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Single-Switch Open-Circuit Diagnosis Method Based
on Average Voltage Vector for Three-Level
T-Type Inverter

Yiqing Liang

Abstract—Fault-tolerant control strategy plays a significant role
in improving the reliability of three-level T-type inverter where
fault diagnosis method is the key and a research hotspot. Load
power factor variation and modulation index regulation have
great effect on conventional load current based diagnosis methods.
Therefore, this article proposes a novel voltage vector based method
for single-switch open-circuit fault diagnosis in three-level T-type
inverter. Average output voltage vector calculated by voltages be-
tween dc-link neutral-point and bridge output terminals is taken
as the eigenvector in the procedure and failed switch can be located
by three diagnosis variables including angle of eigenvector, nor-
malized modulus of eigenvector, and neutral-point potential. These
variables will be some certain values under circuit fault, which are
defined as eigenvalues. The vector trajectory prediction technology
is utilized for threshold setting, by which the diagnosis is suitable
for different power factors and different modulation indices. The
strategy of redundant vector replacement is applied to realize fault-
tolerant operation and verifying the proposed scheme. Simulations
and experiments are carried out to illustrate the superiorities of
the proposal.

Index Terms—Average voltage vector, fault diagnosis, fault-
tolerant operation, single-switch open-circuit fault, three-level
T-type inverter.

1. INTRODUCTION

OLTAGE source inverter is widely used in power systems,
V aerospace, metallurgy, mining, rail transit, and other fields,
where the efficiency and current total harmonic distortion (THD)
of the inverter are two important performance indicators in
application design. The improvement of output quality can be
achieved by increasing switching frequency that also causes
more switching loss. These two factors are contradictory and it is
necessary to find a compromise proposal. For instance, two-level
inverters usually operate at medium switching frequencies (4 to
30 kHz) [1], where both the switching loss and THD could be
accepted.
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With the requirement of higher output quality and higher
efficiency of inverter, three-level inverter has received more
attention by scholars and engineers, where three-level neutral
point clamped (3L-NPC) inverter [2]-[4] and three-level T-type
inverter (3LT?I) [5], [6] are two popular topologies.

Compared with 3L-NPC inverter, 3LT2I saves two diodes
in each bridge with lower rated voltage requirement of two
neutral-point connected switches (horizontal switches in 3LT?I).
Additionally, conduction losses are considerably reduced in
3LT?I because only one switch is flowed through by load current
whereas 3L-NPC inverter uses two switches to block the full
dc-link voltage, which results in fewer total losses in medium
switching frequencies [5], [6].

3LT?I has advantages of lower rated voltage requirement for
switches, higher efficiency, and less harmonic components of
output than two-level inverter, which relieves the constraint
between efficiency and output quality [7]. Besides, it has twice as
many switches as that in two-level inverter and is able to operate
under some fault conditions by fault-tolerant control methods
[8]1-[10]. Therefore, 3LT?I is suitable for applications requiring
high output quality and continuity.

Device fault includes short-circuit fault and open-circuit fault,
and the former can be converted to the latter by implanting fuses
in 3LT?I [11]. Open-circuit diagnosis and fault-tolerant control
applications are essential for inverters to improve the stability
by avoiding operation with fault switch, which abandons output
current distortion, voltage distortion, abnormal load operation,
overheating, and etc. Currently, open circuit fault diagnosis
methods can be roughly classified into two categories, namely
current-based methods and voltage-based methods [12], [13].

Current-based methods save the space and cost of inverters
with no requirement of extra sensors that are suitable for applica-
tions in narrow space. The load currents are utilized in conven-
tional current-based methods, which has been widely applied
in two-level inverter systems [14]-[17]. Phase current-based
methods are sensitive to the load regulation and have difficulty
finding an appropriate threshold. Hence, they may misdiagnose
when load currents change rapidly. Some optimization methods,
therefore, have been proposed. For instance, zero-sequence cur-
rent based method overcomes the load regulation effects [14],
and load current principle-component-based method is suitable
for conditions with different types of load [15]. Moreover,
the eigenvalues of diagnosis variables vary with modulation
index, where a dynamic threshold is needed. A method with
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normalization is proposed to simplify the calculation, and near-
zero zone analysis is applied to improve the reliability of diag-
nosis [16], [17].

It may have some limitations of current-based methods in
three-level inverters because there are more kinds of fault con-
ditions to be distinguished. More information and more com-
plicated algorithm are needed to confirm the fault accurately.
Faulty switch can be located by the average normalized current
and neutral-point potential in average current methods [18],
[19]. In current vector method (CVM), modulus and angle of
average current vector are taken as the diagnosis variables to
locate the fault [20], where normalization can be utilized to
deal with the different amplitudes of load currents. The eigen-
value of normalized modulus in CVM under fault conditions
varies with power factor. Typically, when the load currents are
capacitive, the eigenvalue decreases greatly and the diagnosis
becomes less sensitive to fault conditions. Recently, an on-line
diagnosis method monitoring dc-bus neutral-point current and
phase currents is investigated for single-switch open-circuit fault
[21]. The method is based on the relationship between failed
switch and current direction, confirming the diagnosis result in
several switching cycles. But it may have some trouble under
small current conditions.

Voltage-based methods are less affected by the load current,
with the need of additional voltage sensors. Currently, methods
based on ac-side voltage are conventional for fault diagnosis,
especially in two-level inverters. Load phase voltages could be
used for diagnosis in two-level inverters carrying star-connection
load [22]. Line-to-line voltage-based method is more preferred
as the neutral point of load is difficult to measure in most indus-
trial application [23], [24]. Preprocessing method can extract
fault eigenvalues from the theoretical analysis of line-to-line
voltage to minimize the influence of load [23]. Fast Fourier
transformation and harmonic analysis of line-to-line voltage
by Bayesian network can locate the fault switch quickly and
accurately [24]. Nevertheless, it is greatly affected by the system
parameters and is difficult to get enough samples for training.

It is not easy for voltage-based method to diagnosis in three-
level inverters as well. Some switch monitoring methods are
proposed to locate the faults responsibly and quickly [25], [26].
An early fault detection by analyzing the insulated gate bipolar
transistor (IGBT) gate signal behavior during turn-ON transient
has been proposed for one specific switch tube diagnosis [25].
The complex hardware requirement is the biggest limitation of
this method in multilevel converter. Another real-time diagnosis
of multiple faults for neutral point clamped (NPC) inverter is
achieved by logic relationship between the voltages across upper
half-bridge switches and corresponding switching signals [26].
Additionally, a diagnosis method is presented for active-NPC
utilizing load pole voltages, phase currents, and switching states
information [27], which can confirm the fault within one funda-
mental cycle.

In this article, a single-switch fault diagnosis method, volt-
age vector method (VVM), is proposed for 3LT?I, which is
directly inherited from conventional CVM. Neutral-point po-
tential and average voltage vector in a fundamental cycle calcu-
lated by filtered voltages between bridge output terminals and
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Fig. 1. Schematic of three-level T-type inverter topology.

TABLE I
SWITCH STATE AND OUTPUT POTENTIAL OF EACH BRIDGE OF 3LT?I

S;:;(;h S Se Su Swu uxo
P 1 0 1 0 Udel2
(0] 0 1 1 0 0
N 0 1 0 1 -Udc/2

neutral-point are utilized to confirm fault location. Voltage tra-
jectory prediction and normalization are applied to make the
method more reliable under different load power factors (PFs)
and different modulation indices. It needs to be emphasized that
average voltage vector in this article refers particularly to the
vector composed by three voltages between dc-link neutral-point
and bridge output terminals.

II. TOPOLOGY OF THREE-LEVEL T-TYPE INVERTER

The circuit topology of 3LT?I is shown as Fig. 1. There
are two dc-link capacitors between dc-link buses including a
passive node “O” named dc-link neutral point. The neutral-point
potential is recognized as zero when the voltages of Cy;,1, and
Clow are equal. Small amplitude ripple of the capacitors’ voltage
can be ignored and three potentials can be obtained including
ugc./2, 0, and -uq./2 from each bridge. Voltages between neutral
point “O” and three bridge output terminals “A”, “B”, and “C”
are named u 40, UBo, and uco, which are the main parameters
in this article. Relationships between switch states and output
potentials are shown as Table I, where “Sx; = 1” represents ON
state of Sx1, and “Sx; = 0” represents OFF state of Sx.

The output voltage vector of 3LT?I can be calculated by state
of three bridges as follows:

2w ;4w
WUiny = kUAO + kuBOej 3+ kucoej 3

o kudc
2

Udc

3

where k equals 2/3 for equal-amplitude transformation. S4, S,
and S¢ belong to the collection {-1, 0, 1}, representing state

(S + S5e/¥ + ScelF)

(SA—FSBejoW—&—Scej%T) (1)
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Fig. 2. Voltage vector distribution of three-level T-type inverter.
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Fig.3. Failed voltage vectors under single-switch open-circuit fault. (a) Open-
circuit fault of Sa 1. (b) Open-circuit fault of Sa3.

[N], [O], and [P]. The distribution of output voltage vector of
3LT?1 is shown as Fig. 2. In this article, seven-step space vector
pulsewidth modulation (SVPWM) is applied and the reference
voltage vector could be composed by three nearest vectors [28].

III. SINGLE-SWITCH OPEN-CIRCUIT FAULT OF THREE-LEVEL
T-TYPE INVERTER

A specific voltage vector cannot be composed if all the switch
states for the vector fail. Whether the inverter is able to keep
working in fault conditions can be judged by the remaining
healthy voltage vectors. Open-circuit fault of switches can be
divided into single-switch fault and multiple-switch fault and
the former is studied in this article. The current path changes as
a switch fails in 3LT?I, which leads to abnormal output potential
of the failed bridge.

A. Single-Switch Open-Circuit Fault

3LT?I has two types of single-switch open-circuit faults:
horizontal switch fault including Sa2, Sas, S2, Sps, Sce, and
Scs open-circuit fault and vertical switch fault including Sa1,
Sa4, S1, SB4, Sc1, and S¢y open-circuit fault. For instance,
five voltage vectors cannot be composed by the 3LT?I when
Sa1 fails, as shown in Fig. 3(a). Modulation index should be
limited because the area of valid vectors reduces. The maximum
trajectory of reference voltage vector is shown in Fig. 3(a). As
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Fig. 4. Circuit path under normal condition. (a) Circuit path in state [P].
(b) Circuit path in state [O]. (c) Circuit path in state [N]. (X is A or B or C).
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Fig. 5. Circuit path under single-switch open-circuit fault. (a) Circuit path in

state [P] as Sx fails. (b) Circuit path in state [O] as Sx2 fails. (c) Circuit path
in state [O] as Sx3 fails. (d) Circuit path in state [N] as Sx4 fails. (X is A or B
or C).
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Fig. 6. Distortion of voltage vectors under single-switch open-circuit fault.
(a) Open-circuit fault of Sz 1. (b) Open-circuit fault of Sa3.

for horizontal switch S o3 fault, the area of valid voltage vectors
remains the same, so there is no additional limitation of modu-
lation index, as shown in Fig. 3(b). As the valid voltage vectors
area is bigger than the inner hexagon, 3LT?I is all able to keep
running with fault-tolerant control method under 12 different
single-switch open-circuit fault conditions. When fault-tolerant
control method applied, failed medium vector such as “PON”
can be equivalently replaced by two long vectors “PPN” and
“PNN.” As for short vector and zero vector, algorithm of re-
dundant switch state replacement is utilized in fault-tolerant
operation [8]-[10].

B. Current Path Under Single-Switch Open-Circuit Fault

The current path of the 3LT?I depends on the load current
and switch state. The current paths under normal condition are
shown in Fig. 4.



914

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

TABLE II
THEORETICAL CALCULATION OF IDEAL VOLTAGE VECTOR TRAJECTORY WHEN S a1 FAILS (0.578 <m < 1)

Sector Interval 0 [rad] Vi (0) IV] Vs (0)] V1
V-5 %,%HI/(WZ)) Vies Cos@—u;" xB—msin(%—&ﬂ V. |sind
V-6 %H//(m),s?ﬂ) V. Cosg_"’;g xmx{Zsin(@—%}LSinH} V. |sin®
VI-3 5?”,1%— (m) V. cosH—M; xmsin(&—%) Y
1 . .
VI-4 [H—”—r//(m),MJ V. cos @ — e —+ms1n(9—5—”j V,,|sind
6 6 3 |2 3
VI-5 {%,% l//(m)j V., cos&_”;c {stin(e—%”}msine—ﬂ V,.|sin6
VI-6 [%-rw(m),n} V. cos&—ug‘ xmsin(&—%j V,,|sind
I-3 {ﬂ,%—'//(m) Vs cos@ — u;" xmsin(9+§j I/rq/ sin @
I-4 %—I/I(M),%j V. cosg_”;f x{stm[0+§j—msin0—ﬂ V. |sind
[ 1 . .
I-5 %’%+V/(m)j V., cosﬁ—%x{aﬂnsm(%—ﬂﬂ V,,|sind
1-6 %H//(m),%j V. |cos6— u;’“ xmsin[9+§j Y
[ (2 . .
I1-3 %,%—l//(m)j V. cos@—u;’“ xmx{Zsm(?ﬂ—HJ—smﬁ} V.|sind
[ 1 . .
11-4 %—t//(m),%j V. cosﬂ—%xb—msm[ﬁ—%ﬂ V,,|sin@

As switch S fails, the current flows through the diode D a1
normally when the load current is reversed. But the current
cannot flow through the failed switch S 1 and flows through D 5o
and S 5 3 instead when the load current is forward as Fig. 5(a). The
output potential of bridge A changes to neutral-point potential
as well. It consequently leads to the distortion of the equivalent
output voltage vector trajectory. During the abnormal operation
period, the neutral-point potential uo changes. It could be an-
alyzed that the neutral-point potential increases as Sp1 or Sao
fails and decreases as Sa3 or Sa4 fails.

IV. NOVEL SINGLE-SWITCH OPEN-CIRCUIT FAULT DIAGNOSIS
METHOD BASED ON AVERAGE VOLTAGE VECTOR

The abnormal output potentials caused by single-switch open-
circuit fault will result in output voltage vector distortion, which
is the basis of the proposed diagnosis method.

A. Output Voltage Vector Distortion Under Single-Switch
Open-Circuit Fault

Based on the current path variation regular for single-switch
open-circuit fault, the output voltage vector distortion could be

analyzed. When S, fails with load current 74 being forward
and bridge A being of state [P], the current flows through Do
and Sa3, and the output potential of bridge A is equal to the
neutral-point potential. The distortion of output voltage vector
can be predicted in Fig. 6(a). When Sp3 fails with the load
current ¢ 4 being forward and bridge A being of state [O], the
current flows through D a4 and the output potential of bridge A
is equal to the low side bus potential. The output voltage vector
distortion under S o3 open-circuit fault is shown in Fig. 6(b).

B. Equivalent Voltage Vector Trajectory Distortion Under
SVPWM Method

When the inverter is healthy, a-axis component V..t and
B-axis component V.. yg of V.. can be obtained as follows:

{

where 6 is the angle of reference voltage vector Vier. The
equivalent voltage vector Vi, under open-circuit fault equals to
the sum of reference voltage vector V,.f and deviation voltage

|Vieral = |V yer| cosf

. 2
|Vrefl3‘ = |Vref|31n9 @
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Fig. 7. Prediction of voltage vector trajectories under different m (Sa 1 fails).

vector XAV - ny as follows:

7
Vi = Viet + AV 3)
i=1

where AV, is the vector distortion of each switching state
in a single switching cycle, and 7y, is the proportion of each
switching state in the switching cycle. Vj,,’s component in
«-axis direction and (-axis direction can be obtained as follows:
7

|Vinva| = |Viet| cos 6 + AV -y

1
7
DAV

i=1

cos

7

“)

|Vinv[3‘ - |Vref| sin 6 + sin ©

where ¢ is the angle of vector XAV, - 1. The output equivalent

voltage vector trajectory under single-switch open-circuit fault

can be obtained by (4) as seven-step SVPWM is applied. Partial

calculations are listed in Table II, where the interval depends on

modulation index m. A function ¥ (m) is defined to simplify the
formula as follows:

53— arcsin(ﬁ) ,% <m< —

W (m) = { arcsin(ﬁ)—%— <m<1 )

Finally, the distorted trajectories of equivalent voltage vector

under single-switch open-circuit fault under different value of
modulation index can be predicted as Figs. 7 and 8.

C. Novel Diagnosis Method VVM Based on
Average Voltage Vector

Based on the calculation abovementioned, twelve trajecto-
ries of single-switch open-circuit faults can be drawn as in
Table III. Twelve trajectories have two types of irregular shape
with six types of orientation, which provides two characteristics
for identifying fault. Besides, deviation of the neutral-point
potential Aug is also used to assist diagnosis especially when
the shape characteristic is similar between vertical switch fault
and horizontal switch fault. 3LT?I average voltage vector in a

Modulation index [pu]

Fig. 8.  Prediction of voltage vector trajectories under different m (S a3 fails).

TABLE III
VOLTAGE VECTOR TRAJECTORIES AND EIGENVALUES UNDER SINGLE-SWITCH
OPEN-CIRCUIT FAULT (m = 0.8)

Fault
switch

Vector
trajectory

Sas © T >0
@,
Q w3 >0
@ 0 <0
O
= O C

fundamental cycle is near zero under healthy conditions. How-
ever, it becomes a stable vector with specific modulus and angle
under single-switch open-circuit fault conditions. The modulus
and angle information of it reflects the shape and orientation
characteristics of each trajectories; therefore, average voltage
vector is considered as the eigenvector in the process of diagnosis
in the proposed VVM.

Average voltage vector Vy,, in a fundamental cycle can be
calculated as follows:

__ 1 /7T
V'nv = 7 Vinv t)dt
=7 | Vil

Fault Vector
switch  trajectory

Sai C> T <0

a'[rad]  duo a'[rad]  duo

Sn/3 <0 | Sgs Sn/3 >0

Sa4

Sg4 2n/3 >0 | Sp2 2n/3 <0

@

Sci Q w3 <0 | Scs
9
(7

4n/3 >0 | Sc2 4n/3 <0

T
- % /O [Vinve (t) + Vinys (2)]dt

= Vinva + Vinvﬁ (6)
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which is the eigenvector of proposed VVM.
Modulus of eigenvector is as follows:

Vil =V [Viwal” + [Vions ™

For convenience of comparison and analysis, |Vi,y| is nor-
malized to Axorwm as follows:

|Vinv| B \/|Vinva’2 + |‘/ian’2

ANORM = =—= = (3)
|Vref‘ Tnuulc/\/§
which is the first diagnosis variable of the proposed VVM.
Angle of eigenvector is named « as follows:
Vinva
arctan 72 ,Re(Viny) >0
0=V = il ©)
T + arctan vaa y,Re (Viny) <0
inv@

which is the second diagnosis variable of the proposed VVM.

Deviation of neutral-point potential Auo), the third diagnosis
variable, can be calculated by voltage of Cyig, and Cigy as
follows:

Ao = 5 % (tiow — whign) (10)
where U1y and uy;gy, are the voltage of capacitor Cyqy and Cjgp,
respectively. Two dc-link capacitors’ voltages will increase or
decrease under fault conditions because the neutral-point current
could not be balanced. The relationship between Au and failed
switch are summarized as Table III according to the current path
variation analysis abovementioned.

Diagnosis variable Axorm and o will have some certain
values under single-switch open-circuit fault conditions. The
particular values corresponding to 12 switch faults are defined
as eigenvalue A* and o*, which can be calculated by (8) and (9)
as Table III and Fig. 9. The eigenvalue A* is the key parameter
of threshold TH calculation for diagnosis variable Axorw in
VVM.

The flowchart of the proposed VVM is shown as Fig. 10.
Eigenvalue A* and " is calculated by modulation index 72 in the
procedure “trajectory prediction” and the threshold TH needs to
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Fig. 10.  Flowchart of the proposed VVM.

Fig. 11.

Experiment platform of three-level T-type inverter.

be big enough to avoid misdiagnosis. Also, threshold TH needs
to be smaller than the eigenvalue A* to confirm fault conditions.
Once a switch fails, diagnosis variable Axorm exceeds TH and
the fault conditions could be confirmed after a short delay. Then,
fault switch could be identified by o and Aug. Twelve different
single switch faults correspond to twelve kinds of eigenvalue
combinations. The flow chart of CVM in this article is basically
the same as that of VVM. There are two implementation differ-
ences between them including main sampled physical quantities
and threshold calculation algorithm.

V. SIMULATION AND EXPERIMENT

To verify the proposed VVM for single-switch open-circuit
fault diagnosis, 3LT?I systems were built on simulation platform
and experiment platform as Figs. 1 and 11, the parameters of
which are listed in Table IV.

The load resistance needs to be adjusted to change the power
factor of load. Load impedance Z could be calculated by induc-
tance L, capacitance C, and resistance R as follows:

R/jwC
R+ 1/jwC

Simulations and experiments based on proposed VVM were
carried out for two aspects of validation including method’s per-
formance under different PFs and performance under different
modulation indices. Open-circuit fault of switches was emulated
by shielding driving signals. Modulation index equals 0.8 and
load resistance R is adjusted to get different pPFs as Table V.
Diagnosis variables in VVM and CVM are both presented in

Z (jw) = jwL+ (11)



LIANG et al.: SINGLE-SWITCH OPEN-CIRCUIT DIAGNOSIS METHOD BASED ON AVERAGE VOLTAGE VECTOR 917

TABLE IV
PARAMETERS OF 3LT2I SYSTEM IN SIMULATION AND EXPERIMENT

Parameters Symbols Value
Input de-link voltage Ude 60V

Dc-link capacitor Chigh, Clow 4700uF

Switching frequency fs 10kHz
Rated frequency fr 50Hz
Load inductance Ly Lp, Lc 25mH
Load capacitance Cy, Cp, Cc 200pF

TABLE V

PARAMETERS OF LOAD

Power factor

Resistance[Q] Impedance Z [Q] [pu]
8 7.90 /. 36.0° 0.809(lag)
16 7.95/-1.1° 0.999(lead)
32 8.01/-37.8° 0.790(lead)
< §,, fails—> ‘7Upper capacitor ----Lower capacitor =
.30 =
% Fy
g s
) s
> 5
< 3
:
: 1§
3 =
) A
4
2[)iagnosis variable a in CVM\A&}
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- |
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S0 : —
To012 014 0l6
Fig. 12.  Simulation of fault-tolerant control when Sa; fails (m = 0.8,
R=16Q).

figures for comparison because the proposed VVM is directly
inherited from CVM. Normalization strategy was applied in two
methods in simulations and experiments.

Figs. 12 and 13 show the diagnosis process of single-switch
fault of Sp; by proposed VVM, where load resistance R equals
16 (). Before Sa; fails, voltages uwa0, upo, and uco are
balanced so that the diagnosis variable Axorw 1S near zero and
diagnosis variable « is random due to the small disturbance.
Variable o converges to eigenvalue o once the distortion begins,
whereas Anorm needs half a fundamental cycle to reach the
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eigenvalue A*. The diagnosis result of conventional CVM is not
utilized in the control process, but the diagnosis variables of it
are presented as well. It can be seen in the results that the curve
ANorMm 1n proposed VVM converges rapidly whereas curve
ANorM in conventional CVM converges to a lower eigenvalue
A* with oscillation.

Figs. 14 and 15 compare the curves of diagnosis variables
Anorum of two methods in simulations and experiments. Curves
of variables av in two methods are not drawn here because they
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Fig. 16.  Voltage vector trajectories in simulation under single-switch open-

Nory I VVM

NORM in CVM

—— Threshold for VVM and CVM
Diagnosis result in VVM
= Diagnosis result in CVM

—s«— Diagnosis variable 4

0.15 0.17 0.19

0.18 0.2 022 0.24

(¢c) Time [s] |_s— Diagnosis variable 4 () Time [s]

Fig. 15. Methods comparison experiment under different power factors (m =
0.8 pu). (a) R =8 Q and Sp; fails at 0.17 s. (b) R = 16 2 and Sa1 fails at
0.17s. (c) R=32Q and Saq failsat 0.17s. (d) R = 8 2 and Sz 5 fails at 0.16 s.
(€) R =16 Q and S fails at 0.16 s. (f) R = 32 2 and Sa» fails at 0.16 s.

are exactly the same under Sa; fault and Spao fault, whose
eigenvalues are perfectly consistent with that in Table III under
different PFs. The diagnosis variable ANogrw in proposed VVM
converges quickly after single-switch open circuit fault while
Anxorm in CVM has high amplitude oscillation after switch
fault. The CVM fails to detect the fault as the resistance increase
to 32 () because the eigenvalue A* reduces to a small value when
the load becomes capacitive. It needs to be emphasized that the
fault-tolerant control algorithm is not be applied in simulations
of Fig. 14, which is for better comparison of two methods’
performance.

Figs. 16 and 17 present the voltage vector trajectories under
normal conditions, fault conditions, and conditions with fault
tolerant control. The irregular trajectories under fault conditions
depend on the power factor because the output voltage vector
distortion not only depends on the fault switch, but also is related
to the current direction. Taking S A1 fault for example, if the load
currents are capacitive, the fault phase current reduces to zero in
advance and the current flows toward neutral-point during state
[P], which performs normally for the inverter and makes the
voltage vector trajectory turn to the normal circle in advance as
Fig. 16(c). It needs to be emphasized that the sampling point is
uniformly distributed in time but not in trajectory length under
fault conditions, and the direction of trajectory’s deviation at
each sampling instant are highly consistent. Hence, eigenvalues
a* could be independent from load power factor.

Additionally, contrast simulations and experiments were car-
ried out in three modulation index 0.4, 0.6, and 0.8 with load
resistance R setting 16 €.

Figs. 18 and 19 show the voltage vector trajectory in simula-
tion and experiment, where the distorted trajectory shape varies

circuit fault under different power factors of load (m = 0.8 pu). (a) Sa1 fails
and R =8 2. (b) Sa1 failsand R = 16 €. (c) Sa1 fails and R =32 Q. (d) Sa2
fails and R = 8 Q2. (e) Sao fails and R = 16 2. (f) Sa2 fails and R = 32 Q.
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Fig. 17.  Voltage vector trajectories in experiment under single-switch open-

circuit fault under different power factors of load (m = 0.8 pu). (a) Sa1 fails
and R = 8 Q2. (b) Sa1 failsand R = 16 €. (c) Sa1 fails and R = 32 Q. (d) Sa2
fails and R = 8 2. (e) Sao fails and R = 16 2. (f) Sa2 fails and R = 32 Q.

with modulation index. When vertical switch fails with m bigger
than 0.5, the trajectory becomes a smaller circle when fault
tolerant control applied. The distorted trajectories are basically
consistent with that in trajectory prediction. Shapes of distorted
trajectories under different modulation indices are similar to
each other under S ; fault condition and has bigger distinction
under Sao fault condition. The current vector trajectories in
simulation are also depicted as Fig. 20 for comparison, it can be
seen that the distorted trajectories are less sensitive for diagnosis
in the aspect of average vector calculation.

In Table VI, the performance indices of two methods under
different PFs are listed for quantitative analysis. In proposed
VVM, the adjusting time is within 0.01 s and overshoot does
not exist after switch fault. Besides, eigenvalue A* increases
from 0.101 to 0.128 pu as load resistance R increases from
8 to 32 Q under Sp; fault condition whereas A* has a biggest
value 0.214 pu under Spo fault condition. As for CVM, the
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Fig. 20.  Current vector trajectories in simulation under single-switch open-

circuit fault under different modulation indices (R =16 €2). (a) Sa1 fails and
m = 0.4 pu. (b) Sa; fails and m = 0.6 pu. (c) Sa fails and m = 0.8 pu.
(d) Sag fails and m = 0.4 pu. (e) Sa2 fails and m = 0.6 pu. (f) Sa2 fails and
m = 0.8 pu.

TABLE VI
COMPARISON OF TWO METHODS’ PERFORMANCE (m = 0.8)

circuit fault under different modulation indices (R = 16 €2). (a) Sa1 fails and
m = 0.4 pu, (b) Sa1 fails and m = 0.6 pu. (c) Sa; fails and m = 0.8 pu.
(d) Sag fails and m = 0.4 pu. (e) Sa2 fails and m = 0.6 pu. (f) Sa2 fails and
m = 0.8 pu.

adjusting time is close to half a fundamental cycle 0.01 s when
R is 8 () but increases to several fundamental cycles with higher
R. Eigenvalue A* in CVM with 8 (2 load resistance basically
equal to the ones in VVM, but decrease dramatically as the load
resistance R added. Overshoots in CVM are obvious.

The relationship between methods’ performance and PFs
can be summarized combining with the trajectory analysis in
Figs. 16 to 20. The eigenvalue A* in proposed VVM only
depends on the abnormal duration of the distortion because the
normal part of distorted trajectory overlaps with the original
circle. Consequently, the floating of eigenvalue A* in VVM under
different PFs under switch fault is limited. In another aspect, the
adjusting time of Axorwm 18 within half a fundamental cycle
because the distorted trajectories are fixed once the load and
modulation index are settled. As for conventional CVM, the

Diagnosis R Failed Adjusting Overshoot A4°
method [Q] switch time [s] [%] [pu]
Sai 0.008 0 0.190
8 Saz 0.009 0 0.101
Proposed Sai 0.010 0 0.214
VVM o Sa 0.010 0 0.105
Sai 0.007 0 0.166
32 Saz 0.010 0 0.128
g Sai 0.009 3.6 0.190
Saz 0.010 2.9 0.100
Conventional > Sai 0.020 35.6 0.106
CVM Sa2 0.016 17.7 0.054
” Sa1 0.046 131.7 0.044
Saz 0.030 99.0 0.032

current curves are more likely to be symmetric when the load is
capacitive, leading to the oscillation and deviation of the current
vector trajectory in normal half cycle under fault conditions. On
the one hand, the current vector trajectory is narrowed and the
modulus eigenvalue A* gets smaller, which means that smaller
threshold value should be set in diagnosis. The smaller threshold
in CVM eventually reduces the robustness for load regulation.
On the other hand, diagnosis variable Axogy needs more time
to be stable than that in VVM when switch fails after a switch
fault.

Finally, simulations of proposed VVM and conventional
CVM under different modulation indices and different PFs were
carried out for further analysis. The eigenvalues A* under differ-
ent conditions are depicted as Fig. 21. The eigenvalues of two
methods basically remain the same under different values of m as
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Fig.21. Variation of normalized modulus eigenvalue in VVM and CVM under
different modulation indices and different power factors.

S a1 fails. However, the eigenvalue decreases with the reduction
of m under Spo fault condition. The eigenvalues approach a
constant value as m approaches zero, which is different from the
prediction because the current cannot keep being negative for
long time when m is small. Comparing the eigenvalue curves in
CVM and VVM with the ideal predicted curves, we could find
that the eigenvalue A* in two methods is big enough for threshold
setting under small modulation index. But, the eigenvalue A*
in CVM reduces to 0.017 pu under Spo fault condition with
the PF equaling 0.790 pu (lead) and the modulation index m
equaling 1 pu. The CVM becomes extremely sensitive as it needs
a threshold smaller than 0.017 pu, whereas VVM is able to set
a higher threshold because the eigenvalues A* is much higher.

It can be concluded by the performance analysis of two
methods that the proposed VVM needs a confirming delay at
around one fundamental cycle. Higher thresholds can be set
under different PFs and different modulation indices, which is
significant for 3LTI to eliminate load regulation disturbance.
The proposed VVM not only inherits the advantages of high
diagnostic accuracy from CVM, but also alleviates the contra-
diction between small eigenvalues of diagnosis variable and a
high thresholds requirement.

VI. CONCLUSION

This article proposes a new method (VVM) for single-switch
open-circuit fault diagnosis in 3LT?I based on average volt-
age vector and neutral-point potential. Dc-link neutral-point
to bridge output terminal voltages utilized in diagnosis inhibit
the influence of load current under healthy condition and di-
agnosis variable oscillation under fault conditions, shrink the
eigenvalue’s variation range under different PFs, and enhance
the reliability and robustness of diagnosis process. Trajectory
prediction provides a theoretical basis for threshold setting,
improves the suitability of diagnosis under different modulation
indices, and provides a novel concept for fault diagnosis. The
proposed approach is feasible for a large range of PFs in any
modulation index. However, the procedure is sensitive to dc-bus
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voltage variation and modulus index regulation, which can be
overcame by further trajectory prediction and compensation
technique. The method is suitable for three-level and two-level
inverters with passive load, but needs further research for other
applications.
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