > 0, both current

paths in Fig. 2(a) and (b) will not be available, respectively, for
the switching states [P ], [N ]. At this time, the current takes its
path as in Fig. 2(c) for a while until the current reaches zero
value. Subsequently, the diodes are reverse-biased and no more
paths will be available for the current flow from the dc-link to the
grid. Moreover, the faults in switches Sg

a1
, Sg

a2
create identical

effect in the operation of GSC. Similarly, the OS fault inSg
a3

and
Sg
a4

affects the current paths in Fig. 2(f) and blocks the switching
states [O], [N ]. Consequently, the current iy < 0 is blocked with
vc2 increasing above vc1 causing capacitor voltage imbalance.

Therefore, for the GSC of WTS with the assumed sign
conventions depicted in Fig. 1, the OS fault in either of the
switchesSg

a1
andSg

a2
blocks the negative half cycle of iga (current

direction from dc-link to grid); on the other hand, the fault in
either Sg

a3
or Sg

a4
OS fault makes the positive half cycle of

iga to be blocked. The signal attributes of various OS fault in
GSC under UPF are depicted in Fig. 6(a)–(d). Unlike the MSC
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Fig. 7. GSC signal responses: (a) Capacitor voltages, (b) active and reactive
power responses with outer-switch fault, (c) capacitor voltages, and (d) active
and reactive power responses with inner-switch fault.

OS faults, the GSC OS fault entirely blocks any one of the
positive/negative half cycles of respective phase current with
increased distortions in remaining phase currents. In addition,
the capacitor voltage imbalance during the GSC OS fault is much
evident in Fig. 7(a) and (c). Further, the distorted currents cause
considerable pulsations in the active and reactive power injected
into the grid, as pictured in Fig. 7(b) and (d).

In most WTS applications, the GSC converters may be re-
quired to operate with NUPF based on grid code. Under such
conditions, the effect of OS fault in the GSC parameter attributes
is distinguishable from UPF operation. Therefore, OS fault in
GSC with NUPF is analyzed. With NUPF, the switching state
[P ] is blocked by the Sg

a1
fault, however, the switching state [O]

can forward bias the diode Dg
ca1

until the grid voltage reaches
from negative to zero. Therefore, a path exists as in Fig. 2(b)
for a short duration with the current iy < 0. Then, as soon as
the grid voltage becomes positive the current decays to zero and
no path exists for current flow. Similarly, the switching state
[N ] is blocked by the fault in Sg

a4
and the Dg

ca2
provides a path

for current iy > 0 as in Fig. 2(b) for a short duration until the
grid voltage reverse biases the Dg

ca2
. As a result, based on the

sign conventions of WTS shown in Fig. 1, a smaller part of
the negative and positive half cycles are conducted, respectively,
for the fault in the Sg

a1
and Sg

a4
switches. The signal attributes

can be inferred from Fig. 8(a) to (d). Besides, the inner-switch
faults (Sg

a2
and Sg

a3
) make the switching state [O] not possible,

the entire negative and positive half cycles are blocked. The
signal features are given in Fig. 9(a)–(d), further, the fault under
NUPF also causes the capacitor voltage unbalancing and power
fluctuations.

From the Sections II-A and II-B, the OS fault in any of
the legs of the BTB converter initiates specific fluctuations in
operating currents, causes speed and torque pulsations, and
severe capacitor voltage unbalancing. Therefore, an effective
fault diagnosis method is essential to increase the reliability and
availability of WTS.

III. PROPOSED FAULT DIAGNOSIS METHOD

Each of the phase currents of the PMSG machine can have
four different current patterns under OS fault in the switches
Sm
y1

, Sm
y2

, Sm
y3

, and Sm
y4

for any of the legs in MSC. Besides, the

Fig. 8. GSC signal attributes under NUPF: (a) and (b) Pole voltage and currents
during Sg

a1
fault, and (c) and (d) pole voltage and currents during Sg

a4
fault.

Fig. 9. GSC signal attributes under NUPF: (a) and (b) Pole voltage and currents
during Sg

a2
fault, and (c) and (d) pole voltage and currents during Sg

a3
fault.

GSC’s operating power factor determines the current pattern in
the phase in which the OS fault occurs. As discussed in Section
II, the current pattern remains identical for inner-switch faults
regardless of the power factor. On the other hand, for NUPF,
the current pattern for inner and outer-switch faults is different.
Therefore, each converter requires unique localization methods.

A. MSC OS Fault Detection and Localization

The nonlinear nature and complex dynamics of WTS have
rapid fluctuations in operating parameters during a fluctuating
wind speed. Moreover, the operating speed requires fast dynamic
tracking for maximum power extraction operation. Hence, the
fault diagnosis method should be designed to be robust against
the erroneous indications resulting from the speed and other pa-
rameter transients. The proposed fault detection and localization
method utilize the main control scheme’s instantaneous phase
currents and capacitor voltages without additional sensors. The
measured signals are availed from the vector control scheme
and used in fault detection algorithms after passing through a
low pass filter (LPF) with a cut-off frequency of 200 Hz [23],
[31]. Nevertheless, the estimation and load current averaging
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Fig. 10. Step-by-step formulations and signal features under normal opera-
tions.

methods reported in the literature are not taken to ensure minimal
calculations and less computational requirement.

The OS fault in the MSC has minimal distortions in phase cur-
rents. Since the MSC operates as a rectifier and takes its current
path through free-wheeling diodes, the distorted phase currents
remain at zero for a short period. Moreover, the zero period
for any outer-switch fault (Sm

y1
and Sm

y4
) is much shorter than

for the inner-switches (Sm
y2

and Sm
y3

). The proposed detection
method utilizes the derivative of normalized phase currents when
it remains near the zero value. The step-by-step formulations for
MSC OS fault detection are given in Fig. 10. In step− i, the nor-
malized phase currents iyn are calculated from the instantaneous
phase currents as follows:

iyn =
imy

|̂imq | (1)

where y ∈ (a, b, c) and îmq is the PMSG q-axis current, it can

be approximated as îmq =
koptω

2
m

1.5pφ based on Remark 1. In which,
kopt is the optimum torque constant of the WTS controller, ωm

is the rotor speed, p is the generator pole pairs, and φ is the air
gap magnetic flux [32].

Remark 1: During the OS fault, the distorted phase currents
affect the phase-locked loop approximation of the dq-axes cur-
rent to a greater extent. This may introduce severe errors in
current normalization, and consequently, erroneous fault alarm
and localization may be initiated. On the other hand, the ωm has
much lower distortions due to OS faults. Therefore, the approx-
imation of îmq in current normalization uses the information of
rotor speed.

In our study, 5% of the maximum amplitude of the instan-
taneous current is taken as ZRV. Generally, the generator of
WTS operates with variable speed to ensure the maximum power
extraction according to the varying wind velocity. As a result,
the stator phase currents also vary with the operating speed [33].
In the proposed OS fault diagnosis method, the varying phase

currents of any amplitude should be down-scaled to have an
instantaneous +ve and -ve maximum as +1 and−1, respectively.
With this, a generalized ZRV can be formulated between the
band limit of 0.05 and −0.05. Therefore, the actual value of
instantaneous phase currents should be normalized to have a
+ve and -ve maximum as +1 and -1, respectively. Generally,
with zero direct axis current control of PMSG-based WTS, the
imd is kept at zero, and the îmq current is equal to the maximum
amplitude of instantaneous phase currents of the machine [34].
Therefore, the normalization of phase currents between +1 and
−1 is done by dividing the phase currents by |̂imq | in (1).

Then, in step− ii, a ZRV iyz is defined based on the following
conditions:

iyz =

{
iyn for abs(iyn) < 0.05

0 for abs(iyn) ≥ 0.05.
(2)

Then, in step− iii, a clipping operation is performed as follows:

i+yz =

{
iyz for iyz < 0

0 for iyz ≥ 0
; i−yz =

{
iyz for iyz > 0

0 for iyz ≤ 0

(3)

the i+yz is used to calculate the detection variable of Sm
y1

and
Sm
y2

. Besides, the i−yz is used for the fault detection variable of
Sm
y3

and Sm
y4

. Further, the step− iv identifies the sign of the
derivative of clipped currents and then the signal is passed to the
LPF in step− v. The final output from step− v is the detection
variables γy12 and γy34 for fault alarm and switch localization.
The signal features of each of the above steps under normal
operation are depicted in Fig. 10. The zero crossing of currents
from positive to negative occurs at the instant t1 and the negative
to positive occurs at t2. In step− iii, the clipped-off response of
i+yz is linearly decreasing near t1 and linearly increasing near t2.
consequently, the step− iv output has a single negative pulse
near t1 and a positive pulse near t2. On the other hand, i−yz in
step− iii is linearly increasing near t1 and linearly decreasing
near t2. Hence, the step− iv output has a single positive pulse
near t1 and a negative pulse near t2. Then, the LPF in step− v
calculates detection variableγ by attenuating the high-frequency
noise introduced by the derivative. The cut-off frequency of LPF
is set to six times higher than the rated frequency, and the LPF
design procedure is discussed follows:

Generally, the phase current’s fundamental frequency is de-
noted as ff ; and the fundamental period is calculated as Tf =
1
ff

. Then, as depicted in the Fig. 11, the period for which the

abs(iyn) <0.05 (the period of ZRV TZRV) can be approximated
as follows:

TZRV

2
=

sin−1(0.05)× Tf

2π
. (4)

Then, for a sampling rate fs, the sampling period can be cal-
culated as Ts = 1/fs. With the above parameters, the LPF in
step− iv is designed based on the principle of moving average
finite impulse response filtering [35]. It can be formulated as
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Fig. 11. Illustration of ZRV timing calculations.

follows:

y(k) =
1

N + 1

N∑
i=0

x(k − i) (5)

where N is the order of the filter, the value of N is selected
based on the number of samples h taken within the period TZRV.
Generally, for constant frequency operation, as in the case of
the grid side converter (GSC), the TZRV remains fixed. However,
the fundamental frequency of iyn at the machine-side converter
increases (MSC) with the WTS operating speed. Therefore, the
TZRV remains larger for low-frequency operation and decreases
with the increased operating speed. Hence, the order of filter N
should be selected by considering the lower cut-off value of the
operating speed and fundamental frequency. Moreover, theTZRV

is calculated by substituting the fundamental period of the least
possible stator current frequency from the WTS specifications.
Then, the number of samples h within the TZRV is calculated as
follows:

h =
TZRV

Ts
. (6)

Then, the order of the filter is taken as N > h. Further, the
detection variable γ is derived by passing the output y(k) to
the moving mean function to attenuate the high-frequency noise
introduced by the derivative operator

γ(k) =

W∑
i=0

y(k − i) (7)

whereW is the window length of the moving mean function. The
value of W is usually selected as Tf/Ts. The above-generalized
design procedure is adapted to formulate the LPFs in Algo-
rithms 1 and 2 by utilizing the information of the fundamental
time period of iyn and sampling period.

The γ usually ranges from −0.05 to 0.05 for the 10 MW-
PMSG WTS parameters and satisfy the condition γ−l < γ < γl

under normal operation. The γ−l, γl are the -ve and +ve lower
thresholds to detect the OS faults.

Then, the signal features of fault detection steps during the
occurrence of a fault are depicted in Fig. 12. The response of
detection variable γ for fault in outer-switches Sm

y1
and Sm

y4
is

given in Fig. 12(a) and (b), respectively. The ZRV response of
Sm
y1

fault causes few pulses at step− iv with larger negative

Fig. 12. Signal features of fault detection steps under OS fault in (a) Sm
y1

,
(b) Sm

y4
, (c) Sm

y2
, and (d) Sm

y3
.

duration and shorter positive duration near the instant t1. As a
result, the γy12 response starts to jump up to −0.1, hence going
below the -ve lower threshold γ−l. Besides, the ZRV response of
Sm
y4

fault causes few pulses at the step− iv with larger positive
duration and shorter negative duration near the instant t2. As a
result, the γy34 response starts to jump up to 0.1 and go above
the +ve lower threshold γl.

Further, the signal features for fault in inner-switches Sm
y2

and Sm
y3

are depicted in Fig. 12(c) and (d). The ZRV response
has sustained ripples near the zero current for a specific du-
ration. Consequently, the output produced at step− iv has
more pulses compared to outer-switch faults. Moreover, the
current ripples cause larger positive pulses for Sm

y2
fault and

larger negative pulses for Sm
y3

fault. In both cases, the pulse
frequency is higher than the outer-switch faults; as a result,
the γy12 goes up to 0.15 for Sm

y2
fault and hence reaches the

+ve upper threshold γh. Besides, γy34 reach up to −0.15 under
Sm
y3

fault and comes below the -ve upper threshold γ−h. Thus,
under normal operating conditions, the detection variable γy12,
and γy34 vary between ±0.05 which is lower than the limits
of lower thresholds, whereas, under various OS faults, the γ
values of the corresponding phase crosses the threshold values
as [γ−h = −0.12, γh = 0.12, γ−l = −0.06, γl = 0.06].

In addition, it can be noted that the OS fault in the in-
ner switches initiates the capacitor voltage unbalancing to a
considerable value. Based on the faulty inner-switch, the fault
confirmation variable δc can be formulated as follows:

δc =
vc1 − vc2

v∗dc
(8)
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Algorithm 1: MSC Fault Detection and Localization.
Step 1: Get the values of γy12, γy34, and δc
Step 2: Fault Identification.

if abs(γy12)||abs(γy34) < γl then
Go to Step 1;

else
Trigger Fault Alarm and Go to Step 3;

end if
Step 3: Begin Fault Localization.

if γy12 > γh&&δc < −0.05 then
Faulty switch=Sm

y2
;

else if γy12 < γ−l then
Faulty switch=Sm

y1
;

else if γy34 < γ−h&&δc > 0.05 then
Faulty switch=Sm

y3
;

else if γy34 > γl then
Faulty switch=Sm

y4
;

else
Go to Step 3 (recheck);

end if

δc has the attribute of δc < −0.05 for Sm
y2

fault and δc > 0.05
for Sm

y3
fault. Finally, the Algorithm 1 exemplifies the detection

of OS fault and localization of faulty switches by utilizing the
detection and confirmation variables.

Remark 2: The OS fault in Sm
y3

causes the current to remain
zero for a particular duration at the instant t2. The fluctuating
current near the zero value will have a few spikes reaching the
negative side, reflected in the ZRV of γy12 calculations. As a
consequence, the pulses are produced at the output of step− iv
with larger positive duration, and hence the γy12 jump up to 0.08
which is higher than the γl. On the other hand, the fault in Sm

y2

causes the opposite effect and makes the γy34 to reach up to
−0.08 < γ−l. This phenomenon should be carefully considered
in designing the localization algorithm by avoiding the usage of
γy12 range γl to γh, and γy34 range γ−h to γ−l for threshold
setting.

B. GSC OS Fault Detection and Localization

The GSC operates as a VSI and injects the active and reactive
power into the grid through inductive filters. Voltage-oriented
control is employed by aligning the d-axis voltage of GSC to
the magnitude of grid voltage vgy and q-axis voltage is kept at
zero [32]. As a result, the switching states [P ] and [N ] are vital
to synchronize the phase current into grid voltage. For example,
the OS fault in Sg

y1
or Sg

y2
switch affects these switching states

and blocks the entire negative half cycle (based on assumed sign
convention) under UPF operation. On the other hand, the NUPF
operation allows a little current into the negative side forSg

y1
fault

and blocks the entire cycle for Sg
y2

fault. Hence, the OS fault
in the GSC initiates higher distortions in phase currents than
in the MSC. Moreover, the signal attributes of currents under
UPF operation are identical for both inner and outer-switch
faults. Hence makes it difficult to localize the faulty switch
with conventional methods. However, the proposed method with

TABLE I
RANGE OF γ FOR OS FAULTS IN GSC

ZRV can distinguish the different types of faults by observing
the ripples of currents near the zero value, as explained in the
previous section. Hence, the step-by-step formulations in Fig. 10
can also be adapted to GSC fault identification and localization
with the modified iyn and threshold values.

Remark 3: The GSC phase currents are the vector sum of
dq-axes currents. Generally, the q axis current injects the active
power, and the d-axis current injects the reactive power; hence,
the grid current normalization should consider both the dq-axes
currents. Moreover, during the OS fault, the distorted phase cur-
rents affect the phase-locked loop approximation of the dq-axes
current to a greater extent. This may result in an erroneous fault
alarm and localization. Besides, the OS fault in GSC does not
affect the operating speed of the generator. Therefore, this study
introduces an equivalent MSC to GSC q-axis current (active
power components of both the converters) transformation to
normalize grid currents as follows:

|1.5vgq igq | ≈ |1.5vmq îmq | (9)

îgq ≈
(vmq
vgq

)koptω
2
m

1.5pφ
(10)

where îgq is the GSC equivalent of îmq calculated by using rotor
speed information, and vgq , vmq are q-axis grid and machine
voltages.

Therefore, based on Remark 3, the normalized currents for
GSC fault identification can be calculated in step− i as follows:

iyn =
igy√

(̂igq)2 + (ig∗d )2
. (11)

Then, the remaining steps are followed as explained for MSC
fault detection, and finally, the γy12, γy34 are availed at step− v.
After that, the threshold values are identified based on the switch-
ing frequency and filter parameters. Besides, the δc is approx-
imated with (8) and Algorithm 2 is formulated by identifying
the threshold values [γ−h = −0.2, γh = 0.2, γ−l = −0.1, γl =
0.1] by using the range of γ given in Table I specifically for the
different switch faults of 10 MW system.

Based on the Algorithms 1 and 2, Fig. 13 illus-
trates the block schematic of the proposed OS fault di-
agnosis and localization scheme. The operating parameters
[imabc, i

g
abc, ωm, vc1, vc2, v

m
q , vgq ] are availed from MSC/GSC

vector control to realize the proposed scheme.
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Algorithm 2: GSC Fault Detection and Localization.
Step 1: Get the values of γy12, γy34, and δc
Step 2: Fault Identification.

if abs(γy12)||abs(γy34) < γl then
Go to Step 1;

else
Trigger Fault Alarm and Go to Step 3;

end if
Step 3: Begin Fault Localization.

if γy12 > γh&&δc > 0.05 then
Faulty switch=Sm

y1
;

else if γy12 < γ−l&&δc < −0.05 then
Faulty switch=Sm

y3
;

else if γy34 < γ−h&&δc < −0.05 then
Faulty switch=Sm

y4
;

else if γy34 > γl&&δc > 0.05 then
Faulty switch=Sm

y2
;

else
Go to Step 3 (recheck);

end if

Fig. 13. General block schematic of proposed fault diagnosis scheme.

IV. SIMULATION AND HARDWARE IMPLEMENTATION

A. Simulation Results

1) 10MW PMSG-Based WTS: The proposed method is ver-
ified by simulation of 10MW PMSG-based direct-drive WTS
equipped with NPC BTB full-scale power converter. The de-
tailed configuration, control principle for MSC, and control
of GSC are referred from [7], and the machine, aerodynamic,
and grid parameters are given in Table III. The modeling and
simulation of the WTS and proposed fault diagnosis method
were done in MATLAB/Simulink environment. The OS fault in
the required switches is instigated by blocking the gate pulses.

The simulation results of the MSC parameters such as rotor
speed ωm, phase currents imabc, and fault detection and localiza-
tion variables γy12, γy34 during a transient WTS aerodynamic
torque Tad and OS fault occurrences in MSC are presented in
Fig. 14. To substantiate the reliability and immunity to erro-
neous fault alarms, a transient aerodynamic torque is considered
similar to [21]. The Tad is increasing from 10% to the rated
value at 0.5 s. Then, the Tad is suddenly reduced to 10% at
0.75 s, and finally, at 1.1 s, it increases to 90% of rated value.

Fig. 14. Simulation results under OS faults in Sm
a3

and Sm
a4

, (a) rotor speed,
(b) phase currents, and (c) detection variable γ.

The response of rotor speed and phase currents are shown in
Fig. 14(a) and (b). During such transients, it can be noted that
the detection variables in Fig. 14(c) are well below the threshold
even for the step change in torque of 90%. In contrast, in real
WTS, no such high-magnitude transient is practically possible.
Therefore, the immunity to erroneous fault alarms due to load
variations is verified. Furthermore, it is essential to note that, as
a consequence of the reduction of load at 0.75 s, the detection
variables γy12 are going beyond 0.05 and γy34 are coming below
−0.05. If the criterion given in Remark 2 is not considered in the
detection and localization, this may lead to the misinterpretation
of transients as a fault. Therefore, selecting the threshold for fault
detection and localization is crucial.

Further, to evaluate the diagnostic performance of the pro-
posed system, OS faults are initiated, during which the torque
is maintained at 90% of Tad. Initially, an outer-switch fault is
triggered at the instant 1.3 s in Sm

a4
, and the inner-switch open

fault is initiated at 1.6 s in Sm
a3

. The occurrence of Sm
a4

OS fault
distorts the ima near the zero crossing from negative to positive,
as depicted in Fig. 3(c). Meanwhile, the diagnostic variable
γa34 jumps above the threshold γl, allowing the Algorithm 1
to detect and localize the faulty switch as Sm

a4
. Then, at 1.6 s,

further prolonged distortions near zero crossing are noted due
to inner-switch fault, as pictured in Fig. 4(c). Consequently, the
variable γa34 comes below γ−h, so the fault in Sm

a3
is detected.

At this time, it can be noted that the zero crossing of ZRV iaz
makes the γa12 to jump above γl (see Remark 2), as shown in
Fig. 14(c). Since the range is cautiously avoided for localization
of fault in Sm

y1
, and Sm

y2
, misinterpretation is avoided. Moreover,

in both cases, the time taken to detect the fault from the first
zero crossing after the fault occurrence is less than 30% of the
fundamental period of phase current.

Then, regarding the GSC, similar faults are considered at
the same instants in switches Sg

b4
and Sg

b3
with healthy MSC

switches. The results are analyzed for UPF and NUPF operation,
and the same aerodynamic load conditions are maintained. The
response of current and γ is given for UPF and NUPF, respec-
tively, in Figs. 15(a) and (b) and 16(a) and (b). In both cases, the
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Fig. 15. Simulation results under OS faults in Sg
b3

and Sg
b4

under UPF
(a) phase currents, and (b) detection and localization variable γ.

Fig. 16. Simulation results under OS faults in Sg
b3

and Sg
b4

under NUPF
(a) phase currents, and (b) detection and localization variable γ.

TABLE II
THRESHOLDS FOR OS FAULT DETECTION IN 10MW AND 5 KW WTS

γb34 reaches γ−h under Sg
b4

fault and γb12 reaches γ−l for Sg
b3

fault, enabling Algorithm 2 to localize the faulty switches based
on the thresholds given in Table II.

2) 5 kW PMVG-Based WTS: Next the proposed method is
verified in a 5 kW PMVG-based WTS with NPC BTB converter.
The machine, aerodynamic, and grid parameters are given in
Table III. Similar to the 10 MW rated WTS, the reliability
and immunity to the fault alarm are verified under transient
aerodynamic torque Tad.

The MSC parameters, rotor speed ωm, capacitor voltages
vc1, vc2, phase currents imabc, and fault detection and localization
variables γy12, γy34 during a transient WTS aerodynamic torque
Tad and OS fault occurrences in MSC are presented in Fig. 17.
Based on the cut-in wind speed of 5 kW WTS, the minimum Tad

Fig. 17. Simulation results under OS faults in Sm
a3

and Sm
a4

, (a) rotor speed,
(b) capacitor voltages, (c) phase currents, and (d) detection variable γ.

is taken as 20% until 0.5 s and increased to rated value. Then, the
Tad is suddenly reduced to 20% at 0.75 s, and finally, at 1.1 s, it
increases to 90% of rated value. The responses of rotor speed,
capacitor voltages, and phase currents are pictured in Fig. 17(a)–
(c), respectively. The responses of detection variables during the
Tad transients are pictured in Fig. 17(d). Unlike the MW class
wind turbine, the 5 kW WTS has lower inertia. Therefore, the
rotor speed accelerate/decelerate quickly and reaches to the new
steady state within a short duration. This phenomenon affects the
detection variable γ. In addition, the vector control of low power
WTS operates with higher switching frequency and increased
sampling rate. Therefore, the LPF design and threshold setting
are evaluated by accounting this factors. Table II gives the
threshold values for fault detection and localization, which is
slightly different from the MW WTS. From the response plot
Fig. 17(d), the detection variables are within the thresholds
during the Tad transients. Therefore, the immunity to erroneous
fault alarms due to load variations is verified.

Next, the applicability of proposed scheme to the 5 kW WTS
is evaluated by initiating the OS fault in switches Sm

a4
, Sm

a3
, re-

spectively, at the instants 1.3 s and 1.6 s. During which the WTS
is operated with 90% of rated Tad. As discussed in MW WTS
simulation results, the fault in Sm

a4
affects the ima pattern near

the zero crossing from negative to positive. Consequently, the
diagnostic variable γa34 reaches to the threshold γl as pictured
in Fig. 17(d). In addition, a small drift in the capacitor voltages is
initiated as pictured in Fig. 17(b). As a result, Algorithm 1 detects
and localize the faulty switch Sm

a4
. Further, the inner switch

fault inSm
a3

instigates a prolonged distortions near zero crossing.
Therefore, the γa34 comes below γ−h as shown in Fig. 17(d).
In addition, the inner switch fault introduces a higher capacitor
voltage imbalance and causes the |δc| > 0.05. Consequently,
the fault in Sm

a3
is detected by the Algorithm 1. Similar to the

MW WTS results, the time taken to detect the fault after the
occurrence is less than 30% of the fundamental period.

Further, identical faults are considered at the instants 1.3 s,
1.6 s in switches Sg

b4
and Sg

b3
with healthy MSC switches. The
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Fig. 18. Simulation results under OS faults in Sg
b3

and Sg
b4

under UPF
(a) capacitor voltages, (b) phase currents, and (c) detection and localization
variable γ.

Fig. 19. Simulation results under OS faults in Sg
b3

and Sg
b4

under NUPF (a)
capacitor voltages, (b) phase currents, and (c) detection and localization variable
γ.

results are pictured for UPF and NUPF operation, and the same
aerodynamic load conditions are maintained. The responses of
capacitor voltages, current, andγ are given for UPF, respectively,
in Fig. 18(a), (b), (c). Then, Fig. 19(a), (b), and (c) pictures the
responses of NUPF operation. In each case, the Algorithm 2
localizes the faulty switches based on the δc and thresholds given
in Table II. Therefore, from the 10 MW and 5 kW WTS results,
the applicability, reliability, and robustness of the proposed
scheme for OS fault detection and localization are verified for
low power and high power WTSs.

B. Experimental Verification

In this section, the proposed method has been validated by
implementing it in a grid-connected 3 L BTB NPC converter
experimental setup to interface a 5-kW rated PMVG driven by
a wind turbine emulator. The operating parameter of WTS is
referred from [30]. Fig. 20 shows the 3 L BTB NPC converter-
based PMVG WTS experimental setup used to test the pro-
posed method and the specifications are tabulated in Table III.

Fig. 20. Experimental setup of 5 kW 3 L BTB NPC converter fed PMVG-based
WTS.

TABLE III
PARAMETERS OF SIMULATION AND EXPERIMENTAL SYSTEM SETUP

The 3 L BTB converter is configured with 12 STARPOWER
GD225HFY120C6S IGBT switching modules containing two
series connected IGBT devices. In addition, 12 clamping diodes
are used with two 415μF , 1100 V/60 A rated electrolytic capac-
itors as a dc-link. The control strategy is executed on a dedicated
Texas Instruments TMS320F28335 digital signal processor for
GSC and MSC converters with a sampling frequency of 10 kHz.
The DSP processor produces the complementary PWM pulses
with the dead-time of 3μs and is applied to the IGBT switching
devices through the Realtech three-level gate interface board.
Further, eight LEM LV 25-P voltage transducers are used to mea-
sure the grid, machine, and dc-link capacitor voltages. Besides,
seven LEM HAS 50-S current transducers are used, respectively,
to measure the grid, machine, and dc-link currents. The Autonics
E40S6-1024-6-L-5 rotary-type incremental encoder measures
the rotor position used in rotor speed calculation and formulation
of vector control for 3 L MSC. The phase-locked loop, dc-link



4698 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Fig. 21. Experimental results under OS faults inSm
a4

and Sm
a3

, (a) rotor speed,
and (b) capacitor voltages.

voltage control, current control, and grid side reactive power
control are formulated based on the vector control approach
described in [7].

Then, the proposed OS fault diagnosis method described in
Algorithms 1 and 2 for MSC and GSC converters are imple-
mented through DSP programming, which essentially involves
the measurement of BTB converter ac side phase currents. More-
over, the threshold values of detection variables are evaluated
based on the WTS and LPF parameters as tabulated in Table II.
The BTB output electricity is interfaced to a 220 V, 60 Hz utility
electrical grid. The aerodynamic behavior of the wind turbine
is emulated through a 15-kW direct torque-controlled Siemens
induction motor driven by a LabVIEW interfaced programmable
logic controller. The operating parameters and control variables
used in the experimental setup are referred from [36], and the
OS fault is created by open circuiting the gate pulses to the IGBT
devices Sm

a4
,Sm

a3
by using mechanical push buttons shown in the

zoomed part of GSC in Fig. 20.
The experimental results are availed by creating aSm

a4
,Sm

a3
OS

fault when the WTS is operating with 90% rated aerodynamic
torque Tad and the response of ωm and capacitor voltages
are pictured in Fig. 21. Initially, the outer-switch OS fault
is triggered at the instant of t1 (Sm

a4
fault), followed by the

inner-switch OS fault at t2. The response of ωm in Fig. 21(a)
indicates that there is little oscillation in rotor speed for Sm

a4

fault and slightly noticeable rotor speed oscillations during Sm
a3

fault, therefore justifying the usage of rotor speed information
for current normalization in Remark 1 and Remark 3. Then, the
response of vc in Fig. 21(b) shows the deviation of capacitor
voltages under OS faults, justifying the formulation of fault
confirmation variable δc used in localization algorithms.

Next, the scope responses of generator phase currents under
normal and faulty switch operations are depicted in Fig. 22. The
imabc responses under normal operation is shown in Fig. 22(a).
Further, the initiation of outer-switch OS fault in Sm

a4
distorts

the imabc responses as pictured in Fig. 22(b). Then, the inner-
switch OS fault further distorts the phase currents as depicted in
Fig. 22(c). Further, to illustrate the operation on Algorithm 1 for
diagnosing the faulty switch, the current of faulty phase (phase-
a) is pictured along with its fault detection variables γm

a12, γ
m
a34

and thresholds in Fig. 23. Under normal operation, the fault

detection variables oscillate within the bounds of thresholds as
shown in Fig. 23(a). Then, with the gate pulse to the outer-switch
Sm
a4

disabled, the γm
a34 reaches to the threshold γl as depicted

in Fig. 23(b), hence detected and localized by the Algorithm 1.
Besides, the fault in Sm

a3
alters the behavior of detection γm

a34

to jump up to γ−h as pictured in Fig. 23(c). At the same
time, the deviation in capacitor voltage also enlarges. Therefore,
detected and diagnosed by the Algorithm 1 by utilizing γm

a34

and δc.
Then, regarding the GSC operation, the Sg

a4
and Sg

a3
faults

are triggered with steady input power passing through the dc-
link with healthy MSC switches. The results are availed under
UPF operation. The phase current responses and γ are pictured,
respectively, in Fig. 24(a) and (b). The instantaneous values of
γa34 and δc enable the Algorithm 2 to localize the faulty switches
based on the thresholds given in Table II.

Further, experiments have been conducted to verify the re-
liability and immunity to erroneous fault indications under
the sudden dynamic variations in WTS operating parameters.
Moreover, the sudden variation in operating parameters, such
as the reactive power injection to the grid Qg∗, dc-link voltage
variation v∗dc, sudden change in WTS aerodynamic torque Tad

may lead to highly oscillating response in phase currents of
generator and grid. Since the proposed method mainly depends
on the instantaneous value of currents, the variation range of
the detection variable should be verified for oscillating within
the threshold bounds γ−l < γ < γl under dynamic changes
in operating parameters. The responses of phase current iga,
γa12 and γa34 under dynamic changes of different operating
parameters are depicted in Fig. 25. In Fig. 25, the dotted lines
indicate the bounds of threshold values γ−l, γl.

Usually, the WTS extracts a much lower power near the cut-in
wind speed. At this time, the amplitude of phase currents at the
grid side has a minimum amplitude and higher level of harmonics
due to the constant grid voltage [38]. Therefore it is essential to
ensure that the detection variables should not erroneously iden-
tify the oscillating lower amplitude current near zero crossing as
the fault current. An effective current normalization can avoid
such erroneous fault indications. To verify this, the response of
iga and its detection variables are analyzed in Fig. 25(a) under
light load operation of WTS by applying 10% of the rated load.
Next, with the same light load conditions, the reactive power
injection to the grid is enabled by making the ig∗d = −10A (60%
of rated grid current), and the responses are plotted in Fig. 25(b).
Then, a step variation in reactive power injection is carried by
making a step change in ig∗d and the responses are pictured in
Fig. 25(c). Next, the effect of aerodynamic torque variation over
the grid current response and its detection variables is depicted
in Fig. 25(d) for a step increment in Tad from 50% to 80% of
rated torque. Then, the Tad is reduced suddenly from 80% to
50%, and the grid responses are plotted in Fig. 25(e). Next, the
effect of dc-link voltage variations over the detection variables
is analyzed. To do this, the dc-link voltage is varied in steps of
5 V for each 2s from 325 to 375 V (±25 V from v∗dc) and the
detection variable responses are plotted in Fig. 25(f). From the
above response plots, it is observed that the presented current
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Fig. 22. MSC experimental responses of instantaneous currents imabc: (a) Under normal operation, (b) under OS fault in Sm
a4

, and (c) under OS fault in Sm
a3

.

Fig. 23. MSC experimental response of phase current ima and detection variables: (a) Under normal operation, (b) under Sm
a4

fault, and (c) under Sm
a3

fault.

Fig. 24. GSC experimental response for OS faults. (a) ig
abc

. (b) iga, γa.

normalization performs well and maintains the γ values within
the thresholds and avoids erroneous fault indications under the
above-said perturbations in operating parameters.

C. Robustness to Parameter Variations and Performance
Comparison

The proposed method’s robustness against sudden load vari-
ations has been analyzed in 10 MW PMSG-based WTS simula-
tion, and the results are depicted in Figs. 14, 15, and 16. Further,
this section aims to study the effect of ac and dc side disturbance
of converters, parameter variations of PMSG machine, and grid
side filter [34]. To do this, under constant load operation of
the system, the GSC reactive power reference Qg∗ is applied
suddenly at 0.5 s and released at 0.75 s. Then, the machine and
grid side filter inductance Lm, Lf are increased by 25% at 1 s
and 1.25 s, respectively. Followed by this, the dc-link reference
is increased to 5800 V at 1.5 s, and a braking resistance Rb

Fig. 25. GSC experimental responses ig
abc

and γ under, (a) light load WTS
operation, (b) rated Qg∗ injection, (c) step change in Qg∗, (d) step increment in
WTS Tad, (e) step decrement in WTS Tad, and (f) variation in v∗dc.
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Fig. 26. Detection variables under parameter variations. (a) MSC γm
abc.

(b) GSC γg
abc

.

is connected across capacitor C2 to divert 30% of rated dc-link
current at 1.75 s. In addition, a band-limited white noisews(t) is
added to the generator currents imabc at instant 1.75 s to reflect the
sensor noises. Then, the response of MSC and GSC detection
variables are depicted in Fig. 26(a) and (b) respectively. The
disturbances and parameter variations of the system may affect
the current amplitude. However, the ripple of current near the
zero range will not be affected to the extent sufficient to increase
the detection variable γ.

Next, a test case is conducted to analyze the BTB NPC
converter common mode voltage (CMV) under OS faults. In the
schematic of WTS Fig. 1, the wye-connected phases of the grid
are connected to a common point Gn, and the wye-connected
PMSG phases are connected to the common pointMn. The BTB
converter CMV is the voltage between the points Gn and Mn. It
can also be expressed as the difference between the GSC CMV
V g

cmv and the MSC CMV V m
cmv[39].

Vcmv = V g
cmv − V m

cmv

=
1

3
(V m

za + V m
zb + V m

zc )−
1

3
(V g

za + V g
zb + V g

zc) (12)

where V m
za , V

m
zb , V

m
zc are the pole voltages measured between

MSC phases and the point z, and V g
za, V

g
zb, V

g
zc are the pole

voltages measured between the GSC phases and point z. Based
on (12), the CMV of a three-level NPC BTB converter may have
a voltage amplitude of [−2vc

3 , −vc

3 , 0, vc

3 ,
2vc

3 ], where vc is the
capacitor voltage [40].

Based on the signal attributes of MSC and GSC for various
OS faults discussed in Section II, the pole voltages are affected
by the outer and inner switch OS faults. Therefore, this test
case analyses the effect of OS faults over the CMV of GSC,
MSC converters individually and the net CMV of the entire
BTB topology. To do this, the outer and inner switch faults in
the phase-a leg of the MSC (sma1

, Sm
a2

) are triggered, respectively,
at the instants t1 and t2 and the responses of detection variables
γm
abc and CMVs V g

cmv, V m
cmv, Vcmv are pictured in Fig. 27. At

which, the WTS is operated with 90% of rated Tad.
From Fig. 27(a), it can be observed that the OS fault at the

instant t1 makes the detection variable γa12 to reach below the

Fig. 27. Analysis of CMVs under OS fault in MSCSm
a1

and Sm
a2

: (a) detection
variables γm

abc, (b) GSC CMVV g
cmv, (c) MSC CMVV m

cmv and (d) BTB converter
CMV Vcmv.

threshold γ−l. Therefore, the Algorithm 1 detects the sma1
OS

fault, similarly after the instant t2, the γa12 reaches the threshold
γh and the sma2

OS fault is detected. The responses of CMV mea-
sured between the GSC ac side terminal and point z are pictured
in Fig. 27(b). The OS fault in MSC sma2

initiates the capacitor
voltage deviation by increasing vc2 > vc1, therefore the V g

cmv

start to increase above the 2vc

3 but maintained below vdc

2 . On the
other hand, the CMV of MSC is distorted by the Sm

a2
OS fault as

pictured in Fig. 27(c), however, still maintained below the vdc

2 .
In contrast, the BTB CMV Vcmv reaches to the vdc

2 instantly after
the Sm

a2
and goes beyond the vdc

2 in successive sampling instants
as pictured in Fig. 27(d). Besides, the BTB CMV reaches below
the −vdc

2 for the fault in switch Sm
a3

.Therefore, from the analysis,
the BTB CMV is affected by the inner switch OS faults and can
be incorporated as the additional fault confirmation variable in
the fault detection and localization algorithms.

In addition, the robustness of the proposed method under
sensor noises is experimentally verified for the sinusoidal ac
currents. To do this, the fault diagnosis variable of iga is analyzed
for two different cases. In case− i, the phase current is applied
to current normalization after passing through the general first-
order LPF [31]. The response of iga and detection variable γa12
is availed as depicted in Fig. 28(a). Then, in case− ii, the mea-
sured phase current is passed to current normalization without
the LPF and its responses are pictured in Fig. 28(b). Finally, the
comparative response of the detection variable under case− i
and case− ii is pictured in Fig. 28(c). From, the responses it can
be observed that the fault diagnosis variable under sensor noise
slightly differs from the noiseless case. However, it does not
produce any false positives to trigger the erroneous indication.
Thus, the proposed method is robust against sensor noises. Next,
Fig. 28(d) shows the sign of derivative availed at the step− iv
of the fault diagnosis scheme for the two cases. From this, it
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Fig. 28. Robustness of GSC variables against sensor noise. (a) iga and γg
a12 in

case− i. (b) iga and γg
a12 in case− ii. (c) γa12 under case− i and case− ii.

(d) Derivative responses under case− i and case− ii.

can be observed that the sensor noises slightly increase the pulse
length thereby slightly increasing the amplitude of the diagnosis
variable. However, the change in amplitude is not enough to
reach the thresholds. Hence from the response plots, it can be
confirmed that the diagnostic variables are within the bounds
of thresholds and robust against disturbances and parameter
variations.

The conventional method in [21] is based on the derivative
of the current’s Park’s vector. In which, the deformation in
vector phase derived from the phase currents is detected by
the derivative of the absolute vector phase and employed as the
fault detection variable. Then in [22], current form factors are
calculated for the measured currents and observed currents. The
current form factors are approximately at 1.11 under normal
operation and varies accordingly with the various OS fault in
the converter, therefore, used as the detection variables. Next,
in [29], the zero range duration of phase currents is approximated
and used in conjunction with the fundamental period of induced
emf and direction of the phase current’s previous half cycle to
detect and localize the OS fault. Further, in [23], the instanta-
neous amplitude of the normalized phase currents is estimated
as unity for the nondeformed sine wave pattern of currents.
Occurrence of OS fault deforms the sine wave pattern of the
three phase currents by blocking part of the faulty phase current
and distorting the other healthy phase currents. Consequently,
the instantaneous amplitude becomes less than unity for the
faulty phase and greater than unity for the healthy phase. The
phenomenon is employed to evaluate the fault detection variable.
Moreover, the evaluated detection variable is utilized to raise
the fault flags to indicate the faulty switches. The conventional
current normalization in these methods [21], [22], [23], [29]
uses the information of dq axes currents from vector control. It
introduces errors due to the effect of distorted phase currents in
phase-locked loop output, which may affect the robustness and
reliability of fault detection system.

Further, unlike conventional methods [21], [22], [23], [29],
the proposed method is formulated by analyzing the behavior
of current near the zero crossing during the normal operating
condition as well as faulty operating conditions. The fluctuation
of current near the zero values exhibits unique behavior for each
type of OS fault. Therefore, the proposed method is developed
based on the behavior of instantaneous current near the zero
crossing. In addition to this, the reliability of the method has been
improved by introducing the rotor speed-dependent current nor-
malization procedure for 3-level NPC GSC and MSC converters,
which specifically applies to the WTS applications. Therefore,
the proposed scheme is robust and immune to erroneous fault
indication. Moreover, the proposed scheme also utilizes the idea
of rising the flags to indicate the faulty switches by using the
Algorithms 1 and 2.

Next, to demonstrate the performance of the proposed
method, the relevant existing approaches have been compared
and summarized for various performance aspects in Table IV.
The previously reported current-based methods [21], [22], [23]
have moderate computation, and better robustness. Neverthe-
less, with [21], [22], the localization speed is quite large and
the considerable sensitivity to rotor speed variations may cause
erroneous fault alarm. In addition, the rotor speed dependency
of the fundamental current period leads to inaccurate average
current values and affects the performance. Besides, a good
trade-off had achieved in [23] with estimated instantaneous
current but [22], [23] requires a system model to design the
current observer and estimator. Also, all these three methods
are tested only with 2 L BTB converters. Hence its applica-
bility to NPC converters is not verified. Furthermore, the zero
current duration method in [29] has a low model dependency
and fewer computations, but the sensitivity to speed variation
is relatively high; also, it does not distinguish the inner and
outer-switch faults during UPF operation of GSC. Furthermore,
in [24], model-based virtual current mirrors are used with better
robustness against parameter variations but tested only with 2 L
converters.

Then, the pole voltage-based methods for NPC converters
in [19], and [20] are found to be performing better in the
detection time. Nevertheless, it requires a higher sampling rate
to estimate the pole voltages accurately, thereby increasing the
computation. Besides, [19], [20] are tested with constant dc
sources. In this case, the capacitor voltage fluctuations due to
speed and parameter variations may lead to false estimation of
pole voltages and result in erroneous fault alarms. Moreover,
in the proposed method, a slightly extended current near the
zero value can cause the respective γ to reach the threshold and
activate the alarm within a concise duration of less than 30%
of the fundamental period. In addition to γ, the δc is used as a
confirmation variable. Also, the approximation of q-axis current
from rotor speed gives an error-free current normalization and
further enhances the performance. Therefore, from the above
comparison, the proposed method is suitable for BTB NPC con-
verters of high-power-rated PMSG-based WTS. However, the
characteristics of power converters differ based on topological
structure, and the proposed method cannot be directly adapted
to other topologies. Therefore, future research will focus on



4702 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

TABLE IV
PERFORMANCE COMPARISON OF CONVERTER OS FAULT DIAGNOSIS METHODS

developing the adaptive ZRV-based fault diagnosis method for
various converter topologies.

V. CONCLUSION

This study has presented an OS fault detection and localization
method to enhance the reliability and availability of 3 L BTB
NPC converter-fed PMSG-based high-power WTS. To do this,
the principle diagnostic variable γ has been formulated for
MSC and GSC by defining the ZRV iyz and fault confirmation
variable δc. Moreover, the ripples near the zero value of phase
current under fault occurrence have been effectively used as a
ZRV to approximate the γ values. Further, thresholds have been
defined to detect and localize the faulty switch; subsequently,
Algorithms 1 and 2 have been evaluated for MSC and GSC,
respectively. At that time, WTS rotor speed-based q-axis current
approximation has been introduced for both MSC and GSC to
avoid the effect of distorted phase currents in current normal-
ization. Then, the proposed method has been verified for its
effectiveness in OS fault detection. Afterward, the immunity to
erroneous indications under highly fluctuating load, parameter
variations, and ac/dc side disturbances has been demonstrated
by simulation and hardware implementation.
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