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Open-Circuit Fault Diagnosis Method in NPC
Rectifiers Using Fault-Assumed Strategy

Mingyun Chen

Abstract—This article proposes a new open-circuit (OC) fault
diagnosis method for power switches in three-level neutral-point-
clamped (NPC) rectifiers. This method is based on fault assump-
tion by introducing a new voltage deviation for diagnosis, which
is the difference between the switching-state-based voltage and
the fault-assumed-based voltage, where the fault-assumed-based
voltage is the estimated pole voltage when all inner switches are
assumed to be in the OC state. After average and sum operations,
diagnostic variables are developed from three-phase voltage de-
viations without extra hardware and precise modeling. Since the
fault characteristics of each switch reflected by diagnostic variables
are not changed by other concurrent OC faults, multiple-switch
faults can be diagnosed in the same way as single-switch faults. As
a result, the proposed method can detect both single-switch and
multiple-switch faults without complex diagnostic rules and pro-
cedures. Besides, adaptive thresholds are designed by considering
voltage imbalance, current amplitude, and power factor. Owing
to the self-adjusting characteristics of thresholds, the proposed
method provides reliable diagnostic results in various operating
states of NPC rectifiers and has good robustness against transient
changes. Experiments are performed to confirm its effectiveness
and robustness.

Index Terms—Fault assumption, fault diagnosis, fault
identification, neutral-point-clamped rectifier, open-circuit fault.

NOMENCLATURE

Ry Working range of switch S;.

Iy Current amplitude.

M Modulation index.

PF Power factor.

) Phase difference between the rectifier current and
voltage.

0 Phase difference between the grid voltage and recti-
fier voltage.

© Phase difference between the rectifier current and
grid voltage (power factor angle).

Vzo Switching-state-based pole voltage.
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Vo Fault-assumed-based pole voltage assuming S, and
S.3 are in the OC state.

Vo Average v, in a switching period.

o Average v} in a switching period.

JAN TN Voltage deviation between U4, and v .

AUz n  Normalized Av,, by dc bus voltages.

AVyo sum  Accumulation of Av,, , in a half current cycle.

Exl Small threshold for Av,o_sum.

x4 Large threshold for A, sum-

Ya Current angle of phase z.

1. INTRODUCTION

ULTILEVEL converters have significant advantages
M over two-level voltage source converters (VSCs), such
as lower switching losses, better harmonic performance, and
higher voltage capabilities [1]. They are primarily diffused in
high-power medium-voltage industrial applications. One of the
most used multilevel converters is the three-level neutral-point-
clamped (3L-NPC) converter topology, which is a competitive
topology in power supplies, renewable energy systems, and
power utility interfacing applications [2]-[4].

A large number of power switches increases the probability
that a switch fault occurs in an NPC converter but also enables
an NPC converter to operate in a fault-tolerant mode [5]. In
this respect, fault diagnosis, which is devoted to locating the
faulty switch, is an indispensable step prior to fault-tolerant
control. There are two cases of catastrophic faults involved
in power switches: short-circuit (SC) faults and open-circuit
(OC) faults [6]. SC faults are fatal to a converter system and
are usually protected by hardware, such as circuit breakers and
fuses. Conversely, OC faults, which are induced by bond wires
lift-off/rupture or gate driver failure, usually do not lead to
serious overcurrent. However, they deteriorate the power quality
by bringing about ripples and distortion in currents and voltages.
Subsequently, they may result in the secondary failure of other
components. It is necessary to locate OC faults as quickly and
accurately as possible to trigger the downtime for maintenance
or the fault-tolerant mode in time.

A great deal of previous research into OC fault diagnosis
focused on analyzing postfault currents in VSC-based drive
systems [7]-[10]. These methods are simple in implementation
but usually take a long execution time and have a limit in
diagnosing OC faults of NPC converters. For NPC inverters,
when OC faults occur in the upper (or lower) two switches
of the same phase, the fault characteristics of currents are
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similar. Traditional current-based methods cannot distinguish
between these two faults [11]. This difficulty can be overcome
by injecting underexcited reactive power or applying different
modulation patterns, with the cost of increased diagnostic time
and complexity [12], [13]. The current paths of NPC rectifiers
are different from those of inverters. Outer switch faults hardly
distort the current under unity power factor [14], [15]. It is not
easy to detect these faults by currents.

Another type of fault diagnosis method is based on using
extra measurable signals or adding measurement circuits [16]—
[19]. These methods can be applied to both two- and three-level
converters. In [19], three voltage sensors are added to an NPC
inverter to monitor phase pole voltages. In this way, the changes
in voltages caused by OC faults can be sensed more visually and
immediately. This method is advantageous in diagnostic speed
but not cost-effective. Besides, it is impractical to add sensors
to high-power-density systems that require a low volume or a
lightweight, and it is not simple and feasible to install extra
sensors within an existent module-integrated converter.

The above methods can be classified as signal-based meth-
ods. Recently, model-based methods have received consider-
able scholarly attention. These methods construct the residual
between the monitored signal and the estimated signal obtained
from the mathematical model [20]-[23]. Several state-of-the-art
model-based methods take advantage of phase-to-phase pole
voltage deviations [24]-[26]. They are improved in detection
speed compared with current-based methods and lower in cost
compared with hardware-based methods. However, it is not
easy to obtain voltage deviations accurately because the precise
mathematical modeling of the converter is essentially required,
and the current derivative operator, which is sensitive to noise,
is involved.

The research on single-switch fault diagnosis has been thor-
oughly investigated. Since multiple-switch faults interact, it
is not practical to directly apply these methods to diagnosing
multiple-switch faults. The missed and false detection rate may
increase if the single-switch fault diagnosis method is used
when multiple-switch faults actually occur. For example, two
switch faults may be misdiagnosed as another switch fault
using the single-switch fault diagnosis method in [26], which
is based on phase-to-phase voltage deviations. This is because
one diagnostic variable may simultaneously show the opposite
fault information of two switches, and the fault characteristics
reflected by this diagnostic variable are offset.

Recently, more research has been interested in the multiple-
switch fault diagnosis of VSCs. Some current-based and current-
observer model-based methods can be improved to identify
multiple-switch faults by adding new diagnostic variables and
rules [27]-[29]. In [30], multiple-switch faults can be diagnosed
in the same way as single-switch faults by using common-mode
voltage residuals without adding diagnostic rules. However, this
method does not consider the interaction of multiple-switch
faults onresiduals. Accordingly, misdiagnosis cannot be avoided
when two faults have an effect simultaneously. In order to
improve diagnostic accuracy, the polarity sequences of phase-
to-phase pole voltage deviation are proposed in [25]. Since
each fault combination has a unique sequence as the identifier,
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multiple-switch faults can be located by comparing the actual
sequence with those identifiers. Hence, the location process
is complex and takes a long time. In [31], a postfault current
model is built to detect the second fault after the first fault
has been identified. This method is useful for successive faults,
but multiple postfault models are required for different fault
conditions. Overall, these methods have a common problem in
diagnosing multiple-switch faults. That is, the diagnostic com-
plexity increases with the improvement of diagnostic capability.

Plenty of power switches make the multiple-switch fault diag-
nosis in NPC converters more challenging, but meanwhile pro-
vide more redundant states for fault-tolerant control of multiple-
switch faults, especially in rectifiers where most currents flow
through freewheeling diodes [14]. In [32], multiple-switch faults
of two-level rectifiers can be fully or partly compensated by
a modified space vector pulse width modulation (SVPWM),
indicating a possibility of fault-tolerant control for multiple-
switch faults of NPC rectifiers. In [33] and [34], research on
fault-tolerant control for multiple-switch faults of NPC convert-
ers has been conducted. For these postfault operation strategies,
the identification of multiple-switch faults is the basis. On the
other hand, locating each faulty switch, regardless of postfault
operation strategies, will be helpful to save the maintenance cost
and shorten the downtime, especially in high-power applications
where discrete power switching modules are used [19]. There-
fore, further studies in diagnosing multiple-switch faults of NPC
converters are necessary.

Moreover, distinguishing between inner switch faults and
outer switch faults is another challenge for fault diagnosis in
NPC rectifiers. First, the fault characteristics of outer switch
faults are often imperceptible, especially under unity power
factor. Second, outer switch faults present similar fault char-
acteristics as inner switch faults if their effects expand. Some
literature only considers inner switch faults under unity power
factor because the rectifier can maintain stable operation with
outer switch faults in this condition [34]—[36].

As discussed above, some problems remain to be solved for
fault diagnosis in NPC rectifiers. In order to balance the diag-
nostic performance between short detection time, low hardware
effort, and less dependence on precise modeling, a new diagnosis
method is proposed in this article, with contributions listed as
follows.

1) The fault-assumed-based voltage deviations are proposed
as the diagnostic variables, providing new thinking for
fault diagnosis. They can be obtained without precise
modeling and additional measurement circuits, making the
diagnosis more reliable and cost-effective.

2) By designing adaptive thresholds, the diagnosis method is
more robust against voltage imbalance and load variation,
and can be applied to various operating states of NPC rec-
tifiers covering different current amplitudes (modulation
indexes) and power factors.

3) The proposed diagnostic procedure is simple and appli-
cable to both single-switch and multiple-switch faults
in NPC rectifiers. Specifically, owing to the proposed
diagnostic variables that minimize the interaction of mul-
tiple fault characteristics, the identification method of
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Fig. 1.  Schematic of three-phase 3L-NPC rectifier topology.

multiple-switch faults is the same as that of single-switch
faults, reducing the diagnostic complexity and improving
the diagnostic accuracy.

In this article, the diagnostic performance of inner switch
faults is the primary concern, and distinguishing between inner
switch faults and outer switch faults is also one of the concerns
when outer switch faults are accessible.

The rest of this article is organized as follows. In Section II,
the average voltage deviation based on fault assumption is pro-
posed. In Section III, the characteristics of voltage deviations
in different fault conditions are analyzed. In Section IV, the
proposed fault diagnosis method is elaborated, including the
diagnostic variables and the threshold setting. In Section V,
the experimental validation is carried out. Finally, Section VI
concludes this article.

II. VOLTAGE DEVIATION BASED ON FAULT ASSUMPTION

A. Proposed Fault-Assumed-Based Voltage

A typical three-phase 3L-NPC rectifier system is described in
Fig. 1. Power semiconductors in NPC rectifiers are divided into
outer switches (S,1 and S,4) and inner switches (Szo and S,3)
in this article (z € {a, b, c}). As illustrated in Fig. 2, there are
six current paths according to current directions and switching
states ([P], [O], [N]) in the normal condition.

For simplicity, the analysis is carried out by assuming that
Vdel = Ude2 = Vde/2. It can be deduced from Fig. 2 that the pole
voltage of phase a in the normal condition (called switching-
state-based voltage) can be calculated as follows:

'UaOZSa'Udc/z (H

where s, is the switching signal of phase a. s, = 1, s, = 0, and
Sa = —1 represent the switching state [P], [O], and [N] in Fig. 2,
respectively.

OC faults in phase a are chosen as examples. OC faults in the
upper two switches (S,; and S,2) only affect the system when
15 < 0. If an OC fault occurs in S,;, the negative current path
of phase a with the switching state [P] changes from Fig. 2(a) to
(b). Meanwhile, the pole voltage of phase a changes from vy /2
to 0. If an OC fault occurs in S,2, the negative current path of
phase a with the switching state [P] changes from Fig. 2(a) to
(c), and the negative current path of phase a with the switching
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Fig. 2. Current paths in the normal operation of NPC rectifiers. (a) i, <
0 with switching state [P]. (b) i, < 0 with switching state [O]. (¢) i, <O
with switching state [N]. (d) ¢, > 0 with switching state [P]. (e) i, > 0 with
switching state [O]. (f) 7, > 0 with switching state [N].

state [O] changes from Fig. 2(b) to (c). Meanwhile, the pole
voltage of phase a changes from vy, /2 or 0 to —vq. /2. Besides,
OC faults may result in serious current distortion. For OC faults
in S,; and S,2, the negative half-cycle of 7, is distorted with the
zero-current condition possibly appearing for a long time. In the
zero-current condition, phase a can be regarded as disconnected
from the bridge arm. According to [21], the pole voltage of phase
a can be derived as follows:

Vao = (3€a + Vio + ‘/co) /2, 1o =10 2)

where V;, and V, are the reference voltages given by the control
loop.

OC faults in the lower two switches (S,3 and S,4) can be
analyzed in the same way. The difference is that S,3 and S,4
faults only affect the system when 7, > 0. S,3 fault changes the
pole voltage to vg./2 with the switching state [N] or [O], and
Sa4 fault change the pole voltage to 0 with the switching state
[N]. Besides, the positive half-cycle of ¢, is distorted with the
zero-current condition.

As a result, the postfault current can be divided into three
parts: 1) i, > 0; 2) i, = 0; and 3) ¢, < 0. By considering inner
switch faults (assuming that both S, and S,3 are in the OC
state), the pole voltage of phase a (called fault-assumed-based
voltage) can be expressed as follows:

Vde/2, ia >0
U;O = (36a + Voo + ‘/;o) /2, 1 =0 3)
_vdc/27 ia < 0

In conclusion, the switching-state-based voltage defined by
(1) is the expected pole voltage in the normal condition, and
the proposed fault-assumed-based voltage defined by (3) is the
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Fig. 3. Current paths of Fig. 2, active switches, and active switching states in different ranges of a current cycle. (a) When PF = 1 (¢ = 0). (b) When PF < 1

(¢ > 0).(c) When PF < 1 (p < 0).

estimated pole voltage when inner switches are supposed to be
in the OC state. The voltage deviation between them provides
new thinking for fault diagnosis.

B. Average Voltage Deviation

Since the sampling and calculation are discretized, the average
value of variable y in a switching/sampling period (7%) is defined
as follows:

Yin]=(y[n—1]+yln]) /2 4)

where y[n] represents the value of variable y in the nth switch-
ing/sampling point.

According to (1), the average value of the switching-state-
based voltage can be written as follows:

San—1]- Vi [n] /2
(DPa[n_l] _DNa[n_u)'V;lc [n]/2

Tao [1]
&)

where Vg is the average value of vy, in Ty, 5, represents the
average switching signal in 7§ , and Dp,, Do,, and Dy, are the
duty cycles of [P], [O], and [N].

Since Vo + Vho + Voo = 0 in three-phase symmetrical sys-
tems, the average value of the fault-assumed-based voltage can
be derived from (3) as follows:

Ve [n} /2a I, [n] >0
U [n] = { BEa[n] = Vio[n —1]) /2, L[n]=0  (6)
—Vae [n] /2, I,[n] <0

where F, and I, are the average values of e, and i, in 7.
According to (5) and (6), the average voltage deviation is
obtained by the following:

ATy, [n] = Vo [n] - @Zo [n] . (7N
III. VOLTAGE DEVIATION CHARACTERISTICS IN VARIOUS
FAULT CONDITIONS

This section analyzes the severity of inner switch faults
and outer switch faults affected by current amplitude (/y,),
modulation index (M), and power factor (PF), as well as the
characteristics of voltage deviation in such fault conditions.

A. Working Ranges of Switches in Normal Condition

As shown in Fig. 3, each switch has a working range where
it can form the current path. The length of working ranges for
inner switches (R, and R,3) is as long as a half current cycle

with zero crossing as the limit, whereas the length and location
of working ranges for outer switches (R,; and R,4) depend on
the phase difference (§) between the rectifier current (/) and the
rectifier voltage (V7). Given that the rectifier may operate under
nonunity power factor, § consists of the phase differences: 6
and ¢ [15]. € is the phase difference between the grid voltage
(F) and the rectifier voltage (V). ¢ is the power factor angle
(PF = cos @), which is the phase difference between the rectifier
current (/) and the grid voltage (E).

When PF = 1, § equals 6 (¢ > 0) and varies with I;, and M
as follows [15]:

LIIII Po— 3 LInl
0 =tan! <wEm ) =sin! (%) (8)

where w = 27 /T, and T is the fundamental period. In (8), the
ac side resistance is neglected. It can be inferred that 6 increases
with arise in I, and a drop in M. However, 6 is usually negligible
when PF = 1. That is, the length of R;; (or R,4) is short. Fig. 3(a)
reveals that the location of R, (or R,4) is at the beginning of
the negative (or positive) half-cycle current.

When PF < 1, 4 is equal to 6 + ¢ and significantly affected
by PF. If ¢ > 0 (the current phase precedes the grid voltage
phase), the length of R,; (or R,4) is longer, and its location is at
the beginning of the negative (or positive) half-cycle current, as
shown in Fig. 3(b). If ¢ < 0 (the current phase lags behind the
grid voltage phase), the length of R,; (or R,4) can be shorter or
longer, depending on the absolute value of 6 4+ ¢. If 0 + ¢ > 0,
the location of R, (or R;4) is at the beginning of the negative (or
positive) half-cycle current. If § + ¢ < 0, the location of R (or
R:4) is at the end of the negative (or positive) half-cycle current,
as shown in Fig. 3(c).

If an OC fault occurs in a switch within its working range,
the current cannot flow through the faulty switch, inducing the
distortion in the current and the variation in the voltage deviation.
The more extended working range of a switch indicates a more
significant impact of its OC fault on the system. For this reason,
improving the diagnostic accuracy and speed of inner switch
faults is the main objective of the proposed diagnosis method.
Compared with inner switch faults, outer switch faults are not
fatal and often unobservable under unity power factor due to their
short working ranges. In fact, NPC rectifiers can maintain stable
dc bus voltages with only six inner switches under unity power
factor, which is known as the reduced-parts-count structure
[36]. However, outer switch faults have to be considered when
the working ranges of outer switches extend depending on the
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Fig. 4. Normal condition when i, < 0. (a) ¢ = 0 with small I,,. (b) ¢ =0
with large Ip,. (¢) ¢ > 0 with small I,,,. (d) ¢ > 0 with large I,,. (e) ¢ <0
with small I,,. (f) ¢ < 0 with large I,

operating states of the system. Therefore, if outer switch faults
are observable, distinguishing between inner switch faults and
outer switch faults is also one of the concerns of this article.

To achieve the two goals, analyzing the characteristics of
voltage deviations is essential in terms of various operating states
and different fault conditions.

B. Voltage Deviation in Normal Condition

The characteristics of voltage deviations are different within
and out of the working ranges of outer switches. According to
(5)—(7), AU, can be expressed as follows:

_ . Vae
Aﬁao_{ (2Dna + Doa) - 5,

(2DPa + DOa) : %7

I, >0

I, <0. ©

It can be inferred that Av,, # 0 in the normal condition.
When I, > 0, Av,, < 0. When I, < 0, Av,, > 0. It should be
mentioned that normal currents do not remain zero for a long
time, so the situation that I, = 0 is not considered in (9).

When 7,<0, At,, depends on Dp, and Dg,. Within R,1,
Dp, + Do, = 1, and accordingly, A, = (1+ Dp,) - Vie/2,
whichis larger than Vg, /2. Outof R,1, Dp, = 0, and accordingly,
ATyo = Do, - Vae/2 which is smaller than V. /2. On this basis,
A7, is large within R,; and small out of R,;. As mentioned
before, the length of R, is equal to | + ¢| and affected by I,,,,
M, and PF. If NPC rectifiers generate large /,,, with small M,
0 increases and the length of R,; changes, as shown in Fig. 4.
However, these variations are usually slight. Large 7,, mainly
manifests as higher Do, and lower Dy, rather than a marked
extension of R,;. According to (9), At,, slightly increases in
the negative half-cycle of ¢,, as illustrated in Fig. 4(b), (d), and
(f) [compared with Fig. 4(a), (c), and (e), respectively]. The
decline in PF has asignificanteffecton R,1.If ¢ > 0, R, clearly
extends as analyzed before. Compared with Fig. 4(a), Dp, and
A7,, increase within the longer R,; in Fig. 4(c). If ¢ <0,
R.1 can be shorter or longer, as analyzed before. Compared
with Fig. 4(a), Dp, and A7,, increase within the longer R,; in
Fig. 4(e). Unlike Fig. 4(a) and (c), the location of R,; is at the
end in Fig. 4(e).

When I, >0, A#, has similar characteristics. |A,|
(A7, < 0) is large within R,4 depending on Dy, and small
out of R,4 depending on Dg,, and meanwhile, affected by I,
M, and PF.
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Fig.5. Sa2 faultcondition when ¢, < O (grey lines refers to normal conditions
in Fig. 4). (a) ¢ = 0 with small I,y,. (b) ¢ = 0 with large I1y,. (¢) ¢ > 0 with
small Ir,. (d) ¢ > 0 with large I,,. (e) ¢ < 0 with small Iy,. (f) ¢ < 0 with
large Ipy,.

C. Voltage Deviation in Inner Switch Fault Condition

S.o fault leads to severe current distortion with two zero
sections at the beginning and the end of R,5 (labeled as Z1
and Z2, respectively). Given Z1 and Z2, A7,, can be derived as
follows (see the Appendix):

— (2Dna + Do) - %=, I, >0
_%( a—‘%zkmtw), I,=0
(2Dp, + Do) - %, I, < 0.

A’Dao = (1 0)

When I, > 0 (outof R,2), Sa2 fault does not affect the system,
and A7,, is the same as its normal value.

When I, < 0, At,, is large within R,; depending on Dp,
and small out of R,; depending on Dg,, as analyzed before.
The most striking differences between the inner switch fault
condition and the normal condition are the extension of R,; and
the increase in Dp,, as shown in Fig. 5. Thus, Av,, remarkably
increases within the longer R, in case of S, fault, which can be
confirmed by comparing black lines (S,2 fault) with grey lines
(normal condition) in Fig. 5.

When I, = 0, At,, is in a steady upward or downward trend
with the current angle. According to (10), Av,, depends on
the grid voltage and the average voltage vector applied in a
switching period. Eighteen nonzero voltage vectors V; (i =
1, 2, ..., 18) with diverse magnitudes and angles constitute a
voltage vector diagram, as depicted in Fig. 6. In Z1, the voltage
vectors that play the main role are V5, V7, and V'14. These
vectors contain the switching state [P] in phase a. Supposing that
a switching period consists of only one of these voltage vectors,
ATy, takes the values of 3|E,|/2 + Va./4, 3|Eal/2 + 3Vac /4,
and 3|E,|/2 + Vg /2, respectively, for V5, V7, and V14 (see
the Appendix). Consequently, Av,, gradually increases with the
decreasein F, (E, < 0),asdemonstratedin Fig. 5. Furthermore,
a large amplitude of e, makes A7,, increase faster in a shorter
Z1. If grid voltages are unbalanced, the fault characteristics of
currents and voltage deviations in different phases might differ
slightly. A similar analysis can be applied to Z2 in which Aoy,
gradually decreases with the increase in E,.

Besides, I,,,, M, and PF affect the severity of inner switch
faults. Large I,,, with small M makes R,; extend heavily, and
A7,, remains at its maximum for almost the entire half-cycle,
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Fig.7. Sai faultcondition when i, < O (grey lines refers to normal conditions
in Fig. 4). (a) ¢ = 0 with small I,. (b) ¢ = 0 with large I;y,. (¢) ¢ > 0 with
small Ir,. (d) ¢ > 0 with large I,,. (e) ¢ < 0 with small I,. (f) ¢ < 0 with
large Ir,.

as illustrated in Fig. 5(b), (d), and (f) [compared with Fig. 5(a),
(c), and (e), respectively]. When PF declines, R,; extends in
different locations depending on the polarity of . If ¢ > 0, Z1
is longer than Z2. Compared with Fig. 5(a), R,; mainly extends
in Z1 in Fig. 5(c). If ¢ < 0 with small PF, Z2 is longer than Z1.
Compared with Fig. 5(a), R,; mainly extends in Z2 in Fig. 5(e).
Thereby, the maximum value of Aw,, is concentrated in different
locations.

Likewise, a conclusion can be drawn that if an OC fault occurs
in Su3, AUy, (AT, < 0) dramatically decreases when I, > 0
(within R,3) compared with its normal value. The extension of
R4 and the increase in Dy, are the main reasons.

D. Voltage Deviation in Outer Switch Fault Condition

The expression for At,, in case of outer switch faults is the
same as (10). S, fault only deteriorates the system performance
within R,;. Hence, when I, > 0, Av,, is the same as its normal
value.

When I, <0, the difference in Av,, between the S,; fault
condition and the normal condition is mainly caused by the
increase in Dp,. As shown in Fig. 7, R,1 does not extend obvi-
ously compared with the normal condition in Fig. 4. Therefore,
A7, is the same as its normal value most of the time, which
can be confirmed by comparing black lines (S,; fault) with
grey lines (normal condition) in Fig. 7. When PF =1, Dp,
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slightly increases within R,;. Accordingly, the difference in
A7,, between the S,; fault condition and the normal condition
is imperceptible even if I, increases, as displayed in Fig. 7(b).
When PF < 1, S,; fault exhibits similar postfault characteristics
as S, fault. For example, there is a long duration of zero currents
and a noticeable increase in Dp,. By comparing black lines (S,
fault) with grey lines (normal condition) in Fig. 7(c) and (e),
it can be seen that Av,, is larger than its normal value within
R.1, which makes it difficult to distinguish between S,; fault
and S, fault. However, as mentioned before, S,; fault does not
appreciably make R, extend as S, fault does, which is the main
difference between S,; fault and S,» fault. In addition, it can
be inferred by comparing Fig. 7(d) with (c) that increasing I,
does not further deteriorate the postfault performance and does
not make the postfault characteristics more pronounced when
PF < 1. The difference in Av,, between the S,; fault condition
(black line) and the normal condition (grey line) in Fig. 7(d) is
similar to that in Fig. 7(c).

Likewise, a conclusion can be drawn that if an OC fault occurs
inS,4, AUy, (AT, < 0) slightly decreases within R4 compared
with its normal value. The increase in Dy, within R, 4 is the main
reason.

The reason why R,; extends and Dp, increases in case of
Sa1 fault or S,2 fault can be analyzed from the perspective of
voltage vectors. As depicted in Fig. 6, when 7, leaves the positive
half-cycle, the reference voltage vector V' (solid line) rotates
forward from Sector II to Sector III in the normal condition.
Whereas in case of S,; fault or S, fault, V' (dash line) rotates
inversely from Sector II to Sector I with the increase in its
amplitude by the control loop regulation [37]. Due to the inverse
rotation of V', @ increases, resulting in the extension of R,;.
Affected by the counterrotating V' and its rising amplitude,
the dwell time for voltage vectors [PPN], [PON], and [PNN]
is longer, inducing the increase in Dp,. Meanwhile, redundant
small voltage vectors contribute to the increase in Dp,. The
P-type voltage vector [POO] and the N-type voltage vector
[ONN] are a pair of the redundant small voltage vector V';. If the
neutral-point voltage is balanced, the dwell time for a pair of the
redundant small vector can be equally distributed between its P-
and N-type voltage vectors in a switching period to minimize the
neutral-point voltage. However, S,; fault or S,o fault will force
the input terminal of phase a to connect to the negative dc bus for
along time. The lower capacitor is more charged than the upper
capacitor, resulting in the unbalanced neutral-point voltage. If
a neutral-point voltage balancing control is adopted based on
redistributing the dwell time for P- and N-type voltage vectors,
the dwell time for P-type voltage vectors increases. As a result,
P-type voltage vectors [PPO] and [POO] make Dp, increase
under the effect of the counterrotating V. A similar analysis is
valid for the situation that i, leaves the negative half-cycle.

IV. PROPOSED FAULT DIAGNOSIS METHOD
A. Diagnostic Variables

In previous sections, Av,, is discussed as an example. Since
A7,, is obtained by signals from phase a and dc side. Ay, and
A7, can be derived in the same way. Therefore, three-phase
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voltage deviations are independent of each other. Av,, only
presents the fault characteristics of switches from phase a.
Similarly, Avy, and A, only present the fault characteris-
tics of switches from phase b and phase c, respectively. Each
faulty switch can be identified by one voltage deviation of the
corresponding phase, regardless of other deviations. Therefore,
taking three-phase voltage deviations as diagnostic variables can
minimize the interaction of multiple fault characteristics and
avoid misdiagnosis. However, some improvements should be
made on voltage deviations as follows to reduce the effect of
a single sampling error on calculation and make the postfault
characteristics easier to be distinguished.

After OC faults occur, upper and lower capacitor voltages
are greatly unbalanced. Given such concerns, the expression for
the average switching-state-based voltage is improved by the
following:

Tao [n] = Dpa [0 — 1] - Vger [n] — Dna [0 — 1] - Vaea [n] (11)

where Dp, = D,; and Dy, = D,4. D,y and D,y are the duty
cycles of S,1 switching signal and S,4 switching signal, which
can be obtained from the SVPWM module, and V. and Vo
are the average values of v4.1 and vge2 in 75.

Given measurement errors and noise disturbances, the current
is not precisely zero in Z1 and Z2. A small threshold (h)
is devised to determine the expression for the average fault-
assumed-based voltage, which is modified as follows:

Vaer [n] 5 I,[n] > h
Ugo [n] =  BEa[n]—Vao [n=1]) /2, |L[n]| <h  (12)
—Vaez [n], I,[n] <—h

where h can be defined as a low percentage of I,,. It is governed
by several factors, such as switching frequency, current sensor
offset, and current signal-to-noise ratio [38].

Besides, to make the diagnostic variable independent of the
load, the average voltage deviation is normalized by dc bus
voltages as follows:

Uao (1] — U3 [11]

" Vaer 0] + Vaez [n]

Ay n [n] (13)

The analysis in Section Il indicates that the polarity of Av,, ,
in ahalf current cycle is the same. In order to present the variation
in Ay, n caused by OC faults more directly, the diagnostic
variable can be devised by adding up Av,,_, in every half current
cycle as follows:

Ayo sum [n] =
{ A'anfsum [n — 1] + A'Dao,rl [n] v Ta [n] 7& ’L . ) (S {07 1}
0 il =i
(14)

where 7, (7, € [0, 27]) is the current angle of phase a, which
can be deduced from the grid voltage angle and the power factor
angle. Similarly, diagnostic variables of phase b (AUh, sum) and
phase ¢ (AT sum) can be obtained.
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B. Threshold Setting

The threshold setting is a contributing component of the
diagnosis method. Unlike model-based methods, the proposed
diagnostic variables are theoretically nonzero in the normal
condition. It can be deduced from Section III that Avy, qm is
smaller than zero and in the downward trend with the current
angle when 7, € [0, 7), and ATy, gum is larger than zero and in
the upward trend with the current angle when v, € [, 27). The
values of diagnostic variables must be estimated in the normal
condition for setting thresholds.

According to (9), AUy sum 18 the accumulation of Dp, (or
Dna) and Do, /2 in a half current cycle. As analyzed before,
the extension of R,; (or R,4) and the increase in Dp, (or Dy,)
are the main reasons for the difference in diagnostic variables
between normal and fault conditions. Therefore, Do, /2 is set as
the basis for thresholds as follows:

D,[n—1]= Do,[n—1]/2

where Do, =1 — D, — Dagy.

In (15), the upper and lower capacitor voltages are assumed to
be equal. In fact, they are not the same value and usually fluctuate
even in the normal condition. This factor should be considered
in the threshold setting. Given the switching loss, there is no
transition between [P] and [N] in a switching period, which
means at least one of Dp, and Dy, is zero in a switching period.
Specifically, Dp, + Do, = 1 or Dy, + Do, = 1 in a switching
period. According to (11)-(13), AT, , has two expressions
when v, € [r, 27) (i.e., I, < —h in the normal condition)

If Dpy[n — 1] =0,

5)

—Dya [’I’L - 1] - Ve [n} + Vie2 [n]
Vdcl [TL] + Vdc2 [n}
 Douln— 1] Vaca [n]

ATyo n [n] =

16
Voot 7] + Vaez 1) (16)
If Dyafnn — 1] = 0,
_ o DPa [n - 1] ‘ Vdcl [Tl} + Vch [n]
Ao [n] = = o
= Dpy[n— 1] + Doa[n — 1] - Vaez [n] (17)

Va1 [n] + Vaez [n]

For (16) and the latter term of (17), if Vie1[n] = Vae2[n),
the equation is equal to Do,[n — 1]/2; if Vgc1[n] > Vgea[n], the
equation is smaller than Doy[n — 1]/2; if Vger[n] < Vaea[n),
the equation is larger than Do,[n — 1]/2. A similar analysis is
valid when ~, € [0, w)(i.e., I, > h in the normal condition).
Therefore, Av,, , is affected by the voltage imbalance. Define
the voltage imbalance factor as follows:

_ Ve [n] — Viae1 [n}
Vdcl [n] + Vdc2 [n} .

Accordingly, the basis for thresholds in (15) is modified as
follows:

An] (18)

_J (I =x[n])  Doa[n —1]/2, 7va[n] €0, m)
Da [”‘1]—{ (+2[]) - Doln—1]7/2 ~lnl €[ 27895
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When v, € [r, 27), the estimated accumulation of Dp, is a
decisive factor for detecting OC faults, which relies on the range
,where Dp, # 0 (i.e., R,1). The duration of R,; decided by 4 is
calculated as follows:

Ty ) = 160)l - 5 = 01] + ol 5

One of the simple ways to obtain 75 can be expressed as
follows:

(20)

g [n]+ig [n]

wL Iy, [n] ) ! wL

0 [n]=tan™* ( Eo i

e3 [n] +e2 [n]
21
¢[n]=tan" (CM) —tan- ! ( eq [n] iar [n] —eq [n] z:qr [n] )

Pn] ea [n] dar [n]+-eq [n] igr []
(22)

where the effect of PF on estimating 6 is neglected.

There are other ways to obtain the 7. For example, I,,,, Ey,,
and ¢ can be estimated from the measured current and voltage
signals by Fourier transform, least mean squares technique, and
so on. In addition, if the direct power control is used, P and @)
in (22) can be obtained from the reference active and reactive
power. This article adopts the voltage-oriented control (VOC)
from which the variables and signals required in (20)—(22) are
accessible. Accordingly, 75 can be easily estimated by these
equations without complex algorithms. It should be pointed out
that I, is estimated by reference currents rather than actual
currents. In the normal and stable operation, actual currents
are close to their references. After OC faults occur, actual
currents usually drop dramatically, while reference currents will
increase due to the regulation of the current loop [37]. For this
reason, using reference currents can improve thresholds to avoid
misdiagnosis for successive OC faults.

In order to distinguish between inner switch faults and outer
switch faults, two thresholds are designed as follows:

€a1 [n] =
{5a1[n—1]+Da[n—1], rya[n];éi.ﬂ’ o
ki[n] - Ts [n] /T, Yaln] =i -m
a2 [n] =
{5a2[n1]+Da[n1}, »ya[n];éi.wy o
ko [n] - Ts [n] /Ts, Yaln] =i-m
(23)

where e, is the small threshold for Av,, om to diagnose the
faulty pair, and €, is the large threshold for Av,, gum to diagnose
inner switch faults of phase a. €, and €,5 are jointly used to
diagnose outer switch faults of phase a. Similarly, thresholds for
ADpo_sum and A, sum can be obtained.

If the average value of Dp, in R, is d, the accumulation of Dp,
in R, can be estimated as d - Ts /Ts. According to Section III, d
is different in the normal condition (d, ), the S, fault condition
(d2), and the S, fault condition (d3). Accordingly, k1 and ks
are selected based on d1, do, and d3. When PF = 1, outer switch
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Fig. 8. Proposed fault diagnosis flow chart.

faults are not easily observable and not fatal to rectifiers. In
this condition, it is more important to detect inner switch faults
accurately and fast. Therefore, k; and k, can be set as the same
constant. Because 75 is small, a large value (>1) set for k;
and ko provides some margin for ensuring reliability. When
PF < 1, the effect of outer-switch faults expands. It is necessary
to distinguish between inner switch faults and outer switch faults
in this condition. The difference between S,; fault and S.»
fault is that S,; fault does not appreciably make R,; extend
as S,o fault does. Since T} is the estimated duration of R,; in
the normal condition, the accumulated Dp, (within longer R,1)
must be larger than T /Ty after S,o fault, and the accumulated
Dp, (within normal R,;) is usually smaller than Tj/T; after
S.1 fault. Therefore, ko can be set as a value around 1 to detect
inner switch faults. For kq, it is known that d; < k1 < dy < ko.
It can be observed from Fig. 4 that d; is smaller than 0.5 in
different operating states. In order to distinguish outer switch
faults from inner switch faults, k; is better as much smaller than
ko as possible. Therefore, k; can be set as a value around 0.5
to detect outer switch faults. However, di, d>, and ds increase
with the decrease in PF. Besides, compared with a lag angle
(¢ < 0), a lead angle (¢ > 0) further promotes their increase.
Therefore, k1 and k5 should be adjusted by ¢. With the assistance
of simulation tests, the expressions of k; and k5 are defined as
follows:

ki [n] =3, |¢[n]] <0.1rad
ko [n] = 2k1 [n] = sec? (¢ [n]), ¢[n] > 0.1rad
2 ¢ [n] < —0.1 rad.

[ (24)
k1 [n] = sec(pn]),

C. Fault Detection and Location

The proposed fault diagnosis flowchart is demonstrated in
Fig. 8. First, diagnostic variables (A¥., sum) and thresholds
(€21, €42) are calculated. If AUy, sum crosses the small threshold
+e,1 when the particular current angle condition is satisfied,
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the faulty phase is detected. At the same time, the faulty pair
can be determined according to the polarity of AT, sum. At
present, it cannot be determined whether the inner switch or
the outer switch in this pair is faulty because Avo sum may
cross the large threshold £¢,» afterward. After the faulty pair is
detected, if AUy, sum crosses the large threshold +¢,- later, the
inner switch fault in this faulty pair can be identified. Otherwise,
if AUz sum 1S always within the large threshold +e,o before
Yz = 7 (or v, = 27), the outer switch fault in this faulty pair
can be identified. Therefore, the detection and location of a
single OC fault can be accomplished according to Fig. 8. Here,
fz; (G € {1, 2, 3, 4}) are fault flags representing the state of
switches. f,; = 0 means that switch S; is in the healthy state
and f,; = 1 means that switch S,; is in the OC state. f,u and
fz1, are fault flags representing the state of switches in a pair.
fzu = 0 means that there is no OC fault in both S,; and S.».
fzu = 1 means that there is an OC fault at least in one of S,
and S;5. fr, = 0 means that there is no OC fault in both S,3
and S.4. fr1. = 1 means that there is an OC fault at least in one
of S;3 and S, 4.

The proposed diagnosis method can identify inner switch
faults in various operating states and detect outer switch faults
if their fault characteristics are apparent enough. Under unity
power factor, outer switch faults are imperceptible by the pro-
posed diagnostic variables. Only inner switch faults can be
detected because k; and ko are set as large values under unity
power factor. Therefore, there is no confusion between inner
switch faults and outer switch faults. Under nonunity power
factor, there are similarities between inner switch faults and
outer switch faults. The proposed thresholds can distinguish
them. Only in the worst situation that an OC fault occurs in S,2
at the end of R,2, S,2 fault may be temporarily misdiagnosed
as S, fault or be missed in this current cycle because there
are not enough switching periods allowing the increment in
Dp, to accumulate. However, S, fault can be detected in the
next current cycle. Overall, although the proposed diagnosis
method cannot detect outer switch faults in all operating states, it
possesses the capability of distinguishing between inner switch
faults and outer switch faults.

Moreover, the proposed diagnosis method can be applied to
trigger different fault-tolerant strategies. In terms of some fault-
tolerant strategies, such as the redundant parallel leg solution and
the dc-bus midpoint connection [39], locating the faulty phase
is enough for postfault reconfiguration. The proposed method
detects the faulty phase and pair before identifying the faulty
switch. Hence, by removing large thresholds and the fault iden-
tification process, the proposed method can be applied to these
fault-tolerant strategies with a simpler procedure and a faster
detection speed. In addition, locating the faulty switch is required
for some fault-tolerant strategies based on modified modulation
[14], [32]-[34]. With the development of these methods, various
multiple-switch faults can be compensated to a certain extent.
Since the fault characteristics of each switch reflected by diag-
nostic variables are not changed by other concurrent OC faults,
the proposed method can diagnose each OC fault in multiple-
switch faults by the same procedure in Fig. 8. No additional
diagnostic variables and rules are required for multiple-switch
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Fig. 9.

Experimental platform of three-phase 3L-NPC rectifier.

faults. Therefore, the proposed diagnosis method is simpler and
more accurate in diagnosing multiple-switch faults.

In terms of multiple-switch faults, some fault combinations
contribute to the diagnosis, while others bring some adverse
effects, mainly reflected in the longer diagnostic time. In case of
double-switch faults, there are three types of fault combinations
as follows.

Type 1: Two faults are in the same pair, such as S,; fault and
S.o fault. S,o fault characteristics completely cover S,; fault
characteristics, and S,; fault remains undetected, which is a
common feature of most existing diagnosis methods.

Type 2: Two faults are in different pairs of the same phase,
such as S, fault and S.3 fault. Since R,> and R,3 are not
overlapped, the two faults usually do not affect each other.

Type 3: Two faults are in different phases. Some fault com-
binations promote the diagnosis, while others slow down the
diagnosis. For example, Sy,3 fault co-occurs with S, fault when
1, goes into the negative half-cycle. As mentioned before, S,
fault makes an inverse rotation of the reference voltage vector
V from Sector II to Sector 1. Under the effect of Sy3 fault,
V' will rotate backward more seriously even to Sector V and
Sector VI. This is because Sy,3 fault makes an inverse rotation of
V from Sector I to Sector VI at this time. Then, R,; extends
more heavily compared with the S,» single-fault condition.
Accordingly, AT,,_sum increases faster and reaches a larger peak,
which is helpful to diagnose S5 fault. On the contrary, Sy,5 fault
hinders the inverse rotation of V' from Sector II to Sector I
caused by S,o fault, making R,; shorter than that in the S,o
single-fault condition. Accordingly, the diagnostic time of S,
fault increases.

A similar analysis can be conducted for other double OC faults
and three or more OC faults. For example, three OC faults co-
occur in S0, Spo, and Sy,3. The effect of the other two faults on
diagnosing S, fault can be analyzed separately as the cases of
double-switch faults. That is, Sy,» fault may bring out negative
effects, and Sy,3 fault may bring out positive effects.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

Experiments have been performed on a three-phase 3L-NPC
rectifier platform, as shown in Fig. 9. The main experimen-
tal parameters are listed in Table I. The rectifier consists of
insulated-gate bipolar transistors (IGBTs). The control of the
system and the proposed diagnosis method are implemented
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TABLE I
EXPERIMENTAL PARAMETERS

Parameter Symbol Value

Grid phase voltages € ,e,e 50 V (rms), 50 Hz
Given dc bus voltage vV 130 vV
Load R 100 Q
Capacitance C 940 uF
Filter inductance L 5 mH
Switching/Sampling frequency 7 10 kHz

by a real-time laboratory (RT-LAB) test platform OP5700. To
better demonstrate the experimental results, all data obtained by
the RT-LAB platform are saved and imported into MATLAB
for replotting. In the following tests, OC faults of IGBTs are
simulated by disabling the related gate signals. In the following
experimental figures, the undrawn fault flags mean that the
values of these flags are always zero. The current threshold (k)
is set as 0.1 A (about 5% of I,,,).

B. Experiment I: Diagnostic Performance

Figs. 10 and 11 confirm the validity of the proposed diagnosis
method applied to multiple-switch faults under unity power fac-
tor with different /,,, and M. Since €,1 = €2, only £, is plotted.
In Fig. 10, M is large (about 0.95) and I,,, is small. After S,
faultoccurs, 7, is hardly distorted, and Av,, gum 18 Within £¢,5 as
normal, which indicates outer switch faults cannot be detected.
Then, S,2, Sp2, and S.3 faults co-occur at the beginning of R,5.
At first, 7, is distorted with zero sections, and Av,, ¢m has an
accelerated tendency to increase and cross €9, indicating S,
fault. After 7. goes into the positive half-cycle, where S.3 is in
its working range (R.3), AUco_sum has an accelerated tendency to
decrease and cross —¢.2, indicating S.3 fault. After i}, goes into
the negative half-cycle, where Sy, is in its working range (Ry2),
three OC faults simultaneously affect the system performance.
An accelerated increase in Avyo_sum makes it cross epz, which
refers to Spo fault. The experiment in Fig. 11 was conducted
under the given dc bus voltage of 160 V with increased load
power. Compared with Fig. 10, M decreases (about 0.75) and I,
increases in Fig. 11. In the normal condition, the maximum value
and the growth rate of diagnostic variables in Fig. 11 are larger
than those in Fig. 10 due to the higher duty cycle of the switching
state [O], which is the basis for thresholds. The variation in I,
and M causing the increase in the duty cycle of the switching
state [P] (or [N]) is taken into account in the threshold setting as
well. Benefit from those, thresholds in Fig. 11 are self-adjustable
to fit the system operating state without any manual modifica-
tion, ensuring that diagnostic variables are within thresholds in
the normal condition. Multiple inner-switch faults such as S,2,
Sp3, and S faults are accurately detected in Fig. 11. However,
S.1 fault still cannot be observed.

Figs. 12 and 13 confirm the validity of the proposed diagnosis
method applied to multiple-switch faults under nonunity power
factor. In the normal condition of Fig. 12 (¢ > 0), diagnostic
variables increase or decrease at a fast speed at the beginning
of a half current cycle and then slowly reach the maximum or
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Fig. 10.  Experimental results in case of Sa1, Sa2, Sb2, and Sc¢3 faults when

PF =1 with small I, and large M. (a) Currents. (b) Capacitor voltages.
(c) Diagnostic variables and thresholds. (d) Fault flags.

minimum. After S, ; fault occurs, 7, is distorted with Z1. At first,
A7,, qum increases faster and crosses ,1 . Accordingly, the faulty
switch can be located in the upper pair of phase a (f,u = 1). After
that, AT, sum remains below e, in the half-cycle, which refers
to S,1 fault. Then, S,- and Sy,3 faults occur at the same time. For
both faults, the corresponding phase diagnostic variable crosses
the small threshold first, and the faulty pair is determined before
the faulty switch is identified. After that, the diagnostic variable
continuously increases or decreases at a fast speed and crosses
the large threshold, which refers to the inner switch fault in
the faulty pair. The experiment in Fig. 13 was carried out when
¢ < 0.Unlike Fig. 12, diagnostic variables in Fig. 13 increase or
decrease at a slow speed at the beginning of a half current cycle
and then quickly reach the maximum or minimum. After S,
fault occurs, i, is distorted with Z2. In Z2, Av,, sum increases
faster and crosses €,1 but does not surpass €,o before the end
of this half-cycle, which implies S,; fault. Then, S,5 and S.3
faults co-occur and are identified accurately after the faulty pair
is determined. However, the diagnostic speed of S, fault in
Fig. 13 is much longer than that in Fig. 12. This is because
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Fig. 11.  Experimental results in case of Sa1, Sa2, Sp3, and Sco faults when

PF =1 with large I, and small M. (a) Currents. (b) Capacitor voltages.
(c) Diagnostic variables and thresholds. (d) Fault flags.

R of Fig. 12 mainly extends in Z1, making A%v,, sum Steeply
increase in Z1 (where S,o fault starts), while R,; of Fig. 13
mainly extends in Z2, making AUy, wm Steeply increase in Z2
(which is away from S, fault onset).

The experimental results in Figs. 10—13 confirm the analysis
in Section III and prove that the proposed diagnosis method
is valid for multiple-switch faults of NPC rectifiers in vari-
ous operating states. Besides, the proposed diagnosis method
shows robustness against voltage imbalance. It can be seen
from Figs. 10-13 that the upper and lower capacitor voltages
are unbalanced after OC faults occur. The proposed diagnostic
variables use the actual upper and lower capacitor voltages for
calculation, and the threshold setting is improved by incorpo-
rating the voltage imbalance factor. These procedures make the
diagnosis method immune to voltage imbalance. Generally, the
proposed method presents a good performance in the diagnostic
speed and accuracy of inner switch faults. Outer switch faults
are perceptible under nonunity power factor, and they can be
detected and distinguished from inner switch faults by the pro-
posed method. It takes quite a long time to locate outer switch
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Fig. 12. Experimental results in case of S,1, Sa2, and Sp3 faults when
PF < 1 (¢ > 0). (a) Currents. (b) Capacitor voltages. (c) Diagnostic variables
and thresholds. (d) Fault flags.

faults. However, before the outer switch fault is identified, its
pair can be detected quickly. If the fault-tolerant control and the
maintenance only require the information of the faulty pair, the
proposed method can provide an instant diagnostic result.

C. Experiment 1I: Robustness Performance

Figs. 14 and 15 evaluate the robustness of the proposed
diagnosis method against dc and ac side disturbances. Since
€1 18 more sensitive to OC faults, only ¢, is plotted. The
experimental results in Fig. 14 prove that the proposed adaptive
thresholds make diagnosis more robust against the dc bus voltage
and load power variation. As indicated in Fig. 14(c), adaptive
thresholds are more sensitive to current variation than diagnostic
variables because they are estimated by reference currents. In
this way, adaptive thresholds effectively guarantee diagnostic
robustness during the load variation. However, the response of
nonadaptive thresholds to the current variation is insensitive. For
nonadaptive thresholds, k1 - T5 /T and ko - T5 /T in (23) are set
as predefined constants. If /,,, increases, nonadaptive thresholds
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Fig. 13. Experimental results in case of S,1, Sa2, and Sc3 faults when
PF < 1 (¢ < 0). (a) Currents. (b) Capacitor voltages. (c) Diagnostic variables
and thresholds. (d) Fault flags.

are close to or even below the diagnostic variables, leading to
misdiagnosis. ky - Ts5/Tys and ko - T5/Ty can be set as larger
values to prevent misdiagnosis in the large-current condition, but
the diagnosis may take more time when 1I,,, decreases. With the
unbalanced grid voltages (e, = 45 Vrms, e}, = e, = 50 Vrms),
the experiment in Fig. 15 shows that adaptive thresholds vary
with PF, and no diagnostic variables cross adaptive thresholds in
the normal condition. On the contrary, diagnostic variables might
cross non-adaptive thresholds when PF < 1 (especially when
o > 0), resulting in misdiagnosis. Experimental results verify
that the proposed adaptive thresholds make the diagnosis robust
against the grid voltage imbalance and the power factor variation.
Besides, since adaptive thresholds require the inductance value
obtained from the control loop, it is necessary to assess the effect
of the inductance error. In Fig. 15, 20% of the parameter error
relative to the actual inductance (L', = 0.8L,, L'y, = 1.2L,
L'. = 1.2L.) is introduced to calculate adaptive thresholds. No
misdiagnosis happens. k; and ks in (24) can be adjusted to
achieve higher reliability by taking the inductance error into
account because the inductance error is approximately linear
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with the predicted value of T /Ty. For example, if 20% of the
reduction in the inductance value is considered, increasing k;
and ko by 20% can offset this error.

The experimental results in Figs. 14 and 15 confirm the
contribution of the proposed adaptive thresholds to diagnostic
robustness in various operating states of NPC rectifiers.

D. Detection Time

Fig. 16 presents the detection time of S,; fault and S, fault
occurring at different times in a current cycle. The main factor
affecting the detection speed is the fault occurrence time. If S,
fault occurs within R, 2, the diagnosis can be completed as fast as
several switching periods. If S, fault occurs out of R,,2, the diag-
nosis is delayed to the next half-cycle, which is acommon feature
of the existing fault diagnosis methods. Other inner switch faults
co-occurring with S, fault also affect the detection speed of S,
fault, as shown in Fig. 16(a). When S,2 fault occurs within R,
simultaneous Syo fault slows the detection speed of S, fault,
whereas simultaneous Sy,3 fault speeds up the diagnosis of S,
fault, which confirms the theoretical analysis in Section IV-C.
Fig. 16(b) shows the detection time of S,; fault and S,o fault in
different operating states of NPC rectifiers. Since outer switch
faults can be determined only at the end of each half current
cycle, the detection time of S, ; fault presents a linear relationship
with the fault occurrence time and reaches the minimum when
the fault occurs within R, ;. Generally, the proposed diagnosis
method shows a better performance in the detection speed under
unity power factor, and the average detection time in a current
cycle is longer under nonunity power factor.
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E. Comparison With Other Relevant Methods

Table II gives a comparison between the proposed method
and relevant methods, mainly in terms of diagnostic capability,
time, and robustness.

1) Diagnostic Capability: Most diagnosis methods for NPC
converters only consider single-switch faults. A voltage-
based method proposed in [19] can detect multiple-switch
faults of NPC converters efficiently and quickly by us-
ing extra hardware, along with the increase in cost and
space. A model-based method proposed in [25] can detect
multiple-switch faults of two-level inverters by designing
new diagnostic rules for each fault combination. Multiple-
switch faults are more complicated as the number of
switches increases. Thereby, using this method to diagnose
multiple-switch faults of NPC converters will heavily
increase the diagnostic complexity and unreliability. Be-
sides, it is challenging to set thresholds for distinguishing
between inner switch faults and outer switch faults. In
comparison, the proposed method has advantages in di-
agnosing multiple-switch faults of NPC rectifiers without
complex diagnostic rules.

2) Diagnostic Time: It should be mentioned that only the
diagnostic time of inner switch faults is considered for
NPC converters in Table II. In most cases, current-based
methods require a long diagnostic time, such as the nor-
malized average current-based method in [12]. Voltage-
based methods usually show an outstanding performance
in diagnostic speed since these methods utilize extra mea-
surable signals (such as terminal voltages, which are only
accessible from a single-phase SL-NPC inverter in [18])
or extra hardware (such as three voltage sensors in [19]).
Accordingly, the improvement in diagnostic speed is at the
expense of limited application or increased cost. Although
the diagnostic speed of the proposed method may not be
as fast as the voltage-based method [18], [19], it is a cost-
effective method and generally faster than current-based
methods [11], [12].

3) Diagnostic Accuracy and Robustness: Current-based
methods, such as the method in [11], are usually affected
by load variations and perform poorly in the low-current
condition. Model-based methods, such as the method in
[26], are highly dependent on precise modeling, and the
modeling error will affect diagnostic accuracy. Methods in
[18], [19], and [26] rely on a high sampling frequency (at
least higher than the switching frequency) to realize fast
and accurate identification. This requirement increases
the software burden and makes those methods difficult
to be applied in high switching frequency systems. The
accuracy and robustness can be improved by normalizing
diagnostic variables (such as the method in [12]) or by de-
signing adaptive thresholds (such as the method in [25]). In
addition to using adaptive thresholds, the proposed method
considers several factors that affect postfault character-
istics, such as current amplitude, modulation index, and
power factor, which are not discussed in most diagnosis
methods. Therefore, the proposed method can be applied
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TABLE II
COMPARISON WITH RELEVANT METHODS

Relevant . . . Extra Longest diagnostic time (within L
D 1 D fault t . . R Applicat
method iagnostic variable etected fault type sensor the switch working range) obustness pplication
[11] Duration of zero current Single-switch faults No Medium (Within a hélf of the Low 3L-NPC back-to-
fundamental period) back convert
[12] Average current Single-switch faults No Long (At lezsetrit:;/(;)s)fu ndamental Medium 3L-NPC inverter
[18] Terminal voltage Single-switch faults No Short (Several sampling periods) High Single-phase SL-
g & pung p & NPC inverter
[19] Measured pole voltage Multiple-switch faults Yes Short (Several sampling periods) High 3L-NPC inverter
[25] Average phase—tojp }'lase Multiple-switch faults No Short (Several switching periods) High 2L-VSC inverter
pole voltage deviation
- - o
[26] Instant phase-to-phase Single-switch faults No Medium (Within 15% of the Medium 3L-NPC rectifier
pole voltage deviation fundamental period)
Phase pole voltage . o
Proposed deviation based on fault Multiple-switch faults No Medium (Within a qua'rter of the High 3L-NPC rectifier
. fundamental period)
assumption
to various operating states of NPC rectifiers with high APPENDIX

robustness.

Overall, the proposed method has a good comprehensive diag-
nostic performance. It makes a good tradeoff between the speed
and the cost. Also, it has merits of high diagnostic capability
and high robustness with low sampling requirement and low
dependence on precise modeling.

VI. CONCLUSION

This article proposes a new OC fault diagnosis method in
3L-NPC rectifiers. The accumulations of three-phase average
voltage deviations in a half current cycle are utilized as the
diagnostic variables. The average voltage deviations are the
differences between average switching-state-based voltages and
average fault-assumed-based voltages, which are obtained with-
out extra hardware and precise modeling. The diagnostic vari-
ables are not zero in the normal condition, and they have an
accelerated tendency to increase (or decrease) after OC faults
because of a more extended range and increased duty cycle of
the switching state [P] (or [N]), providing a basis for diagnosis.
Besides, adaptive thresholds are proposed by considering var-
ious factors that may affect the diagnostic performance, such
as the voltage imbalance, the current amplitude, the modulation
index, and the power factor. In this way, the proposed method
has the adaptability to different operating states of NPC rectifiers
and possesses stronger robustness against transient changes.
Compared with relevant model-based methods using voltage
deviations, the proposed method is less dependent on modeling
and accessible to detect multiple-switch faults more accurately
and simply. The effectiveness and robustness of the proposed
method have been verified by experimental results. Also, the
detection time of different fault combinations occurring at dif-
ferent times is tested in various operating states. Given that
no additional sensors are used, the proposed method possesses
rapidity in diagnosing inner-switch faults. Outer switch faults
can be detected under nonunity power factor with a relatively
long diagnostic time. Further study can be conducted to explore
the possibility of outer switch fault diagnosis under unity power
factor and improve the diagnostic speed of outer switch faults.

When I, = 0, the expression for the voltage deviation is
derived in detail here. S,» open-circuit fault is taken as an
example for analysis.

The average modeling of the NPC rectifier is expressed as
follows:

dI,
E,=RI, + LE
For a well-performed double-closed loop controller, its output
reference voltage is approximated as follows:
Vae
2
By substituting (26) into (25) and considering that £, + F}, +

E.=0and I, + I}, + I. = 0in a three-phase symmetrical sys-
tem, it has

+ Vio + Von, @ € {a,b,c}.  (25)

Vzo = VUgo = 8¢ -

(26)

Vae
L

By substituting (27) into (25) and ignoring the resistance term,
a-phase current rate of change can be calculated as follows:

dl, Sa S S,
o (335 %

By substituting (2) and (26) into (7), the voltage deviation
when I, = 0 can be written as follows:

1
5 (2Vao -

Von = — (82 + 8b + 5¢) - (27)

L

(28)

A1_)610 = ‘/bo - ‘/co - 3Ea) . (29)

For a three-phase symmetrical rectifier system, the reference
voltages satisfy the following equations:

Van +Von +Ven =0

Vtao - ‘/bo = Van — Vi)n (30)
‘/;O_‘/COZ an_‘/cn-
According to (30), (29) is transformed as follows:
_ 3
ATy, = 5 (V;m - Ea) . (31
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TABLE III
EFFECT OF VOLTAGE VECTORS ON CURRENT RATE OF CHANGE

Vi ko, Vi k.
¥V, (POO/ONN) 1/3 Vv, (OPP/NOO) -1/3
V, (PPO/OON) 1/6 V; (OPO/NON) -1/6
Vs (POP/ONO) 1/6 Vs (OOP/NNO) -1/6
Vi3 (PNN) 2/3 Vis (NPP) 213
V14 (PPN) 1/3 Vis (NPN) -1/3
Vis (PNP) 1/3 V17 (NNP) -173
V; (PON) 172 Vo (NPO) -12
Vi, (PNO) 172 Vio (NOP) -12

Vi (OPN) 0 Vi1 (ONP) 0

According to (25), and ignoring the resistance term, (31) is
further expressed as follows:

3 dl,
AUy = —— - L—=. 2
Vao 2 dt (32)

By substituting (28) into (32), the voltage deviation when
I, = 0is modified as follows:

S (G-3-Dw)

In the SVPWM method, Av,, in (33) can be rewritten as

follows:
3 Viae
-5 (Ea -7 > kwt%>

where ky, = (25, — sp — Sc)/6, and ky, can reflect the effect
of the voltage vector on the current rate of change. ¢y, is the
working time of the corresponding voltage vector in a switching
period (3 ty, = Ty). Eighteen nonzero voltage vectors V; (i =
1, 2, ..., 18) with diverse magnitudes and angles constitute
the voltage space vector diagram, as depicted in Fig. 6. Four
of them form a seven-step switching sequence in a switching
period, and they are used to calculate Av,, in (34). Table I1I lists
all expressions for ky,. Therefore, when I, = 0, Av,, depends
on the grid voltage and the average voltage vectors applied in a
switching period.

Ay, = (33)

A77510 = (34
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