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A Counter-Based Open-Circuit Switch Fault
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Abstract—A cascaded H-bridge multilevel converter (CHBMC),
which is composed of power cells, is an attractive ac—dc con-
verter for medium- and high-voltage applications in terms of its
modularity, improved harmonic performance, and higher rated
voltage withstand capability. Nevertheless, the overall operation
and stability of the CHBMC can be affected by inevitable issues,
such as the open-circuit (OC) switch fault. This issue causes adverse
effects. Hence, it is vital to develop an effective but straightforward
method to identify the OC switches. This article proposes an OC
switch fault diagnostic method, which is based on counters. These
counters are defined to have a one-to-one correspondence with the
CHBMC switches. First, a fault feature variable is obtained based
on a current residual generated from the estimated current model
and the OC switch fault output voltage conditions. Subsequently,
based on a postfault logic judgment process, the output voltage
levels, the driving signal combinations, and the current polarity, the
counters indicate the OC switch fault and its position. The proposed
method is simple and voltage level-independent, making it ideal for
diagnosing multiple OC switch faults for the CHBMC in a power
cell and different cells. The effectiveness of the proposed method is
verified by simulation and experimental results.

Index Terms—Cascaded H-bridge wmultilevel converter
(CHBMC), counter, current residual, fault diagnosis, open-circuit
(OC) switch fault.
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NOMENCLATURE
n Number of cascaded power cells.
eN Grid voltage.
1N Grid current.
L, Ry Line inductor and line resistor.
Wi to W,4  Switches in the CHBMC.
Dgi1 to Dgy,e  Diodes in the CHBMC.
Cic1 to Cyep,  DC-link capacitors.
Rgey to Ryer,  DC-link resistors.
Uge] tO ugen,  DC-link voltages.
Ude Unified dc-link voltage.

@cl tO Uden
Udc

DC-link voltage mean values.
Average of the dc-link voltage mean values.

Uge DC-link voltage reference.

gi1 t0 gna Driving signals.

P11 tO Py Control feedback signals.

Uy to uy, Actual port voltages.

c11 10 Cpa Counters.

D Fault feature variable.

Dy to D,y Respective fault feature variables.
w Power angular frequency.

w0y 1o Uy, Estimated port voltages.

Uab Actual total output voltage.

Uab Estimated total output voltage.
GoN Estimated grid current.

N Grid current reference.

u* Modulated voltage reference.

uj to u;, Respective modulated voltage references.
cwy, CWsy Carrier waves.

M to M, Modulation waves.

I. INTRODUCTION

HE cascaded H-bridge multilevel converter (CHBMC)
has gained significant attention for applications requiring

high voltage and power, such as microgrid and traction railway
systems [1], [2], [3], [4], [5]. Its modular structure provides
control flexibility, scalability, and fault-tolerance. However, the
reliability of the CHBMC operation is a topic of concern due
to the presence of numerous power switches that are vulnerable
to faults. Among these faults, the open-circuit (OC) switch fault
is a potential risk that requires effective diagnostic methods [6],
[71, 18], [9]. Hence, it is crucial to investigate effective diagnostic
methods for the OC switch fault.
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Power switches are susceptible to two types of permanent
failures, namely, short-circuit (SC) faults and OC faults. SC
faults occur due to overvoltage, overheating, or wrong driving
signals, which generate an overcurrent effect within approxi-
mately 10 ps, leading in the most severe case to an instanta-
neous breakdown of the converter [10]. Therefore, protection
circuits are implemented to detect and isolate SC faults [11].
On the other hand, OC faults arise from lift-off bond wire or
gate driver failure, which do not cause immediate converter
breakdown but may result in a chain of failures due to thermal
stress accumulation [12], [13]. Consequently, online OC switch
diagnosis methods are crucial to prevent fault propagation and
system shutdown.

Generally, identifying the specific causes of OC faults can
be challenging as they can result in similar electrical behaviors
in voltage/current measurements. The signal-based and model-
based perspectives are two mainstreams of the OC switch fault
diagnostic methods. In [14], a sampling theory is employed to
obtain different switching sequences for an HB converter, which
extracts postfault grid current information to identify the faulty
switch. Similarly, in [15], the current slope and zero-voltage
switching states are extracted to identify the fault location.
However, these methods have a long diagnosis time of more than
two current cycles and cannot detect multiple faults. To detect
multiple faults, Kumar [16] analyzed the pulsewidth modulation
(PWM) output voltage in prefault and postfault time-domain
scenarios, enabling the identification of single/multiple faults
in the CHBMC by analyzing switching states and comparing
counters. Nonetheless, this approach requires additional volt-
age sensors and complex diagnostic criteria involving multiple
threshold values. Furthermore, Wang et al. [17] used harmonic
and principle component analysis (PCA) to obtain fault features
of terminal voltages, but this method involves extra sensors and
heavy computations.

Alternatively, model-based methods for OC switch fault di-
agnosis require accurate models and residual evaluations. From
the current perspective, the authors in [18] and [19] employed
a mixed logic dynamic model, which takes into account the
diodes ON/OFF-state, to detect the fault current or voltage and
identify the OC switch fault in the CHBMC. However, they are
unable to detect multiple OC switch faults. To overcome this
limitation, the authors in [20] and [21] used current residuals
from different power cells and continuous updates of diagnostic
matrices to identify multiple OC switch faults, but they require
additional detection methods, such as dual current residuals-
based detection and multiple iterated detection matrices. On the
other hand, the authors in [22] and [23] utilized residual fea-
tures between the estimated and measured terminal voltages for
potential fault verification and modulation switching, enabling
the identification of single or multiple faulty switches. However,
these approaches involve additional voltage sensors and complex
diagnostic procedures.

To address the aforementioned issues, this article proposes
a counter-based OC switch fault diagnostic method. The di-
agnostic counter for each switch is specifically designed to
perform a direct diagnosis of faulty switches based on the current
residuals, postfault driving signal combinations, and current
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Fig. 1. CHBMC circuit diagram with n power cells.

polarity, by judging the maximum counted value. Feature re-
moval for detected faults and counter resetting help the method to
continuously diagnose multiple faults. Compared with existing
methods, a simple logic judgment with only one threshold is
required. Moreover, the proposed method is level-independent
and simply extends the diagnosis of the OC switch faults to
more H-bridge power cells for the CHBMC, which ensures the
application potential of the diagnostic method.

II. THEORY OF THE PROPOSED METHOD

The CHBMC comprises n cascaded power cells, as depicted
in Fig. 1 [1], respectively, denoted as power cell 1 to power cell
n. In Fig. 1, the electrical parameters are defined in the Nomen-
clature. Moreover, there exist n driving signal combinations,
{911, 912, 913, g14} through {g,,1, gn2, gn3, gna }, which directly
come from the controller. These driving signal combinations
are utilized for two purposes: 1) driving the switches, i.e., Wi,
through W, 4, and 2) giving feedback to the controller and serv-
ing as input signals for the proposed OC switch fault diagnostic
method. As will be clarified later, each switch depicted in Fig. 1
is also linked to counters, specifically c¢1; through c¢,4, which
serve to identify the position of the OC switch faults.

In terms of purpose 2), when the driving signal combinations
{911, 912, 913, 914} through {gn1, gn2, gn3, gna} are fed back
to the controller, they are redefined as the control feedback
signal combinations, denoted by {p11, p12, P13, p14} through
{Pn1,Pn2, Pn3, Pna }, respectively. These control feedback signal
combinations are employed for model variable calculations. In
cases where there are no OC switch faults, the {p,1, Pn2, Pn3,
Dna} are equal to {gn1, gn2, gn3, gna }- However, they will not be
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equal if OC switch faults occur and are identified. Accordingly,
some of {Pn1, Pn2, Pn3s Pna} are set as 0 to differentiate {g,1,
Gn2> 9n3, gna }- To distinguish the variables generated by {¢g11,
912, 913, g14} through {g,1, gn2, gn3, gna} and {p11, P12, P13,
p14} through {pn1, Pn2, Pn3, Pna}, the following prerequisites
are given.

1) The actual total output voltage u,}, is obtained by utiliz-

ing the driving signal combinations {g11, 912, 913, 914}
through {gn1, 9n2, Gn3> gna}. On the other hand, the
estimated total output voltage wu,p, is obtained utilizing
the control feedback signal combinations, {p11, P12, P13,
p14} through {p,1, pn2, Pn3, Prat-
The actual total output voltage u,}, corresponds to the sum
of all actual port voltages, i.e., uap, = ;- ; u;. Similarly,
the estimated total output voltage u,}, is calculated as the
sum of all estimated port voltages, i.e., ua, = Z?:l Uj.

3) The normalized forms of u,;, and wuyy, are defined as S,y

and Sy, respectively. Specifically, S,p, is defined as the
sum of actual port voltages divided by their respective
de-link voltages, as follows: Sap = > iy (ui/udei) =
>, S;, named as the actual total output level. Simi-
larly, S;b is defined as the sum of estimated port volt-
ages divided by their respective dc-link voltages: Sop =
oy (U /udei) = Y ory S;, named as the estimated total
output level. Here, S; to S, and S} to §n represent the
normalized forms of uy to u,, and u; to u,, which are
named as actual port levels and estimated port levels for
power cells 1 to n, respectively.

Moreover, S; to S, and S; to §n are normalized values that
range from —1 to 1, since they are ratios of actual or estimated
port voltages to the common dc-link voltage. S,;, and S;b are
defined as the sum of the normalized port voltages, and thus,
they are within the range of [—n, n].

Here, the actual port level and the estimated port level S,, and
§n for the n power cell are taken as an example, then

2)

- m) + (1 - gn2)x — gn3l — (1 - gn4)(1 - x)
- {L') + (1 - an)x — Pn3T — (1 - pn4)(1 - (E)
(H

Sn = pnl(l

where the variable x is defined as a logical variable [18] and the
value of x belongs to {0, 1}. If ¢xx>0, then x = 1. Conversely,
if 2gny < 0, then x = 0.

For example, if {gnl > In2, Yn3» gn4} and {pnla Pn2, Pn3, pn4}
are both equal to {1,0,0,1} and ixn>0, S, and S,, are equal to
1 based on (1).

According to Fig. 1 and the Kirchhoff voltage law [2], the
grid current deviation is obtained

R
NN +

disN o
= In S

dt

(en — Sabldc)- ()

Ly

Taking the discretization of the control system into account,
based on (2), the actual grid current isn(k) and the estimated
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Current control (CC)

&ij

CPS-PWM

DC-link voltage
balancing control

Fig. 2. PI-based control diagram of the (a) CC loop and (b) DC-link voltage
balancing control loop [24], [25], [26].

grid current ¢y (k) at the k-instant are obtained by

lsN(k) (1= B )ign (k= 1) + £ {en(k = 1)
(k ) dc( - 1)} (3)
sz(k‘) (1 - M)ZSN(k 1)+ g (k—1)
—Sab(k — 1)Udc — 1)}
where T is the control loop period. isn(k — 1), un(k — 1),

and uq.(k — 1) are the sampled values of the grid current, grid
voltage, and dc-link voltage, respectively. Sap,(k — 1) is the
actual total output level at (k — 1) instant. Sy, (k — 1) is the
estimated total output level based on (1) at (k — 1) instant. Note
that achieving balanced dc-link voltages 4.1 to ugc,, 1S crucial
both during normal operation and in the case of an OC switch
fault occurrence. To address this concern, the current control
(CC) strategy collaborates with the dc-link voltage balancing
control, enabling both the unity power factor and balanced
dc-link voltages operation of the CHBMC [24], [25], [26], as
shown in Fig. 2. In the CC loop, the dc-link voltages wgci
to wugcy, are filtered using second-order notch filters to obtain
the dc-link voltage mean values, g to Uge,. The aggregate
sum of Ugc; tO Ugen, Nnormalized by the system count n, gives
rise to the average value of the dc-link voltage mean values,
i.e., Uge. Here, a reference for the dc-link voltage is defined
as Uj,. The difference between Uge and Uy, is then fed into
a proportional—integral (PI) controller for computing the grid
current reference, i.e., i{. The resulting %y is further multiplied
by sinwt and coswt, respectively, being the active part fed into the
current loop. Then, adding eyn generates the desired modulated
voltage reference u*.

Regarding the dc-link voltage balancing control loop, PI
controllers address the deviation between U . and the individual
de-link mean voltages (Ugc) to Ugcr, ). Following this, the outputs
of these controllers are added with u* to obtain uj to wu,
which enter into the carrier phase shift pulsewidth modulation
(CPS-PWM) block, yielding the driving signals essential for
the balanced operation of the system under both normal and
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Fig. 3. Flow paths of the grid current under different driving signal combina-
tions when the OC switch fault occurs in W71 and Wio:(a) z =1 and {1,0,0,1},
(b) x = 0 and {1,0,0,1}, (c) z = 1 and {1,0,1,0}, (d) z = 0 {1,0,1,0}, and
() x = 1 and {0,1,1,0}, and (f) x = 0 and {0,1,1,0}.

OC switch fault conditions. Consequently, unifying the dc-link
voltages across the distinct H-bridges uqc1 tO tuqcy, into g, as
shown in (2) and (3), facilitates the process of fault modeling
and diagnostic analysis hereinafter.

During practical operations, the current sensor directly sam-
ples ign(k), whereas gy (k) is estimated using (3). If there is
no OC switch fault at instant k, S;b will be equal to S,,, and
isn (k) will be equal to iy (k). However, if an OC switch fault
occurs at instant k, then S,;, will not be equal to S,p, causing
a mismatch between z;N(k:) and isx (k). Thus, the proposed
diagnostic method for detecting and diagnosing OC switch faults
based on this mismatch is described in the following sections.

A. OC Switch Fault Analysis

To clarify the OC switch fault possible conditions, one power
cell is exemplified to discuss the OC switch fault criterion
hereinafter.

Given that the actual port levels forapowercell are 1,0, and -1,
then the driving signal combination for the switches W74 to W1y
are {1,0,0,1}, {1,0,1,0}/{0,1,0,1}, and {0,1,1,0}, respectively.

For the actual port level “1” with {1,0,0,1}: Assume that the
OC switch fault occurs in the switch Wy, when © = 1, the
generated actual port level “1” will not be affected, as shown in
Fig. 3(a). Nevertheless, when x = 0, as shown in Fig. 3(b), the
actual port level is changed from “1” to “0,” which deteriorates
the grid current quality. Similarly, if the OC switch fault occurs
in the switch W4, the actual port level keeps as “1” when z = 1.
It will be changed from “1” to “0” when z = 0.

For the actual port level “0” with {1,0,1,0}: Assume that the
OC switch fault occurs in the switch W;;, no change happens
when x = 1, as shown in Fig. 3(c), whereas when x = 0, the
actual port level is changed from “0” to “-1,” which deteriorates
the grid current quality, as shown in Fig. 3(d). A similar result
holds for the other combination: {0,1,0,1}.

For the actual port level “-1” with {0,1,1,0}: Assume that
the OC switch fault occurs in the switch Wio, when x = 1,
the actual port level is changed from “-1” to “0,” as shown in
Fig. 3(e), which deteriorates the grid current quality. However,

when x = 0, the generated actual port level “-1” is not affected,
as shown in Fig. 3(f).

B. Fault Feature Variable Generation

As discussed before, when the OC switch fault occurs in a
power cell, the actual total output level probably changes, result-
ing in a difference between the sampled grid current igx (k) and
the estimated grid current z;N(k:) This difference is defined as
the grid current residual £ (k). Based on (3), i¢x (k) is subtracted
from isN (k) to obtain the grid current residual as follows:

E(k) = isx (k) — isn (k)

T -
= LN{[(Sab(k —1) = Sap(k — D]uac(k=1)}.  4)
According to (4), a fault feature variable D that includes the grid
current residual is defined as

p- EB)In _ (San(k = 1) = Sap(k — 1))uac(k — 1).

15
)

Since the actual total output level Sy, = S14+52 + -+ + .5,
is defined for the systems in Fig. 1, the fault feature variable
D=7 3" Dij€[-2nugc, 2nug] can be derived by the
sum of the respective fault feature variables D17 to D, 4 when
the OC switch fault occurs in the respective switches of power
cells 1 to n.

For the respective fault feature variables, assuming that the
OC switch fault occurs in switches W,,; to W,,4 for the power
cell n, then the corresponding signals g, to g,4 are seen as
equal to 0. Hence, for the power cell n, based on (1) and (5), the
respective fault feature variables D,,; to D,,4 are expressed by:

Dn1 = pp1(1 — z)uac(k — 1) (6a)
Dpa = —pnavugc(k — 1) (6b)
Dy3 = —pnaruac(k — 1) (6¢)
Dna = ppa(l — 2)uac(k — 1). (6d)

In order to distinguish the OC switch faults for the CHBMC, a
threshold value Tiy, is set as 0.7U, by considering mismatches
in the grid model parameters Ry and Ly, random noise, and
sampling errors [20]. When D exceeds the threshold value, i.e.,
0.7U}.., the OC switch fault occurs in the system. Hence, an
OC switch fault condition is satisfied if D>T}y, and x = 0, or
D<-T}y, and z = 1. The next step is to find out the specific OC
switches based on the OC logic judgment.

C. OC Logic Judgment Process

To analyze the condition of the OC switch fault, a carrier-
based modulation and the generation process of the switch
driving signals for the CHBMC are shown in Fig. 4. In Fig. 4,
M, and M, are calculated within the control loop period of
50 ps, then sent to the enhanced pulsewidth modulation (EPWM)
module, and updated either in the maximum or the minimum
value of the carriers [27], as shown in the “sampling starts” and
the “updated point” of Fig. 4. The distance between two adjacent
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Fig. 4. Carrier-based CPS-PWM process.

updated points is the sample and hold period. The driving signals
are generated by the comparison between the cw;, cw, and M,
M. The values of S 1, S 5, and S;b are alternatively changed from
time instant ¢q; to t1,,, which is used to discuss the following
OC switch fault diagnosis process. For example, when the OC
switch fault occurs in W7y, for the power cell 1, the conditions
under z = 0, S; = 1, and {g11, 12, g13, g14}={1,0,0,1} are
assumed at ¢1;. In this assumption, based on Fig. 2(b), the grid
current flow path will be changed. Accordingly, {g11, 912, 913,
g14} can be seen as {0,0,0,1} to change the actual port level
from “1” to “0.” Nevertheless, the signal combination {p11, p12,
P13, P14} 1s equal to {1,0,0,1} at this instant. According to (3)
and (4), the grid current residual is generated to yield the fault
feature variable D;; based on (6a). Accordingly, D1, is equal
to D. Similarly, when Wy, is in OC state, D14 is generated by
the grid current residual. Hence, the conditions when W77 and
W4 are in OC state are identified.

To distinguish the OC state between switches Wy, and W14,
the modulation process shown in Fig. 4 is utilized. When the
modulation process moves from 17 to t12, the estimated port
level §1 is equal to 0, and the state of {g11, 912, 913, G147} 1S
{1,0,1,0}. At this point, the actual value of g11 is not the same as
that of g14, leading to p;;1 being unequal with p;4, which helps
to distinguish whether switch Wy, or Wy, is in an OC state.
Furthermore, if an OC fault occurs in switches Wis or W3,
(6b) and (6¢) are used to differentiate the OC fault in switches
Wis or Wi from that in switches W11 or W1y, as the polarity
of the respective fault feature variable D15 or Dy3 is different
from that of D, or D14. Based on Fig. 3 and the aforementioned
discussion for switches W71 and W14, the OC states of switches
W15 and Wig in power cell 1 can also be distinguished. Once the
OC fault condition is met, the diagnosis process is started using
an OC logic judgment and counters, which correspond to each
switch in the system. To clarify the diagnosis process, counters
¢im and c;p, are defined to represent the states of switches W,
and W;;, in power cell ¢, where m = 1 or4 and h = 2 or 3. These
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counters directly indicate the corresponding OC state of the
switch. If the OC switch fault conditions described previously
are met, the values of the corresponding counters are changed as
per incremented or decremented modes, respectively. The values
of ¢;,, and c;j, are given by the following discussion.

Under the incremented mode:

If D(k) >Ty and z(k) = 0, the value of the counter ¢;,, at
(k + 1) instant is increased as

Cim(k+1) = ciom (k) + 1, if {S;(k) =1
[Si(k) = 0&pim (k) = 1]}. )

If D(k) < —Ty, and (k) = 1, the counter ¢;;, at (k + 1) instant
is incremented as

cn(k+1) = cin(k) + 1, if {S;(k) = -1
[Si(k) = 0&pin(k) = 1]} (8)

where ¢;p, (k), cin(k), and ¢;p, (k + 1), ¢in(k + 1) are defined
counters at k and k+1 instants.

Under the decremented mode:

If D(k) >T, the value of the counter ¢;,,, at (k + 1) instant
is decreased as

Cim(k+ 1) = cim (k) — 1, if {Si(k) = —1}. )

If D(k) <-Ty, the value of the counter ¢;;, at (k + 1) instant is
decreased as

cin(k+1) = can (k) — 1, if {Si(k) =1}

Based on (7)—(10), the subscript of the switch is the same as that
of the counter, in which the maximum value represents the OC
switch. To identify OC switch faults in CHMBC in real time
using the counters, three cases are considered.

Case I—The OC switch fault in a power cell (n = 1):
To illustrate the case where an OC switch fault occurs in a
power cell, consider an example in which an OC fault occurs
in switches W1, and W13 such that D(k) > Tiy,. Suppose the
following conditions are satisfied simultaneously at instant %:
c11(k) =0, c13(k) =0, z = 0, and the output voltage level
Sl(k) = 1 with {pll’ P12, P13, p14}:{ 1,0,0,1} at tll- Then, us-
ing (7), Cn(k + 1) = C11(k) +1=1, 014(]{7 + 1) = C14(k/’) +
1 =1, and ¢13(k 4+ 1) = 0 at instant k + 1. Therefore, at this
instant, switches Wi, and Wiy are potentially the OC fault
switches.

When the instant moves to t19, i.e., .§1(k) =0 with {p11,
P12, P13, P1a}={1,0,1,0}, c11(k +2) =ci1(k+1)+1=2,
and c14(k + 2) remains as 1. Therefore, switch 171 is identified
as the OC fault switch. After diagnosing the OC switch fault in
W11, the control feedback signal p;; is permanently set as O,
and all the counters are initialized as O.

Subsequently, when the estimated port level Sy is equal to
0 with {p11, p12, p13, p14}={0,0,1,0}, D(k) <-Ty and = =
1, according to (8), c13(k + 1) = ¢15(k) + 1 = 1, while other
counters remain at 0. Thus, switch W3 is also diagnosed as an
OC fault switch.

Case II—The OC switch fault in different power cells (n =
2): The same criterion is used to diagnose an OC switch fault

(10)
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in different power cells, i.e., two power cells, similar to the
Case 1. To clarify, consider another example where OC switch
faults occur in W71 and W, for power cells 1 and 2, satisfying
the conditions D(k) > Tiy,. Assuming that z = 0, S, and S,
are both equal to 1 with control feedback signals {1,0,0,1}. At
time instant k, counters ci1, 14, C21, and coy begin counting
WithCll(k + 1) = Cll(k) +1= 1,614(k + 1) = 014(k) +1=
1, Czl(k + 1) = 021(k> +1=1, and CQ4(]€ + 1) = 024(k) +
1 = 1. The remaining counters maintain a value of 0, indicating
that Wy1, W14, Waq, and Woy are potentially in an OC state.

Suppose that the control feedback signals of Sy and S,
are changed to {1,0,1,0} and {0,1,1,0} when D(k) >Ty
and z(k) = 0. Counters c11(k+2)=ci1(k+1)+1=2,
014(k + 2) = 614(k‘ + 1) =1, Cgl(ki + 2) = Cgl(ki + 1) —1=
0, and co4(k 4+ 2) = co4(k + 1) — 1 = 0 are obtained based on
(9) at k+2 instant. The maximum value of ¢y at this instant iden-
tifies that 17715 is one of the OC fault switches. After diagnosing
the OC fault switch in W7, the control feedback signal p;; is
permanently set to 0, and the values of all counters are reset to
0 within a control loop period, i.e., k+3 instant.

Moreover, during the operation of the system and the modu-
lation process, at k+4 instant, assume that the control feedback
signals of §2 are changed to {1,0,1,0} and §1 keeps {0,0,1,0}.
If x remains equal to O at k+4 instant, then using (7) and (9),
021(]4; + 4) = Cgl(k} + 3) +1=1, Cll(k‘ + 4) = Cn(k‘ + 3) —
1=—1, and c14(k +4) = c14(k+3) — 1 = —1. The values
of the other counters remain at 0, indicating the maximum
value of co;. Consequently, W5, is diagnosed as the OC fault
switch. Therefore, the criterion proposed is still applicable for
the CHBMC with two power cells (i.e., n = 2).

Case III—The OC switch fault in different power cells (n>2):

This case explores the suitability of the proposed OC switch
fault diagnostic method for CHBMCs with more than two power
cells, using a CHBMC with three power cells as an example. As-
suming that W14 in power cell 1, W, in power cell 2, and W3s in
power cell 3 are in OC state and setting counters c11 to ¢34 to 0. If,
at a particular instant k, the conditions D(k) > Tin, z =0, and
Sl(k) =0 with {p117p12ap137p14} = {07 1393 1}7 SQ(k) =0
with {pgl,ng,p237p24} = {1, 0, ]., 0}, and S3(k) = —1 with
{p317p32,p33,p34} = {0, 1, 1, 0} are all fulﬁlled, ng(k’ + 1) =
c32(k) = 0 is obtained, and ci4(k + 1) = c14(k) +1 =1 and
co1(k 4+ 1) = co1(k) + 1 = 1 have two bigger values than the
rest of the counters based on (7) to (10). According to the
criterion, no identification is behaved at this control loop period.
The OC switch faultidentification is entered into the next control
loop period, i.e., k+2 instant.

At k+2 instant, if the control feedback signals of Sy, o,
and §3 are modified as: {0,1,0,1}, {0,1,1,0}, and {0,1,1,0}.
c14(k+2)=c14(k + 1) + 1 = 2 has the maximum value based
on (7). c21(k+2) is equal to co1(k + 1) — 1 = 0 based on (9).
Hence, W74 is identified as the first switch to have an OC
fault. p14 is set to O with all counters reset to 0. Following
the identification of W4 as the first switch with an OC fault,
the next step is to change the conditions to Sy(k+ 3) =0
with {pa1, paz, Pas, p2a} = {0,1,0, 1}, while assuming S (k +
3) = —1with {0,1,0,0} and S3(k 4 3) = —1 with {0,1,1,0}.
With respect to this change, the maximum value of 1 is obtained
in counter co4(k+3). Hence, Wy, is also identified as having an
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Fig. 5.

OC fault. The final switch, W35, can be diagnosed in a similar
manner. Therefore, The proposed OC switch fault diagnostic
method is shown to be independent of cell number and is suitable
for the CHBMC with higher levels and more power cells in
practical applications.

In terms of counters c1; to ¢4, each switch corresponding to
a fault is marked using Fi; to Fi,4. The total diagnostic mark
F' is simply the sum of all individual marks. For instance, if
c11 has the highest value, a mark of 1 is given to Fij, and p1;
is changed to 0. Under the condition of F'(k) # F(k — 1), the
proposed method is restarted and all the counters are set as 0.

To summarize, a flowchart of the proposed method is shown
in Fig. 5, which includes three steps. In step I, the introduced
counters ¢11(k), ¢12(k),..., cha(k) are initialized. Based on the
absolute value of D(k), i.e., |[D(k)|, the proposed counters
execute the fault diagnostic process is detailed in Step II, that is:
If |D(k)|>Ti, and = 0, the counters ¢11, 14, C21, C24 1O Cp1,
cn4, Which satisfies the conditions based on (7) to (10), will be
updated and start to count. It will be divided into two cases.

1) If there exists a counter whose value is maximum, the
corresponding fault mark is set from 0 to 1 for visually
identifying the OC switch, in which other fault marks are
kept at 0. Accordingly, the control feedback signal is reset
as 0 and kept constant. Eventually, the total diagnostic
mark F'(k) is equal to 1, as shown in Step III. It should be
noted that all the counted counters are reset when F'(k) is
notequal to F'(k — 1) to restart the new round of counting.

2) If the values of two or more than two counters are maxi-
mum to result in F'(k) = F(k — 1), all the counters will
keep counting at the next control period.

For example, if | D(k)|>Ty, and © = 0 is satisfied at k instant,
given that ¢q; gets the maximum value among all the counters
based on (7) to (10), the fault mark F}; is equal to 1, and other
fault marks are kept at zero to identify the switch W35 in the OC
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state. Accordingly, the control feedback signal py; is set as 0 so
that the estimated port level Sy is equal to the actual port level
Sy based on (1). This process enables | D (k)| < T, to end the OC
fault diagnosis for the switch ;1. Eventually, according to Step
III, the value of the total fault mark F'(k) is equal to Fiy, i.e.,
which resets all the counters by the condition: F'(k) # F(k — 1)
to have other OC switches identified at the next control period,
as shown in Fig. 5. Regarding the case 2) hereinbefore, given
that the values of c1; and co4 get simultaneous maximization,
in this case, F'(k) is equal to F'(k — 1). All the fault marks are
kept as zero to result that F'(k) is equal to 0. Hence, the values
of all the counters continuous to count based on the previous
values at the next control period. Similar analysis holds for the
conditions: | D(k)|>Ty and = = 1.

According to Fig. 5, the overall CHBMC system is shown in
Fig. 6. The control system block (see Fig. 2) feeds the modulation
system block (see Fig. 4) that generates the driving signals
J11---Gna to the CHBMC circuit whether the OC switch faults
occur or not, and then to output the actual port levels S; to
Sy. Note that the physical transmission of the driving signals
g11- - -gna 1s done through Path 1; however, this path is used to
generate a second path, i.e., Path 2, as shown in Fig. 6. In this
path, the driving signals ¢11...9,4 are renamed as the control
feedback signals pj1...p,4, respectively, to obtain estimated
port levels §1 to §n based on (1). Furthermore, the grid current
z;N(k) at k instant is estimated according to (3). The actual grid
current iy (k) is measured at k instants, and then the grid current
residual E(k) and the fault feature variable D (k) are obtained,
based on (4) and (5), respectively. The fault feature variable D is
sent to the proposed method, as shown in Fig. 5, to identify the
OC switch fault for the corresponding switch. Accordingly, the
control feedback signal corresponding to the OC switch is set to
0 before entering the OC switch fault diagnostic process at the
next instant. During this entire process, the modulation process
remains independent of the OC switch fault diagnostic process,
with the exception that the switch driving signals are fed back
into the proposed OC switch fault diagnostic method, as shown
in Fig. 6.

According to the aforementioned discussion, the proposed
method is applicable for identifying the OC switch fault in a
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power cell, two power cells, and more than power cells without
increasing the computational burden.

III. VERIFICATION AND COMPARATIVE RESULTS
A. Simulation Results

To verify the proposed method, the CHBMC system is sim-
ulated in MATLAB/Simulink. The simulation parameters are:
LN =3 mH, RN =0.1 Q, UJC =100 V, Cdcl = Cdcg == Cdc3
= 2.8 mF, and Ry.; = Ryer = Raez = 20 €/40 €. In addition,
the control loop period T is 50 us, the switching frequency is
1 kHz, and the grid voltage frequency is 50 Hz.

1) OC Switch Fault Occurring in a Power Cell (n = 1)
Scenario: Fig. 7(a) simulates the fault diagnostic process when
the OC switch fault occurs in W11 and Wi for a power cell.
During a control period, i.e., 50 us from ¢, to ¢4, the value of
the counter ci3 is equal to 1, which is maximum than other
counters to activate the fault mark F 5 as 1. This process helps
visually identify W3 in the OC state. Accordingly, the control
feedback signal py3 is set as 0 to remove the current residual
generated by Wi3. Since F'(k) = lisnotequal to F(k — 1) =0
at ¢1, all the counters are reset to enter the new fault diagnostic
process at the next instant. After a couple of control periods, at
ta, 11 reaches 1, while other counters kept at zero to activate
F1 equal to 1, which visually shows that Wi is in OC state.
Subsequently, the control feedback signal py is set as O to reset
the fault feature variable D1 1. The diagnostic result accords with
the theory described in Case I in Section II-C.

2) OC Switch Fault Occurring in Two Power Cells (n = 2)
Scenario: The proposed OC switch fault diagnostic method is
executed in the CHBMC with two power cells, as shown in
Fig. 7(b). Before ¢1, the values of c1; and co4 start to increase
based on (7). Att1, the values of ¢11 is prompted to be maximum
to trigger F'; so that the OC state of W7 is identified. After
several control periods, i.e., at to1, co1 get the maximum value
among all the counters to trigger F5;. Hence, the OC state of
Wo1 is identified as well. The diagnostic result accords with the
theory described in Case II in Section II-C.

3) OC Switch Fault Occurring in More Than Two Power Cells
(n>2) Scenario: Fig. 8 depicts how to diagnose the multiple
OC switches for the CHBMC with more than two power cells
(i.e., n = 3). As shown in Fig. 8(a), before %, all the counters
and fault marks are initialized. At conditions: |D(k)|>T and
x = 1 are satisfied, co3 and c33 start to count based on (8). c33
reaches its maximum value at ¢; to trigger F33 at this instant.
After this control period, pss is set as 0 and all the counters are
initialized again. At ¢, the count condition is satisfied again to
enable c1o maximum so that Fs is triggered and pio is set as
0. Hence, W15 and W33 are identified as OC states eventually.
Similar with Fig. 8(a), when more than two OC switches W1y,
Way4, and Wiy occur in power cells 1, 2, and 3, as shown in
Fig. 8(b) to satisfy the conditions in (7)—(10), Wi, is firstly
identified as OC state at ¢1, and the identification of the OC
state in Wyy is closely following. At 3, F3o is triggered since
c32 gets the maximum value at this instant. The whole process
takes approximately 7.45 ms. The diagnostic result accords with
the theory described in Case III in Section II-C. Regarding the
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Fig. 7. Simulation results of the OC fault diagnosis of different switches for

the CHBMC. In power cell 1: (a) Switches W11 and Wi3. In different power
cells: (b) Switches W71 and Waj.

aforementioned verification results, the proposed method is valid
for the CHBMC with higher power cells, which highlights its
practical application value.

B. Experimental Results

Fig. 9 shows a scale-down setup used to verify the effec-
tiveness of the proposed method in a power cell and different
power cells, respectively. The model parameters are listed on the
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Fig. 8.  Simulation results of the OC fault diagnosis of different switches for
the CHBMC. In different power cells: (a) Switches W12 and W33. In different
power cells: (b) Switches W4, Way, and W3a.

right-hand side of Fig. 9. The rest of electrical parameters are
identical with the simulation parameters.

Fig. 10(a) shows the fault diagnostic process when the OC
fault occurs in Wy, and W3 in a power cell. Prior to ¢y, the
estimated current iSAN is almost equal to 75n. When the OC fault
is triggered, i.e., F; = 1, and the distorted actual current appears
at t(, the counters begin to count based on (8). At ¢; instant, the
fault feature variable D is smaller than the negative threshold
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Fig. 9. Experimental setup and model parameters. (a) Experimental setup.
(b) Model parameters.

value, i.e., —0.7U]_, and the counter c;3 is changed to 1. The
other counters keep zero. Hence, the OC fault occurs in the
corresponding switch Wi 3. The diagnostic mark F3 is changed
to 1 simultaneously. Subsequently, a step change is enabled in the
counter c1; and F; to identify the OC fault of W7 at ¢, instant
within 4.8 ms. Fig. 10(b) shows the OC fault occurs in W3, and
W14 for instance. The counters ¢4 and c11 begin to count at ¢;
and t- instants, respectively. Meanwhile, the diagnostic marks
F14 and Fpq increase to 1 to identify the OC switch faults of
W14 and W14 successively.

Furthermore, the fault diagnosis results of the OC fault
switches in different power cells are demonstrated in Fig. 11(a)
and (b), in which, W71 and W51, and W75 and W53 are shown as
OC faulty switches in power cells 1 and 2. The counters c¢;; and
¢21 reach maximum values to enable the fault marks F}; and
F51, see Fig. 11(a). Similar results are presented in Fig. 11(b) to
demonstrate the effectiveness of the proposed method.

Fig. 12 shows the degrees of parameter mismatches, i.e.,
(Rn/Rno) and (Ln/Lno) versus the per-unit value of |D| under
the normal and OC switch fault conditions, where Ry and Ly
indicate the actual resistance and inductance. Ryo and Ly
are the values in the control system. Based on Fig. 12, from
mismatched degrees of +50% of grid impedance in (3) and
under the normal condition, the per-unit values of D are below
the per-unit value of Ty, i.e., 0.7. Under the OC switch fault
condition, the per-unit values of D are larger than 0.7 to identify
the OC switch fault, which demonstrates strong robustness of
the proposed method against impedance parameters mismatch
in the grid model.

C. Comprehensive Comparative Results

Fig. 13 depicts the fault diagnostic time versus fault diagnostic
scenarios corresponding to the OC switch faults in Figs. 8, 10,
and 11. Since the proposed method is level-independent, the
OC faults of multiple switches in two power cells and more than
two power cells are identified within 8 ms, which highlights the
diagnostic speed of the proposed method.
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for the CHBMC. In power cell 1: (a) Switches W71 and W73, and (b) switches
W11 and W14.

Suppose that W7, and W5, are in OC state in different power
cells for the CHBMC. Without extra sensors, the methods in [20]
and [21] have similar diagnostic performance with the proposed
method. In order to make a fair comparison, Fig. 14 shows that
the methods in [20] and [21], and the proposed method diagnos-
ing the OC switches during a fundamental period are compared
by OC switch fault diagnostic time versus fault occurring time.
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According to Fig. 14, the proposed method exhibits the shortest
fault diagnostic time than the other two methods.

Comparative results between the proposed method and the
state-of-the art methods are given in Table I. For the diagnostic
range, the methods in [14], [18], and [22] fail to diagnose
multiple OC switch faults. The methods in [16], [20], [21], and
[23], and the proposed method succeed in diagnosing multiple
OC switch faults within the similar diagnostic time, respectively.
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Fig. 14. Diagnostic time versus OC switch fault occurring time.

For complexity, the methods in [14], [18], and [20] require long
fault feature extraction time, extra comparisons, and residual
detection operations. The method in [22] requires to assume
and verify the potential faulty switches, and the method in [23]
requires to acquire the switching transient and change the mod-
ulation process, which increases the computational burden. In
addition, the methods in [16], [22], and [23] require extra sensors
and multiple thresholds. Also, the method in [21] needs multiple
iterated detection matrices. Compared with the above methods,
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TABLE I
COMPARISON RESULTS BETWEEN THE PROPOSED METHOD AND THE
STAT-OF-THE-ART METHODS

Methods Dlagnostlc. range Extra Algorithm
and time Sensors feature
. . (Long fault feature
(14] Single: <2T extraction time)
Single or Diagnostic logics

Multiple: <(3/4)Ty
Single: <(1/4)Tf -
Single: <(1/4)T

with multiple thresholds)

(Comparison of voltage
and current residual)

(Dual current residuals

(18]

(20] Multiple: <(3/4)Tf . -based detection)
21] Single: <(1/4)Ty (Multiple iterated
Multiple: <T'f detection matrices)
. . (Assumption and verification
(221 Single: <(1/4)Ty v of potential faulty switches)
(23] Single: <(1/4)T'y v (Switching transient acquisition
Multiple: <T'f and modulation change)
Proposed Single: <(1/4)Tf . (Simple counter with

Multiple: <(3/4)Ty

T: Fundamental current cycle. 4/ and - indicate “Required” and “Not
required”.

one threshold)

the proposed method exhibits the simplest criterion based on
several counters and one threshold.

IV. CONCLUSION

A counter-based OC switch fault diagnostic method for the
CHBMC is proposed in this article. A simple yet effective
logical criterion to identify the corresponding OC switches
demonstrates that the counters can be used to identify the OC
switch fault position. The extension of the OC switch fault from
one power cell to the rest of power cell is proposed, allowing to
tackle multiple OC switch faults in the CHBMC. The proposed
method is level-independent, and helps to identify the OC switch
faults in a power cell, two power cells, and more than two power
cells without increasing the computational burden. Finally, these
features and merits have been confirmed by experimental and
comparative results.

REFERENCES

[1] L. Wang, D. Zhang, Y. Wang, B. Wu, and H. S. Athab, “Power and
voltage balance control of a novel three-phase solid-state transformer using
multilevel cascaded inverters for microgrid applications,” IEEE Trans.
Power Electron., vol. 31, no. 4, pp. 3289-3301, Apr. 2016.

X. She, A. Q. Huang, and R. Burgos, “Review of solid-state transformer
technologies and their application in power distribution systems,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 1, no. 3, pp. 186—198, Sep. 2013.
B. Liu, W. Song, Y. Li, and B. Zhan, “Performance improvement of
DC capacitor voltage balancing control for cascaded H-bridge multilevel
converters,” IEEE Trans. Power Electron., vol. 36, no. 3, pp. 3354-3366,
Mar. 2021.

H. Lin, S. Niu, Z. Xue, and S. Wang, “A simplified virtual-vector-
based model predictive control technique with a control factor for three-
phase SPMSM drives,” IEEE Trans. Power Electron., vol. 38, no. 6,
pp. 7546-7557, Jun. 2023.

J. Chen et al., “Analysis and control of cascaded energy storage system
for energy efficiency and power quality improvement in electrified rail-
ways,” IEEE Trans. Transport. Electrific., early access, Jun. 21, 2023,
doi: 10.1109/TTE.2023.3287891.

S. Yang, D. Xiang, A. Bryant, P. Mawby, L. Ran, and P. Tavner, “Condition
monitoring for device reliability in power electronic converters: A review,”
IEEE Trans. Power Electron., vol. 25, no. 11, pp. 2734-2752, Nov. 2010.

(2]

(3]

(4]

(3]

(6]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

[7] J. Liu and N. Zhao, “Improved fault-tolerant method and control strat-
egy based on reverse charging for the power electronic traction trans-
former,” IEEE Trans. Ind. Electron., vol. 65, no. 3, pp.2672-2682,
Mar. 2018.

D. Xie, C. Lin, H. Lin, W. Liu, Y. Du, and T. Basler, “OC switch
fault diagnosis, pre- and post-fault DC voltage balancing control for a
CHBMC using SVM concept,” IEEE Trans. Power Electron., early access,
Sep. 25, 2023, doi: 10.1109/TPEL.2023.3319136.

H. Lin, M. Mehrabankhomartash, F. Yang, M. Saeedifard, J. Yang, and Z.
Shu, “A flexible space vector modulation scheme for cascaded H-bridge
multilevel inverters under failure conditions,” IEEE Trans. Ind. Electron.,
vol. 69, no. 12, pp. 11856-11867, Dec. 2022.

R. Chokhawala, J. Catt, and L. Kiraly, “A discussion on IGBT short-circuit
behavior and fault protection schemes,” IEEE Trans. Ind. Appl., vol. 31,
no. 2, pp. 256263, Mar./Apr. 1995.

H. Oh, B. Han, P. McCluskey, C. Han, and B. D. Youn, “Physics-of-
failure, condition monitoring, and prognostics of insulated gate bipolar
transistor modules: A review,” IEEE Trans. Power Electron., vol. 30, no. 5,
pp. 2413-2426, May 2015.

D. Luo et al., “A fault detection method of IGBT bond wire fatigue based
on the reduction of measured heatsink thermal resistance,” Electronics,
vol. 11, no. 7, 2022, Art. no. 1021.

U.-M. Choi, F. Blaabjerg, and K.-B. Lee, “Study and handling meth-
ods of power IGBT module failures in power electronic converter sys-
tems,” IEEE Trans. Power Electron., vol. 30, no. 5, pp.2517-2533,
May 2015.

X. Ge, J. Pu, and Y. Liu, “Online open-switch fault diagnosis method
in single-phase PWM rectifiers,” Electron. Lett., vol. 51, no. 23,
pp- 1920-1922, 2015.

H.-W. Sim, J.-S. Lee, and K.-B. Lee, “Detecting open-switch faults: Using
asymmetric zero-voltage switching states,” IEEE Ind. Appl. Mag., vol. 22,
no. 2, pp. 27-37, Mar./Apr. 2016.

M. Kumar, “Time-domain characterization and detection of open-circuit
faults for the H-bridge power cell,” IEEE Trans. Power Electron., vol. 37,
no. 2, pp. 2152-2164, Feb. 2022.

T. Wang, H. Xu, J. Han, E. Elbouchikhi, and M. E. H. Benbouzid,
“Cascaded H-bridge multilevel inverter system fault diagnosis using a
PCA and multiclass relevance vector machine approach,” IEEE Trans.
Power Electron., vol. 30, no. 12, pp. 7006-7018, Dec. 2015.

D. Xie and X. Ge, “A state estimator-based approach for open-circuit fault
diagnosis in single-phase cascaded H-bridge rectifiers,” IEEE Trans. Ind.
Appl., vol. 55, no. 2, pp. 1608-1618, Mar./Apr. 2019.

N. B. Y. Gorla, S. Kolluri, M. Chai, and S. K. Panda, “An open-circuit
fault detection and localization scheme for cascaded H-bridge multilevel
converter without additional sensors,” IEEE Trans. Ind. Appl., vol. 58,
no. 1, pp. 457-467, Jan./Feb. 2022.

D. Xie, C. Lin, Q. Deng, X. Ge, and B. Gou, “A fast diagnosis
scheme for multiple switch faults in cascaded H-bridge multilevel con-
verters,” IEEE Trans. Transport. Electrific., vol. 7, no. 3, pp. 1000-1015,
Sep. 2021.

M. Chai, N. B. Y. Gorla, and S. K. Panda, “Fault detection and local-
ization for cascaded H-bridge multilevel converter with model predictive
control,” IEEE Trans. Power Electron., vol. 35, no. 10, pp. 10109-10120,
Oct. 2020.

J. Lamb and B. Mirafzal, “Open-circuit IGBT fault detection and location
isolation for cascaded multilevel converters,” IEEE Trans. Ind. Electron.,
vol. 64, no. 6, pp. 4846-4856, Jun. 2017.

N.B. Y. Gorla, S. Kolluri, M. Chai, and S. K. Panda, “A novel open-circuit
fault detection and localization scheme for cascaded H-bridge stage of a
three-stage solid-state transformer,” IEEE Trans. Power Electron., vol. 36,
no. 8, pp. 8713-8729, Aug. 2021.

Y. Su, X. Ge, D. Xie, and K. Wang, “An active disturbance rejec-
tion control-based voltage control strategy of single-phase cascaded H-
bridge rectifiers,” IEEE Trans. Ind. Appl., vol. 56, no. 5, pp. 5182-5193,
Sep./Oct. 2020.

D. Xie et al., “Diagnosis and resilient control for multiple sensor faults in
cascaded H-bridge multilevel converters,” IEEE Trans. Power Electron.,
vol. 38, no. 9, pp. 11435-11450, Sep. 2023.

J. Chen, R. Wang, C. Liu, and H. Li, “Sensorless capacitor voltage
detection method of cascaded H-bridge STATCOM based on special
switching mode identification,” IEEE Trans. Ind. Electron., vol. 70, no. 12,
pp. 12181-12189, Dec. 2023.

“Enhanced pulse width modulator (ePWM),” 2023. [Online].
Available: https://dev.ti.com/tirex/explore/node’node=A__ AbG33Z.
DwtBrb89JWwjoTg__C2000-ACADEMY__ 3H1LngB__LATEST

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]


https://dx.doi.org/10.1109/TTE.2023.3287891
https://dx.doi.org/10.1109/TPEL.2023.3319136
https://dev.ti.com/tirex/explore/node?node=A__AbG33Z.DwtBrb89JWwjoTg__C2000-ACADEMY__3H1LnqB__LATEST
https://dev.ti.com/tirex/explore/node?node=A__AbG33Z.DwtBrb89JWwjoTg__C2000-ACADEMY__3H1LnqB__LATEST

LIN et al.: COUNTER-BASED OPEN-CIRCUIT SWITCH FAULT DIAGNOSTIC METHOD FOR A SINGLE-PHASE CHBMC 825

Hongjian Lin (Senior Member, IEEE) received the
Ph.D. degree in electrical engineering from South-
west Jiaotong University, Chengdu, China, in 2021.
From August 2018 to September 2018, he was a
Visiting Ph.D. Student with Nanyang Technological
University, Singapore. From 2019 to 2020, he was a
joint-cultivated Ph.D with the School of Electrical and
Computer Engineering, Georgia Institute of Technol-
ogy, Atlanta, GA, USA. From 2021 to 2022, he was a
Postdoc Research Associate with the Department of
Electrical Engineering, The Hong Kong Polytechnic
University, Hong Kong. He is currently a Postdoc Research Fellow with Depart-
ment of Electrical Engineering, City University of Hong Kong, Hong Kong. His
research interests include electrical motor drive control, wireless power transfer
control, dc microgrid stability control, and power electronics, including electric
traction supply system control, fault diagnosis, fault-tolerant, modulation, and
control technologies of multilevel converters in the solid-state transformer.

Chunxu Lin (Student Member, IEEE) received the
B.S. degree in electrical engineering and automa-
tion from Southwest Petroleum University, Chengdu,
China, in 2019. He is currently working toward the
Ph.D. degree in electrical engineering with the School
of Electrical Engineering, Southwest Jiaotong Uni-
versity, Chengdu.

His research interests include modeling, stability
analysis, and optimal control for the traction system.

Dong Xie (Member, IEEE) received the B.Eng. and
Ph.D. degrees in electrical engineering from South-
west Jiaotong University, Chengdu, China, in 2017
and 2022, respectively.

From 2021 to 2022, he was a Visiting Ph.D. Stu-
dent with AAU Energy, Aalborg University, Aalborg,
Denmark. He is currently a Postdoctoral Researcher
with the Professorship of Power Electronics, Chem-
nitz University of Technology, Chemnitz, Germany.
His research interests include fault diagnosis and
fault-tolerant control of power converters, and power
cycling and packaging reliability of silicon carbide power MOSFETSs.

Dr. Xie was the recipient of the Best Paper Award of the International
Conference on Electrical Machines and Systems (ICEMS) in 2019.

Pablo Acuna (Member, IEEE) received the B.Sc.

degree in electronics engineering, the B.Eng. degree

in electronics engineering, and the Ph.D. degree in

electrical engineering from the University of Con-

cepcion, Concepcion, Chile, in 2004, 2007, and 2013,

respectively.

From 2014 to 2017, he was a Research Associate

with UNSW Sydney, Sydney, NSW, Australia. From

s 2018 to 2019, he was a Lecturer with RMIT Univer-

< sity, Melbourne, VIC, Australia. He is currently an

Associate Professor with Universidad de Talca, Talca,

Chile. His research interests include high-power conversion systems and their
applications in industry, transportation, and utility.

Wengiang Liu (Member, IEEE) received the B.S.
degree in electronic information engineering and the
Ph.D. degree in electrical engineering from South-
west Jiaotong University, Chengdu, China, in 2013
and 2021, respectively.

From 2017 to 2019, he was a Visiting Scholar with
the Department of Engineering Structures, Delft Uni-
versity of Technology, Delft, The Netherlands. He is
currently a Postdoc Researcher with the Department
of National Rail Transit Electrification and Automa-
tion Engineering Technology Research Center, The
Hong Kong Polytechnic University, Hong Kong. His research interests include
artificial intelligence, computer vision, imaging, signal processing, and their
applications in fault diagnosis and maintenance of high-speed railway and
maglev infrastructures.

Dr. Liuis an Associate Editor for IEEE TRANSACTIONS ON INSTRUMENTATION
AND MEASUREMENT. He was the recipient of the Outstanding Associate Edi-
tor Award from TEEE TRANSACTIONS ON INSTRUMENTATION AND MEASURE-
MENTin 2022 and the Outstanding Reviewer Award from IEEE TRANSACTIONS
ON INSTRUMENTATION AND MEASUREMENT in 2021.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


