4328

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

A Nonintrusive Diagnostic Method for Open-Circuit
Faults of Locomotive Inverters Based on Output
Current Trajectory

Xun Wu

Abstract—Open-circuit (OC) fault diagnosis of voltage source
inverters on trains still has two problems to be improved. First,
it is usually forbidden to change the system structures of trains
or to add any extra sensor. Therefore, diagnostic methods which
need pulse width modulation control signals or extra output volt-
age sensors are no longer suitable for trains. Second, loads on the
train vary in a wide range and have significant influence on output
currents. In order to solve these problems and increase the main-
tenance efficiency, an online diagnostic method for single switch
OC (SSOC) faults and double switches OC (DSOC) faults is pro-
posed. Supposing that three phases are balanced, it is proved that
the trajectory of two output currents is an ellipse in the Cartesian
coordination, and each OC fault has a unique trajectory. SSOC
faults and DSOC faults can be isolated by detecting abnormal
slopes and directions of several consecutive points on the trajec-
tory. The fastest diagnostic process takes less than half a period.
Load variation has impact on the size and shape of the trajectory
but does not affect the diagnostic method. Experimental tests are
carried out on dSPACE platform. Results show the accuracy of the
mathematical model and the effectiveness of the online diagnostic
method proposed in this paper.

Index Terms—Fault currents, fault diagnosis, fault location,
inverters.

I. INTRODUCTION

HREE-PHASE inverters convert dc inputs into ac outputs.
T They are not only widely used as the uninterrupted power
supplies in many situations such as military, communications,
and factories, but also play a significant role in energy conver-
sion of high-speed trains. Due to the high-frequency switching
of power switches, inverters are very sensitive and susceptible
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when they are working. For instance, inverter failures account
for alarge part of motor variable frequency speed regulation sys-
tem faults [1]. They are mainly caused by the failure of power
switches in most cases [2]. Short-circuit faults of power switches
can be converted to open-circuit (OC) faults by serial fast fuses
[3]. Therefore, power switch failures are usually shown in the
form of OC faults. A real-time method for condition monitoring
and fault diagnosis is needed to detect and isolate OC faults
quickly when they occur.

Several papers have been published proposing diagnostic
methods in single-phase inverters. Kamel er al. [4] divided OC
faults into insulated gate bipolar transistors (IGBTs) failures and
gate driver faults, and diagnosed these faults by phase currents.
They also proposed a method based on adaptive neural-fuzzy
inference system to detect and isolate OC faults [S]. Moreover,
Kamel et al. [6] proposed a sensor-less diagnostic technique
based on spectrum analysis. Xiao and Li [7] presented a di-
agnostic method based on spectral decomposition. Faults are
detected through the identification of voltages and currents.

Researchers mainly focus on the three-phase inverters. The
diagnostic strategies based on currents detection were found in
anumber of papers. Zidani et al. [8] introduced a fault detection
and diagnosis based on fuzzy logic for pulse width modulation
(PWM) voltage source inverters. This diagnosis requires the
measurement of output currents to detect intermittent loss of
firing pulses in the inverter power switches. Sleszynski et al. [9]
suggested combining the normalized dc components with addi-
tional diagnostic variables, the percentage of time spent by the
phase currents in the near-zero zone, to diagnose OC faults. The
certainty of the diagnoses under transients and light loads has
been markedly improved. Estima and Cardoso [10] presented
a diagnostic technique based on the errors of the normalized
currents average absolute values, providing a very high immu-
nity against false alarms. Espinoza-Trejo et al. [11] proposed
a PI observer-based fault detection and isolation (FDI) scheme
to diagnose actuator faults in voltage-source inverter (VSI) for
induction motor (IM). Nonlinear PI observers were used to iden-
tify the dc component of the fault profiles. This method needs
information of stator currents and mechanical position. Jung et
al. [12] introduced a simple and low-cost OC fault identification
method for PWM voltage source inverters employing a perma-
nent magnet synchronous motor. The method employs the model
reference adaptive system techniques and requires two current
sensors and a position sensor. Faults were detected by voltage
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distortion observer. An et al. [13] presented a diagnostic method
based on current residual vector for closed-loop controlled per-
manent magnet synchronous motor (PMSM) drive systems. The
technique can get rid of effects of the load and the main con-
troller. Similarly, two current sensors and a position sensor are
needed. Wu et al. [14] introduced a symmetry-analysis-based
diagnosis method. Correlation coefficients of two phase currents
are used to describe the symmetry of the inverter under healthy
and fault conditions, and mean values of current samples during
a period are used to isolate fault switches. Eickhoff et al. [15]
suggested diagnosing OC faults by the observation of the cur-
rent control deviation and a subsequent test procedure. Huang
et al. [16] proposed an OC fault diagnostic method based on the
instant current vector rotating angles. The method is fair robust
to load changes and variable speed. Hu et al. [17] proposed a
wavelet entropy-based OC fault diagnosis for traction inverters.
The method shows that five entropy forms are superior to tra-
ditional fault detections and fault can be isolated by the best
entropy form. Gou et al. [18] presented a load current based
approach and fault tolerance technique for high-speed railway
electrical traction drive system.

There are many OC fault diagnostic methods based on voltage
detection or other signals as well. Licio de Araujo Ribeiro et al.
[19] suggested detecting OC faults through a direct comparison
of the measured voltages to their reference voltages obtained
from the PWM reference signals. They also introduced four
detection techniques in the paper. Karimi et al. [20] proposed
a technique based on field—programmable gate array (FPGA).
Power switch failures are detected in less than 10 us by the
comparison between measured and estimated pole voltages. An
et al. [21] proposed a diagnostic method based on the switching
function model of the inverter under both healthy and faulty
conditions. OC faults can be detected by the collector—emitter
voltage of lower power switch in each leg. Hang et al. [22] sug-
gested utilizing zero-order voltage to detect open-phase faults
for permanent magnet synchronous motor drive system. The
threshold and counting are used to enhance the robustness of
the method. Abul Masrur et al. [23] proposed a machine learn-
ing technique for fault diagnosis. A neural network was used
to isolate single switch OC (SSOC) faults, post-short-circuits,
short circuits, and the unknown faults. Li ef al. [24] presented an
OC fault diagnosis based on several state observers and a new
fault-tolerant approach to reduce output distortion. Salehifar and
Moreno-equilaz [25] introduced a novel diagnostic method and
a fault-tolerant technique for voltage source inverters.

There are different kinds of IGBT modules in the market such
as single switch, dual, and six-packed. When the IGBT module
is double- or six-packed, the failure of one IGBT may lead to
faults of others. These kinds of faults have occurred on trac-
tion inverters several times. Some researchers have studied fault
diagnostic techniques for multiple OC faults and shared their
achievements. In [9] and [16], researchers detected multiple OC
faults through analyzing the trajectories obtained by three stator
current vectors. Estima and Cardoso [10] achieved the detection
by the errors of the normalized currents average absolute values.
Wu and Zhao [26] introduced a diagnostic technique based on al-
lelic points and its criterion to isolate multiple OC faults. Zhang
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Fig. 1.

Inverter structure of type 25T train.

et al. [27] presented a single and double switches OC (DSOC)
fault detection method based on d- and g-axis current repetitive
distortions. The distortions are estimated and compared with
the threshold value to detect the fault, and two current sensors
and a speed sensor are required. Trabelsi et al. [28] suggested
detecting multiple OC faults by analyzing the PWM switching
signals and the line-to-line voltage levels during the switching
times.

Although these studies on OC faults have their own advan-
tages, there are still some problems remaining to be solved for
locomotive inverters. First, intrusive modifications are usually
forbidden for the sake of security of the train. In other words,
it is not allowed to acquire control signals or install additional
sensors. Second, loads of the locomotive inverter have a wide
range of variation. Diagnostic methods that are susceptible to
load variation are no longer suitable for these inverters. There-
fore, the fault diagnosis of locomotive inverters needs further
study. In this paper, an online diagnostic method suitable for
locomotive inverters is proposed to solve the above-mentioned
problems. It can accurately locate fault switches in a short time,
effectively make up for the shortage of regular maintenance, and
greatly reduce the overhaul cost.

In the paper, a precise mathematical model is derived from
two output currents obtained by the existing current sensors
installed in the inverter on a Type 25T train. Assuming that
three phases are balanced, it is proved that the trajectory of
two output currents is an ellipse in the Cartesian coordination,
and each OC fault has a unique trajectory. SSOC faults and
DSOC faults can be isolated by detecting abnormal slopes and
directions of several consecutive points on the trajectory. Load
variation has impact on the size and shape of the trajectory
but does not affect the diagnostic method. The whole diagnosis
process can be completed without control signals. Experimental
tests are carried out on dSPACE platform. It is shown that the
model is accurate and the method is effective and robust to load
variation.

II. SYSTEM OVERVIEW

A. Operational Principle of the System

The inverter structure of Type 25T train is shown in Fig. 1.
The input voltage is dc 600 V. The output voltages are
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three-phase ac 380 V, with the frequency of 50 Hz. Sinusoidal
pulse width modulation (SPWM) is adopted and switching fre-
quency is 3 kHz. The charge buffer circuit consists of L, R5, and
KM1. DC-side capacitor support is composed of C; — C; and
R; — R,. The discharge circuit includes R and KM2. When
dc-side voltage U is lower than dc 500 V, KM1 and KM3 will
be turned OFF, and KM2 will be turned ON. KM 1 will be turned
ON and KM2 will be turned OFF once U, is over dc 500 V. KM3
will be turned ON and the inverter will start to work after the
precharging is accomplished. T — T are IGBTs and D; — Dy
are additional reverse parallel diodes for IGBTs. C; — C; are
noninductive capacitors. Three-phase currents ¢,, i, and i, are
measured by current sensors TA1. Electromagnetic interference
is used for filtering.

B. General Idea of the Diagnostic Method

This paper focuses on the isolation of SSOC faults and DSOC
faults. It is easy to know that an ellipse will be presented when
two trigonometric functions with the same frequency and a
phase difference are combined in a Cartesian coordinate. This
ellipse combines most of the information contained by the two
trigonometric functions. Thus, OC faults can be located accu-
rately by the distortion of the ellipse generated by two output
currents or voltages. There are two line voltage sensors installed
on the train to monitor voltages wu,; and u;.. If these voltages
are used for diagnosis, it is difficult to obtain functions of fault
voltage waves. They will bring much difficulty to theoretical
analysis and modeling. Besides, fault features of some trajec-
tories are easily confused (such as 77 OC fault and 7; OC
fault) and will have certain impact on fault isolation. Although
load variation has influence on output currents, the functions
are simple and clear, the theoretical analysis and modeling are
much easier. When an OC fault occurs, the output current of the
corresponding phase is approximately close to zero in nearly
half-period. For example, if 77 OC fault occurs, the current i,
in Fig. 1 will be close to zero in the half-current cycle due to
the failure of the upper arm, and i, will be normal when it is
negative. On the contrary, if 7} OC fault occurs, the current ¢,
will be approximately equal to zero in the half-current cycle due
to the failure of the lower arm, and 7, will be normal when it is
positive. Moreover, the influence of load variation can be elimi-
nated by analyzing the features of the distortion. Therefore, two
output currents rather than two output voltages are utilized as
the fault signals in this paper.

III. A—B TRAJECTORY AND ITS PROPERTIES

In Fig. 1, three-phase currents are sine waves with equal
magnitudes and a difference of 120°

iq = Iy sin (wt)
iy = Iy, sin (wt + @) (1)
le = Loy sin (wt + 2¢)

where I,,,,, Iy, and I, are magnitudes of i,, ¢;, and ., re-
spectively. w is fundamental frequency. wt > 0. ¢ is the phase
difference.
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Define x = i,(t), y = i(t), then

{x = Iy sin (wt) = I, cos (% — wt)

y = Iy, sin (wt + @) )

Here, € [—Ium, Lum], ¥ € [—Ibm, Ipm]. The product of
w and t is obtained from (2)

T -1 T
wl = 5 — cos (I)

— a1 Y
wt = sin - ) —
(Ibm d)

3

Cancel wt and combine the two equations, the relationship
between x and y can be given by (3)

¢+ g =cos! (Li) +sin~! (i) ) %)
cos ¢ = sin [cos_1 (

Sin of (4) is
x - cos [sin”! L
Iam Ibm
T Y

Iam . Ibm .
For the right part of (5), we have

sin {cos1 (I:i” )] = \/1 — cos? {cos1 <Ijm )]
- \?2
=4/1- <Ia,7n,> . 6)
cos [Sin_l ( If)] = \/ 1 — sin’ [Sinl (I,yﬂ
- 1—(y>% )
Iy

Thus, (5) can be expressed as

(&)

2 2
T Y x Y
_ L 1— 1 - = .
o8 (qj)) Iam Ibm [ (Iam ) ‘| [ (Ibm ) ]
3
Both sides of (8) are squared; then, an ellipse is established
x? y? 2 cos (¢) )
- i — qi =0
IEn + " Tom I xy — sin?(¢)
T e [_Iam, Iam]v Yy e [_Ibma Ibrn] . (9)
According to the general equation of ellipse, it follows:
1 2 cos (¢) 1
A=— B=———""- (C= —
Igm , Iam ’ Ibm, 7 Ilgm ’
D=FE=0, F=—sin’(¢). (10)
Because
4cos? (o) 4
2 _
B —4AC—I2 T T < 0. (11)

am bm am bm

Thus, (9) agrees with the general equation of ellipse in the
Cartesian coordination. The center is located at the origin of
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Fig. 2. A-B trajectories under all conditions.

coordinate. The pattern drawn by (9) is called a—b trajectory
under normal operations.

Suppose I, = Ipn, the angle and centrifugal rate of a—b
trajectory can be obtained as follows:

0 — Laresin [ - B -7
(A — O) + B
20/(A — ) + B? 9
e? = ( ) = — (13
2
A+C+4/(A -0y +B2 1+ COS(é)‘

The distance from any point on the ellipse to the origin is

d=+va2?+y*=1In \/sin2(wt) +sin®(wt + ¢). (14

It can be drawn that, under ideal situation, a—b trajectory is
an oblique ellipse with an angle of —7 /4. The centrifugal rate
is related to ¢. When w and ¢ are fixed, d is proportional to the
magnitudes of load currents.

IV. FAULT ANALYSIS

The a—b trajectories under all conditions are shown in Fig. 2.
Ly — L5 are 12 parts of the trajectories. The black lines and
red lines are normal parts and fault parts of the trajectory, re-
spectively. A-B trajectories of SSOC faults and DSOC faults are
analyzed in the following sections.
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A. Single Switch Open-Circuit Faults
When 17 OC fault occurs, 7, and 7; are
. /0 wt € [2km, 2kT + )
() = {Iam sin (wt) wt € [2k7 + 7, 2kT + 2m) (1)
iy (t) = Iy sin (wt + ¢) wt € [2km, 2km + 27) (16)

where k is a natural number. Under this condition, = €
[—Ium, 0], v € [—Iym, Ipm]. The ellipse has distorted. The
a-b trajectory can be obtained from (9): eq. (17) as shown
at the bottom of the page.

The a-b trajectory can be expressed as FAULT_T1
= [Ly4 Ls Lg L7 Ly in Fig. 2.

When 7 OC fault occurs, 7, and 7; are

oo Iy sin(wt) wt € 2k, 2kT + )
a(t) = {O wt € [2km + 7, 2km + 27) (18)
iy (t) = Iy, sin (Wt + ¢) wt € [2km, 2km + 27) . (19)

In this case, © € [0, Ium], ¥ € [—Iym, Lpm]- The distorted
ellipse is (20) as shown at the bottom of the page.

The a-b trajectory can be expressed as FAULT_ T4
= [Ll LQ L3 L10 L7} in Flg 2.

In the same way, when 1'3 or T OC fault occurs, the a—b tra-
jectory can be expressed as FAULT_T3 = [Lg Ly Ly Ly L12)
or FAULT_T6 = [L3 L4 L5 L12 Lg] in Flg 2.

When 75 OC fault occurs, ¢.. is (21) as shown at the bottom
of the page.

According to the relationship of three-phase currents

io 4y + i, = 0. (22)

If 7. = 0, then

1q + 1 = 0. (23)

Thus, the distorted ellipse is (24) as shown at the bottom of
the next page.

The a-b trajectory can be expressed as FAULT_T5
= [L2 L3 L4 L11 Lg} in Flg 2.

When T, OC fault occurs, .. is (25) as shown at the bottom
of the next page.

The distorted ellipse is (26) as shown at the bottom of the
next page.

The a-b trajectory can be expressed as FAULT_T2
= [Ls Lg Ly Ls L] as shown in Fig. 2.

wt € [2km, 2kT + )

- —sin?(¢) = 0
o2 y? 2cos (¢) ) — 0wt o o 9 (17)
I;f,” Ignz - Iom Ipm ’ xy — S (¢) - wt € [ m + ﬂ-’ a + 71—)
x” 3 2 cos (¢ .
m + I‘ém — ﬁ - xy — sin®(¢) = 0 wt € [2km, 2kT + ) 20)
== sin?(¢) = 0 wt € [2km + 7, 2k + 27)
(1) = 0 wt € [2km — 2¢, 2kT — 2¢ + 7) 21
T Ly sin (wt 4+ 2¢)  wt € [2kr — 26 + m, 2km — 26 + 27)
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TABLE I
A-B TRAJECTORIES OF SSOC FAULTS

Faulty number ~ SSOC fault a-b trajectory

1 T FAULT.T1 = [Ly Ly L L7 Lyo]
2 T FAULT.T2 = [Ls L¢ Ly Ls Ly1]
3 Ty FAULT.T3 = [L¢ Ly Lo Ly Ly2]
4 Ty FAULT.T4 = [Ly Ly L3 L1y L7]
5 Ts FAULT.T5 = [Ly Ly Ly Ly Lg]
6 Ts FAULT.T6 = [Ls Ly L5 Lys Lo]

Table I lists all the a—b trajectories of SSOC faults. The a—b
trajectory of each OC fault is unique. It can be found that if
SSOC faults of two switches in a phase occur simultaneously,
a-b trajectories of them are complementary because of the com-
plementary conduction time.

B. Double Switches Open-Circuit Faults

Six switches are independent in topological structure of an
inverter. The correlation coefficient of any two switches is zero.
Therefore, the effect of SSOC faults is independent. From the
mathematical theory, the effect of DSOC fault can be obtained
by the superposition of effect caused by the corresponding two
SSOC faults.

For instance

If Ty OC fault occurs, then x € [—I41,0],y € [—Ipm, Ipm] ;
If T, OC fault occurs, then x € [0, I |,y € [—Lom , Lom |-

When 7} and T, OC faults occur, x and y must agree with all
constrains mentioned above at the same time. Then

xTr = 0, Yy e [_Ibmvlbm] .

The a-b trajectory derived from (15-20) is a closed curve
on the Y axis. All the a—b trajectories of DSOC faults can be
obtained by the following formula:

FAULT_Ti&Tj= FAULT_Ti N FAULT_ T}y 27

where T7 and Tj are two different switches of an inverter. The
symbol “N” means that FAULT_T¢&T} is the boundary line of
the overlapping part of the two regions enclosed by FAULT _T%
and FAULT_T}j. For example, DSOC fault of 7} and 7} can be
calculated by (27):

FAULT_T1&T4 = FAULT_T1 N FAULT_T4
= [L7L1gLyoLr].
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TABLE II
A-B TRAJECTORIES OF DSOC FAULTS

Faulty number ~ DSOC fault a-b trajectory

7 T1 and T2 FAULT_T1&T2 = [L5 L(, L7 Lll]

8 T and T FAULT_T1&T3 = [L¢ L7 L1,]
9 Tyand Ty  FAULT_T1&T4 = [L; Lyg Lyg L7]
10 T1 and Tr, FAULT_T1&T5 = [L4 L11 Ll()]
11 TyandT;  FAULT.T1&T6 = [Ly Ly L1s L1o]
12 Ty and T FAULT_T2&T3 = [L¢ Ly Ls L1]
13 Ty and Ty FAULT.T2&T4 = [Ly Lg L]
14 TyandT;  FAULT.T2&T5 = [L11 Ls Ls L11]
15 Ty and T FAULT.T2&T6 = [Ls L1y Li1]
16 T3 and T’y FAULT.T3&T4 = [Ly Ly Ly L7]
17 Ty and T FAULT_T3&T5 = [Ly Lo Ls]
18 Tg and T5 FAULT_T3&T6 = [L12 Lg Lg ng]
19 Ty and T FAULT_T4&T5 = [Ly Ly L1y Ls]
20 Ty and T FAULT _T4&T6 = [L3 L1y Lo]
21 T5 and T(, FAULT_T5&T6 = [L3 L4 L11 Lg]

Table I1 lists all the a—b trajectories obtained by (27). The a—b
trajectory of each DSOC fault is different from others. Moreover,
some a—b trajectories of DSOC faults show a symmetry. For one
kind of DSOC fault, two switches in different phases fail. For
the other kind of DSOC fault, the complementary two switches
in these two phases fail. Then, a—b trajectories of these two
kinds of DSOC faults are origin-symmetric.

From Tables I and II, it is concluded that there are 21 kinds
of a—b trajectories corresponding to 21 kinds of OC faults. For
each fault, it can be isolated accurately by identifying the a—b
trajectory.

For three switches OC faults, a—b trajectories can be deduced
in the same way, and are different from those of SSOC faults
or DSOC faults. However, it is difficult to isolate all the three
switches OC faults by just two currents. It is also senseless
to isolate three faulty switches because the inverter has nearly
broken down. Fault analysis of three switches OC faults is not
discussed in this paper.

V. FAULT DIAGNOSTIC METHOD

The trajectory is composed of points which move counter-
clockwise. It can be seen from Fig. 2 that the trajectory will
pass through some of the red lines (L7, Lg, Lg, Lo, L11, Li2)
and the origin when OC fault occurs. The trajectory can pass
through these red lines in six different directions, which include
the X -axis direction (—), the negative direction of X axis (<),
the Y -axis direction (T), the negative direction of Y axis (| ), the
increasing direction of X axis along the line z + y = 0 (),

wt € [2km — 2¢,2kT — 2¢ + )

r+y=0

z+y=0

x 2 cos (¢ . 24
{zzi + g — 20 gy —sind (6) = 0 wt € [2hm — 26+ 7, 2K — 26 + 21) &Y
(1) = I, sin (wt + 2¢) wt € [2km — 2¢, 2km — 2¢ + ) 25)
W' =0 wt € [2km — 26 + T, 2k — 26 + 27)

z? y? 2 cos (¢) . w2 _ . _
{13," T T LT, %Y —sin (¢) = 0 wt € [2km — 2¢, 2km — 2¢ + ) 26)

wt € [2km — 2¢ + w, 2kT — 2¢ + 2m)
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TABLE III
DIRECTIONS OF SSOC FAULTS AND DSOC FAULTS

Fault switch Direction Fault switch Direction Fault switch Direction
T1 T T1 and T;g TH T2 and T(‘ V\H
T AN Ty and Ty T Ts and T’y —]
Ts — Ty and T ™ Ty and T —\,
T4 l T1 and Tﬁ TH T3 and TG —
T5 N Ty and T N— Tyand T N\
Te — Ty and Ty N Ty and T |—
T1 and T2 Tr\ T2 and T5 \\ Tr, and TG \H

and the decreasing direction of X axis along the line z +y =0
(\)-

For SSOC faults, there is only one direction when the tra-
jectory passes the red lines. For DSOC faults, there are two
different directions when the trajectory passes the red lines.
Table III presents directions of these faults. Therefore, SSOC
faults and DSOC faults can be isolated by directions of these
red lines.

A. Fault Detection

There are two abnormalities of the trajectory when OC fault
occurs: origin crossing and slope anomaly.

Origin crossing: under normal operating conditions, the tra-
jectory is an ellipse that surrounds but does not pass through the
origin, we define origin_corssing = 0. When OC fault occurs
and the trajectory passes the origin, we define origin_corssing
=1

Slope anomaly: slope k of the point on the trajectory to the
origin is close to 0, oo, or —1. The definitions of these three
abnormal slopes are:

1) if |k| < tan («), then k, = 1,else k, = 0;

2) if |[k| > tan(n/2 — a), then k, = 1,else k, = 0;

3) if —tan (/44 o) < k < —tan (7/4 — a), then k,,, =

1, else kyy = 0;

where 0 < o < 7/8. Note that a slope anomaly is detected
only when slopes of several consecutive points on the trajectory
to the origin satisfy one of the three conditions mentioned above,
otherwise, normal points may be regarded as fault points in some
cases.

Therefore, fault signal can be expressed as

Fault = (origin_crossing OR k, OR k, OR k;,) (28)

where OR is the logic operation. When OC fault is detected,
then Fault = 1, otherwise, Fault = 0.

B. Fault Isolation

Actually, OC faults are isolated by fault time, abnormal
slopes, and directions of the trajectory. Each direction can be
determined by an abnormal slope and a point on the current tra-
jectory. In this paper, three points A (x4, y4), B (zp, yp), and
C (z¢, yc ) are utilized to calculate the two directions. Point A
is the fault point before the trajectory passes through the origin.
Point B is the origin (0, 0). Point C is the fault point after the

. . . e ==
trajectory passes through the origin. Then, vectors AB and BC
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TABLE IV
DIRECTION JUDGMENT DURING OC FAULTS
Abnormal slope Vector (Az, Ay) Direction
ky, =1 Az > 0 —
Ax < 0 —
k, 1 Ay > 0 T
Ay < 0 l
kyy =1 Az > O0orAy < 0 .
Azx< OorAy > 0 AN
can be expressed as
—
AB = (xp — x4, yp —Ya) = (=4, —ya)
— . 29)
BC = (z¢ — =B, yo —ys) = (zc, Yo)

Define Ax as xp — x4 or zc — xpg, Ay as yg — y4 or
yo — yp. Table IV lists the direction judgment during OC
faults.

For SSOC faults, the fault time of each cycle is no more
than half of the period T. There is only one direction and one
abnormal slope. Then, we have

{ka: + ky + k.’vy =1

30
tFauIt < Ts/z ( )

The direction can be determined as long as point A or C is
obtained. Generally, it is not suitable to determine the direction
by the point obtained at the time when the OC fault just occurs
(the rising edge of Fault), because the fault occurrence time is
unknown and this point may not be A. Otherwise, the other
switch of the same phase may be regarded as the fault switch
incorrectly. However, the point obtained at the falling edge of
Fault must be point C. Thus, vector B.d and the direction can
be determined. The fault switch can be isolated by the direction
according to Table III.

For DSOC faults in the same phase, the fault time of each
cycle is over half of the period 7. There are two directions but
only one abnormal slope. Then, we have

kp + Ky + bipy = 1
tFault > Ts/2 '

These DSOC faults can be isolated by the duration of the
abnormal slope:

if tpou >Ts/2 and k, = 1, then phase b fails, fault
switches are T3 and Tj;

if tpquir > Ts/2 and k, = 1, then phase a fails, fault
switches are 7T} and T};

if tpguie > Ts/2 and k,, = 1, then phase ¢ fails, fault
switches are 75 and T5.

For DSOC faults in different phases, there are two different
directions and two different abnormal slopes. Then, we have

(32)

€1y

ky +ky + Ky = 2.

Both point A and point C are needed to calculate the two
directions. A point is sampled when a new abnormal slope is
detected. When DSOC faults in different phases occur, the first
abnormal slope k; is detected, then k; = 1, otherwise k; = 0;
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—» Case 1
—> Case 2
ko, P> ||| k1P
k1, Py
y 0t
A B (0, 0)
k2, P2
0
X

Fig. 3. Influence of the fault occurrence time on the positions of P; and Py.

a new abnormal slope ks will be detected after some time, then
ko = 1, otherwise ks = 0. Two points P; and Py used for
direction calculation are sampled at the rising edges of k; and
ko, respectively. Similarly, the uncertainty of fault occurrence
time makes it difficult to determine which of the two points is
A or C. If faults occur before the trajectory passes point B (case
1 in Fig. 3), then P; is A and P, is C. If faults occur after the
trajectory passes point B (case 2 in Fig. 3), then P; is C and
P, is A. Therefore, it is necessary to determine the relationship
among P, Po, A, and C before direction calculations.

Since point B is between A and C, P; and P, can be identified
by the order of the three points and the location of point B.
Define ¢; as the time from the rising edge of Fault to the rising
edge of k;, t2 the time from the rising edge of Fault to the rising
edge of k9, tp the time from the rising edge of Fault to the rising
edge of origin_crossing, then we have:

ifty < tgp < t9,thenP; is A and Ps is C;

iftg < t; < ty,thenPy is C and Py is A;

ift1 < ty < tp,then Py is C and Ps is A.

Therefore:

if (tB — f,l)(tB — f,Q) < 0, then Py is A and P» is C;

if (tpg — t1)(tg — t2) > 0, then Py is C and Py is A.

When points A and C are obtained, two different directions
can be determined, then fault switches can be isolated by the
two directions according to Table III.

The diagnosis process is introduced in Fig. 4. During the pro-
cess, directions are calculated at first, then the fault isolation
module decides which data to use for diagnosis according to the
values of k., ky, kyy, and tpqy¢. For SSOC faults, the origin-
crossing and abnormal slopes are detected by x and y when fault
occurs. Then, origin-crossing and the corresponding abnormal
slopes are set to 1. Fault is obtained through logic operation.
Next, point C is detected at the falling edge of Fault and direc-
tion D is calculated. If the constraints of (30) are satisfied, the
diagnostic result will be figured out by D. For DSOC fault in
the same phase, if the constraints of (31) are satisfied, the di-
agnostic result will be given according to the values of k,, &,
and k. For DSOC faults in different phases, k; and k» are se-
lected from abnormal slopes whose value is 1. The integrals of
origin-crossing, ki, ko, and Fault represent durations of these
signals, which are used for points identification and direction
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Fig. 4. Diagnosis process.

calculation. D; and Dy are calculated after points A and C are
identified. If the constraints of (32) are satisfied, the diagnostic
result will be obtained by D; and Ds.

C. Load Variation Influence

Load variation has great impact on output currents, so as to
change the size and even the shape of the trajectory. Accord-
ing to (14), the distance d from any point on the a—b trajectory
to the origin increases linearly with the current 1, . If ,,, in-
creases, the trajectory expands. On the other hand, the trajectory
shrinks. Within a short period of time after load changes, the
transient process of output currents will lead to a distortion of
the trajectory.

However, load variation has little influence on the diagnostic
method. When load variation occurs under normal conditions,
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a. dSPACE b. Inverter c. Sensor box
d. DS2002 A/D Board e. DS4004 1/O Board
f. DC-side capacitor support

g. On-line faults diagnostic system

h. DC power i. Load

Fig. 5. General view of the experimental system.

the trajectory will gradually change to another size, but it will
not pass through the origin; slopes of several consecutive points
on it will not satisfy any of three slope anomaly conditions.
Therefore, load variation will not lead to the false alarm under
normal conditions.

When load variation occurs under fault conditions, there is
at least one phase current that is close to zero. Although other
phase currents will change, the points on the trajectory will
only move on X axis, Y axis, or line x 4+ y = 0; the direction
calculations are not affected. In other words, load variation has
no impact on fault detection and isolation.

From the beginning to the end of operations, some equipment
on the train are in use and can never be interrupted, such as
air conditioners, fans, etc. Therefore, the case of no load is
hardly encountered unless the train completely stops working.
In addition, even if air conditioners are shut down, there are
still small no-load currents as long as the locomotive works.
The method based on the calculation of abnormal slopes and
directions is feasible as long as the output has current flow.

VI. EXPERIMENTAL RESULTS
A. Experimental Set-Up

In order to verify the diagnostic method, an experimen-
tal system is set up based on dSPACE platform. The exper-
imental system is shown in Fig. 5. The system consists of
three parts: dSPACE, software, and hardware. dSPACE includes
DS1007 processor board, DS2002 high precision A/D board,
and DS4004 high speed I/O board. DS1007 is the core of
dSPACE. This system communicates with the outside world
through DS2002 and DS4004. Software part contains Simulink
platform and the control desk. The control algorithm and the
online diagnostic method based on the prototype are adapted
into an online simulation model in dSPACE after they are ap-
proved in Simulink. The control desk can monitor the collected
signals in real time and adjust the parameters. Hardware part
is comprised of an adjustable dc power supply, an inverter, a
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TABLE V
KEY PARAMETERS OF THE PROTOTYPE

Parameters Values

T, —Ts MG100Q1JS40
Trigger IC 1EDO020112FA
Input voltage 600 VDC
Controller fr = 50Hz
fe = 3kHz
Modulation index is 0.8
Load Three-phase 380 VAC
Active power is 15 kW
Power factor is 0.85
40t = Model
30+ Measurement -
20t
__ 10}
< of
~
-10 }
=20+
-30¢
40}
-40-30 -20-10 0 10 20 30 40
x (A)
Fig. 6. Comparison between actual trajectory and calculated trajectory.
TABLE VI
DI1AGNoOSIS OF SSOC FAULTS
Fault  PointC (x¢,yc) Calculated direction Diagnostic result
i (-5.2,32.3) 1 FAULT_TI
T, (=34.5,27.0) N FAULT_T2
Ts (-28.3,-4.1) — FAULT_T3
T, (5.0, -34.1) 1 FAULT_T4
Ts (33.2,-26.2) \ FAULT_T5
Ts (27.9,4.8) — FAULT_T6

dc-side capacitor support, a sensor box, and load. The key pa-
rameters of the prototype are shown in Table V.

In the experiment, SSOC faults are set by six fault simula-
tion signals from the computer. DSOC faults are simulated by
setting two SSOC faults at the same time. There are six kinds
of SSOC faults and 15 kinds of DSOC faults in the experiment.
Useless harmonics in the output currents are eliminated by dig-
ital low-pass filters. The variable « is set to 47 /9 considering
the requirements of output stability. The number of consecutive
sampling points is set to 10. The following contents are verified:

1) Under normal operation, the a—b trajectory calculated

by the mathematical model is basically the same as that
recorded in the experiment.

2) Allthe a—b trajectories of SSOC faults and DSOC faults in

Tables I and II are consistent with those in the experiment.
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x(A)
40 \_’_/\

-40

x(A)
407 1 40
307 FAULT T4 |
20t -4 0
107 1 40
~ O 1,
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30} -
40+ _
-40
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of\\v//o
-40

2ms/div y(A)

N4

2ms/div

40 30 -20-10 0 10 20 30 40

2ms/div 2ms/div
x (A) FAULT Tl FAULT T4
Fig. 7. A-B trajectories of FAULT_T1 and FAULT_T4.
x(A) x(A)
40 1 40 40
30t 1
20+ FAULT T6 { o 0
10 1
ot | -40 -40
v (A) 2ms/div y (A) 2ms/div
-107 140 40
201 FAULT T3 ’/ﬂ\\\\h_d___,/
=301 - 1 0 0
40 . w
L -40 -40
-40 -30 -20-10 0 10 20 30 40 2ms/div 2ms/div
x (A) FAULT T3 FAULT To
Fig. 8. A-B trajectories of FAULT_T3 and FAULT_T6.
x(A) x(A)
40y 1 40 40
30} FAULT T5
20t 0 0
10t
2 0 -40 -40
= v (A) 2ms/div y (A) 2ms/div
-10t 40 40
=201 1
30+ FAULT T2 10 0
-40r1
L -40 -40
-40 -30 -20 -10 0 10 20 30 40 2ms/div 2ms/div
x (A) FAULT T2 FAULT _T5

Fig.9. A-B trajectories of FAULT_T2 and FAULT_TS5.

TABLE VII
DIAGNOSIS OF DSOC FAULTS IN THE SAME PHASE

Fault Fault time Abnormal slopes Diagnostic result
Ty and Ty tpgue > 0.01s  ky = 0,ky = 1,ksy =0 FAULT_T1& T4
T3 and T tpgue > 0.01s  ky, = 1,ky = 0,k,y =0 FAULT_T3&T6
Ty and T’ tpgur > 0.01s  ky, = 0,ky, =0,k;y =1 FAULT_T2&T5

All the faults can be diagnosed accurately by the method
proposed in this paper.
3) Load variation has little impact on the diagnostic method.

B. Model Validation

Under normal operation, a—b trajectories are shown in Fig. 6.

It can be seen that a—b trajectory calculated by the mathematical
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x(A) x (A)
40¢ 40 40
301
201 1 0 0
< 10 1
% ol FAULT_T3&T6 | 49 40
10 y(A) 2ms/div y (A) 2ms/div
il 1 40 40
-20¢
=301 0 0
-40 FAULT T1&T4
U e 0 -40
-40 -30 -20 -10 0 10 20 30 40 2ms/div 2ms/div
x(A) FAULT T1&T4 FAULT T3&T6
Fig. 10. A-B trajectories of FAULT_T1&T4 and FAULT_T3&T6.
model agrees with the recorded one. Through calculation, the x(A)
angle 0 (rad) of the actual trajectory is —0.707, and the centrifu- ‘3‘8 40
gal rate e is 0.817. Thus, the model proposed in this paper is 20 ! o
accurate. 10 FAULT T2&T5 ]
< o 140t
B BN 2ms/div
C. Diagnosis of SSOC Faults :20 | 40
Diagnostic results of all the SSOC faults are presented in -30 10 /\/
Table VI. It lists the values of point C, the calculated directions -40 S a0
according to these points, and the final diagnostic results. As -40 -30 20 -10 0 10 20 30 40 2ms/div
x (A) FAULT T2&T5

we can see, point C of FAULT_T1 or FAULT_T4 is close to Y
axis, the two directions are opposite, one points to the Y axis
direction, the other points to the negative direction of Y axis.
Point C of FAULT T3 or FAULT _T6 is close to X axis, one
direction points to the negative direction of X axis, the other
points to the X axis. Point C of FAULT_T2 or FAULT_TS is
close to the line x + y = 0, the two directions are opposite as
well. For each fault, the direction was accurately figured out and
the fault was located successfully. All the a—b trajectories and
their original signals in a certain period of time are shown in
Figs. 7-9; they give a more visual diagnosis.

D. Diagnosis of DSOC Faults

Diagnostic results of DSOC faults in the same phase are
presented in Table VII. It lists the fault time, values of abnormal
slopes, and the diagnostic results. All ¢,,,;; were detected more
than half of the period; results were easily obtained after the
values of abnormal slopes were calculated. The results show
that all the diagnoses were accurate. Figs. 10 and 11 show a—b
trajectories and their original signals of these faults in a certain
period of time. These trajectories are consistent with those in
Table II.

Diagnostic results of DSOC faults in different phases are
presented in Table VIIL. It lists the values of points A and
C, the calculated directions, and the diagnosis results. It can
be seen that the faults were located accurately according to
these calculated directions. The a—b trajectories and original
signals of these faults in a certain period of time are shown in
Fig. 12-Fig. 16, and Fig. 17. These trajectories are also consis-
tent with those in Table II.

Fig. 11. A-B trajectories of FAULT_T2&TS5.

E. Load Variation Influence

It has been proved that the proportion of a—b trajectory is
affected by load variation, while the angle and the centrifugal
rate are not. Three a—b trajectories were recorded under the
condition of rated load, heavy load, and light load to verify
the correctness of the theoretical analysis. These trajectories are
shown in Fig. 18. The corresponding calculations of angle and
centrifugal rate are listed in Table IX. It can be concluded that,
under normal conditions, the size of the trajectory shrinks while
the angle and the centrifugal rate remain constant.

There is a transient process in which the trajectory transfers
from one steady state to another after load was changed. Fig. 19
shows two kinds of transient processes under normal conditions.
Adjustable load of about 4 kW was added and cut off. During the
process, the trajectory expanded or shrank gradually and slopes
of several consecutive points on the trajectory were normal.
There was no origin-crossing or abnormal slope signal detected.
The transient process under normal conditions did not result
in false alarm. Therefore, the method will not consider load
variation as any OC fault under normal conditions.

The transient process under fault conditions will not affect the
method as well. Fig. 20 shows the diagnosis process of 77 OC
fault. The fault was set at the red point and x gradually reduced to
zero. Then, load was changed at the yellow point. It had certain
impact on y but did not cause any obvious change to « when x
was close to zero. After a period of time, the values of point C are
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TABLE VIII
DI1AGNOSIS OF DSOC FAULTS IN DIFFERENT PHASES

Faults Point A (x4, ya) Point C (z¢, y¢ ) Calculated directions Diagnostic result
Ty and T (-23.9,1.4) (-3.4,30.4) —1 FAULT_T1&T6
T3 and Ty (22.6,-1.1) (0.1, -26.0) —| FAULT_T3& T4
Ty and T’ (1.5, -26.6) (-15.8,-0.1) T FAULT_T1& T3
Ty and T (0.8, 18.8) (14.5,-0.1) = FAULT_T4&T6
T, and T’ (-26.4,24.7) (-0.1, 18.4) N T FAULT_T1&T5
Ty and Ty (28.9,-27.1) (0.1, -18.6) N FAULT_T2& T4
T, and T (1.5,-23.1) (-23.1,22.8) ™ FAULT_T1&T2
Ty and T (-1.4,22.8) (23.6, -22.0) Ny FAULT_T4&T5
Ty and T (-24.7,-1.6) (-16.5,15.9) —N\0 FAULT_T2&T6
T3 and T’ (25.1, 1.8) (14.6,-15.0) —\, FAULT_T3&T5
Ty and T (27.4,-25.9) (-23.4,-0.2) N FAULT_T2& T3
T5 and T (-24.6,23.6) (25.4,0.3) N— FAULT_T5&T6
x (A) x(A)

40} ]

30! FAULT T1&T6 | 40 40 \_J\
20} {0 0

10} 1 \/‘

< ol | -40 -40
~ v(A) 2ms/div y (A) 2ms/div
-10+ 1 40 40

20} 1 /_\_’_/
307 FAULT T3&T4 10 0 w
40+ |

L -40 -40
-40 -30 -20 -10 0 10 20 30 40 2ms/div 2ms/div
x (A) FAULT T1&T6 FAULT T3&T4
Fig. 12.  A-B trajectories of FAULT_T1&T6 and FAULT_T3&T4.
x(A) x(A)

‘3‘8: FAULT T4&T6 | 40 40 \___/\
20} 10 0
10 1 _’\/\

< 0f | -40 -40
=~ 10 v (A) 2ms/div y (A) 2ms/div
) 1 40 40

40l FAULT TI&T3 ] w—

e -40 -40
-40 -30 -20 -10 0 10 20 30 40 2ms/div 2ms/div
x (A) FAULT T1&T3 FAULT T4&T6
Fig. 13.  A-B trajectories of FAULT_T1&T3 and FAULT_T4&T6.
detected and the fault was isolated as scheduled. As seen in the TABLE IX

CALCULATION RESULTS OF ELLIPTIC ANGLE AND CENTRIFUGAL RATE UNDER

figure, the whole process from inverter failure to fault isolation THREE KINDS OF LOAD CONDITIONS

took less than 0.01 s. Fig. 21 shows the diagnosis process of
Ty and T OC faults. T} and T} were in the same phase. Faults
were set at the red point and load was changed at the yellow
point. Load variation did not affect =. After some time, faults Rated load -0.707 0.817
were detected. When the fault time was detected more than Heavy load ~0707 0817

X Light load -0.707 0.817
0.01 s, the current abnormal slopes were calculated according

Load condition ~ Angle 6 (rad)  Centrifugal rate e
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Fig. 14.  A-B trajectories of FAULT_T1&TS5 and FAULT_T2&T4.
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Fig. 15. A-B trajectories of FAULT_T1&T2 and FAULT_T4&TS5.
x (A) x (A)
407 1 40 40
30/ - w
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Fig. 16. A-B trajectories of FAULT_T2&T6 and FAULT_T3&TS5.

2ms/div 2ms/div
FAULT T2&T6 FAULT T3&T5

to the values of x and y, then faults were isolated. The whole results. The diagnostic process took less than 0.017 s. It can be

process took about 0.014 s. Fig. 22 shows the diagnosis process
of 11 and T OC faults. 71 and T were in different phases.
Load was changed at the yellow point after faults were set. Py
was detected first at the blue point. After a period of time, Py
was detected and faults were soon isolated at the green point.
Load variation did not have any influence on the diagnostic

seen from these results that the diagnostic method has certain
robustness when load variation occurs.

VII. CONCLUSION

In this paper, an online diagnostic method is proposed based
on a-b trajectories of inverter on a type 25T train. Under nor-
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Fig. 17. A-B trajectories of FAULT_T2&T3 and FAULT_T5&T6.
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Fig. 22.  Load variation impact on a—b trajectory when 7 and 7§ failed.
Fig. 19. Load variation impact on a—b trajectory under normal conditions.

(a) Load was added. (b) Load was cut off.

x(A)
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Fig. 20. Load variation impact on a—b trajectory when 7 failed.

mal conditions, a—b trajectory is an ellipse centered at the origin
in the Cartesian coordination. Its angle and centrifugal rate are
fixed. All the a—b trajectories of both SSOC faults and DSOC
faults are obtained by mathematical models. They are proved
to be different from each other. Fault features irrelevant to load
variation are extracted. Faults can be isolated successfully by

identifying abnormal slopes and directions of these a—b trajecto-
ries. The fastest diagnostic process takes less than half a period.
This method is robust to load change. In the experiments, the
accuracy of the model and the effectiveness of the method are
verified on dSPACE platform.
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