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A Novel Diagnostic Technique for
Open-Circuited Faults of Inverters Based on
Output Line-to-Line Voltage Model

Cheng Shu, Chen Ya-Ting, Yu Tian-Jian, and Wu Xun

Abstract—An output line-to-line voltage model-based
fault diagnostic technique is presented in this paper. From
the theoretical analysis of the output voltage under normal
and faulty conditions, a preprocessing method is devel-
oped to extract fault features from diagnosis eigenvalue. A
voltage envelope line is generated by the proposed voltage
envelope function. By comparing the preprocessed diag-
nosis eigenvalue and the voltage envelope, single-switch
open-circuit faults can be located precisely. Because the
proposed method does not rely on the accurate amplitude
of the output line-to-line voltage, the influence of the load
changing is minimized and simple hardware is adopted,
which has advantages of low cost, high reliability, and
short diagnosis time. Moreover, as long as the inverter out-
put voltages have the feature of periodic nonpositive and
nonnegative, this method is valid no matter what control
strategy is adopted by the inverter and no control signal is
required for the diagnosis process. The prototype system is
tested to validate the adaptability of the proposed method
under different conditions, such as the diverse loads, vari-
ous control strategies, and fault-occurrence time.

Index Terms—Fault diagnosis, fault location, inverters,
open-circuit fault.

|. INTRODUCTION

WM technology-based inverters are widely used in

industrial field. Its reliability is of crucial importance.
However, the inverter faults are inevitable at the present stage.
Consequently, fault-diagnosis technology of inverters is becom-
ing a research hotspot recently. The industrial inverter system
faults are mainly caused by capacitor failures, semiconduc-
tor switches’ breakdowns, and driving circuit misfire [1]. The
reported fault diagnosis methods can be divided into two
categories by their different diagnosis objectives.

In the first category, the reported methods aim at the invert-
ers’ component faults. Capacitor faults are discussed in [1]-[4]
and [24]. Insulated gate bipolar transistor (IGBT) failures
are analyzed in [5] and [6]. A circuit model-based parame-
ter identification method is presented in [1] to identify the
equivalent series resistance (ESR) and deduce the trend of ESR.
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In [2], when the motor is stopped, the ESR and capacitance
of the dc-link aluminum electrolytic capacitors are calculated
by recursive least square method. Then, the ESR and capaci-
tance are used for fault diagnosis and life prediction. In [3], by
injecting a controlled ac current component into the input, ac
voltage ripples on the dc output can be induced. The value of
the ESR is then calculated by manipulating these ac voltages
and current components with digital filters. The temperature
effect is also considered in [3]. In [4], different influences of
hysteresis current control and pulse width modulation (PWM)
techniques on power factor correction (PFC) output filtering
capacitors are discussed, and a new electric equivalent scheme
of electrolytic capacitors is determined using genetic algo-
rithms. Because ESR will increase at high frequencies due to
skin effect, the frequency augment is taken into account in [4].
A low-cost bandpass analog filter centered at a high frequency
is proposed in [5] to evaluate the converter parameter variations
over time. The parameters’ variations are characterized from
ringing, and they are used to assess the aging status of transis-
tor in the power electronic circuits and electric machines. The
wire-bond-related failures are investigated using the ON-state
voltage drop as a failure indicator in [6], the proposed method
can achieve accurate online testing by injecting external cur-
rents into the power unit during the idle time. This category
of fault diagnosis method requires a thorough understanding of
the physical characteristic and structure of components. These
methods are easily influenced by environmental change, and it
is difficult to verify their performance. Moreover, their appli-
cations are limited by fault model accuracy and fault feature
extraction difficulties.

Another category is formed with methods aiming at topology
faults. There are two kinds of inverter topology faults that are
switch open-circuit and switch short-circuit fault. The switch
short-circuit fault has great damage to inverter. As a result, reli-
able protection circuits are added to protect components and
shutdown inverter when switch short-circuit fault happens. The
switch open-circuit fault is not as destructive as short-circuit
fault, and switch open-circuit fault do not necessarily cause the
inverter breakdown immediately. However, switch open-circuit
fault may cause the secondary damage to other components and
may crash the inverter eventually. The fault diagnosis methods
of this category have been reported in [7]-[23]. Four detec-
tion techniques of voltage-fed asynchronous machine drive
systems have been introduced and compared in [7]. An inverter
output voltage-based method is proposed in [8] to diagnose
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the short-circuit fault in a time-free domain that is called the
voltage space, the fault detection time is short and the fault
detection and isolation (FDI) result does not depend on the load,
the PWM frequency and the feedback loop. But this method
cannot diagnose open-circuit fault. A novel diagnostic algo-
rithm is proposed in [9]. The algorithm is quite simple, and it
just requires the measured motor phase currents and their corre-
sponding reference signals to diagnosis faults. This method can
diagnose 27 kinds of open-circuit faults. In [10], an algorithm
for multiple open-circuit faults diagnosis in full-scale back-to-
back converters is presented; the phase current is processed to
be independent to the operating conditions and then adopted as
the diagnosis eigenvalue. But the computational quantity of [9]
and [10] is relatively large, the diagnosis accuracy and speed
are subject to the choices of empirically threshold. In [11],
PWM switching signals and the output line-to-line voltages are
analyzed during the switching time of voltage source inverter
(VSI)-fed induction motor drives. This method achieves not
only accurate single and multiple switches’ fault diagnosis
but also minimization of the fault detection time, which is
one switching period maximum. Voltage difference of lower
switches between faulty and normal states is used in [12] to
detect the open-circuit fault. The difference of line voltages dur-
ing the PWM_ON and PWM_OFF time is considered as the
fault feature in [13]. Methods in [12] and [13] employ simple
hardware circuits and achieve a very short diagnosis time. In
[14], the slope of the inductor current is adopted as the diagno-
sis evidence and is observed over time, two parallels of working
fault detection (FD) subsystems are also adopted as a hybrid
structure to perform fast diagnosis. A voltage-based approach
for open-circuit fault diagnosis in closed-loop controlled PWM
converters is proposed in [15], and this method does not require
any additional sensors. Although paper [11]-[15] each has its
advantages, they need trigger signal or reference signal of con-
troller as the diagnosis eigenvalue. Therefore, a modification
on the original inverter control system is inevitable, and there
is also the possibility of increasing potential fault risk. These
drawbacks will greatly limit the application of these meth-
ods, especially in the inverters that are already in service.
A switch open-circuit fault detection method and diagnosis
system for matrix converters is presented in [16]. No-load
models, averaging windows, or additional sensors are needed
for this method. But adjustment to original converter and the
acquisition of switch state are required. An FDI method is
proposed in [17] for the EV. This method is based on the
phase currents’ instantaneous frequency and envelope. Specific
operating conditions are also taken into account, such as the
flux-weakening region and energy recovery. An improved nor-
malized dc-components-based diagnosis method is proposed in
[18]. A d—q voltage offset observer is designed to detect open-
switch fault in [19]. A Concordia current pattern radius-based
method is present in [20]. Complex calculation and detection
delay are the drawbacks of [17]-[20].

Some of the above diagnosis methods require trigger signal
as one of the diagnosis eigenvalues, and some of them need
to incorporate the diagnosis hardware into the original inverter
control system. Furthermore, there are methods employ addi-
tional sensors. All these implementations will possibly increase

the potential fault points and lower the practicability. Some of
other methods adopt the load current as the diagnosis eigenval-
ues, this kind of methods is relatively easier affected by load
changing, and their fault diagnosis time is commonly longer
than voltage-based methods. Also, there are reported methods
having the disadvantages of large computational complexity
and hardware cost. Each of the above drawbacks may cause a
serious limitation in practical applications.

Because the switch short-circuit faults can be easily trans-
ferred into switch open-circuit faults by means of fast fuses [9],
[25], [26], this paper is mainly focusing on switch open-circuit
faults of inverter. The operation principle of passenger train
onboard inverter has been researched under both normal and
abnormal states. The proposed method does not require inverter
control signals. Normally, the single switch open-circuit faults
can be located in one carrier period. Moreover, the proposed
method has excellent robustness, and its accuracy is indepen-
dent from load variation. The proposed method can also be
applied to sinusoidal pulse width modulation (SPWM), space
vector pulse width modulation (SVPWM), and other control
strategies-based inverters whose output line-to-line voltages
have periodic nonpositive and nonnegative values. A simple
and cheap hardware is employed to achieve low cost and high
reliability. All the features above jointly make the proposed
method not only suit for newly built inverters but also the
inverters already in service. With few adjustments, the proposed
method can be used in other inverters with fixed output voltage
frequency.

Section II presents an overview of the objective system as
well as the general idea of the proposed method. Section III
puts forward a proposition, and analyzes the operation of the
inverter with the proposition. Section IV proposed a fault diag-
nosis method, and take 7} open-circuit fault as an example to
illustrate how to apply the proposed method on the objective
inverter. The affecting factors are discussed in Section V and
the experimental results are analyzed in Section VI. Section VII
concludes this paper.

Il. SYSTEM OVERVIEW
A. Operational Principle of Objective System

Type 25T passenger train adopts disperse conversion topol-
ogy to supply power to onboard electric devices. There is a hot
standby redundancy inverter for each passenger train. When the
active inverter breakdown, loads are supplied by the hot standby
redundancy inverter, so the onboard electric devices of type 25T
passenger train are working uninterrupted. The input voltage of
the inverter is dc 600 V, and the output voltage is three-phase
380 V/50 Hz. SPWM is adopted. The schematic diagram of the
inverter is shown in Fig. 1.

In Fig. 1, T} —Tg are the IGBTs; normally, the IGBT body
diode has greater forward voltage and junction—case thermal
resistance than IGBT itself. Therefore, to ensure the systems’
reliability during the freewheeling period, D; —Dg in Fig. |
are additional reverse parallel diodes for IGBTs (not the body
diodes of 17 —1§); dc-side support capacitor is composed of
(C11—C14 and Ri1— R4, which are used to stabilize the dc
input voltage for inverter; contactor KM2 and resistor Ry are
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Fig. 1. Diagram of the inverter on Type 25T passenger train.

working together as a precharge circuit to limit input current
during the start-up process; the discharge circuit, which is
composed of KM3 and R;s, releases electricity stored in sup-
port capacitor after inverter stops; L; is the input reactor;
L,— L, are the output filtering inductors; and C, —C, are the
inductance-free capacitors.

B. General idea of the New Diagnosis Method

From the perspective of statistical data in recent research,
almost 70% of converter faults are more or less related to power
switches, such as open- or short-circuit fault, gate misfiring, and
so on [24]. Most inverters are protected from overcurrent by
fast fuses. Once switches encounter short-circuit faults, the fast
fuses cutoff the faulty switches instantly. For the inverters with-
out protection, it is also convenient to add fast fuses. Therefore,
short-circuit fault will be transformed into open-circuit fault
in most cases. Meanwhile, the phenomenon of gate-misfiring
faults is similar to that of switch open-circuit faults. Thus, this
paper focuses on the research of switch open-circuit faults.

The most direct characteristic information is contained in
three-phase output voltages when switch open-circuit fault
occurs. Furthermore, the output voltages are independent to
load changes. Therefore, three-phase output voltages collected
by TV201/202 in Fig. | are selected as diagnosis eigenvalues.
An output line-to-line voltage envelope function is proposed
based on the fixed periodicity trait of inverters’ output. Output
line-to-line voltages are preprocessed and combined with the
envelope line to extract fault characteristics caused by switch
open-circuit fault. Then, the faulty switch is located.

The proposed fault diagnosis method employs a low-cost
simple hardware. The diagnosis process can be completed in
one carrier period. The whole diagnosis process is irrelevant to
load change. Moreover, no control signal is needed, so the pro-
posed method is independent to both dead zone and ON-OFF
delay of switch.

1. ANALYSIS OF INVERTER OPERATION
A. Normal Operation of Inverter

SPWM is adopted by the passenger trains’ onboard inverter.
The basic operating principle of SPWM is that, the control trig-
ger pulses are generated by comparing a carrier signal ¢;(¢) to a
reference signal r(t). The definition of reference signal ()
is shown in (1), where w,., T, and f, are the amplitude, period,

and frequency of the reference signal, respectively. 6, is the
displacement angle which has the values 0, —27/3, and 27/3
for o = A, B, C three phases

Ty (1) = upsin (2w frt +0,) . (1)

The carrier signal shared by three reference signals is defined
as follows:

e (ft k- 1) RT. <
Ct“)—{m(fctkz), T

where k is a natural number; and u.., T, and f. are the ampli-
tude, period, and frequency of the carrier signal, respectively.
Based on the definition of 7,(t), ¢;(t), and the SPWM prin-
ciple, the gate signal function of inverter can be derived as
follows:

Ct (t) Z 0

() <0 )

o0 ={y el

where ¢ has the values A, B, and C phase. tr, () = 1 stands
for the ON-state of the upper switch and the OFF-state of the
lower switch in phase . tr,(t) = 0 stands for the opposite
state. Consequently, under normal operation, voltages on each
switch are as follows:

ur, (t) = (1 —try () udc

o , v=1,3,5. 4

{wa—%@% ’ @

Based on the Kirchhoff theorem and (4), the output line-to-

line voltage of inverter wap(t), upe(t), and u,(t) are obtained
as shown in (6) as follows:

Uab (t) = Ude — UT, (t> —ury (t)
Upe () = e — ur, (1) — urg (1) Q)
Ucq (t) = Udc — UTy (t) —ur, (t)
Uap (1) = uge [tra (t) — trp (1)]
Upe (t) = Udc [t’l"B (t) — t’f‘c (t)] (6)

Ueq () = uge [tre (B) —tra (¢)].

With the above analysis, Proposition I is proposed for
phase A.

Proposition 1: uqp(t) has periodic nonpositive and nonneg-
ative value

Ugb (t) 2 07
Uab (t) S 07
Proof: Based on (3), all possible values of tr4 (t) —
trp (t) are listed as follows:

(k—5)T, <t<(k+3)T: o
(k+3)T, <t<(k+13) T,

I ra(t)>c(t)>rp(t)
—1 ra(t) <e(t) <rp(t)
tra®=trsO =130 (0> e (t) &rpt) > o)
0 ra(t)<c(t) &rp(t) <e ().
3
It can be deduced from (8) that
{ tra(t)—trg(t) >0, ra(t)>rp(t) ©)
tra(t)—trp(t) <0, ra(t)<rp(t)
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By applying (9) into (6), we have

Uab (t) ZO, A (t)—TB (t) >0 (10)
Ugp (1) <0, ra(t)—rp(t) <O.
By calculating r 4 (t) —7p(t), we can obtain
. . 2
ra(t) —rp(t) = u,sin (27 f,t) — u, sin <2ﬂ'f,.t - 3)
) T
= \/gur sin (277]"},15 + E) .

Therefore, Proposition 1 is proven. ug,(t) shifts between
nonpositive and nonnegative values with the same periodicity of
1, (t). Using similar reasoning, Proposition I can be extended
to phases B and C. As a result, Proposition 2 is proposed as
follows.

Proposition 2:

0,
u@ (t) S O’

Proposition 2 shows that the values of three-phase output
line-to-line voltages are shifting between nonpositive and non-
negative. The periodicity of the shifting is the same as that of
7, (t), and each phase has a fixed displacement angle. To facili-
tate the analysis of the following, two time zones are defined in
the following equation:

thonelz{tl (k v %ﬁ) T, <t< (k+%+§—;‘;) TT}

tozone;={t| (k+ 5+ 52 ) T < t< (k+B+52) 7.}
12)
Now, Proposition 2 can be rewritten as follows, where ¢

stands for phases A, B, and C. u,,(t) represents wqp(t), upc(t),
and wu., (t), respectively, for phases A, B, and C

{uab (t) >0,

Ugd (t) <0,

t € ty,Zoneq
t € t,Zones.

Based on Proposition 2, u.p(t) is taken as an example to
analysis inverter’s normal operation. Here, u,,(t) features six
different states according to trigger signal and current direction.
Equivalent circuits are shown in Fig. 2.

Situation  1:  tra(t) =trp(t) =1,
t € t 4Zone;.

The equivalent circuit under Situation 1 is shown in Fig. 2(a).
If i, (t) > 0, current pass through T7; else if i,(t) < 0, current
can only go through D;. Therefore, no matter what the direc-
tion of 4,(t) is, gy (t) equals to ug. By the similar reasoning,
Upn (t) = uge. So, we have ugqy(t) = 0.

Situation 2: tra(t) =1, trp(t) =0, which means ¢ €
taZoneq.

This equivalent circuit is shown in Fig. 2(b), ugn (t) = ugc
due to the same reason in Situation 1. If i;,(¢) > 0, Dy is
conducted; else if 4,(¢) < 0, Ty is conducted. The point b is
connected to point n either by Dy or Ty, so we have up, (t) = 0
and uqp(t) = Ugc-

which  means

(©) (d)

Fig. 2. Equivalent circuit of AB phase under normal operation.
(@) tra(t) =trg(t) =1. (b) tra(t)=1, trg(t) =0. (c) tra(t) =0,
trp(t) =1.(d) tra(t) =trg(t) =0.

TABLE |
LINE-TO-LINE VOLTAGE UNDER NORMAL CONDITIONS

Phase  Trigger signals Current  Line-to-line voltage Time zone
tra(t) tra(t) tr(t) (1) Ua(f)

1 1 Any i(t)>0 0
1 1 Any i(t)=0 0

A ! 1 Any l:a(t)<0 0 \ Zone,
1 0 Any i(>0 Uge
1 0 Any i ()=0 Uae
1 0 Any 1,(H)<0 Uge
0 1 Any i(>0 - Uge
0 1 Any 1,(H)=0 - Uge

A 0 1 Any i,(t)<0 - Uy ¢ Zone,
0 0 Any (>0 0
0 0  Any i(t)=0 0
0 0  Any i,(t)<0 0

Situation 3: tra(t) =0, trp(t) =1, which means ¢ €
t aZones.

The equivalent circuit is shown in Fig. 2(c). T5 is conducted
when i, (t) < 0, and Dy is conducted when i, (¢) > 0. Both sit-
uations will cause u,, (t) equals to zero. up, (t) = ug. due to
the same reason in Situation 1. So, we have uq,(t) = ugec-

Situation  4:  tra(t) =trp(t) =0, which  means
t € t 4Zones.

In this situation, with any direction of i, (t) and i, (¢) we have
Uan () = upn (t) = 0. So ugp(t) = 0.

By summarizing the above analysis, u4(t) and other param-
eters can be concluded, as shown in Table L. up.(¢) and weq (1)
can also be inferred by the same way, which will not be
discussed in detail here.

B. Faulty Operation of Inverter

The operation of inverter under single switch open-circuit
fault is present in this section by taking 7 open-circuit fault as
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L . (0 B

W) i) j ia(t) O R0

i)

i _—% Y T
T, D, T, T,
D, D, D, D,

n

(d) (e ®

=
=

Fig. 3. Topology of AB phase under T} open-circuit fault. (a) iq(t) >
0, trg(t) =1. (b) ia(t) =0, trg(t) =1. (c) ia(t) <O, trp(t) =1.
(d) ia(t) >0, tr(t)=0. (€) ia(t) =0, tre(t)=1. (f) ia(t) <0,
trp (t) =1.

an example. If 77 open-circuit fault occurs while tr4(t) = 0,
the behavior of inverter is identical to its normal operation.
Inverter output is different from that of normal operation only
if T} open-circuit fault happens during tr4(t) = 1. tra(t) =
1 leads to tra(t) —trg(t) > 0, which is above defined as
t 4Zone, in Proposition 2. Consequently, only 7} open-circuit
fault in t4Zone; is analyzed here. Based on (6), ugp(t) is
affected by trp(t) and i,(t). Thus, the operation under T
open-circuit fault is divided into six situations; the equivalent
circuits and current direction for each situation are shown in
Fig. 3.

Situation 1: 4, (t) > 0, trp(t) =1

iq (t) goes through Do, thus ugy, (t) = 0. If 4,(¢) > 0, T3 is
conducted; else if i, (t) < 0, Dj is conducted. So, upy, (t) = Ude,
and uab(t) = —Udc-

Situation 2: 4, (t) = 0, trp(t) =1

Dy and Do are cutoff in this situation. Thus, wug,(t) =
1/2ugc; upn (t) equals to ug. no matter what direction 4, (¢) is.
So, we have g, (t) = —1/2uq,.

Situation 3: 4, (t) < 0, trp(t) =1

ia(t) goes through Di, thus ugy,(t) = uge. Upn(t) = uge
because either D3 or T5 is conducted. So, we have wu,,(t) = 0.

Situation 4: i, (t) > 0, trp(t) =0

i4(t) goes through Da, thus gy, (t) = 0; upy, (t)
ip(t) goes through Ty or Dy; so, we have uq(t) =

Situation 5: 4, (t) = 0, trp(t) =0

Dy and D5 are not conducted, gy, () = 1/2ugc. Upn (t) =0
because T or Dy is conducted. So, we have uq;,(t) = 1/2uqc.

Situation 6: i, (t) < 0, trp(t) =0

ia(t) goes through Di, thus w.,(t) = uge. Upn(t) =0
because either D or T} is conducted; so, we have wuqp (t) = ugc.

Same reasoning can be applied to 75 open-circuit fault.
Table II presents the inverter states of 77 and T open-
circuit faults occur in t4Zone; and tasZones, respectively.
All single switch open-circuit faults can be analyzed by the
same way, the results are similar but only different in time
zone.

= 0 because
0.

TABLE Il
LINE-TO-LINE VOLTAGE UNDER FAULT CONDITION

Phase  Faulty Trigger Current Line-to-line Time
part signals (1) voltage zone
tra(t)  trp(t) Uap(1)
1 1 1,(t)>0 ~Uge
1 1 (=0  -1/2 uy
1 1 i,(1)<0 0
A T K tyZone,
1 0 i(t)>0 0
1 0 i,(t)=0 172 g,
1 0 i,(1)<0 Uge
0 1 i(t)>0 —Ulge
0 1 1,(t)=0 -1/2uy,
0 1 i(1)<0 0
A T, K t4Zone,
0 0 i(t)>0 0
0 0 1,(t)=0 12ug.
0 0 (<0 Uge

IV. PROPOSED FAULT DIAGNOSIS METHOD

The analysis above shows that the single switch open-
circuit fault can make output line-to-line voltage disobey
Proposition 2, which can provide enough information for fault
locating. Take T} and 75 open-circuit faults as examples, based
on the above analysis, it is easy to find out that the inverter is
operating normally except two situations. The first situation is
that, 77 open-circuit fault happens in ¢ 4Zone; and meanwhile
iqa(t) > 0, which will causes the negative voltage of uy;(t) in
t 4Zone; . The second situation is that, 75 open-circuit fault hap-
pens in t 4Zones and meanwhile i, (¢) < 0, which will causes
the positive voltage of uq;(t) in t 4 Zones. Moreover, the output
line-to-line voltage still shows a certain periodicity after open-
circuit fault occurs. By utilizing these features, faulty switch
can be located.

A. Preprocess of Diagnosis Eigenvalue

According to Proposition 2 and Table II, the output line-
to-line voltage is only deviated from its normal state in two
particular situations. One of the situations is that the output
line-to-line voltage will become negative in t4Zone; when
the upper switch open-circuit fault occurs. Another situation
is that the output line-to-line voltage will appear positive
value in t4Zone, when the lower switch open-circuit fault
occurs. Therefore, a diagnosis eigenvalue preprocessing equa-
tion is defined as follows to remove faulty-state-irrelevant
information:

upper _ ) Udc Un (t) < —urg
U"rn (t) - { O Uy, (t) 2 —ury
lower _ ) Udc Unp, (t) > UrH
tm (t) o { 0 U, (t) <urg (13)

where m = 1,2,3; n =1,2,3; u, represents uqp(t), tpe(t),
and ., (t) for n = 1,2, 3, respectively. um’* (t) and o (¢)
are the preprocessed open-circuit fault characteristic variables
of the upper and lower power switches in phase m, respectively.
ur g 1s a constant. The restriction on the choices of ur g is rel-

atively loose because the amplitude of the output line-to-line
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' Normal ' Faul ' Uge, t € t,Zoney
:,,zOm‘l,‘zOﬂeﬁgE?u‘zﬁnejl,,ane‘:/‘Znnejl,‘ztme‘ :?Lzlnntgl,‘ztm‘ :,‘zmli Env; (t) = { O7C Envlw(t) 7& Uge.- (18)

u,, (1) ‘W T M. | e -4 'f’ H
i ............ i o From Table I, we have
pper I } |
ul (r): | \Abnormalpulsesrrulmm N,Norma]pulseSE | | : Ugh (t) = Ude OF O’ te tAZOIlel (19)
Ev 4 L T T “ —uge or 0, t € taZones.
| | | | [ | | | | 1
F™ (o)1 o e e o By replacing wu;(t) in (17), we have
Do b 0 ¢ €t Zone
QN | ST S |11 I U (1) = A (20)
IR 1 uge or 0t € taZones.
Env.(0) :—‘: ] :’_‘I : 7 ] : ] ] E :
| [} |
Feel L0 b Applying """ () and Envy(t) in (15) gives
! < !
4t FP () =0 Vt. (21)
Fig. 4. Timing of fault diagnosis process for T open circuit.
Similarly, it can be inferred that

voltage is not critical to the proposed method. Therefore, ur g Flower () =0 vt

can be any value between 0 and 1/2ug.. Here, ury = 250 V ! '

with the consideration of noisy, interference, and margin. There is no false alarm under inverter normal state.

Step 2) Under inverter fault state (¢ > 1)
) o From Table II, we have
B. Preprocess of Diagnosis Eigenvalue
) o Uge Or —uge or 0, t € tsZoney
The preprocessed diagnosis eigenvalues under normal and Uap (t) = u 0 t etz (22)
; ses upper de OT" U, € tplonesy.
abnormal states are different positive pulses emerge on wy,  (t)
within t4Zone; when the upper switch open-circuit fault Applvi . .
ing uqp(t) in (17) gives

occurs. This difference is tagged in Fig. 4. It can be con- pPlying tas(t) in (17) g

cluded that, preprocessed diagnosis eigenvalues have two kinds WP (4) = { uge or 0, & € taZone (23)

of pulses, which are normal and abnormal pulses. The envelope ! uge or 0, ¢ € taZones.

function is proposed as shown in (14) to classify the pulses

By substituting u;™"" (t) and Env (t) into (15), we have
Env () = Ude, t € tyZoney
2n—1 O, EI]Vanl (t) # Ude (14) Fluppcr (t) _ { Ude Or 0 y te tAZOIlCl (24)
Env (t) | e, te t¢ZOn62 0, t € t sZone,.
A0, Envy,, (1) # tdc

where n = 1,2, 3. Equation (14) defines six envelope functions
for T7 —T% under open-circuit fault, respectively.

C. Classification and Identification of the Faulty State

The open-circuit fault is located by comparing the prepro-
cessed diagnosis eigenvalue and its envelope line. The fault
diagnosis function is defined in the following. A fault is
detected when the function has a nonzero value

F’:_;pper _ ul;lpper (t) & Envy,, 1 (t)
F7110Wer — Ul,(;wer (t) & EnV2n (t) .

s)
(16)

Assuming 7 open-circuit fault occurs at ¢, the proposed
method is illustrated in the following. The analysis process is
divided into two steps of normal and faulty state. The timing of
the fault diagnosis process for 7 open-circuit fault is shown in
Fig. 4.

Step 1) Under inverter normal state (¢ < ¢)

04 =0 and T3 is the upper switch, thus the characteristic
variable and envelope function are obtained as follows:

ulllpper (t) _ { U(()ic Uab (t) < —urmg

Uqp (t) > —ury (17

Thus, the open-circuit fault happened in 7} is confirmed.
Meanwhile, similar reasoning is applied to preprocessed diag-
nosis eigenvalue, envelope, and fault diagnosis function of 75,
and F1°"¢*(t) is obtained as

FYer (1) =0 Vt. (25)

There is no false alarm. Open-circuit fault on any other
switches can be handled in the same way using (13)—(16).

V. EFFECTIVENESS OF THE PROPOSED METHOD
A. Influence of Load and Modulation Index Changing

The load changing normally has great influence over output
current. Meanwhile, the output voltage is constantly regulated
by the control system. There are only few ripples in output
voltage when load changes. Ripples of output voltage are only
reflected on the PWM duty cycle of the output line-to-line
voltage. The modulation index variation has similar effects on
the proposed method and it only affects the PWM duty cycle.
Consequently, the load and modulation index changing will not
affect the effectiveness of Proposition 2 (Tables I and II). The
proposed method is independent from the load changing as well
as the modulation index changing.
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Fig. 5. Influence of different control strategies. (a) Diagnosis process
for SVPWM-based inverter. (b) Diagnosis process for hysteresis current
PWM-based inverter.

B. Influence of Different Control Strategies

The proposed method is built based on the periodicity of non-
positive and nonnegative value on output line-to-line voltage.
Thus, as long as the inverter output voltages have the feature of
periodic nonpositive and nonnegative, this method is valid no
matter what control strategy is adopted by the inverter.

Take SVPWM and hysteresis current PWM as two exam-
ples and the simulation results are shown in Fig. 5. Assuming
T1 open-circuit fault happens at ¢;. The output voltage of
SVPWM-based inverter meets the periodic nonpositive and
nonnegative conditions, thus the 7} open-circuit fault can be
located at to, as shown in Fig. 5(a).

On the contrary, the hysteresis current PWM-based inverter
does not produce the periodic nonpositive and nonnegative
output voltage, the proposed method cannot work properly
on these kinds of inverters. The waveforms of the proposed
method applying on the hysteresis current PWM-based inverter
are shown in Fig. 5(b). The diagnosis method for this kind of
inverters will be our next research work.

Furthermore, if the output voltage frequency or the carrier
frequency of SPWM is higher, the diagnosis speed will be
increased. Diagnosis accuracy will not be affected by PWM
frequency.

2

Fig. 6. Diagnosis delay of T open-circuit under worst situation.

C. Influence of Fault Timing,
Factor, and Current Distortion

Current Displacement

The open-circuit fault occurring time ¢; and the output cur-
rent displacement factor have influence on the diagnosis speed
of the proposed method. Take 77 open-circuit fault at ¢; as an
example. When ¢, € t4Zone; and i,(t) > 0, the open-circuit
fault will affect output voltage immediately. The time interval
between ¢; and 5 is no more than one carrier period, as shown
in Fig. 4. However, if the open-circuit fault occurs in ¢ 4 Zones
or when i,(t) <0, the output voltage stays normal, and the
inverter works normally. After the inverter goes into ¢ 4Zoneq
and i, (t) goes to above zero, the fault is diagnosed in one car-
rier period, as shown in Fig. 6. It can be concluded that, the
smaller the output current displacement factor is, the wider the
range of instant diagnosis is, due to a wider overlap area of
taZone; and i, (t) > 0.

The influence of current distortion factor is also incarnated
in i,(t). The distortion may cause i,(t) cross zero randomly
near its original zero-cross point, if the zero cross happens in
t4Zoney, the fault characteristics may emerge synchronously.
The fault will be diagnosed once the characteristics emerge.

There is another possibility, in which the fault occurring time
t1 is too close to the border of the time zone ¢4Zone; and
t 4Zone,. In this circumstance, the diagnosis speed is decided
by the fault diagnosis circuit parameters. In our prototype, if t;
is within 0.1-ms range of the time zone border, the fault will
have to wait additional half-working-cycle to be located.

Notice that the power switch open-circuit fault usually hap-
pens under high-voltage and large current situations. However,
when i,(t) <0 or in t4Zoney. T3 is kept off and the cur-
rent will go through D; instead. Thus, the possibilities of T}
open-circuit fault under ¢, € t4Zones or i,(t) < 0 conditions
are relatively low. The above discussion is only to make a
comprehensive assessment of the proposed method.

VI. EXPERIMENTAL RESULT

An inverter open-circuit fault test bed is built to verify the
effectiveness and robustness of the proposed method. The block
diagram of the test bed is shown in Fig. 7.
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Main circuit
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wIPAs sisouser(q
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Fig. 7. Block diagram of the experimental setup.

TABLE Il
KEY PARAMETERS OF THE PROTOTYPE
Parameters Value Parameters Value
T)-Ts IKW40N120T2 /=50 Hz
Tri I 1ED020112FA =4.5 kH
rigger IC 020 Controller {/Io d Slatiozn
u
Load 4.5kW x2
oa index is 0.8
Input voltage 600 VDC Diagnosis
Three phases 380 g ur=250 V
Output voltage VAC system

Comparator 1
—Urn } upper
E"(t
Comparator 2 0
Urn :l>1

Output 2 & ) Ao

Comparator 3
—Ury } F )
upe(1) —f[G Comparator 4 :
Urn :|>
L synchronous  Output 1

Function generator B
— S

Comparator 5

mp arator 6
=

U,p(t) —TGai
ah() -D L Function generator A

synchronous ~ Output 1
adjustment

adjustment  Qutput 2

D

-u
TH F (7

Function generator C

Urn

synchronous  Output 1

Output 2 £

Fig. 8. Block diagram of the fault diagnosis system.

Contactors are added to each leg of the test bed to imitate
the open-circuit fault. Because IKW series IGBTs have body
diodes, two IGBTs are installed in each leg, one of the IGBT
is connected in series with a contactor. Another IGBT is used
as freewheeling diodes for that leg, as shown in Fig. 7. The key
parameters of the test bed are listed in Table II1.

The block diagram of the fault diagnosis system is shown
in Fig. 8, where the function generators are designed to pro-
duce the envelope line defined in (14), the function generators
have built-in synchronous adjustment function that keeps the
envelope line synchronized with the measured output voltage.
Comparators are utilized to implement (13) and preprocess the
diagnosis eigenvalue.

Because the implementation of the proposed method does not
rely on the accurate amplitude of the output line-to-line voltage,
uap(t) and up.(t) can be collected by the inherent sensors if the
inverter has. Or, they can be introduced to the diagnosis system

TABLE IV
ORDER OF DIAGNOSIS SIGNAL AFTER OPEN-CIRCUIT FAULT

Faulty switch ~ First-appeared  Later appeared

T, T () F5o% ()
, Flo() Fre(r)
T, Fyeen(f) Fylover(r)
1, Fo() ()
T Fyeeen(f) Fylover(r)
7, F () 0

with simple isolated bleeder circuits, which can also preserve
enough periodic property on the introduced voltages for fault
diagnosis. There are abundant low-cost high-speed operational
amplifier and optocoupler integrated chips in the market, so the
proposed fault diagnosis system can be cheap and need no extra
Sensors. ., (t) is obtained by reversing the sign of a sum of
Uap(t) and upe(t). Fi (t) and FI9%(¢) are the fault loca-
tion signal generated by the fault analysis system. Fpi’ (t)
and F!°%°'(t) are equal to zero when inverter is healthy. But
when an open-circuit fault happens, the corresponding Fyi* (t)
and F'°"r(¢) can produce pulses within one carrier period to
identify the open-circuit fault and locate the faulty switch.

Note that T open-circuit fault will cause distortion in not
only wap(t), but also e, (). Fi¥" () will generate pulses later
than F}°"°"(¢). In the practical fault diagnosis system, the first
appearing pulses are admitted and the later pulses are used as
a supplement. The diagnosis pulses of each switch open-circuit
fault are listed in Table I'V in sequence.

The waveforms of T} open-circuit fault are shown in Fig. 9.
The fault occurs at 1 in t4Zone; while i,(t) < 0. Thus, the
output voltage is not affected instantly. The fault feature does
not appear until ¢, (¢) > 0 at ¢o. This situation is rare in practical
tests. The situation is analyzed here to prove the comprehen-
siveness of the proposed method. The fault is simulated by
breaking off the contactor, which is connected in series to 7.
After output line-to-line voltage meets the threshold upy of
(13) at t3, and the faulty switch is located.

It is concluded from Fig. 9 that the open-circuit fault of 7T}
can be diagnosed in half an inverter working cycle, and there is
no false alarm in Fy,*"*(t) and Fl°Ver(¢). Fl“er(¢) also obeys
the rules of Table I'V.

Fig. 10 shows the influence of load changing on the proposed
method. The load is stepped from 4.5 to 9 kW at ¢;, and 75
open-circuit occurs at ts.

The change of load causes rapid change of phase current, its
peak value is almost doubled. The duty cycle of output volt-
age is changed, but not the envelope line. Consequently, the
proposed method is independent to load changing and suitable
for applications with large and fast load changing, such as the
onboard inverter of passenger train. In this test, 75 open-circuit
fault happened in ¢t 4Zones, but i, (t) is above zero at that time.
Therefore, the fault feature will not appear until ¢3. Then, faulty
switch is located at ¢4. In fact, the phenomenon of fault feature
lags in both Figs. 9 and 10 are rare, because the current will
go through D5 instead of T if i,(t) > 0. So, T% is bypassed
and has low possibility of open-circuit fault. For the same rea-
son, when i,(t) < 0, T} is relatively safe. The above tests are
implemented to verify the proposed method comprehensively.
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Fig. 9. Fault diagnosis waveforms of T} open-circuit. (a) Waveforms of

uqp(t) and F(t). (b) Waveforms of uy,.(t) and F5 (). (c) Waveforms of
Uca(t) and F3(1).

Fig. 11 shows the influence of different carrier frequency
on the proposed method. The carrier frequency is increased to
22.5 kHz in this test. T open-circuit fault occurs at ¢;. Because
the carrier frequency increase only affects the switching fre-
quency of T}, the period and amplitude of output voltage and
its envelope line stay intact. The effectiveness of the proposed
method is retained. On the other hand, the diagnosis time of

the proposed method is even shortened by the higher switching
frequency. Another difference between the situation of Figs. 10
and 11 is that 7 open-circuit fault happens in tpZone, and
ip(t) < 0. Therefore, the output voltage is affected immediately
and the fault is located in one carrier period.

VII.

In this paper, the features of output line-to-line voltage were
analyzed under normal and single switch open-circuit fault
conditions. An output line-to-line voltage envelope-based diag-
nosis method was proposed. This method only employs output
voltage as the diagnosis eigenvalue to extract the fault features;
neither the inverter control signal nor the complex hardware
is needed. Within the rated operating range of inverter, the
robustness of the proposed method under various loading con-
ditions is validated owing to the property of the output voltage.
Regardless of control strategy, the presented technique has
strong adaptability as long as the output voltage is periodic
nonpositive and nonnegative. The effectiveness of the proposed
method was verified on the experimental bench that is built to
simulate the normal and open-circuit fault states of the inverter.
The open-circuit fault is usually located in one carrier period.
Even in the worst situation, the fault can be diagnosed in half

CONCLUSION
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an inverter working cycle. Research and report of this method’s
application on multiswitches’ open-circuit faults are planned in
a subsequent paper.
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