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A Similarity-Based Robust Open-Circuit Fault Diagnosis Method for Dual Pulse
Rectifiers
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Bin Gou , Member, IEEE, Dong Xie , Member, IEEE, Xinglai Ge , Senior Member, IEEE, Xiaoyun Feng,

and Huai Wang , Senior Member, IEEE

Abstract—This letter proposes a current similarity-based robust
diagnosis scheme to detect open-circuit (OC) faults for insulated
gate bipolar transistors (IGBTs) in dual pulse rectifiers. The sim-
ilarity indicator between the ac-side currents of the two rectifiers
is calculated based on the structural characteristics, which are
independent of system parameters and naturally robust to voltage
fluctuations and load changes. Also, it avoids modeling or addi-
tional sensors. Then a proper threshold is designed by analyzing
variable behaviors under various normal and faulty operating
conditions. Finally, the faulty switches are located by the integrals of
the extracted dc-side current and designed time-sequence current
indicators without injecting specific driving signals. The effective-
ness of the proposed fault diagnosis method is demonstrated by
both simulation and experimental testing.

Index Terms—Dual pulse rectifiers, fault diagnosis, similarity
indicator, threshold design.

I. INTRODUCTION

PULSE rectifiers provide bidirectional energy conversion
between ac-side and dc-side for traction converter systems

in railway applications, which usually operate at a low switching
frequency of 350 or 450 Hz. As a result, it has considerable
ac-current harmonics. Therefore, dual pulse rectifiers, which
consist of two H-bridge modules connected in parallel, are
utilized to reduce the ac-side current harmonics and current
stress for the switching devices [1]. Compared with the single
pulse rectifier, dual pulse rectifiers have doubled the number of
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Fig. 1. Topology diagrams of (a) single pulse rectifier and (b) dual pulse
rectifiers.

insulated gate bipolar transistors (IGBTs), as shown in Fig. 1,
increasing the probability of open-circuit (OC) faults and posing
risks to system reliability and safety.

In the state-of-the-art research on OC fault diagnosis, signal-
based, model-based, and data-driven methods have been studied.
Model-based methods signify the fault occurrence by assessing
residuals, which are generated by subtracting measurable signals
from reference signals based on precise mathematical system
models [2], [3], [4], [5]. The reference ac-side current in [2]
and [3], dc-side voltage [4], and ac-side input voltage [5] are
obtained by building the mixed logic dynamic model or circuit
mathematical model to detect the OC faults, performing a fast
diagnostic speed. However, it relies on accurate system models
and threshold judgment mechanisms, making them sensitive to
parameter variation and threshold level. Besides, the OC faults
perform similar current signatures with the internal symmetric
topology of pulse rectifiers, leading to the difficulty of locating
faulty switches. Specific driving signals are injected to distin-
guish similar pairs of faulty switches in [2], which introduces a
degree of intrusiveness to the system.

Signal-based methods extract the fault symptoms from the
measurable signals, such as the current distortion-based method
in [6]. It is characterized by its simplicity with the sensitiv-
ity to load variations, noise, and disturbances [7]. The data-
driven methods achieve fault recognition without modeling and
threshold setting, but acquiring a large amount of historical data
for offline training and the online implementation of machine
learning models is challenging [8].
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Regarding the fault symptoms of dual pulse rectifiers, the
dc-side voltage distortion may arise from either rectifier 1 or
rectifier 2, due to their parallel configuration. This issue has
not been considered in the conventional voltage-based diagno-
sis methods (e.g., [4]), limiting its applicability in dual pulse
rectifiers. Meanwhile, due to the isolation effect of the traction
transformer, each rectifier can operate independently, which
means the failure of one module hardly affects another. To this
end, each rectifier can be diagnosed independently by the ac-side
current distortion-based methods described above. However,
two measurable ac-side currents from the two rectifiers exhibit
similarity due to identical positions and electrical parameters,
which brings a new opportunity to improve OC fault diagnosis.
Based on structural characteristics, a current reference signal
can be obtained, which requires no modeling efforts and is
independent of system parameters.

Although the conventional current residual-based fault di-
agnosis strategy can be employed in dual pulse rectifiers, an
appropriate threshold level setting is difficult for residual-based
fault judgment mechanisms [9]. Moreover, the robustness of
OC fault diagnosis for pulse rectifiers is challenged by com-
plicated operation conditions in the practical implementation
process [10]. By contrast, similarity-based fault diagnosis meth-
ods take advantage of simple threshold setting for fast speed of
fault detection and high false alarm immunity, which have been
verified effectively in the applications of a two-level three-phase
rectifier in [11], modular multilevel converters in [12], and multi-
sector permanent magnet synchronous motor systems in [13], for
example. Inspired by the above-outlined challenges and oppor-
tunities, this letter proposes a similarity-based diagnosis method
for OC faults in dual pulse rectifiers in railway applications.

The novel aspects of the proposed method are: 1) an ac-side
current similarity-based indicator with a proper threshold is
applied for fault detection in dual pulse rectifiers; and 2) the
dc-side current and time-sequence current features are extracted
and designed to locate the specific faulty rectifiers and switches.
The proposed method has the following advantages: 1) it is
robust because the designed diagnostic indicators are less sen-
sitive to the traction system operation modes (e.g., traction,
braking), ac-side voltage fluctuations, measurement errors, and
component parameter variances; and 2) it is easy to implement
without the need for additional sensors, circuit modeling, and
signal injection.

II. PROPOSED DIAGNOSIS METHOD

A. Normal Operation and Phase Alignment

As depicted in Fig. 1, two rectifier modules, denoted as
rectifier 1 and rectifier 2, are connected to the secondary side of
the transformer, forming a coupling at the transformer’s primary
side. The dynamic behavior of the system [1] can be described
as

⎧⎨
⎩
Lsj

dismj

dt = usmj −Rsjismj − uabj

Cd
dudc
dt = idcj − udc

R L
ism = ism1 + ism2

(1)

Fig. 2. Alignment process of ac-side current in dual pulse rectifiers.

where the subscript j represents the rectifier modules index. usmj

and ismj denote the ac-side voltage and current of the trans-
former’s secondary side, respectively. ism denotes the ac-side
current of the transformer’s primary side. uabj represents the ac-
side input voltage of the rectifiers. Rsj and Lsj denote the ac-side
equivalent resistance and inductance, respectively. udc and idc

represent the dc-side voltage and current. Cd and RL denote the
dc-side capacitor and the equivalent load, respectively.

Usually, a DQ coupling control strategy is employed for the
dual pulse rectifiers. The control strategy involves carrier phase-
shift modulation with a specific phase difference, typically set
at 90◦, between the two rectifiers. Given the low probability
of both rectifiers occurring OC faults simultaneously, their ac-
side currents can serve as reference signals for each other when
aligned in phase.

To achieve the phase alignment of two currents, this process
involves computing the phase difference between two signals,
converting it into the corresponding discrete data calibration
step, and then adjusting one of the current signals. Initially,
the phase difference depends on the modulation and carrier
wave phases of the two current signals. The modulation wave is
primarily affected by changes in the modulation index, which are
reflected in the ac-side input voltage and ac-side voltage signals
of the two rectifiers. However, the effects on the two rectifiers are
consistent due to the structural characteristics, thereby keeping
the phase difference between two ac-side currents unchanged.
As such, on the premise of equivalent circuit parameters within
the two modules, their modulation wave signals can be regarded
as identical. Consequently, the carrier wave phases primarily
account for the phase difference between the two currents.

To visualize the phase-shift impact on the current signals,
the modulation, carrier waves (denoted as m, c1, and c2, re-
spectively), and pulse signals are analyzed. As presented in
Fig. 2, within a switching cycle, the phase of the carrier signal
transitions from 0◦ to 360◦. Hence, a phase difference of 90◦

corresponds to one-fourth of a switching cycle. The discrete
data calibration step can be calculated by dividing the control
period, which can be expressed as

Nc =
1

4
· 1

fs
· 1

Tc
(2)



9108 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

Fig. 3. Sim value scope with different data window length L.

where the Nc represents the calibration step of discrete data for
phase alignment, fs is the switching frequency, and Tc is the
control period.

Taking the ac-side current of rectifier 2 as the phase reference,
the current phase of rectifier 1 is adjusted by Nc to obtain the
phase-calibrated signal for ism1. As such, the adjusted signal
ism1_s is aligned closely with ism2, ensuring both magnitude and
directional variations are well-matched.

B. Fault Detection and Threshold Design

This alignment enables the similarity measurement indicator
calculation, forming the basis for the fault detection system. In
an applied time window, this current similarity indicator Sim is
proposed as

Sim (ism1−s, ism2) =

∑L
k=1 ism1_s(k) · ism2(k)√(∑L

k=1 i
2
sm1_s(k)

)
·
(∑L

k=1 i
2
sm2(k)

)
(3)

where ism1_s(k) and ism2(k) denote the signals ism1_s and ism2

at time instance k.L represents the number of the data points,
which equals the quotient of the applied time window length and
the control cycle.

During the normal operation, the similarity indicator Sim
tends to 1, while it decreases when an OC fault occurs. Thus,
the value ranges of the Sim value under normal and fault
conditions serve as the foundation for accurate detection. The
time window length is crucial for extracting Sim. Shorter time
window lengths are preferred for faster detection speeds. How-
ever, shorter time windows may fail to capture sufficient fault
signatures, decreasing sensitivity to faults. Given that OC faults
exhibit periodic characteristics within half of the fundamental
cycle, the applied time window lengths forSim extraction are set
at 1/8, 1/4, 3/8, and 1/2 of the fundamental cycle, corresponding
to data window lengths L of 50, 100, 150, and 200, respectively.
Fig. 3 illustrates the scope of Sim values with different data
window lengths L. It can be observed that normal data tend to
stabilize after L exceeds 100, with a clear distinction of the Sim
value between fault data and normal data. This trend remains
consistent as L increases to 150 and 200. Ultimately, the data
window length of 100 is selected to balance the detection time
and accuracy.

The robustness of the fault detection method is important for
practical application, as it depends on the selected indicators
being sensitive to faults while remaining independent of other

Fig. 4. Dynamic behavior of similarity and residual in simulation.

Fig. 5. Indicators data distribution, statistical mean, and variance in historical
data of (a) similarity and (b) residual.

factors. As for dual pulse rectifiers in railway applications, these
factors include operational modes, load variations, input volt-
age fluctuations, parameter variances, and measurement errors.
Given this, a data-informed decision-making strategy is utilized
to evaluate the behavior of the proposed similarity indicator and
design a proper threshold under these conditions. A conventional
residual indicator is then introduced by generating the difference
between the two signals of ism1_s and ism2. Two comparative
analyses are then conducted, involving dynamic behavior in
simulations and statistical analysis in historical data.

The dynamic behavior of similarity and residual in the sim-
ulation test during normal operation is depicted in Fig. 4. It
compares the performance of two indicators under different dy-
namic operation profiles without faults. As shown, the proposed
indicator Sim is significantly less sensitive than the residual to
the dynamic operation conditions, with a relatively consistent
value of around 0.98 during traction/braking mode, full and
half load changes, voltage fluctuations, measurement errors, and
parameter errors.

The data distribution and statistical analysis in historical data
of similarity and residual are shown in Fig. 5. The historical
data cover the instances of normal and fault operation across
traction/braking modes, ac-side voltage with ±15% fluctua-
tions, load changes with half and full load, and parameters
of ±20% variations. To visualize the data distribution of the
Sim and residual indicators across the historical data, Fig. 5
compares their probability density plot, boxplot, scatter plot,
statistical mean, and variance of the normal and faulty database.
The statistical means of Sim and residual approaches 1 and
0 with similar variances of 0.0618 and 0.0615, respectively,
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indicating high stability and consistency. However, the Sim
performs more stable than the residual in fault data with smaller
variances of 0.0001. Moreover, the Sim values exhibit a notable
discrimination capability between normal and fault data, with a
relatively high minimum value of 0.87 during normal operation
and a maximum value of 0.7 during faults.

The comparative analysis between the two indicators high-
lights the advantages of the proposed similarity metric. In terms
of a proper threshold setting, it is determined by minimizing
the probability of normal data misjudgment and the probability
of fault data misdetection in the meantime. According to the
statistical analysis of historical fault data, the threshold settings
between 0.7 and 0.87 all meet the requirements. This study
selects a threshold of 0.7 to accommodate noise, disturbances,
multiple operation modes, measurement inaccuracies, and pa-
rameter errors under normal conditions.

C. Location of Faulty Switch

Each rectifier consists of four switches, marked asTj1,Tj2,Tj3,
andTj4. To locate the faulty modules and switches, further efforts
are made by extracting the intrinsic features from analyzing the
prior fault knowledge. During normal operational conditions,
the rectifiers transfer the energy between the ac and dc sides
with different switching modes. When an OC fault occurs, the
fault switches directly block the related energy transmission
path, thereby making the dc-side output current become zero.
Considering the magnitude and direction of the dc-side output
current can reflect the energy transmission between the ac and
dc sides, the dc-side output currents of the two rectifiers are
computed through the switching function model Sabj [3]. To
enhance this feature, their integration over the applied time
window is expressed as

Ej =

∫
idcjdt =

∫
Sabj · ismjdt (4)

where the E1 and E2 represent the integration of dc-side output
current idc1_s and idc2, respectively, serving as indicators for
locating the faulty rectifier module.

The faulty rectifier module j exhibits an absolute value re-
duction in Ej when an OC fault occurs. As a result, an OC
fault occurs in rectifier 1 when the absolute value of E1 is
smaller than that ofE2. To mitigate errors during the comparison
process, the judgment criterion is applicable only when the
relative magnitude relationship between E1 and E2 persists for
one switching cycle.

In an OC fault event occurring in either Tj2 or Tj3, it leads
to distortion in the positive current waveform. In contrast, an
OC fault in Tj1 or Tj4 results in distortion in the negative current
waveform. As such, the current polarity can be utilized to locate
the faulty switch pairs of Tj2 & Tj3 and Tj1 & Tj4. However,
these switch pairs are symmetrically positioned within the H-
bridge topology, which poses a difficulty due to the similar fault
signatures.

Specifically, the distinctive factor is that the peak moment of
distorted current during a Tj2 fault coincides with the trough
moment observed during a Tj3 fault. Also, the behaviors Tj1

Fig. 6. Similar faults analysis. (a) Switching moments for Tj2 and Tj3 OC
faults. (b) Pulse-sequence features for four switches.

or Tj4 are analogous. Pulse-sequence sampling is designed to
extract the features of switch pairs. The OC faults in Tj2 and Tj3

are illustrated as an example, as shown in Fig. 6(a). When the
driving signalSj2 shifts from 1 to 0, the peaks of distorted current
associated with the Tj3 OC fault can be captured. Conversely, the
peaks of distorted current related to the Tj2 OC fault become
evident when the driving signal Sj3 shifts from 0 to 1. An
analogous analysis can be applied to the Tj1 and Tj4 OC faults.

Denoting the switching moments (SM) of the driving signals
of similar fault pairs as SM1 and SM2, the peaks of distortion
(PD) current at these moments can be calculated by multiplying
SM with the ac-side current ismj. Hence, the SM1, SM2, PD1,
and PD2 for OC faults in similar fault pairs are pictured in
Fig. 6(b), respectively. To achieve the feature enhancement (FE)
for the values of PD1 and PD2, they are integrated within the
applied time window, denoted as FE1 and FE2, are expressed
as

{
FE1 =

∫
PD1 dt =

∫
ismj ∗ SM1 dt

FE2 =
∫
PD2 dt =

∫
ismj ∗ SM2 dt.

(5)

With these new indicators and the relationship depicted in
Fig. 6, the faulty switch can be precisely located when it satisfies
one of the following principles for a switching cycle:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

FE1 < FE2&FE2 < 0, Tj1 OC fault

FE1 < FE2&FE1 > 0, Tj2 OC fault

FE1 > FE2&FE2 > 0, Tj3 OC fault

FE1 > FE2&FE1 < 0, Tj4 OC fault.

(6)

It is essential to emphasize that the previously analyzed
switching moments and pulse-sequence feature extraction find-
ings are subject to the traction operation mode. In braking
conditions, similar fault pairs lead to the same current distortion,
making it indistinguishable from measurement signals.
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Fig. 7. Two setups of the dual pulse rectifiers with full-scale simulation and
down-scale experiment. (a) Specifications and (b) down-scale prototype.

III. CASE STUDY AND VERIFICATION

Two setups of the dual pulse rectifiers with full-scale simula-
tion (Sim.) and down-scale experiment (Ex.) are implemented to
assess the effectiveness of the proposed fault diagnosis method.
Test parameters setting and the down-scale prototype are de-
tailed in Fig. 7, including the us, ac-side frequency fg, trans-
former ratio (nr), Ls1, Ls2, Rs, Cd, RL, fs, and Tc. These pa-
rameters primarily differ in terms of power levels and switching
frequencies. In the full-scale simulation, a switching frequency
of 450 Hz is chosen to mitigate the impact of high switch-
ing losses, aligning with industrial applications. Conversely, in
the down-scale experiment, a higher switching frequency of
1000 Hz is employed to minimize the harmonic generation.
These variations further facilitate the method’s adaptability val-
idation across different switching frequencies.

Scale adjustments are made to ensure the applicability of the
proposed method to both full-scale and down-scale parameters
before the test. Specifically, the ac-side currents are standardized
by dividing their root mean square values. To enhance visu-
alization, the ac-side voltage is adjusted to the interval [−5,
5] by scaling the reference voltage levels of 500 and 10 V in
full-scale and down-scale systems, respectively. Subsequently,
the performance of the proposed fault detection and location
method is analyzed under different operating conditions and
testing scenarios.

A. Fault Detection and Module Location Under Braking
Operation Mode

In the braking operation mode, the ac-side currents of two
rectifiers are standardized and calibrated. As shown in Fig. 8,
the similarity indicator Sim is calculated based on the aligned
currents. When an OC fault occurs in rectifier 1, as depicted
in Fig. 8(a), ism1_s exhibits distortion while ism2 remains nor-
mal. The value of Sim begins to decrease, triggering the
Detection_Flag1 when it falls below the predefined threshold
of 0.7. Simultaneously, the energy flowing through the modules,
as represented by E1 and E2, undergoes significant changes due
to the blockage of current flow in the faulty module. E1 ap-
proaches 0, and E2 continues to vary with the current. Thus, the
faulty module is localized as rectifier 1, and theModule_Flag2
steps to 1.

Fig. 8. Fault detection and module location tests under braking operation
mode. (a) Rectifier 1 OC fault in full-scale simulation. (b) Rectifier 2 OC fault
in down-scale experiment.

Similarly, the OC fault of rectifier 2 can be analyzed, as shown
in Fig. 8(b). Regarding the detection time t1 and module location
time t2, the full-scale simulations are 2 and 1.85 ms, while the
down-scale experiments are 1.9 and 0 ms, respectively.

B. Fault Detection, Module, and Switch Location Under
Traction Operation Mode

Under traction operation mode, where the ac-side current and
voltage are in the same direction, opposite to the braking mode.
The T22 and T13 OC faults are set in the full-scale simulation,
while the T14 and T23 OC faults are set in the down-scale ex-
periment, as shown in Figs. 9 and 10, respectively. The analysis
process for fault detection and module location is similar to that
under the braking mode. As for the switch location, the values of
FE1 and FE2 are extracted and compared. The Switch_Flag
transitioned to 2 because FE1 is smaller than FE2, and FE1 is
greater than 0 for one switching cycle, as depicted in Fig. 9(a).
While theSwitch_Flag transitioned to 3 becauseFE1 is bigger
than FE2, and FE2 is greater than 0 for one switching cycle, as
depicted in Fig. 9(b). The difference between FE1 and FE2

is quite small since the similar feature of the switch pairs.
However, a definitive relationship between them can be ensured
in a switching cycle according to Fig. 6.

During down-scale experiments, additional factors such as
noise interference and measurement errors are introduced into
the detection and location processes. As shown in Fig. 10, the
experimental results maintain diagnostic outcomes comparable
to those observed in simulations, highlighting the robustness of
the proposed method. This indicates its favorable adaptability
across systems with varying parameters. The diagnostic time t,
consisting of detection time t1 and location time t2, averages
around 3 ms.
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Fig. 9. Diagnostic process in traction mode of the full-scale simulation for (a)
T22 and (b) T13 OC faults.

Fig. 10. Diagnostic process in traction mode of the down-scale experiment
for (a) T14 and (b) T23 OC faults.

C. Robustness Validation

To further validate the robustness of the proposed method,
more tests are conducted on the down-scale experimental plat-
form under different operating conditions and scenarios. These
conditions include modulation index variations with different
ac-side voltages (Case1&2, Case3&4), load changes (Case1&3,

Fig. 11. Diagnostic metrics under different test conditions:
Case 1 with us = 20 V, RL = 80 Ω, Ls1 = 2 mH, Ls2 = 2 mH, Cd = 2.8 mF.
Case 2 with us = 30 V, RL = 80 Ω, Ls1 = 2 mH, Ls2 = 2 mH, Cd = 2.8 mF.
Case 3 with us = 20 V, RL = 40 Ω, Ls1 = 2 mH, Ls2 = 2 mH, Cd = 5 mF.
Case 4 with us = 30 V, RL = 40 Ω, Ls1 = 2 mH, Ls2 = 2 mH, Cd = 5 mF.
Case 5 with us = 25 V, RL = 40 Ω, Ls1 = 2 mH, Ls2 = 2 mH, Cd = 5 mF.
Case 6 with us = 30 V, RL = 80 Ω, Ls1 = 2 mH, Ls2 = 1 mH, Cd = 2.8 mF.

Case2&4), and parameter variances (Case5&6). Eight types of
OC faults randomly occurring are tested, and the detection and
location results of each fault type and their average detection
and location times are illustrated in Fig. 11. As shown, the solid
points represent instances where the diagnostic results match the
given fault types, while hollow points indicate inconsistencies.
The experimental results highlight its robustness to diverse op-
erating conditions, i.e., the operation modes, voltage fluctuation,
load changes, parameter variances, and measurement errors. As
a result, the proposed method achieves a diagnostic accuracy
of 100% across multiple experimental tests, with an average
diagnostic time of 4 ms.

In conclusion, Figs. 8–11 showcase the consistent behavior
and the mutually complementary validation between full-scale
and down-scale setups, demonstrating the effectiveness of the
proposed method across systems with different power levels and
switching frequencies. Compared to traditional fault diagnosis
approaches for the single pulse rectifier, although the diagnostic
time is slightly higher than the 2–3 ms reported in [2] and [3] for
residual-based fault diagnosis methods, the proposed method
does not require modeling to obtain reference signals or the
injection of switch signals to locate the faulty switches, which
is simple and preferable for field implementation.

IV. CONCLUSION

A robust similarity-based fault diagnosis method is proposed
for OC faults in the application of dual pulse rectifiers, which is
independent of system parameters and naturally robust to voltage
fluctuations and load changes. The OC faults are detected and
located without the need for modeling, additional sensors, or
signal injection. Investigations, including the performance eval-
uation between similarity and residual indicators, the applied
time window length, and the threshold setting, are conducted to
enhance the robustness of fault detection further. Both full-scale
simulation and down-scale experimental tests under various
dynamic operation conditions verify the effectiveness of the
proposed method.
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