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A Fast and Robust Diagnostic Method for Multiple
Open-Circuit Faults of Voltage-Source Inverters
Through Line Voltage Magnitudes Analysis

Xun Wu
Tian-Jian Yu

Abstract—In this article, a fast and robust diagnostic method for
multiple open-circuit (OC) faults is presented for voltage-source
inverters. Only two line voltages are used as diagnosis variables,
which is economic, simple, and can reduce the influence caused by
the failure rate of information sources. Possible magnitudes of these
line voltage vectors are characterized in detail both for the healthy
and faulty operations. Then, several voltage features are extracted
for diagnosis. Single-switch open-circuit faults and double-switch
open-circuit faults can be accurately and quickly located through
the proposed method. The fastest diagnostic process can be finished
in 1/20 of the fundamental period. The diagnostic results of the
proposed method are not affected by certain load OC faults, which
may lead to false diagnosis of the existing methods. Moreover, the
proposed method is robust to different control strategies, filter com-
ponents, and carrier frequencies. Experiments are carried out on
a dSPACE platform, and the effectiveness of the proposed method
is verified.

Index Terms—Fault diagnosis, fault location, inverters.

I. INTRODUCTION

applications, such as uninterruptible power system, active
power filters, and renewable energy conversion systems. Al-
though inverters have excellent performance of energy saving
and control, they may suffer critical failures when exposed to
high stress and hard environment conditions. Generally, the
main failures of inverters are classified as short-circuit faults
and open-circuit (OC) faults [1]. Short-circuit faults are more
destructive than OC faults and may lead to the shutdown of
the system immediately. As a result, they are usually prevented
by introducing protection layers. Although OC fault is not as
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dangerous as short-circuit fault, if it remains as is for an extended
period of time, it will eventually cause secondary damages
leading to the system shutdown and high repair costs. A number
of fault-tolerant control strategies [2]-[8] have been proposed
to control and prevent the spread of these failures; however, the
premise to implement these strategies is the fast fault diagnosis.

Currently, inverter fault diagnosis is still a research hotspot,

concerning the reliability and maintainability. A large number
of studies have been carried out on the OC fault diagnosis of
inverters. The existing methods can be divided into three groups
according to the deployed diagnosis variables.

1) Current-based diagnostic methods [8]-[18]. These meth-
ods usually detect OC faults directly via three-phase cur-
rents, i4/i4, Or bus currents. Current pattern recognition
[9]-[11] is one of the most popular techniques for fault
location. Faults can be diagnosed by intelligent algorithms
or using only the radius and angle of the current pattern.
Additionally, faults can be diagnosed by harmonics, aver-
age, and root mean square currents as well [8], [12], [14]—
[17]. Most current-based methods focus on single-switch
open-circuit (SSOC) fault diagnosis; a few researchers
[15]-[18] also studied multiswitch OC fault diagnosis.
Although current detection is convenient in many diag-
nosis occasions, researchers have to adopt more strategies
to minimize the influence of load variation, increasing the
complexity of the diagnosis algorithms. Moreover, most
of the methods based on current detection may not be
applicable if OC faults occur at the load side, because
these faults can lead to the output current interruption. This
problem has not been referred to and studied in existing
diagnosis methods for inverter OC faults.

2) Voltage-based diagnostic methods [19]-[28]. There are
also anumber of fault diagnosis methods based on the volt-
age detection. Line voltages and pole voltages are mainly
utilized as diagnosis variables. Faults are usually diag-
nosed through the comparison of the measured and ideal
values [19], [20] and switching function models [21]-[23].
These methods are able to locate OC faults accurately;
however, control signals are indispensable variables for
diagnosis. Considering the reliability of the systems, they
may not be applicable to existing inverters without any
modification. The combination of the principle component
analysis and the multiclass relevance vector machine is an
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effective tool for cascaded H-bridge multilevel inverter
diagnosis, and three-phase voltages are required [25].
Bayesian network [26] and neural networks [27], [28]
are also used for diagnosis. But the parameter selection
of intelligent algorithms is an intractable problem when
these methods are applied to other different systems. Extra
time is required for adjusting the models and seeking the
optimal structures. Moreover, intelligent algorithms that
require training samples are also inappropriate for the
diagnosis because it is difficult to obtain a large number of
real and universal samples, especially in some important
applications that require high reliability.

3) Multisource information based diagnostic methods [29]-
[46]. Faults can be diagnosed by combining information,
such as currents and speed [31]-[33], currents and voltages
[35]-[40], currents and control signals [44], [45], and volt-
ages and control signals [46]. Several diagnosis methods,
such as [32] and [44], are able to locate double-switch
open-circuit (DSOC) faults. Although multisource infor-
mation based diagnosis methods are able to provide more
comprehensive analysis of OC faults through information
of different aspects, the reliability of themselves is still
a question. Generally, one may think more information
means higher reliability. This may not be true as expected
when considering the failure rate of information sources.
Studies have shown that sensors in poor working condi-
tions are also potential fault points [14], [47], [48]. Assum-
ing that all resources are properly used, and information
sources have the same failure rate. It can be calculated that
the rate of overlook or false diagnosis of the method using
three information sources is larger than that using only two
information sources. Therefore, more information sources
do not necessarily mean higher diagnostic reliability; they
may even increase the error rate. Of course, some strategies
can be used to enhance the reliability while using more
date sources, but, on the other hand, that will definitely
increase the system cost and complexity.

In this article, a fast, robust, simple, and low-cost fault di-
agnosis method is proposed for single- and double-switch OC
faults in voltage-source inverters. The proposed method has
several advantages. The OC faults can be accurately located by
the proposed method within 1/20 of the fundamental period in
some cases. The fault diagnosis results are immune to certain
load OC faults, which may lead to false diagnosis of the existing
methods. The proposed method is also robust to different control
strategies, filter components, and carrier frequencies. Moreover,
neither control signals nor other modifications are required in
the proposed method. Only two line voltage sensors are used
for diagnosis purpose, which is simple, reliable, and economic,
and can be easily implemented in both existing and newly built
inverters.

The rest of this article is organized as follows: Section II
analyzes the health operation and fault operation of an inverter on
apassenger train, respectively. Section III describes the proposed
diagnostic method. Section IV presents the experimental results
of the proposed method. Section V compares the proposed
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Fig. 1. Main circuit of an inverter on a passenger train.

method with existing diagnosis methods. Section VI summarizes
the article.

II. INVERTER AND OPERATION ANALYSIS
A. Operational Principle of the Inverter

An inverter on a passenger train is utilized as an example
for analysis, and the main circuit is shown in Fig. 1. The input
voltage uq.() is 600 VDC; the outputs are three-phase 380 V/
50 Hz. Sinusoidal pulse width modulation (SPWM) is adopted.
L; and R; are precharged circuits. KM2 is turned ON when the
precharge is completed. C;—C,4 and R3—Rg are dc-side compo-
nents to stabilize the input voltage. KM3 and R are discharge
circuits. When the inverter is shut down, KM3 is turned ON and
the energy in the dc-link capacitors is released. VT1—VTg are
insulated gate bipolar transistors with corresponding antiparallel
diodes. C', —C'. are three-phase inductance capacitors. L,— L,
are three-phase filter inductances. C5—Cg are three-phase filter
capacitors. Output voltages uqp(t) and up.(t) are measured by
voltage sensors TV203U and TV203YV, respectively.

Usually, output voltages can be given as

Uab(t) = Uy, sin (wt)
Upe(t) = Uy, sin (wt + @) (1)
Ueq (1) = Uy, sin (wt + 2¢)

where U, is the amplitude, w is the angular frequency of

modulation wave, and ¢ is the phase angle —27/3.
The ratio of up.(t) and wuqp(t) is

Upe (t) _
uab(t)

sin (wt + @)
sin (wt)

r(t) =

= sin (¢) cot (wt) + cos (¢) .
2

It can be seen that the ratio changes periodically in the form of
cotangent. The period is equal to that of the output line voltages.

B. Analysis of Fault Operations

Under fault conditions, the output voltages can be indirectly
analyzed through voltages uap(?), upc(f), and uca(f), because
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they are easier to calculate. In the analysis, we assume that the
inverter runs with pure resistive load to simplify it.

Voltages uap(f), upc(f), and uca (f) can be obtained by Kirch-
hoff’s law

uaB(t) = tac — uyri(t) — wyra(t)
upc(t) = uge — uvrs(t) — uvre(t)
uca(t) = tuge — uyTs(t) — wyra(t)

3)

where uyT1(f)-uvyre(f) are voltages of VT1—VTg, respectively.

If an OC fault occurs, the line voltages will have the obvious
fault features in a time zone, in which the control signal of the
switch has a high duty ratio. The time zone appears periodically
in each period, and it is the best time for fault analysis. Different
OC faults have different time zones. The time zones of OC faults
in a period are calculated according to the modulation waves and
the conduction time of the switches

71 of VT OC fault:
Zs5 of VT5 OC fault:
Z3 of VT3 OC fault: 57/6 < wt < 37/2.

Z4 of VT4 OC fault: 0 < wt < w/2 and 117/6 < wt < 2.
Zs of VT5 OC fault: 0 < wt < 7w/6 and 37/2 < wt < 2.
Zg of VTg OC fault: 7/2 < wt < 77/6.

/6 < wt < 57/6.
Tr/6 < wt < 117/6.

When VT; OC fault occurs, control signals tr4(t)—tro(t)
have five different combinations in Z;, as shown in Fig. 2. The
upper arm is activated when the control signal is 1; the lower
arm is activated when the control signal is 0. Voltages upp(?)
and ugc(f) in Z; can be calculated as follows.

When tr4 (t) =1tirpg (t) =trc (t) = 0, then, uyT1 = uyTs =
Ude, UyTa = uyte = 0, uagp = upc = 0. When t’I"A(t) =1,
trp(t) = tre(t) = 0, then, uyr1 = uyTs = Ude, UvT4 = UVTE
=0,uap =upc =0. When tra(t) =trp(t) =1,trc(t) =0,
then, uyti = uac/2, uyts = uvte = 0, UyTs = Ude, UAB =
“Uqe/2, upc = ugc. When tr4(t) = trp(t) = tre(t) = 1, then,
uyT1 = uyrs = 0, uyT4 = UyT6 = Udc, UAB = upc = 0. When
tra (t) = trc(t) =1,trp (t) = 0, then, uyt1 = uqe/2, uyrs =
uyTe = Ude, UyTa = 0, UAB = Uqc/2, uBc = —Udc.

The rectangular wave values of uap and upc during Z;
are listed in Table I. It can be observed that the value of
upc(t)/uap(t) is —2 during this period. Because the parameters
of the three-phase filter components are consistent, the filter
transfer functions in the three phases are the same as well. The
value of wp.(t)/uqp(t) is the same as that of upc(H)/uap(?),
according to the linear relationship.

1, tr B( )70 and tro(t) = 1.

TABLE I
RECTANGULAR WAVE VALUES OF VT; OC FAULT

Sf;‘t‘ith (1) 1ra(1) tr(t) uan(?) usc(f)
0 0 0 0 0
1 0 0 0 0
VT 1 1 1 0 —udc/ 2 Ude
! I I 0 0
1 0 1 udc/ 2 —Udc

When VT, OC fault occurs, control signals tr4(t)—trc(t)
have five different combinations in Zy, as shown in Fig. 3.
Voltages uap(f) and upc(f) in Zo can be calculated as follows.

When tr4(t) = trg(t) = tro(t) = 0, then uyry = uyrs =
Ude, UyTa = Uyre = 0, uap = upc = 0. When tra(t) =
tTB(t) =0, t’l“c(t) =1, then, uyt1 = uqc/2, uyTs = Uyrtg =
Ude, UyTs = 0, uaAR = uge/2, upc = —uge. When tT’A(t) =0,
tTB(t) = t’r‘c(t) =1, then, uyt1 = uyrs = 0, uyts = UyTe
= Ugc, uap = upc = 0. When tr4(t) = trp(t) = tro(t) =1,
then, uyr1 = uvrs = 0, uyrs = UyTe = Udc, UAB = UBC =
0. When tr,(t) = tre(t) = 0, trp(t) = 1, then, uyt1 = ugc/2,
uyTs = uyre = 0, UyT4 = Ugc, UAB = —Udc/2, UBC = Udc.

The rectangular wave values of uap and upc during Zo
are listed in Table II. The ratios of both ugc(f)/upp(f) and
Upe(t) [uap () are 2.

The voltage values can be obtained in the same way when
faults occur in other phases. Table III lists the rectangular wave
values of uap and upc during the time zones of other OC faults.
When the b-phase fails, The ratios of both upc(#)/usp(f) and
Upe(t) /uap(t) are 1. When c-phase fails, The ratios of both
upc(D/uap(f) and upe(t) /uqp(t) are —1/2.

It is noted that any factor that causes the two voltages to
change in the same proportion will not affect the ratio of the
two voltages, for example, the replacement of qualified filter
components.

III. PROPOSED DIAGNOSIS METHOD

The fault phase can be accurately determined according to the
voltage ratio, which is one of the key parts of the diagnosis. But
it is difficult to distinguish whether the fault is in the upper arm
or lower arm of the phase with the voltage ratio alone. Thus, the
voltage difference is also used as the diagnosis variable in the
proposed method, and the specific location of the fault can be
finally identified.
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TABLE II
RECTANGULAR WAVE VALUES OF VT2 OC FAULT

Fault

switch tra(t) try(t) tre(t) uap(t) upc(t)
0 0 0 0 0
0 0 1 Mdc/ 2 —Udc
VT, 0 1 1 0 0
1 1 1 0 0
0 1 0 —udc/ 2 Udce
TABLE IIT
RECTANGULAR WAVE VALUES OF OTHER OC FAULTS
Jal et we() ()
0 0 0 0 0
0 1 0 0 0
VT3 0 1 1 —udc/2 —udc/2
1 1 1 0 0
1 1 0 Udc/2 Uq/2
0 0 0 0 0
0 0 1 7”dc/ 2 7”dc/ 2
VT, 1 0 1 0 0
1 1 1 0 0
1 0 0 Udc/2 Uq/2
0 0 0 0 0
0 0 1 0 0
VT5 0 1 1 —Udc udc/2
1 1 1 0 0
1 0 1 Udce —udc/2
0 0 0 0 0
1 0 0 Udce —udc/2
VTs 1 1 0 0 0
1 1 1 0 0
0 1 0 —Uge Uge/2

The proposed method includes three parts: the fault phase
determination, the effective diagnosis confirmation, and the fault
switch location. The fault is detected when the ratio is a constant
in a short period of time, and the fault phase is determined by the
ratio. Then, a simple voltage monitoring algorithm is activated
to prevent false diagnosis. By identifying the voltage difference,
the fault switch is located. It is known that each of SSOC faults
has a distinctive time zone for diagnosis. Moreover, any two

,and tro(t) = 0.

time zones do not overlap completely. This means the DSOC
faults can be divided into two SSOC faults, and the two faults
can be separately located through the nonoverlapping parts of
the time zones. If the diagnosis method goes on, the second fault
switch will be located. Therefore, the DSOC faults diagnosis is
achieved.

A. Fault Phase Determination

Line voltages u,; and up. are sampled for the ratio calculation.
Here, two queues are used to store the sampling points of the two
line voltages. The length of each queue is n (nENT). Theoreti-
cally, n is greater than 1, and the time span of all sampling points
should not exceed the minimum interval for fault diagnosis. At
time k (k > n), we have ugp[k], uap[k — 1], ..., uap[k —n + 1],
and upc[E], upe[k — 1], ..., upc[k — n + 1]. Thus, the ratio in
the discrete form can be obtained

Upe [k}]
rlk] = .
Uagb [k]
However, the accuracy of the calculation is not high, espe-
cially in the condition that the absolute value of the divisor is
much smaller than that of the dividend. Therefore, we hope to
utilize more information in the ratio calculation to ensure the
accuracy, and the improved algorithm for the ratio calculation
is given

“)

Upe [k] — Upe U{I — 1}
Uab [K] — vap [k — 1] '

According to the operation analysis, the calculated ratios will
not converge to a constant if the inverter is healthy. When
the calculated ratios are close to any constant of -2, 1, and
—1/2 in a period of time, then, the fault is detected and the
fault phase is determined. Because line voltages wu,;, and wp,
may not strictly follow the relationship described by (4) or (5)
under faulty operations, the fault may not be detected even if
the fault happens. Thus, a threshold is needed for the fault
phase detection considering the interference and errors. This
can be given as follows: Equation (6) shown at the bottom of
this page, where R, is the assemblage of the calculated ratios,
R, = {rulk], rulk — 1], ..., ru[k — n + 2]}. The threshold ¢

ry [k] = ®)

R, C [tan[arctan(—2) — J], tan [arctan(—2) + J]]
R, C [tan[arctan(1) — J], tan [arctan(1) + J]]
R, C [tan [arctan(—1/2) — 4], tan [arctan(—1/2) + §]]

a - phase failure
b - phase failure (6)

¢ - phase failure
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is a positive value, which is less than half of the difference
between arctan(—1/2) and arctan(-2). In other words, ¢ should
be less than 18.43°. Otherwise, the ranges for a-phase failure de-
tection and c-phase failure detection will be overlapped, leading
to the contradictory of (6). Generally, J is suggested to be closed
to its maximum, because it can tolerate the worse influence of
noise and interference on the calculated ratios. Here, § = 15°.

5209

TABLE IV
KEY PARAMETERS OF THE PROTOTYPE

Parameters Values Parameters Values
VT,-VTs IKW40N120T2 Input 600 VDC
. Outputs Three-phase 380 VAC
Trigger IC  1EDO20I12FA Load 9 kW
fm=50Hz Filter L,=Ly=L.=45mH
f.=1kHz components Cs=Ce=C7=90 uF
Sampling interval is
Controller Modulation Diagnosis 100 1
index is 0.8 system n=6

B. Effective Diagnosis Confirmation

Under faulty operation, the ratio calculation might be in-
accurate when the two line voltages decrease to low values.
These errors may lead to the false detection. Therefore, a precise
geometric constraint is given to prevent the division of two
near-zero numbers

rqg >«
T (wap [K] — upe [K])? (1 + cosy)
! 202 sin2g 7
n (wap [k] + upe []43])2 (1 — cosy)
QUTZnSin?gp '

The constrain means that uq,[k] and upc[k] under faulty
operations are effective only when r; is greater than a positive
value av. The derivation of this constrain is given as follows.

Derivation: First, the equation of voltages wu,, and wup. is
required. The product of w and ¢ is obtained from (1)

T _ -1 ( Yab
wtfz cos <U>

-1 [ 2 " (8)
wt = sin ({,—t:) — .
Cancel wt and combine the two equations, we have
™ —1 [ Uab .1 [ Ube
4+ — = cos — | +sin . )
773 (m) (w)
Sine of (9) is
cos () = sin |:COS_1 <Z’::)] - cos {sim_1 (gi:ﬂ
Uagh  Ubc
—ab | 10
+ UL (10)
It can be expressed as
Ugh Ub Uab ? Up ?
_ al A C — 1 _ a 1 _ (&
T, n, () ()
(11)

Thus, the relationship between u,;, and . can be obtained

by (11)
2 2 2 G2 () —
Uzp + Up, — 2 cos (@) ugpupe — U, sin® (p) = 0. (12)

It is noted that wr in (8) actually has two solutions but the
derivations of (12) are the same.
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Define
2 / /
Ugh = %(uab"'ubc)
V3 (13)
/ /
Upe = T(ubc_uab)
we have
1 2 1 2
! / !/ !
—(U ab + ubc) + _(U bec — U/ab)
2 2
/ / !/ !
—cos () (U ap + U'pe) (UWpe — U ap)
= U2 sin? (). (14)

Simplify (14), it is
ty,” + e+ cos (9) " — cos () up,” = Uy, sin® ().
5)
Actually, (15) can be written in the standard form of ellipse

uﬁ)cz (1 —cosp)

7 2
uab (1 + COSSD) — — 1. (16)
U2, sin® (p)

Uz sin? ()

Under normal conditions, the point (u/,,, ;) is on the ellipse
and away from (0, 0). According to (16), we have

up % (1 — cosp)
U2 sin? ()

ul,? (14 cose)
U2, sin® ()

=rqg O<rg<l.
(I7)
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Equation (17) is a scaled-down ellipse, and the point on the
ellipse is closer to (0, 0). The distance from the point (u!,,
up,) to (0, 0) can be adjusted proportionally and precisely
through adjusting 4. Therefore, (17) can be used in diagno-
sis to eliminate the points, which are too close to (0, 0). It
can be also written in the form of (7), which is available for
(ualn ubc)-

End

In the constraint (7), the parameter o should be less than 1
and is suggested to be a small value. Here, « is 0.05 because it
is enough to prevent the errors.

The diagnosis is still unreliable even if the ratio calculation
is right. The algorithm in (5) enlarges the fault judgment range
while improving the calculation accuracy, thus, it may cause the
false detection in some cases. For example, the false detection
of a-phase may be triggered under such a situation:

Jde, 7é 0, Upe = —2Uqp + €4 (18)

where the error e, is not within the permissible limits of error.
In the situation, the inverter may be actually in a healthy state or
a transient state between the normal operation and stable fault
operation, but the ratio calculation result erroneously points to
the healthy phase. Therefore, we give a constraint to prevent this
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false detection

a-phase: e, = [2uap [k] + upe [K]| < €a_tn
b - phase: ep = |uab [k‘] — Upe [k‘” < €p_th (19)
c-phase:  e. = |uqp [k] + 2upe [k]] < €c_th

where e, _tn, €p_th, and e. ¢ are the thresholds. They should
be low positive values, but the noise and interference also need
consideration. These thresholds have their maximum values. The
constraint will make no sense when the errors e, (x = a, b, ¢)
are so large that all the points (uqp[k], upc[k]) are contained in
the area between the line up. = 7 - uqp + €, and the line up. =
T - Ugp — €. Thus, the maximum values of these thresholds are
determined

€a_max — IU’m sin (¢)| \/[5 + 4cos (50)] / [1 — cos? (90)]

eh max = V2 |Up sin ()] /1/1 + cos (@)

€emax = 5 [Unm sin (¢)] v/[5 + 4 cos ()] / [1 — cos? (¢)].

(20)
The maximum threshold e,,_,,x 1S proven as follows.
Proof: The tangent on (12) is defined as
Upe = _2uab + €a_max- (21)
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Then, w4, and uy, are calculated by (12) and (21)

{uub = €q_max [2 + cos (4,0)] / [5 + 4 cos (90)] (22)

Upe = €q_max |1 + 2 cos (¢)] / [6 + 4 cos (¢)].

Thus, e, _max can be calculated by plugging (22) into (12)

€a_max = |Up sin (¢)] \/[5 +4 cos ()] / [1 — cos? (¢)].
(23)
Therefore, the maximum tolerable error e, ax 1S proven.
End
Other maximum tolerable errors can be proven in the same
way.
Because p = —27/3, we have

V3Us,

€a_max — \/gUma €h_max — \/gUm; €c_max — 9

. (24)

Here, €q_th = €p th — €c_ th = 220V.
If the load is a motor, a deviation will exist because of the
back electromotive force (EMF). For example, (18) will be
Upe = —2Uqp + 2K + €, (25)

where E is the back EMF. In this condition, the deviation should
be considered when selecting parameters e, ¢, €p_th, and ec -
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C. Fault Switch Location

After the information used for diagnosis is verified to be
effective, the fault switch location starts. Generally, line voltage
uqp decreases in Z; when the OC fault occurs at the upper
arm of a-phase. On the contrary, u,;, increases in Z, when the
OC fault occurs at the lower arm of a-phase. This fault feature
can be utilized for fault switch location after the fault phase is
determined.

Here, voltage difference Augyp is defined for fault switch
location purpose:

Atgp = Ugp [k] — ugp [k —n + 1] (26)

Thus, Au,, < 0 when VT; OC fault occurs, and Aug, > 0
when VT3 OC fault occurs. Moreover, Aug,, can also be used
in fault switch location of both b-phase and c-phase.

It can be seen in Table III that line voltage wu,p is equal to
line voltage up. in Z3 and Z4. Thus, w4 and up. decrease in Z3
when the OC fault occurs at the upper arm of b-phase; u4; and
up, increase in Z4 when the OC fault occurs at the lower arm of
b-phase. As a result, Aug, < 0 when VT3 OC fault occurs, and
Augp > 0 when VT4 OC fault occurs. Similarly, line voltage
Upe 18 equal to line voltage ., in Zs and Zg. Thus, up. and v,
decrease in Z5 when the OC fault occurs at the upper arm of
c-phase; up. and u., increase in Zg when the OC fault occurs
at the lower arm of c-phase. However, as observed in Table III,
line voltage u,p, is inversely proportional to line voltage up. in
Zs5 and Zg, which means line voltages u,; and u,, also have the
opposite trend of change. Therefore, Aug, > 0 when VT5 OC
fault occurs, and Awu,, < 0 when VT OC fault occurs. With the
value of Augy, all fault switches can be successfully located.

The entire diagnosis process of OC faults in a-phase is shown
as an example in Fig. 4. At the beginning, voltages uqp[k],
uab[k — 1], ..o, ugp[k — n 4+ 1], upclk], upe[k — 1], ..., and
upe[k — n + 1] are sampled for the calculation of R,,. When
R, belongs to the range [-2—tan(d), —2-+tan(6)], the OC fault in
phase a is detected. Next, parameter 74 and |2uqp[k] 4+ upe[k]]
are calculated and used for effective diagnosis confirmation.
Most of the false alarms under healthy conditions and false
diagnosis under faulty conditions can be prevented at this stage.
If the diagnosis information is effective, the parameter Awugp
will be calculated. Then, the specific fault switch is located
according to Aug, and the diagnosis at time k is finished. If
no fault is detected or the diagnosis information is ineffective,
the diagnosis at time k will be ended directly. The diagno-
sis will go on when the diagnosis process of the previous
moment is finished or ended, thus, other OC faults can be
identified.

IV. EXPERIMENTAL RESULTS

The proposed fault diagnostic method has been verified on
the dSPACE platform, as shown in Fig. 5. The dSPACE platform
consists of three parts: hardware, dSPACE real-time system, and
software. The hardware part mainly includes a dc power, an in-
verter, and adjustable load. dSPACE real-time system includes a
DS1007 Processor Board, a DS2002 High Precision A/D Board,
and a DS4004 High Speed I/0 Board. The software part contains
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speed = 600 r/min.

the Simulink Platform, the Real-Time Workshop, the Real-Time
Interface, and the Control Desk. The original diagnosis model
is built in the Simulink Platform, and is converted into C codes,
which can be used in DSP system by the real-time workshop. The
C codes runs in the dSPACE real-time system after loaded into
the real-time interface. The variables of the diagnosis model are
accessible in the control desk. They can be exported and saved
in the computer. Thus, it is convenient to monitor the operation
of the system online and offline.

The key parameters of the prototype are given in Table IV.
Considering the noise and interference, the sampling queue
length nis increased to six to ensure the robustness of the method.
But it is not recommended to choose a large value, because it
will only bring more computational burden to the algorithm.

In the experiment, OC fault is simulated by blocking the
control signal of the switch, and double faults are simulated
by blocking the control signals simultaneously. Line voltages
uqp and up, are collected by the inherent sensors of the inverter.
To have a clear view of the waveforms, voltages uap and upc
are also monitored. But they are not used in the diagnosis sys-
tem. The fault phase determination signal value “1” represents
a-phase, “2” b-phase, and “3” c-phase. Six fault switch location
signals are used to represent the diagnosis results. The signal
output is “0” under healthy condition, and “1” after the fault
switch is located.
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A. SSOC and DSOC Faults Diagnosis

The waveforms of VT; OC fault is shown in Fig. 6. Before
the VT OC fault occurs, the fault phase determination signal
appears periodically because the situation in (18) appears. But
these false phase determinations are all avoided by the effective
diagnosis confirmation and are not used for the future diagnosis.
As the difference between two sinusoidal waves, Aug, also
varies regularly. The VT; OC fault occurs at ¢ 5. After a short
period, failure in a-phase is detected again, and the information
is verified to be effective this time. The signal Au,;, suddenly
decreased to a negative value. Then, VT OC fault is located at
tc. The entire process from fault occurrence to fault location
takes 0.0034 s.

Fig. 7 shows the diagnosis of DSOC faults in phase a. Because
the time zones of OC faults are different from each other, the OC
faults are located sequentially. The DSOC faults are simulated
at t 4, and the failure in a-phase is quickly detected at ¢5. At
the same time, Augy, is lower than zero, and VT; OC fault is
located. VTy OC fault is located until Awu,, increases to higher
than zero. The entire process takes approximately half of the
period. Fig. 8 presents the DSOC faults in phases a and b. VT,
OC faultisrapidly detected and located after faults are simulated.
Because the time zone of VT3 OC fault follows that of VT; OC
fault, VT3 OC fault is located after a relatively long period. The
entire process also takes approximately half of the period. Fig. 9
presents the DSOC faults in phases a and c. The time zone of
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VTg OC fault is behind that of VT OC fault but not far from it.
Consequently, VT is located at ¢ 5, and VT is quickly located
at tc. The entire process takes 0.0092 s, less than half of the
period. Fig. 10 shows the DSOC faults in phases b and c. The
time zone of VT3 OC fault is behind that of VTg OC fault but
also not far from it. VT3 OC fault is located quickly after VT
OC fault is located. However, the time consumption of the entire
process depends on the fault finally located. The entire process
takes approximately half of the period.

B. Robustness to Load Conditions and the Load OC Fault

The robustness of the proposed method to different load
conditions and the load OC fault is verified by the following
experimental results. Fig. 11 presents the diagnosis of VT; OC
fault under imbalanced load condition. A resistor of 20 2 is
connected in series in a-phase. Consequently, phase currents 7,
decreases slightly, 7 increases, and 7. decreases. The imbalance
also has a small effect on the voltage uap near 3, compared
with the voltage in Fig. 6. However, it does not have any
obvious influence on the diagnosis or the result. VT; OC fault
is simulated at ¢4 and successfully located at ¢5. Fig. 6 also
shows the influence of load change on the proposed method.
The load changes from 3 to 9 kW at ¢4, but does not cause
any false alarms. VT; OC fault occurs at ¢t 5 and is successfully
located at ¢c. The proposed method is also robust to no-load
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conditions in some cases. Figs. 12 and 13 show the diagnosis
when the load is a direct torque controlled motor. Voltages are
proportionately adjusted in the figure for better visual effect.
During the diagnosis, the values of parameters e,_tn, €p_th, and
ec ¢n are increased considering the effect of back EMF. But the
back EMF does not have a critical influence on the proposed
method. In Fig. 12, the fault is located as soon as it appears. In
Fig. 13, the fault is set at ¢ 4, and quickly located near t5. The
entire process is less than 1/10 cycle. Fig. 14 shows the diagnosis
when the load is disconnected with the inverter and the open-loop
control is adopted. It can be seen that the voltage waveforms
are already unsatisfactory before the fault occurs and the false
alarms also appear more frequently. But this influence does not
change the diagnosis result. The false diagnosis is avoided and
the VT; OC fault is accurately located at ¢ .

Except these load conditions, the impact of another possible
OC fault that occurs at the output side is simulated as well.
Fig. 15 presents the influence of load OC fault of a-phase on
the proposed method. A contactor is connected in series with
the load in a-phase to simulate the load OC fault, and the fault
occurs at t 4. Although the fault has an influence on the voltages
and diagnosis parameters, it did not cause any false alarms.
VT, OC fault occurs at ¢ 5 and is accurately located at . This
diagnosis process takes 0.0048 s. However, the proposed method
is not applicable when two phases are shorted at the output
side.



WU et al.: FAST AND ROBUST DIAGNOSTIC METHOD FOR MULTIPLE OC FAULTS OF VOLTAGE-SOURCE INVERTERS

|[¢———Normal operation =————>}e———— Fault operation =——>|
1000 T T ) T T

0

-1000 1 1 Ly L L

1000 T T T T T

ugc, tpe (V) Uas, tap (V)
f=3

-1000l 1 1 Ly L !

Fu
Lo w

-

|

Fault phase
determination
L
—
L
—
—
—
—
—
I
=
—
E==

2
1
0 } == VT, OC fault is located J
1

location

L u |
Hials 1y ts ts

Fault switch ~ Auy, (V)

T
=

a?
—_
=

Diagnosis for an SVPWM-based inverter.

C. Robustness to Different Control Strategies

The robustness of the proposed method to different control
strategies is verified by applying the method to an space vector
pulse width modulation (SVPWM)-based inverter and a hys-
teresis current pulsewitdth modulation (PWM)-based inverter.
It should be noted that extra filters or algorithms are needed to
convert uap and upc into u,p and uy,. if the inverter system does
not have the LC components at the output side. Fig. 16 shows the
diagnosis for VT; OC fault of an SVPWM-based inverter. As ob-
served, the fault occurs at ¢ 4 and was quickly located at ¢ 5. The
entire diagnosis process takes only 0.001 s. The diagnosis result
is not affected because the voltage magnitude of each control
state remains unchanged. Fig. 17 shows the diagnosis for VT,
OC fault of a hysteresis current PWM-based inverter. The cur-
rents i, and 45 are amplified for better visual effect. It can be seen
that the control strategy has influence on the diagnosis parame-
ters and the distorted voltages. A false faulty phase determination
signal is observed frequently, and the amplitudes of other diag-
nosis parameters also increase. Both u,, and uy,. are distorted
after VT, OC faultoccurs at ¢ 4. However, the amplitude increase
of ry, eq, and Augy, will not cause the false diagnosis. The diag-
nosis method remains accurate and VT OC fault is successfully
located at ¢ 5. The entire diagnosis process takes 0.0045 s.

D. Robustness to Output Filter Components and
Carrier Frequency

The filter parameters are changed in the normal range to
verify the performance of the proposed method. Fig. 18 shows
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Fig. 17. Diagnosis for a hysteresis current PWM-based inverter.

the diagnosis of VT; OC fault under the higher harmonics
condition, and Fig. 19 shows the diagnosis under the lower
harmonics condition. When the harmonics increase, the fault
phase determination has a better performance and the parameter
rq4 1s more stable. When the harmonics decrease, the parameters
ry and Auwugy, are smoother. The error e, is not significantly
affected. No matter how the filter components change, the VT,
OC faults are all accurately located in the end.

Fig. 20 shows the diagnosis of VT; OC fault when carrier
frequency increases to 6 kHz. The waveforms of r,, and Augy,
became smoother. In the other hand, the fault phase determina-
tion signal appears more frequently. VT; OC fault occurs at #3,
and is located at ¢t 4 rapidly. The entire diagnosis process takes
0.0036 s.

E. Influence of Fault Occurrence Time

The fault occurrence time has influence on the diagnosis time
consumption. For SSOC faults, the OC fault can be located
immediately if the fault occurs before the time zone, such as the
diagnosis in Fig. 8, and the time consumption is around 1/20 of
the period. In the worst cases, the diagnosis time consumption is
about half of the period. A fault diagnosis time distribution over
a fundamental period is summarized as an example in Fig. 21.
In the figure, the fundamental period is 0.02 s. The yellow part
represents the percentage of the actual diagnosis time from the
fault appearance to fault location. The lowest percentage is 5%,
0.001 s. The highest one reaches to 40%, about 0.008 s. In most
situations, the percentage is 27%, i.e., 0.0054 s. In addition, there
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is a situation should be noted. When VT OC fault is simulated
near the region where voltage uap is nonpositive, the system
still works in a “healthy condition” for a period of time. In this
condition, the waveforms are normal because of the antiparallel
diode, and this can last up to half of the period. The fault is hardly
detected without extra devices. However, it also has little impact
on the system for the time being. Therefore, this phenomenon
exists but is usually ignored in most of the existing literatures. In
this article, the healthy operation time is also recorded in green in
Fig. 21. This may bring the more comprehensive understanding
of the influence of fault occurrence time.

Because the proposed method needs two time zones for DSOC
faults diagnosis, the diagnosis time consumption depends on the
fault occurrence time and the second time zone, and the average
diagnosis time consumption is usually longer than that of SSOC
faults. The longest diagnosis time consumption is one period.
The diagnosis process is shorter if the faults occur before the
two time zones and the two time zones have an overlapped part.
For example, the diagnosis in Fig. 6, which only takes 0.0092 s,
less than half of the period.

V. COMPARISON WITH EXISTING DIAGNOSIS METHODS

Table V shows the comparison of the proposed method with
other fault diagnosis methods presented in recent years.
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Each row of Table V is divided by the longest diagnosis time
consumption. Because not all the methods are able to locate
DSOC faults, the longest diagnosis time consumption only refers
to the situation of SSOC faults. The first row lists the methods
which can finish the diagnosis in half of the period, and the
proposed method is also included here. However, there are still
more than half of the methods, which require one or even two
fundamental periods for diagnosis, and these methods are listed
in the second row.

Each column of Table V is divided by the number of informa-
tion sources and the utilization of extra devices. The methods in
the second column combine various diagnosis variables, such as
three-phase currents, dc-link voltage, angular velocity, control
signals, and electromagnetic signatures collected by an extra
near-field antenna. It is generally thought that more information
sources mean higher reliability and more accurate diagnosis
results. However, this may be the opposite in some situations.
Actually, the accurate fault diagnosis is based on the accurate
information, and any false information may lead to the overlook
or the false result of the diagnosis. Therefore, undue information
sources may even increase the error rate of the diagnosis. For
example, assuming that all resources are properly used, and the
failure rate of each information source is equal. If the failure rate
is 1% (which should normally be much lower, here it is just used
for demonstration), then, the rate of overlook or false diagnosis
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TABLE V
COMPARISON OF THE PROPOSED METHOD WITH EXISTING DIAGNOSIS METHODS

Fault diagnosis methods (Two information sources) AND (No

extra device is required)

(More than two information sources) OR (Other device is required)

The longest diagnosis time is less
than half of the period

Voltage-based method: The proposed
method*, [25]*, [49]

Current-based methods: [10]*, [12]*, [15]*

Voltage-based method: [50]*

Multi-source information based methods: [17]%, [21]%, [22], [23], [24],
[28], [32], [33]*, [34], [36]*, [40], [42]*

The longest diagnosis time is more
than half of the period

Current-based method: [11]

Current-based methods: [8]*, [9], [16]*, [18]*, [51]*, [52]*, [53];
Voltage-based method: [20];

Multi-source information based methods: [19], [29]*, [30]*, [31]*, [35],
[371, [38]*, [39], [41]%, [54]

Unknown diagnosis time None

Voltage-based methods: [26], [27]

Note: * means the method is able to locate DSOC faults or a part of DSOC faults.
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using two information sources is
(1 -0.99 x 0.99) x 100% = 1.99%;
and the one using three information sources is
(1 -0.99 x 0.99 x 0.99) x 100% = 2.97%.

It can be seen that the rate in the second case is much higher than
that in the first case. Therefore, more information sources do not
necessarily mean higher diagnostic reliability, they may even in-
crease the error rate. Moreover, the measurement accuracy of the
various information may be inconsistent in some conditions. The

Actual diagnosis
time

Healthy operation time after
the OC fault is simulated

»

>
21 ot

Fig.21. VT; OC fault diagnosis time distribution over a fundamental period.

accuracy of the diagnosis ultimately depends on the information
with the lowest accuracy. Therefore, these methods may have the
disadvantages of resources wasting and the decline in diagnostic
accuracy. Compared with these methods, the proposed method
uses only two information sources for diagnosis purpose to avoid
the problems. At the same time, the diagnosis speed and accuracy
are also guaranteed.

The proposed method is able to quickly locate DSOC faults,
which is superior to the voltage-envelop-based method in [49].
Compared with the Bayesian-network-based method in [25],
there is no complex network structure design or complicated
training in the proposed method. The proposed method has less
calculation and is more convenient to apply to other systems.
Moreover, the proposed method is robust to different load con-
ditions and immune to certain load OC faults. It is more suitable
for the application that requires high reliability.

VI. CONCLUSION

In this article, a new OC faults diagnostic method is proposed
for voltage-source inverters. Two line voltages are used as diag-
nosis variables for reliability and economy. Possible magnitudes
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of these line voltages are characterized in detail both for the
healthy and faulty operations. The fault phase can be determined
by the magnitude ratio of two line voltages, and the fault switch
can be located by the voltage difference. Effective diagnosis con-
firmation is also adopted in the method to prevent false diagnosis.
Both SSOC and DSOC faults can be accurately identified by the
proposed method. The fastest diagnosis processes of SSOC and
DSOC faults can be finished in 1/20 of the fundamental period
and half of the period, respectively. In comparison, nearly half
of the existing methods require one or more periods to finish
the SSOC diagnosis. The proposed method is robust to different
load conditions, filter components, and carrier frequencies. It is
also verified to be immune to certain load OC faults, which may
lead to the false diagnosis of the existing methods and have not
been discussed in current literatures. With a few adjustments,
this diagnostic method can be applied to SVPWM-based and
hysteresis current PWM-based inverters. Moreover, neither the
control signals nor extra devices are needed for implementation.
Thus, the proposed method can be applied to both existing and
newly built inverters.
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