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Current Similarity Analysis-Based Open-Circuit
Fault Diagnosis for Two-Level Three-Phase

PWM Rectifier
Feng Wu, Student Member, IEEE, and Jin Zhao, Senior Member, IEEE

Abstract—This paper proposed a novel single and multiple tran-
sistors open-circuit fault diagnosis method for two-level three-
phase pulse-width modulating rectifier based on topology sym-
metry analysis in healthy and faulty conditions. First, similarity
measurements between any two phase current linklists contained
samples in a period after reconstruction and shape analysis, such
as Euclidean distance, correlation coefficient, and cosine angle, are
used to describe the symmetry of topology and divide the faults
into three classes, then two extra features are extracted to locate
the fault to broken leg and transistors, respectively. The proposed
diagnostic method is robust, low cost, and easy to insert to the ex-
isted control system. The effectiveness and merit were evaluated
by experimental results.

Index Terms—Currents data reconstruction, fault diagnosis,
open circuit, pulse-width modulating (PWM) rectifier, similarity
measurements.

NOMENCLATURE

CDR Current Data Reconstruction
CSA Current Shape Analysis
SM Similarity Measurement
ED Euclidean Distance
CC Correlation Coefficient
CA Cosine Angle
FD Diagnostic Signal, Fault Detection
FI Diagnostic Signal, Fault Location
CL Current Linklist Contained Samples in a Period
ZCS Zero-Crossing Sample
m Representative of a,b,c
im (k) Current Sample in k instant
Ud

∗ Reference Output Voltage
Ud Output Voltage
fs Primary Source Frequency
Tsp Current Sampling Period
L Number of Current Samples in a Period
k Sampling instant
t k − L+ 1
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p1 Position of Down-to-Up ZCS
p2 Position of Up-to-Down ZCS
Im Original CLs
Îm Reconstructed CLs
Dm Difference between Two Nearby Samples
D̂m CLs after CSA
dmn Value of ED between D̂m , D̂n

ρmn Value of CC between D̂m , D̂n

ψmn Value of CA between D̂m , D̂n

Mm Percentage of Close-to-Zero Samples
Sm Polar of Phase Current
N1 , N2 Filters constant
kξ Parameter, Criterion for Close-to-Zero Sample
kz Parameter, Criterion for Broken Leg
ksim1 Parameter, Criterion for Simialrity of CC/CA
ksim2 Parameter, Criterion for Simialrity of ED

I. INTRODUCTION

THREE-PHASE pulse-width modulating (PWM) rectifiers
are widely used in industrial applications such as renew-

able energy, high power electrolysis, and electroplate. PWM
rectifiers have many advantages compared to the conventional
diode or thysistor rectifiers, such as stabilization and regula-
tion of dc link voltage (current), lower harmonic distortion of
line current, bidirection power flow from the primary source
to load, and back from load to the source [1]. The last char-
acteristic is very important for application of the rectifiers in
electric drives. Today, two basic rectifier topologies are widely
accepted, boost rectifier with voltage output and buck rectifier
with current output. Generally, completely controlled transistors
are used as switching components, such as insulated-gate bipo-
lar transistors (IGBTs), and MOSFETs. The healthy condition of
the semiconductor is one of the most important factors that will
affect the reliability and efficiency of a system. Power convert-
ers are complex devices that are often exposed to high stresses,
being therefore very prone to suffer critical failures [2]. Re-
ports and surveys estimate that about 38% of the faults in power
conversion system are due to failures in power devices such as
IGBTs. Recent surveys show that the failure rate of semiconduc-
tor power device reduces, as the most fragile component, their
failure rate is 31%, which follows by “capacitors” and “gate
drives” [3]–[5]. The strong reliability demand of power device
makes the development of fault diagnosis methods become a
hotspot during the last years [6]–[9].

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Generally, semiconductor switch device faults in power con-
verters are subdivided into short circuit and open circuit. Short
circuit of these elements in most cases causes an overcurrent,
which is very destructive and makes the drive system shut down
immediately. Nowadays, short-circuit fault detection has be-
come a standard feature of drives hardware, few research results
are published on them. However, open circuit does not immedi-
ately cause the system shutdown and can remain undetected for
an extended period of time [10], this can lead to overstress on
the healthy switches and in turn cause second failures in other
components, as well as lead to a ripple outputs. As a result, the
system will be shut down by the subsequent faults and needs
higher repairing cost [11], [12].

Therefore, it is essential to develop lots of fault diagnosis
methods to improve the reliability of converters. As is known
to all, open-circuit fault diagnosis in power converters includes
fault detection and fault isolation/location. Usually, fault de-
tection requires antitransients ability to avoid false alarms, fault
isolation requires efficiency, and accuracy to identify fault types.
In most cases, they are studied together.

Fair robustness, fast detection time, and effective location
can be achieved in some voltage-based methods [13]–[15] at
the cost of extra voltage sensors or electrical circuits. The major
disadvantages of these approaches are the use of at least two
additional voltage sensors or electrical circuits, which brings
uncertainty and increases the cost of the drives.

Nowadays, lots of researchers pay attention to current-based
fault diagnosis for low cost and independence to control sys-
tem. In two-level three-phase voltage-source inverter (VSI), the
Park’s vector approach was first proposed in [16] as a fault di-
agnostic tool. This method is not suitable for integration into
the drive controller due to its poor robustness and complex im-
plementation. Normalized dc current methods are proposed in
[17] and [18], these methods have a major drawback of be-
ing load dependant and inapplicable to a closed-loop control
scheme. Model-based methods are proposed in [19]–[21], these
methods are effective, fast and low cost, however, they are poor
in robustness and sensitive to parameters. Recently, load cur-
rent analysis method, current sections analysis in dq-coordinate,
and symmetry analysis based on allelic points are proposed in
[22]–[24], these methods perform well in fault detection for their
fair robustness to variable load and speed, as well as effective
and accurate fault location.

Failures in matrix converter and multilevel inverters are also
focused lots of research work. Fast and low cost fault detection
and location for matrix converter are proposed in [25] based
on an electrical circuit analysis. A fault diagnostic method [26]
on the basis of the radius of the concordia current pattern is
proposed for grid-connected neutral-point-clamped inverter sys-
tem. Method based on a normalized average phase current and
a negative reactive current injection is proposed in [27] for fault
detection in T-type three-level inverter system. Lots of currents-
based methods are proposed in [8] and [28] for multilevel con-
verter. Dynamic current–voltage characteristics are used in [29]
for fault diagnosis of photovoltaic panels. All the research work
mentioned above focus on the fault location, little publication is
related to antitransient fault detection.

Although open-circuit fault has been a hotspot in the past
decades, most publications concern about inverters, However,
the portability to rectifier is poor for the operation principles of
VSI and rectifier are different. Hence, it is necessary to carry
out research works on the rectifier. In [30], the instant converter
voltage error is used for failure analysis in three-level neutral-
point-clamped boost rectifier, it can detect and identify faults
when the line current in the affected phase is reduced to zero.
In [31], mixed logical dynamic model and generated residual
are used for open-circuit fault diagnosis in a single-phase rec-
tifier. In two-level three-phase rectifier, in [32], an open-switch
fault diagnosis method by considering the switching patterns of
space vector PWM and the directions of faulty phase current
are proposed, however, its antitransients ability is poor. In [33],
differences between open circuit in inverter and rectifier are
analyzed, modifying Park’s vector method and normalized dc
current method are used for fault diagnosis. In [34], a combina-
tion of the absolute normalized dc current method is proposed. It
should be noted that the study of two-level three-phase rectifier
fault diagnosis is little, what’s more, the methods-mentioned
above only relate to a single open-circuit fault diagnosis.

In this paper, fair-robust fault detection and location methods
for single and multiple open-circuit faults in two-level three-
phase rectifier are proposed. The major contributions are made
as following:

1) distances between any two phase CLs after CSA are ap-
plied to measure their similarity, which indicates the sym-
metry of two corresponding legs, based on the value of
similarity, a fairly robust fault detection is proposed;

2) the proposed fault location method can identify both single
and multiple open-circuit faults;

3) comprehensive performance of the proposed method is
more superior than the previous methods.

The structure of this paper is as following, Section II in-
troduces the three-phase rectifier with fault diagnosis scheme.
Section III expounds the proposed dynamic CDR, CSA, SMs,
fault detection and location method, including tuning efforts.
Section IV is the experimental results and the performance com-
parison with previous methods. A conclusion is summarized in
Section V.

II. STRUCTURE OF TWO-LEVEL THREE-PHASE RECTIFIER

The structure of three-phase rectifier with proposed fault di-
agnostic unit is depicted in Fig. 1. It contains three-phase pri-
mary source voltages (ua, ub , uc ), three-phase primary induc-
tances (Las , Lbs , Lcs), six transistors (T1, T2, T3, T4, T5,
T6) equipped with six diodes (D1,D2,D3,D4,D5,D6), re-
spectively, rectifier control system with a unity power factor,
capacitor filter (C1, C2) with resistance load RL , and fault di-
agnosis unit. Three-phase current (ia , ib , ic ), the predefined dc
values (Ud

∗), the measured dc values (Ud ) are used as inputs of
control system to generate drive signals to control the transis-
tors ON and OFF, alternatively. Here, in the proposed method,
three-phase currents are first pretreated by CDR and CSA, then
distances between any two pretreated phase currents are applied
to measure the similarity between them, which indicates the
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Fig. 1. Structure of two-level three-phase rectifier with proposed fault diag-
nosis unit.

symmetry of three legs in topology. According to the similarity,
fault can be detected, meanwhile, 21 open-circuit faults can be
divided into three classes. Then, the faulty transistors can be
located combined with two extra features. FD and FI are the
two diagnostic signals that show the results of fault detection
and location, respectively.

III. PROPOSED FAULT DIAGNOSIS METHOD

Symmetrical topology with the same components or devices
is a classical characteristics of power electronic systems, such
as three-phase inverters or rectifiers, matrix, and multilevel con-
verters. The symmetry will change when the system drops from
a healthy condition to a faulty condition. Wu and Zhao [24]
tries to use three-phase currents to describe the symmetry in
three-phase VSI fed induction motor both in healthy and faulty
conditions, however, the proposed method lacks of widely rec-
ognized theory and is inapplicable to two-level three-phase rec-
tifier. In this paper, distances between any two phase currents,
such as ED, CC, and CA, are used to measure their similar-
ity, which is corresponding to the symmetry of the topology.
Based on symmetry analysis in healthy and faulty conditions,
a fault detection and location method is proposed in this paper.
Considering three-phase original currents are ruleless, current
pretreated algorithms including CDR and CSA are proposed for
a understandable similarity measurement.

A. Current Data Reconstruction

For a periodic signal, feature in a period can represent
all the signal characteristics according to self-similar theory
[35]. Three-phase currents in PWM rectifier are periodic under
healthy and faulty conditions. Here, sliding windows contained
current samples in a period are named after CLs. The length of

Fig. 2. Current waveforms before and after CDR, (a) original current wave-
form, (b) original current samples, (c) reconstructed current waveform, and (d)
reconstructed current samples.

CLs L is given as

L =
1
fs
Tsp . (1)

At k instant, t is defined as

t = k − L+ 1. (2)

Three original CLs are showed as the following:

Im (k) = [im (t), im (t+ 1), . . . , im (k)]. (3)

At every instant, three phase CLs are updated by abandoning
the oldest samples and adding the new samples. At k + 1 instant,
there is

Im (k + 1) = [im (t+ 1), im (t+ 2), . . . , im (k + 1)]. (4)

Phase difference exists between any two CLs both in healthy
and faulty conditions. The phase difference in healthy condition
is constant with 2π/3. While the phase difference in different
faulty condition is variable, such as the phase difference between
phase-b and phase-c is π when T1T2 fail. In order to eliminate
the influence of phase difference on SM. A dynamic current
data reconstruction algorithm is proposed by reconstructing the
CLs to the same coordinate origin. Fig. 2(a) and (b) shows the
original CLs. Two ZCSs im (p1), im (p2) divide the CLs into
several parts, such as l1 , l2 , and l3 in Fig. 3(a). Especially, l1 is
equal to zero when p1 is the first position of the CL, l3 is equal to
zero when p2 is the first position of the CL. In the proposed CDR
algorithm, p1 or p2 is set as leading position, the current samples
before p1 or p2 are removed strictly to the ending position of
the original linklists to form reconstructed CLs, showed as (5).
Fig. 3(a) and (c) shows the process of CDR in time series, p2 is
set as leading position, waveforms l1 , l2 before p2 are strictly
removed to the ending position of original waveforms. Fig. 3(b)
and (d) shows the process of CDR in a discrete system.

Îm (k) = [im (pv ), im (pv + 1), . . . ,
im (k), im (t), im (t+ 1), . . . , im (pv − 1)]

v = 1, 2.

(5)
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Fig. 3. Algorithm flowchart of CDR with down-to-up ZCS p2 as heading
position.

Current harmonics and system noise may cause fluctuation
near zero, which has a negative influence on the calculation of
ZCS. Here, two filters are designed. The first one is a mean value
filter, showed as (6), where N1 is a counter

˜im (k) =
1
N1

(im (k) + im (k − 1) + · · · im (k −N1 + 1)).

(6)
Meanwhile, the second filter is designed to avoid false cal-

culation caused by closed-to-zero ac nodes, for j = k −N2
∀v ∈ [k −N2 + 1, k −N2 + 2, . . . , k], if

{

˜im (j) < 0
˜im (v) ≥ 0.

(7)

Then, p2 = k −N2 ; for j = k ∀v ∈ [k −N2 , k −N2 +
1, . . . , k − 1], if

{

ĩm (j) > 0

ĩm (v) ≤ 0.
(8)

Then, P1 = k −N2 . At k instant, if (7) or (8) is workable,
position of ZCS will be replaced by k −N2 , otherwise, position
of ZCS will shift left during CLs update.

Consequently, three-phase reconstructed CLs are presented as
(9), phase differences between any two of them are eliminated
⎡

⎢

⎣

Îa(k)

−Îb(k)
Îc(k)

⎤

⎥

⎦
=

⎡

⎢

⎣

ia(p2) · · · ia(k) ia(t) · · · ia(p2 − 1)
ib(p1) · · · ib(k) ib(t) · · · ib(p1 − 1)
ic(p2) · · · ic(k) ic(t) · · · ic(p2 − 1)

⎤

⎥

⎦
.

(9)
Fig. 3 shows the algorithm flowchart of CDR with im (p2) as

leading position. It includes three steps:
1) update CLs;
2) calculate the position of ZCS;
3) form the reconstructed CLs.

Subfigure 1 of Fig. 4(a)–(d) showed the original CLs gen-
erated from experimental board, subfigure 2 of Fig. 4(a)–(d)
showed the reconstructed CLs when T1,T1T2,T1T3,T1T4
fail, respectively. Intuitively, faulty characteristics are more ob-
vious after CDR. The most important contribution is that the
reconstructed CLs are nearly all the same at every instant, which
facilitates SM with the distance between any two of them.

B. Current Shape Analysis

Traditional SMs in signal processing, such as ED, CC,
and CA, are sensitive to shifting, scaling, and time warpings
[36]–[38], these exist in reconstructed CLs when an open-circuit
fault occurs. Practically, obvious shifting and scaling exist in
CLs between phase-b and phase-c when T1 fails, showed as
subfigure 2 in Fig. 4(a). Little scaling exists between CLs of
phase-b and phase-c when both T1 and T2 fail, showed as sub-
figure 2 in Fig. 4(b). Extreme shifting, scaling, and warps in
temporal dimension exist between CLs of phase-a and phase-b
when both T1 and T3 fail, showed as subfigure 2 in Fig. 4(c).
Obvious warps in temporal dimension in the second half pe-
riod and extreme scaling exist between CLs of phase-a and
phase-b when both T1 and T4 fail, showed as subfigure 2 in
Fig. 4(d). In this paper, derivative-based CSA is proposed to
handle these problems. Here supposing there are two time se-
ries y1 , y2 , showed as in (10), where A1 �= A2 , d represents the
scaling value, B represents the shifting value

⎧

⎪

⎨

⎪

⎩

y1 = A1f(t)
y2 = A2f(t) +B

d = A 1
A 2
.

(10)

The derivative of y1 ,y2 are linear correlation, showed as

∂y1

∂y2
=
A1∂f

A2∂f
= d. (11)

In discrete system, derivative is expressed by difference func-
tion, given as

∂y

∂t
=
y(k) − y(k − 1)

Tsp
. (12)

Considering Tsp is a constant, derivative of reconstructed CLs
can be expressed as

Dm (k) = Îm (k) − Îm (k − 1). (13)

Time warping is another factor that affects SM. Fortunately,
time warpings of reconstructed CLs are in x-axis. It can be
eliminated by mapping and sorting the waveforms to the warp-
ing dimension. The distances of the current waveforms to the
warping dimension are the absolute value of current samples.
Elements of Dm are replaced by its absolute value and sorted
from small to large to form new CLs D̂m . Subfigure 3 of
Fig. 4(a)–(d) showed the results CLs after CSA of four typi-
cal faults T1, T1T2, T1T3, and T1T4, respectively.

C. Similarity Measurements

Distances between any two CLs after CSA are used to
measure the similarity between them, which represents the
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Fig. 4. Three-phase CLs of four typical faults. (a) T1 fails. (b) T1T2 fail. (c) T1T3 fail. (d) T1T4 fail. From left to right, Subplot 1: original CLs. Subplot 2:
reconstructed CLs. Subplot 3: CLs after CSA.

symmetry between the corresponding legs. In this paper, three
different SMs are investigated.

CLs can be seen as a time series with same length,
which can be expressed as D̂m [dm (1), dm (2), . . . , dm (L)]
and D̂n [dn (1), dn (2), . . . , dn (L)], where m,n = a, b, c;m �=
n. ED is a general SM method for time series with same length,
as (14), where dmn(D̂m , D̂n ) is the Euclidean distance of the
two CLs D̂m and D̂n . The smaller value for dmn(D̂m , D̂n )
indicates they are close and more similar, the larger value for
dmn(D̂m , D̂n ) indicates they are distant and less similar

dmn(D̂m , D̂n ) =

(

L
∑

k=1

|dm (k) − dn (k)|2
)

1/2

. (14)

CLs can be seen as samples in statistic theory, covariation,
and CC of two samples D̂m [dm (1), dm (2), . . . ,dm (L)] and
D̂n [dn (1), dn (2), . . . , dn (L)] are applied to SM, as (15), where
ρmn(D̂m , D̂n ) is the correlation coefficients of D̂m and D̂n ,
and ρmn(D̂m , D̂n ) ∈ [0, 1], D̄m ,D̄n are the mean value of D̂m

and D̂n . The value of 1 for ρmn(D̂m , D̂n ) indicates perfect lin-
ear correlation; the value of 0 indicates no linear correlation at
all. Obviously, a larger value of ρmn(D̂m , D̂n ) for two samples
indicates more correlation and similarity between them

ρm n (D̂m , D̂n ) =

∑L
k=1

∣

∣

∣(d̂m (k) − D̄m )(d̂n (k) − D̄n )
∣

∣

∣

√

(
∑L

k=1 (d̂m (k) − D̄m )2 )(
L
∑

k=1
(d̂n (k) − D̄n )2 )

D̄m =
1
L

L
∑

k=1

d̂m (k)

D̄n =
1
L

L
∑

k=1

d̂n (k). (15)

CLs can be also seen as vectors, CA of vectors D̂m

[dm (1), dm (2), . . . , id(L)] and D̂n [dn (1), dn (2), . . . , dn (L)]
also can be applied to SM, as (16), it represents the similar-
ity of two vectors directions, where ψmn(D̂m , D̂n ) is the cosine
angle of D̂m and D̂n , and ψmn(D̂m , D̂n ) ∈ [0, 1]. The value of
1 for ψmn(D̂m , D̂n ) indicates two vectors are in the same or op-
posite direction, the value of 0 for ψmn(D̂m , D̂n ) indicates two
vectors are in orthogonal direction. Obviously, a larger value

of ψmn(D̂m , D̂n ) for two vectors indicates more similarity be-
tween them

ψmn(D̂m , D̂n ) =

∣

∣

∣

∑L
k=1 dm (k) · dn (k)

∣

∣

∣

√

∑L
k=1 dm

2(k) ·∑L
k=1 dn

2(k)
. (16)

D. Proposed Fault Diagnosis Method

1) Fault Detection: Values of SMs are used to measure the
similarity between any two CLs, which represents the symmetry
of the topology. In healthy condition, all three legs are symmet-
rical, distance between any two CLs is small, all three CLs are
similar. When fault occurs, this does not establish. Thresholds
used to qualitative analysis of symmetry are defined as (19),
where ∼ means the left is symmetric with the right. The cri-
terion for symmetry is different when different SM is used.
For CA and CC, the value of ρmn or ψmn represents that CLs
of phase-m and phase-n are similar if it is larger than Ksim1 ,
which indicates leg-m and leg-n are symmetrical. For ED, the
value of dmn represents that leg-m and leg-n are symmetrical if
it is smaller than Ksim2

⎧

⎪

⎨

⎪

⎩

ρmn > Ksim1 ⇔ leg-m ∼ leg-n

ψmn > Ksim1 ⇔ leg-m ∼ leg-n

dmn < Ksim2 ⇔ leg-m ∼ leg-n.

(17)

As a result, criterion of fault detection can be presented as

FD =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

0,
ρab , ρbc , ρac > Ksim1

ψab , ψbc , ψac > Ksim1

dab , dbc , dac < Ksim2
1, else.

(18)

Taking CC and CA for example, if all three values of SMs
are larger than predefined thresholdsKsim1 , all three phase CLs
after CSA are similar, which indicates three legs are symmetric,
the system is healthy. Otherwise, the symmetry of rectifier will
be broken, which indicate fault occurrence.

2) Fault Location: Transistor open-circuit fault will break
the symmetry of the system topology. Only two legs are symmet-
rical in faulty condition. Twenty-one open-circuit faults are first
divided to three classes FAULT_1, FAULT_2, and FAULT_3, re-
spectively, according to the similarity of CLs after CSA, showed
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TABLE I
PROPOSED FAULT DIAGNOSIS TABLE WITH ED

Features

Healthy Condition SMs Mm Sm Faulty Transistors Fault Type
Healthy da b , db c , da c < K s im 2 × × × 0

Ma > Kz Sa = 0 T1T2 1
Sa > 0 T1 2
Sa < 0 T2 3

Fault 1 db c < K s im 2 da b , (Mb > Kz ) ∧ (Mc > Kz ) Sb > 0, Sc > 0 T3T5 4
da c > K s im 2 Sb < 0, Sc < 0 T4T6 5

Sb > 0, Sc < 0 T3T6 6
Sb < 0, Sc > 0 T4T5 7

Mb > Kz Sb = 0 T3T4 8
Sb > 0 T3 9
Sb < 0 T4 10

Fault 2 da c < K s im 2 da b , (Ma > Kz ) ∧ (Mc > Kz ) Sa > 0, Sc > 0 T1T5 11
db c > K s im 2 Sa < 0, Sc < 0 T2T6 12

Sa > 0, Sc < 0 T1T6 13
Sa < 0, Sc > 0 T2T5 14

Ma > Kz Sc = 0 T5T6 15
Sc > 0 T5 16
Sc < 0 T6 17

Fault 3 da b < K s im 2 da c , (Ma > Kz ) ∧ (Mb > Kz ) Sa > 0, Sb > 0 T1T3 18
db c < K s im 2 Sa < 0, Sb < 0 T2T4 19

Sa > 0, Sb < 0 T1T4 20
Sa < 0, Sb > 0 T2T3 21

in Table I. Every fault class results from two faulty conditions,
taking FAULT_1 as example, the relationships of SMs are dbc <
Ksim2 , dab , dac > Ksim2 or ρbc > Ksim1 , ρab , ρac < Ksim1 or
ψbc > Ksim1 , ψab , ψac < Ksim1 , leg-b and leg-c are symmet-
rical, leg-a is asymmetrical with them. It may be caused by
that only leg-a is broken or both leg-b and legc are broken. If
leg-a is broken, then the faulty transistor may be T1, T2 or
T1T2. If both leg-b and leg-c are broken, the broken transistor
may be T1T3, T2T4, T1T4 or T2T3. In order to identify the
faulty transistor from FAULT_1, extra diagnostic features are
designed.

When transistor open circuit occurs, the connected diode will
continue operating by replacing the faulty transistor to realize
energy conversion. Diode conduction drop is set as UD , when
the voltage drop of diode is smaller than UD , the connected
diode will be nonconducted, leading to a short closed-to-zero
intervals in the corresponding phase current. When the voltage
drop of diode is larger than UD , diode will be conducted. The
closed-to-zero current samples at k instant can be defined as
(21). Kξ is a predefined minimal threshold, Hm = 1 represents
that im (k) is close-to-zero

Hm (k) =

{

1, |im (k)| < Kξ

0, else.
(19)

The percentage of closed-to-zero current samples in a period
can be expressed as following:

Mm (k) =
1
L

k
∑

j=t

Hm (j). (20)

In FAULT_1, if Ma is larger than a predefined threshold Kz ,
then leg-a is broken, if Mb or Mc is larger than Kz , then there
is a faulty transistor in leg-b and leg-c, respectively.

Here, another feature is applied to identify whether the broken
transistor is on the upper or on the lower or both of them, giving
as (23). Sm is defined as a ratio of the sum to absolute sum
of current samples in a period. It represents the energy polar
flowed through leg-m

Sm (k) =

∑k
j=t im (j)

|∑k
j=t im (j)| . (21)

The value of 0 for Sm represents the energy flowed through
the upper and the lower is equal, in faulty condition, which
means both two transistors fail. The positive value for Sm rep-
resents the energy flowed through the lower is smaller than that
flowed through the upper, which means the lower transistor fails.
The negative value for Sm represents the energy flowed through
the upper is less than that flowed through the upper-part, which
means the upper transistor fails.

Based on the analysis above, a fault diagnostic table is pro-
posed, Table I shows the fault detection and location when
ED is used for SM. Where × indicates a do not care con-
dition. The proposed fault-location method includes three
steps:

1) identify the fault into three classes by values of SM;
2) identify the broken leg or legs by Mn ;
3) identify the broken transitor to the upper or the lower or

both of them by Sm .
Taking T1 open-circuit fault for example, dbc < Ksim2 ,

dab , dac > Ksim2 indicates that leg-a is broken or both leg-b



WU AND ZHAO: CURRENT SIMILARITY ANALYSIS-BASED OPEN-CIRCUIT FAULT DIAGNOSIS 3941

TABLE II
VALUE RANGES OF THE PARAMETERS

CC,CA ED
Parameter Kξ Kz K s im 1 K s im 2

Value Range 0.1 − 0.4 0.07 − 0.15 0.988 − 0.993 adaptive

TABLE III
NUMERICAL ANALYSIS OF DIFFERENT SMS WITH EXPERIMENTAL RESULT

phase to SMs
Fault phase ED CC CA

(d, ρ, ψ )a b 1.00 0.963 0.986
T1 (d, ρ, ψ )b c 0.08 0.994 0.998

(d, ρ, ψ )a c 1.20 0.962 0.985
(d, ρ, ψ )a b 6.19 0.829 0.798

T1T2 (d, ρ, ψ )b c 0.60 0.977 0.994
(d, ρ, ψ )a c 7.25 0.748 0.785
(d, ρ, ψ )a b 0.36 0.401 0.324

T1T3 (d, ρ, ψ )b c 2.33 0.708 0.738
(d, ρ, ψ )a c 1.74 0.859 0.742
(d, ρ, ψ )a b 0.90 0.936 0.946

T1T4 (d, ρ, ψ )b c 3.18 0.951 0.844
(d, ρ, ψ )a c 3.26 0.871 0.822

and leg-c are broken, Ma > Kz indicates that leg-a is broken,
Sa > 0 indicates that T1 fails.

E. Tuning Efforts

An important property of any algorithm is low tuning effort,
a scheme should work with as little tuning as possible. The pro-
posed fault diagnosis method needs five parameters, including
two counter N1 and N2 , and three criteria Kξ , Kz , and Ksim .
N1 is a mean filter counter to calculate p1 , p2 , N2 is a counter
to avoid close-to-zero oscillation during calculation of p1 , p2 ,
their values are constant. In fact, only two parameters need tun-
ing in this paper. Kξ is used as criterion for nearly-zero current
sample, defined as (23), where Am is the current amplitude of
phase-m, θs is a small constant. Larger value of θs will increase
the robustness to transient, however, smaller value will reach
fast detection. In this paper, the value of θs is suggested to set
as 1

60 ∼ 1
30 . Kz is a threshold to identify broken leg, close-to-

zero current samples percentage in a period is 4θs/2π in healthy
condition considering that there are two ZCSs, so Kz should be
larger than 4θs/2π given as (24). Because the value ranges of
CC, CA, and ED are different, the thresholds are different when
different SMs are used for CLs after CSA, Ksim1 is applied to
CC and CA, the value should be closed to 1, Ksim2 is applied
to ED, it is suggested as (26), where K0 , λ are constants. The
large value of λ will increase detection time, the small value
will increase robustness, λ is set 4 in this paper. K0 is set to
avoid false alarm in healthy condition when all dab , dbc , dac are
small, K0 is set 0.1 in this paper. Effective value ranges for the
parameters based on experimental results are showed in Table II,
the large tuning ranges of thresholds show high efficiency of the

Fig. 5. Experimental setup.

proposed algorithm

kξ = Am sin(θs) (22)

kz > 4
θs
2π

(23)

dmax = max(dab , dbc , dac)

dmin = min(dab , dbc , dac)

Ksim2 =
λdmin + dmax

λ + 1
dmax + dmin

dmax − dmin
+K0 . (24)

IV. EXPERIMENTAL RESULTS

The following analyses are based entirely on the experimental
results since they give a better presentation of the algorithm per-
formance in the presence of nonideal properties, such as model
uncertainty, measurements noise, rectifier dead-time effects, etc.
Some indices were presented to evaluate the performance of the
proposed fault diagnosis method, such as robustness, detection
time, etc. Four kinds of faults were investigated, including sin-
gle open-circuit fault, multiple open-circuit faults in the same
leg, multiple open-circuit fault both on the upper or the lower,
multiple open-circuit fault one is on the upper and the other one
is on the lower, represented by T1, T1T2, T1T3, and T1T4
failure, respectively. All kinds of transistor open-circuit faults
were performed by inhibiting their respective gate signals while
keeping the bypass diode still connected. The experimental re-
sults are presented by the signals FD and FI, which represents
the results of fault detection and fault identification.

Three-phase rectifier was implemented in a TMS320F28335
board. The experimental setup is showed in Fig. 5, consists of a
control board, a power converter with a switching frequency of
10 kHz, and the IGBT dead time of 3.2 μs, three phase primary
voltage source of 80

√
3v, primary inductance of 8.6mH, and

resistance load. The parameters Kξ ,Kz ,Ksim1 , λ K0 for fault
diagnosis were set as 0.2, 0.08, 0.99, 4, 0.1, respectively, Ksim2
is online adaptive.
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Fig. 6. Experimental results of antitransients, from up to down, output voltage
Ud , three-phase currents ia , ib , ic , values of SMs dm n , ρm n , ψm n , Diagnostic
signal FD.

A. Immunity to an Abrupt Change of Reference DC Value and
Resistance Load

Disturbances of load change and reference dc value change
are examined to prove the fair robustness of the proposed diag-
nostic method, showed in Fig. 6. Ud

∗ ranges from 230 to 280V
at 0.035 s andRL ranges from 120 to 80Ω at 0.335 s. The output
voltage fluctuates during the transients, showed as subfigure 1.
Three phase currents are showed as subfigure 2. Values of SMs
with ED, CC, and CA are showed as subfigure 3, 4, 5, respec-
tively. From the results, all three SMs are robust to load changes,
but they are fluctuating when the reference voltage changes, the
fluctuation of CC is nearly 0.4, which leads to a false alarm,
the fluctuation of CA is 0.04, showed as subfigure 5, which
is over the alert line, ED are all nearly equal to zero, it is far
smaller than Ksim2 . No false alarm occurs during transient if
ED is adopted as features for fault detection, FD remains zero,
showed as subfigure 6.

B. Fault Diagnosis

1) Single Open-Circuit Fault Diagnosis: Fig. 7 shows the di-
agnostic process when T1 open circuit occurs, from up to low,
waveforms of output voltage, three-phase currents, SMs, and di-
agnostic signals are given out. When the fault occurs, indicated
as the red line, output voltage ripple occurs and phase current
are distorted, showed as subfigure 1, 2, respectively. In healthy
condition, SMs that are applied to measure similarity between
any two CLs are equal, when open-circuit fault occurs, SMs are
not equal again, fault is detected. After fault occurs, subfigure 3
shows the results when CC is used as SM, ρab is larger than
Ksim1 , ρac , ρbc are equal and both smaller than Ksim1 . Subfig-
ure 4 shows the results when CA is used as SM, ψbc is larger
than Ksim1 , ψab , ψac are equal and both smaller than Ksim1 .
Subfigure 5 shows the results when ED is used as SM, dbc is
the smallest and dac is the largest, dbc is smaller than Ksim2 ,

Fig. 7. Fault diagnosis process when T1 fails with reference voltage Ud
∗ =

310 V, from up to down, output voltage, three-phase currents, similarity mea-
surements signals, features Mm , Sm and diagnostic signals FD, FI.

dab and dac are equal and both larger thanKsim2 . All the results
of different SMs show that leg-b and leg-c are symmetrical, and
they are asymmetrical with leg-a, which indicates that leg-a is
broken or both leg-b and leg-c are broken. The percentages of
close-to-zero intervals of three phase currents in a period are
showed in subfigure 6, Ma is larger than the Kz , which indi-
cates leg-a is broken.The polar of the energy flowed through the
upper and the lower part of the broken leg is positive, showed as
subfigure 7, Sa > 0, which indicates only the upper transistor is
broken. Here, an FI report counter “Fcnt” is introduced to filter
out impulse false alarm caused by primary inductance energy
release when fault occurs. A delay ofL samples is introduced by
the counter Fcnt. This delay is very small with only one current
fundamental period, if the fault location results keep unchanged,
then FI is confirmed. The diagnosis results remain unchanged
over a period, showed as subfigure 8, the counter “Fcnt” is equal
to L. As a result, open circuit is located to T1. The detection
time is 0.005 s, isolation time is 0.026 s. The detection time and
location time are both nearly a current period, which proves the
proposed method is fast and effective.
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Fig. 8. Fault diagnosis process when T1T2 fails with reference voltage
Ud

∗ = 350 V, from up to down, output voltage, three-phase currents, simi-
larity measurements signals dm n, features Mm , Sm , and diagnostic signals
FD, FI.

2) Performance Comparison of Three SMs: Three different
SMs are used to analyze the relationship between any two CLs
after CSA. In order to confirm the best application, their diag-
nostic performance is compared from three aspects: false alarm
in fault detection, tuning efforts, and efficiency in fault loca-
tion. First, from the experimental results of transients showed in
Fig. 6, both CC and CA will cause false alarms when reference
voltageUd

∗ changes, while no false alarm occurs in ED. Second,
threshold Ksim1 for SM with CC and CA needs tuning, mean-
while, the tuning range is small. While threshold Ksim2 for SM
with Ed is online updating. Third, in order to evaluate the effi-
ciency of three SMs, Table III gives out the experimental results
of three SMs in four typical open-circuit faults. The data in the
table comes from experimental board, they are the mean values
of SMs during ten current periods in faulty condition. Only ED
can identify all four typical open-circuit faults. Consequently,
only ED is applied to multiple open-circuit fault diagnosis due
to its acceptable superiors in both robustness, tuning effort, and
efficiency.

3) Multiple Open-Circuit Fault Diagnosis: Fig. 8 shows the
diagnostic process when T1T2 are broken, from up to low,
waveforms of output voltage, three-phase currents, SMs ,and
diagnostic signals are given. When the fault occurs, indicated
as the red line, output voltage ripple occurs and phase currents
are distorted, showed as subfigure 1, 2, respectively. Values of
ED are showed as subfigure 3, dab ≈ dac �= dbc , fault can be
detected. After fault occurs, dac ≈ dbc > Ksim2 , dbc < Ksim2 ,

Fig. 9. Fault diagnosis process when T1T3 fails with reference voltage
Ud

∗ = 350 V, from up to down, output voltage, three-phase currents, simi-
larity measurements signals dm n , featuresMm , Sm and diagnostic signals FD,
FI.

which indicates leg-b, leg-c are symmetrical, and they are asym-
metrical with leg-a. Hence, leg-a is broken or both leg-b and
leg-c are broken. The percentages of close-to-zero intervals in a
period of three phase currents are showed in subfigure 4, Ma is
larger than the Kz , which indicates leg-a is broken. The polar
of the energy flowed through the upper and the lower part of
the broken leg fluctuate near to zero for the energy release of
corresponding inductance need a short time, showed as subfig-
ure 5, two single open-circuit faults occur alternatively during
this transient, however, the corresponding counters of diagnos-
tic results are smaller thanL, they are identified as impulse false
alarm. After the phase currents recover stable, counters of diag-
nostic results for multiple open-circuit fault is equal to L, which
indicates both the upper transistor and the lower transistor are
broken. As a result, open circuit is located at T1T2.

Experimental results of T1T3 fail and T1T4 fail are pre-
sented in Figs. 9 and 10, respectively. All the results show the
merit of three phase rectifier open-circuit fault detection and
location method based on current similarity analysis.

C. Comparison of Previous Methods

In this section, performance of the proposed diagnostic
method is compared with previous methods, such as detection
and location time, robustness, tunning efforts, cost, sensitive
to system parameters, and efficiency, the results are showed
in Table IV. The proposed method can detect and locate sin-
gle open-circuit fault within 1 current fundamental period,
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TABLE IV
COMPARISON WITH PREVIOUS METHODS

Diagnostic Method Detection Time Robustness Tuning Efforts Cost Sensitive to System Parameters Efficiency

Current angle-based method [32] 1/4cycle Low Medium Low Low Single
Modified Park’s vector method [33] > 2cycles Low High Low Low Single
Model-based method [19] 1/4cycle High Medium Low High Single and multiple
Proposed method 1/4 cycle High Medium Low Low Single and Multiple

Fig. 10. Fault diagnosis process when T1T4 fails at with reference voltage
Ud

∗ = 350 V, from up to down, output voltage, three-phase currents, similarity
measurements signals dm n , features Mm , Sm and diagnostic signals FD, FI.

meanwhile it is robust to load and reference changes, more-
over, it can identify 21 open-circuit faults without any extra
sensors or electrical circuits. As can be seen in Table IV, the
proposed method can achieve good performance in the indexes
mentioned above, while the previous methods have one or more
shortcomings.

V. CONCLUSION

A single and multiple open-circuit fault diagnosis method
in three-phase rectifier has been proposed based on similar-
ity analysis of CLs after CSA. CDR is proposed to eliminate
the phase difference among three phase CLs. Derivative-based
CSA is applied to solve the shifting, scaling, and time warpings
in reconstructed CLs. Three SMs are designed and their perfor-
mances are compared, such as robustness, tuning, and efficiency,
ED performs best. The proposed fault detection method is based
on the symmetrical analysis, fault can be detected when values
of ED are not equal again. The proposed fault-location method

includes three steps, the fault is first divided into three classes
by the values of SMs, then identified to broken legs by Mn ,
finally located to broken transistor by Sa .

The proposed fault diagnosis method is robust to transients,
fast and low cost without extra sensors or electrical circuits.
It has potential application to transistor open circuit in matrix,
two-level, and multilevel converters.
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