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ABSTRACT

Multilevel voltage source inverters (VSls) have been used for several decades thanks to their advan-
tages compared with traditional two level VSI. Among various types of multilevel configuration, the
T-type neutral-point-clamped VSI (3L TNPC VSI or 333-type VSI) has gained the attention in recent
years. Due to the unique structure, the 333-type VSI has critical issues in reliability in operation
such as switch-open-circuit (SOC) and switch-short-circuit (SSC), which lead to several unrequired
issues, for instance, reduction of system performance, distorted and unbalanced output voltages
and currents, or triggering the protection circuits. In some applications, the amplitude reduction
and harmonics distortion of output voltages in SOC faults are not acceptable. Therefore, it is nec-
essary to develop a pulse-width modulation (PWM) algorithm for 333-type VSI working under SOC
fault which guarantees the desired output fundamental component voltage. The simultaneous
SOC fault on two neutral-point-connected legs in the 333-type VSI may cause a large reduction in
the output voltage. Under this circumstance, the 333-type VSI becomes an asymmetrical one called
322-type VSI. Certain studies regarding to the operation of 333-type VS| under SOC faults have been
carried out. However, these studies require more semiconductor devices in order to create a redun-
dant switching circuit. This leads to higher system cost with reduced inverter efficiency due to the
additional loss. In this study, two carrier-based pulse-width modulation (CBPWM) techniques, i.e.
322-sinusoidal PWM (322-SPWM) and 322-medium offset CBPWM (322-MOCBPWM) are proposed
for 322-type VSI. The proposed techniques are firstly simulated in MATLAB/Simulink and thenimple-
mented on a hardware setup. Performances of the proposed techniques are evaluated in terms of
total harmonic distortion (THD) and weighted-THD (WTHD) of output voltages. Simulation results
show that considering the worst output voltage under SOC fault, vBC, the proposed 322-SPWM
technigue could improve the THD by 40% and the WTHD by 94% compared with the uncompen-
sated case with m=0.8. The corresponding results of 322-MOCBPWM technique are 42% and 96%,
respectively. Characteristics of THD and WTHD values are also presented for demonstration the
effectiveness of the proposed algorithm.

Key words: Carrier-based pulse-width modulation, t-type neutral-point-clamped inverter, switch-
open-circuit fault, voltage source inverter, weighted-total harmonic distortion

INTRODUCTION

Multilevel inverters (MLIs) have been being re-
searched for nearly forty years since the first introduc-
tion of three-level neutral-point-clamped (3L NPC)
voltage source inverter (VSI) in 19812, Compared
with traditional two-level VSI (2L VSI), 3L NPC VSI
offers a larger number of benefits. For instance,
3L NPC VSI has lower distortion of output voltage
and dv/dt, lower distortion of input current, smaller
magnitude of common-mode voltage (CMV) or even
elimination of CMV by using some sophisticated
modulation methods, and ability in operation with
a lower switching frequency'~’. Among with many

types of 3L NPC topology, 3L T-type NPC (3L TNPC)
topology has an advantage in terms of efficiency com-
pared to 3L NPC”. For example, 3L TNPC VSI pos-
sesses higher efficiency in low-voltage applications for
the switching frequency between 4-25 kHz such as
photovoltaic (PV) system, uninterruptible power sup-
plies (UPSs), and automotive converter system >,
3L TNPC VSI combines the benefits of both 2L VSI
and 3L NPC VSI, such as lower conduction losses,

lower switching losses and higher output power qual-
ity 8,
lower voltage rating power switches and offers consid-
erably power losses compared with that of NPC topol-

ogy ™.

The TNPC topology also allows the usage of

Cite this article : Le P N, Nguyen N. A study on performances of carrier-based pulse-width modu-
lation techniques for three-phase three-level t-type neutral-point-clamped inverter under switch-
open-circuit fault on two neutral-point-connected legs. Sci. Tech. Dev. J. - Engineering and Technology;

3(3):472-487.

472



Science & Technology Development Journal - Engineering and Technology, 3(3):472-487

However, due to the use of total 12 power switches
topology, the reliability of 3L TNPC VSI inverter is
an important issue which is related to the cost and ef-
ficiency of the overall system®. It is summarized that
there are two typical types of failure that may occur
in semiconductor switches in a power inverter, which
are switch-short-circuit (SSC) fault and switch-open-
circuit (SOC) fault, respectively®~10. SSC faults often
come from the over-voltage, over-current, avalanched
stress or over-thermal issues, which could result in se-
rious damage to the switching devices due to the ab-
normal overcurrent®’. Typically, the inverters stop
operation after the detection of SSC fault for safety

10 1n contrast, SOC faults occur due to mal-

reason
function of gate driver circuits or the lifting of bond-
8-10 " Although

SOC faults do not lead to serious damage to the in-

ing wire caused by thermal cycling

verter compared with SSC faults, the system perfor-
mance will deteriorate in SOC fault. In addition, SOC
fault leads to current distortion of output, secondary
issues in other components in the topology such as
gate drivers and other IGBTs by means of noise and
vibration®. The asymmetrical and distorted current
caused by SOC fault may saturate transformer, trig-
ger circuit protection '°. Moreover, SOC faults could
reduce the fundamental component of output voltage
which is not allowed in certain voltage-sensitive appli-
cations, for example, UPS of PV systems 1 Therefore,
a modulation algorithm for 333-type VSI working un-
der SOC faults should be developed to guarantee the
desired fundamental component of output voltages as
well as the balanced output currents.

Figure 1(a) shows the topology of 3L TNPC VSI under
normal operation while Figure 1(b) and Figure 1(c)
show that under SOC fault on one neutral-point-
connected leg and two neutral-point-connected legs,
respectively. The topology in Figure 1(b) is called 332-
type VSI while that in Figure 1(c) is 322-type VSI.
Certain studies on pulse-width modulation (PWM)
techniques implemented on 333-type VSI under SOC
fault conditions on neutral-point-connected legs were
carried out at*~'!, Study conducted by U. Choi et al. ®
proposed a diagnosis and tolerant algorithm for SOC
fault considering two types of SOC fault which oc-
curring in neural-point-connected bridge and in the
main bridge. In case of SOC fault on neutral-point-
connected leg, the proposed technique in this study
was based on SVPWM algorithm and had the capa-
bility in elimination of harmonic distortion in out-
put current® resulting more reliability in 333-type VSI
which could be implemented in servo and PV sys-
tems. Besides, this solution did not require any ad-
ditional switches. S. Xu et al. investigated a fault-
tolerant topology and control strategy of 333-type
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Figure 1: Topologies of 3L TNPC VSI: (a) In nor-
mal condition (333-type VSI); (b) In SOC fault on
one neutral-point-connected leg (332-type VSI); (c)
In simultaneous SOC faults on two neutral-point-
connected legs (322-type VSI).

VSI under different fault conditions including SOC
faults on neutral-point-connected switch with ride-
through capability as well as maintained high-quality
output’. However, this solution required a fourth re-
dundant leg which could increase the system cost and
power losses. Similarly, the solution proposed by J. He

119 also used a redundant phase-leg yet utilized

et a
advanced switching techniques such as zero-voltage
switching (ZVS) and zero-current switching (ZCS),
thus relieved the thermal stress on switches and im-
proved system efficiency while maintain the desired
output voltage and output power. On the other hand,

a carrier-based PWM (CBPWM) algorithm was de-
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veloped by T. Lee et al. ! under SOC fault by transit-
ing from three-level to two-level switching, thus keep
the output voltage at the same rating value as the pre-
fault condition. Despite the fact that two-level switch-
ing leads to an increment of harmonic distortion in
output voltages, the reliability of the VSI in certain
safety-critical applications has a higher priority '®!!,
Compared with other PWM techniques, for examples,
space vector PWM (SVPWM), CBPWM is the highly
popular algorithm which is based on the compari-
son of sinusoidal reference signals with carrier waves,
thus make the modulation scheme easier to be imple-
mented 'Y, Thus, the implementation of CBPWM for
322-type VSI should be an attractive solution. There-
fore, CBPWM algorithm will be developed in this pa-
per. The main contents of this paper include three
parts. Firstly, switching states and voltage vectors of
the 322-type VSI are presented. Secondly, the princi-
ples of the proposed 322-CBPWM techniques includ-
ing 322-SPWM and 322-MOCBPWM techniques are
analyzed. Finally, simulation in MATLAB/Simulink
and experimental implementation are carried out,
giving the results for discussion and evaluation.

SWITCHING STATES AND OUTPUT
VOLTAGES OF 322-TYPE VSI

Switching States

Considering a 322-type VSl in Figure 1(c), the switch-
ing states will be described as following:

Sa1 —0—5;“ =1
7 -1
SA2+S,/42 )
Sp1+8p =1
Sc1+Sc; =1

For convenience in analysis, the phase-leg switching
states set {S4, Sg, Sc/ is used, which is defined as:

Sa = Sa1+Sa2
Sp =281 (2)
Sc = 25¢1

Where 0 < Sa1 < Sap < 1,0<Sp; < 1,and 0 < S¢y
< 1, respectively.

The synthesized voltage vector in the stationary -
B coordinate system corresponding to each switching
set {S, Sp, Sc} is defined as'*:

v_2 (SA +a.Sg +a25c) Vac (3)
3 2

where a = ¢/27/3. Table 1 lists available switching

states of 322-type VSI and the corresponding synthe-

sized output voltage vectors, which are then illustrated

in Figure 2.

The space vector diagram has total of 12 vectors,
which generate 11 different output voltages. There are
6 large vectors, named v14, v16, v18, v20, v22, and
v24, respectively, which located at the large hexagon
of 3L TNPC VSI. Each large vector has the magnitude
of (2/3)Vye. Two medium vectors are v17 and v23
which locate in the f-axis and have a magnitude of
(l / \/§) V4e. Two small vectors are v1 and v11 which
locate at the small hexagon according to 2L VSI and
in the or-axis, each has the magnitude of (1/3) V.

\ Ny

,,777<,,, ,,/\L\,,:,
7% / v,

O S B B P

v/ A4 Yo,
Va0 V11‘ Vo Vae \’ Vi
020 722} _@ooX @22 100

\
5 N 4 NS %

Figure 2: Space vector diagram of 322-type VSI.

Two zero vectors vy and v,¢ are both located at the
hexagonal center.

Output voltages

The instantaneous phase-leg voltages are described by
the following equations:

Vao = SA~Vd¢-/2
Vo = Sp-Vyc/2 (4)
Veo = Sc-Vace/2

The average value of each phase-leg voltage can be de-
termined by the corresponding control voltage {v i,
Vakp> Vakch respectively:

Vao = vaka-Vac/2
Vo = varg-Vic/2 (5)
Veo = vakc-Vac /2

For them, the corresponding control voltages can be
determined:

(6)
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Table 1: Switching States Of 322-type VSI

SA SB sC Switching vectors V.

0 0 0 v0 (0,0,0) 0

1 0 0 v1 (1,0,0) (1/3) Ve

1 2 2 vil (1,2,2) -(1/3) Ve

2 0 0 v14 (2,0,0) (2/3) Ve

2 2 0 v16 (2,2,0) (1/3+7/V3) Ve

1 2 0 v17 (1,2,0) (/V3) Vae

0 2 0 v18 (0,2,0) (=1/3+j/V3) Vye

0 2 2 v20 (0,2,2) -(2/3) Ve

0 0 2 v22 (0,0,2) (—1/3=j//3) Vue

1 0 2 v23 (1,0,2) -(j/V/3) Vie

2 0 2 v24 (2,0,2) (1/3=7/V3) Ve

2 2 2 v26 (2,2,2) 0
PROPOSED METHOD OF
CARRIER-BASED PWM FOR Via  Vor Via

322-TYPE VSI (322-CBPWM)
Principle of 322-CBPWM

Considering a load voltage vector 71 = Vnel® where
Vin is the voltage magnitude and 6 is the phase
angle, respectively, the principle of 322-CBPWM
technique to synthesize 7, includes two steps.
The first one is determining three control voltages
{vdkA,vdkB,vdkC}. The second one uses these signals
to implement carrier wave techniques, thus determin-
ing the switching states for each switch of the 322-type
VSL

Voltage modeling of inverter

Three-phase load voltages can be defined as:
via = Vincosq

vig = Vipcos(qg—2p/3) (7)
vic = Vmcos(g+2p/3)

The analysis of 322-CBPWM is achieved by an average
voltage model, as shown in Figure 3.

Vao =Via+Vosr
Veo = Vi +Vosy (8)
Veo =Vic+Vosy

In general, the offset voltage value is in a range be-
tween two limitations, the minimum value V¢ in

and the maximum value V,, ¢ nqx, respectively:

Voffmin < Voff < Voffmax 9)
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Figure 3: Average voltage model.

From load phase voltages calculated in (6), their max-
imum and minimum values can be obtained:

{ max = max (Via, Vi, Vi) (10)

min = min (V,4,Vip,Vic)

Based on max and min values, values of V, ¢fpqx and

Vof fmin are determined:

Vo fmax = Vac —max an
Vof fmin = —min

Various modulation techniques can be proposed de-
pending on the selected V, ffs - In 322-sinusoidal
PWM (322-SPWM) technique, Vs is determined by
the following expression:

Vors = Vac/2 (12)
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In medium offset 322-CBPWM (322-MOCBPWM)
technique, the value of V7 is determined by:

Vaff = (Voffmax +Voffmin) /2 (13)

From load phase voltages {Vi4, Vip, Vic} in (8) and
offset voltage V,¢¢ in (12) or (13), three control sig-
nals {Vgra, Vars> varc} can be determined by (6).

Carrier-based implementation

In this step, three control voltages are compared with
the corresponding triangular-form carrier waves.
Due to the reason that SOC fault occurs on the
neutral-point-connected legs of phase B and C, the
carrier waves of these phases must be changed to two-
level mode whereas phase A still works in three-level
mode. Therefore, there are two carrier waveforms
needed for phase A, which are v,,; with the magni-
tude between 1 and 2, and v, with the magnitude
between 0 and 1, respectively. For the phase-leg B and
C, there is only one carrier wave v, needed with the
magnitude between 0 and 2.

The switching states and modulating signals are de-
scribed in the following expressions:

0<vara < Vear2 <1:841 =0;842=0

(14)
0 <vearr Svgka <1:841=0;802 =1
1 <vara < vear1 £2:841 =0;842 =1 (15)
L <Veart Svaka <2:541 =180 =1
0<vuB <Vear <2:8p1 =0; (16)
0<vear <varp <2:8p1 =1,
0 <vgkc < Vear <2:8¢c1 =0; 17)

0<vear <vagkc <2:Sc1=1;

The switching states of each switch and instanta-
neous output phase-leg voltages of 322-type VSI in
one sampling carrier cycle are illustrated in Figure 4.
The algorithm in the proposed 322-SPWM and 322-
MOCBPWM techniques is illustrated in Figure 5.

Modulation index definition
In this study, the modulation index is defined by the
following expression:
Vi
m—= 1)
Vdc/ \/§

where V(1) is the fundamental magnitude of phase

(18)

load voltage, and V. / /3 is the maximum fundamen-
tal magnitude of phase load voltage. In linear modu-
lation, the limit of modulation index is 0<m<0.866
for 322-SPWM and 0<m<1 for 322-MOCBPWM,
respectively.

2 Vet 2 Veser
Vaxa
1 \/ vearz 1 ar2
Viaxa \/
[} o
1 1
- Sa g Sar
1 1
0 Saz o Saz
Vao Vao
Vadl2
° Vao o Vao
T I
(@ (b)
2 Var 2 WVear
Vs
Ve
0 o
1 1
0 Sgr 0 Ser
Vi Vo
0 VYoo g Vco

T Te

(c) (d)

Figure 4: Switching states and output phase-leg
voltages of 322-type VSI: (a) Phase A with 0 < v

< 1; (b) Phase A with T < vg s < 2; (c) Phase B; (d)
Phase C

Total harmonic distortion and weighted-
total harmonic distortion definitions

The Fourier series of a given periodical voltage v(t) can
be written as follows:

v(t) = Vo) +Yo1 Vin) cos(nwt) (19)
where V(g is the magnitude of zero-order compo-
nent, or DC component of the voltage v(¢). The sec-
ond term in (20) denotes the sum of sinusoidal com-
ponents at various higher frequencies where # is the
order of harmonic component. For instance, n=1 cor-
responding to the fundamental component (50 Hz)
while n=3 is the third harmonic component (150 Hz),
respectively.

Total harmonic distortion (THD) is usually used to
evaluate the quality of a periodical signal. Its defini-

13.
- 2
\/ ;;2"<n>
THD(v) = -2

tion is ' ”:
Vi

(20)
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Via, Vig, Vic
Eq. (7)

'

max, min
Eq. (10)

'

Vnrl‘max, Voffmin|
Eq. (11)

!

Vorr
SPWM: Eq. (12)
MO- CBPWM Eq. (13)

'

Vo, Veo, Veo
Eq. (8)

v

Vdka , Vidkg , Vdke
Vdc

Eg. (6)

'

A

Veart Sa1.Saz: Eq. (14),(15)
Vear? SBT: Eq (15]
Vear Scf: Eq (1?]

Figure 5: Algorithm of the proposed 322-CBPWM
technique.

The weighted-total harmonic distortion (WTHD) is
defined by the following equation '*:

o

Z (Vn/")z

n=2
Vi

21)
WTHD(v) =

where V(1) is the magnitude of fundamental compo-
nent of v(t).

RESULTS AND DISCUSSIONS

Two proposed techniques, ie. 322-SPWM and
322-MOCBPWM, are firstly simulated by a MAT-
LAB/Simulink model as shown in Figure 6, and
secondly implemented on an experiment setup, as
shown in Figure 7. Control card TI TMSF28377D
is used as the main controller while the 322-type
VSl is built from IGBTs STGW40N120KD and diodes
STTH3012.
measured by the digital oscilloscope Tektronix TDS

Voltages and currents waveforms are

2024C. The simulation and experimental parameters
are listed in Table 2.

Simulation and experiment results of 322-SPWM
technique are presented in figures from Figure 8 to
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Table 2: Simulation And Experimental Parameters

DC-link voltage 100 [V]
Load resistance 16 [Q]
Load inductance 60 [mH]
Carrier frequency 5 [kHz]
Dead-time (in experiment) 2 [us]

Figure 12 while those of 322-MOCBPWM technique
are illustrated in Figure 13 to Figure 17.

Figure 8 shows the simulated output voltages and cur-
rents of 333-type VSI under different operating modes
while Figure 9 shows the experiment results of output
signals in the 322-type VSI working with the proposed
322-SPWM algorithm. The simulated spectrum anal-
ysis results of voltages are presented in Figure 10.

It is clear that under simultaneous SOC fault on phase
B and phase C which makes the 333-type VSI be-
come a 322-type one, there are not only distorted out-
put voltages v4p, vpc, and vcy but also distorted and
unbalanced currents iy, ip, and ic as shown in Fig-
ure 8(b). However, the proposed 322-SPWM tech-
nique improves voltages and current waveforms as
shown in Fig 8(c).

Experiment results in Figure 9 show the effectiveness
of 322-SPWM. However, there are some differences
between the experiment values compared to simula-
tion ones. As an example, with the proposed 322-
SPWM, THD(v43p) in simulation is 42.5% obtained
from Figure 10(c) while the corresponding experi-
ment value is 47.0% as shown in Figure 9(a). In terms
of WTHD value, the experiment one is higher than
that in simulation (0.88% compared to 0.37%).

The effectiveness of the proposed technique in sim-
ulation can be obtained from the spectrum analy-
sis results in Figure 10. For instance, in terms of
Vap» in normal condition (333-type VSI with conven-
tional SPWM or 333-SPWM), Figure 10(a) gives the
results that THD(v43p53)=24.5% while under faulty
condition (322-type VSI with conventional PWM),
the result THD(v43p2_0)=68.9% is obtained from Fig-
ure 10(b). This THD value is as higher as 2.8 times
The WTHD value
also rises significantly from WTHD(v43p3)=0.20%
to WIHD(v43p2 0)=8.61%. The fundamental com-
ponent magnitude of vap decreases badly from

compared with the first one.

Va3p3(1)=80 V to Vy3ps o(1)=61.4 V, leads to a re-
duction of 23%. When applying the compensating
PWM algorithm, the proposed 322-SPWM technique
can recover the fundamental component voltage to
the initial value, i.e., 80 V, as shown in Figure 10(c).
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Figure 6: MATLAB/Simulink model.
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Figure 7: Experiment setup.
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Figure 8: Simulated waveforms of output L2L voltages and currents in SPWM (m=0.8): (a) in pre-fault operation
with conventional SPWM (333-SPWM); (b) in faulty operation with conventional SPWM; (c) in faulty operation with
proposed 322-SPWM. From top to bottom: v4p, Ve, Vca, and iapc.

In addition, the THD and WTHD values are also im-
proved: Figure 10(c) shows that THD(v43p,)=42.5%
and WTHD(va3p)=0.37% while those are 68.9%
and 8.61%, respectively, in the faulty condition.
It is also seen that THD(v43pp) is higher than
THD(va3p3) by 73% and WTHD(v43p;) is higher
than WTHD(v43p3) by 85%.

Due to the fact that in the 322-type VSI, both L2L
voltages vap and vcy are measured between a 3L
phase-leg and a 2L phase-leg, the effectiveness of pro-
posed 322-SPWM technique in improvement har-
monics distortion of voy are the same as those of
vap. However, the L2L voltage vpc is the worst case
under SOC fault condition.
Figure 10(b) shows that under faulty condition, the

Spectrum analysis in

fundamental magnitude value Vgycp 0=55.7 V, caus-
ing a reduction of 30% compared with that in pre-
fault operation. The harmonic distortion metrics are
THD(vpac2 0)=83.0% and WTHD(vpac2_0)=7.54%
while those values corresponding to normal operation

479

are THD(VB3c3)=24.5% and WTHD(VB3c3)=0.20%,
respectively, as shown in Figure 10(a). The proposed
322-SPWM technique provides not only the funda-
mental component of 80 V as same as pre-fault con-
dition, but also the reduced THD and WTHD values,
i.e., THD(vg2)=50.1% and WTHD(vgy»)=0.45%,
respectively. As results, compared with the conven-
tional PWM technique in faulty condition, the pro-
posed technique advantageously reduce the harmonic
distortion by 40% in terms of THD and by 94% in
terms of WTHD, respectively.

The simulated THD and WTHD characteristics of
output voltages in SPWM technique under different
operations are shown in Figure 11 and Figure 12, re-
spectively. From Figure 11 and Figure 12, it can be
seen that the aforementioned faulty condition leads to
a considerably increasing in harmonic content of vgc
compared with those of v4p and vcy, especially at low
modulation indices. For instance, under normal op-
eration with conventional PWM at m=0.5, the THD
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Figure 9: Experimented waveforms and spectra of output L2L voltages and currents of the 322-type VSI with the
proposed 322-SPWM (m=0.8): (a) vap, (b) Ve, (€) vea, (d) iapc. X-axis: 5 ms/div; Y-axis: 40 V/div (voltages), 1 A/div
(currents)
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Figure 10: Simulated spectra of output L2L voltages in SPWM (m=0.8): (a) in pre-fault operation with conventional
SPWM (333-SPWM); (b) in faulty operation with conventional SPWM; (c) in faulty operation with proposed 322-

SPWM. From top to bottom: v4p, vgc, and vea.
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Figure 11: Simulated THD characteristics of output L2L voltages in SPWM technique: (a) v4p; (b) vac; (€) Vea

value of three L2L voltages, i.e., v43p3, VB3c3, and
Ve3a3 are the same, at 32%, while under SOC faults
with conventional PWM, these values obtained from
Figure 11(b) are 194%, 250%, and 170%, respectively.
In terms of WTHD, the normal operation values of
three L2L voltages are the same, at 0.31% yet under
faulty condition, these values are 15.9%, 34.9%, and
15.7%, respectively, are obtained from Figure 12(b).
However, with the proposed 322-SPWM technique
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implemented on the VSI under faulty condition, the
harmonic distortion of three output voltages va3py,
vpac2> and veoa3 shown in Figure 11(c) are improved
to 69%, 71%, and 64% in terms of THD while the
corresponding WTHDs are 0.59%, 0.44%, and 0.59%,
respectively, as regards to m=0.5, as shown in Fig-
ure 12(c).

Simulation and experiment results of output L2L volt-
ages and currents in the proposed 322-MOCBPWM
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Figure 12: Simulated WTHD characteristics of output L2L voltages in SPWM technique: (a) v4p; (b) vac; (€) Vea
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Figure 13: Simulated waveforms of output L2L voltages and currents in MOCBPWM (m=0.8): (a) in pre-fault op-
eration with conventional MOCBPWM (333-MOCBPWM); (b) in faulty operation with conventional MOCBPWM; (c)
in faulty operation with proposed 322-MOCBPWM. From top to bottom: v4p, Ve, Vca, and iapc.
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technique are illustrated in the following figures from
Figure 13 to Figure 17. The waveforms of output
voltages and currents in Figure 13 corresponding to
MOCBPWM technique are similar to those of SPWM
technique shown inFigure 8. The experiment results
in Figure 14 verify the simulation ones. In the simula-
tion, THD and WTHD of v43p; are 36.4% and 0.28%,
respectively while those in experiment are 37.1% and
0.57%, respectively.

Similarly, with the 322-MOCBPWM algorithm,
output voltages and currents in 322-type VSI
are improved, as shown in Figure 15. As an ex-
ample for m=0.8, Figure 15(a) and Figure 15(b)
show significant increasing in harmonic dis-
tortion factor of vap from THD(va3p3)=22.5%
to THD(Va3p2_0)=63.1%, and from
WTHD(vA353)=0.14% to WTHD(va3p2_0)=6.45%
, respectively. However, results from Figure 15(c)
show that the proposed 322-MOCBPWM technique
reduces the THD and WTHD of vy to 36.4%
and 0.28%, respectively, i.e. a reduction of 42% as
regards to THD and 96% as regards to WTHD. The
fundamental voltage v4p which reduced from 80 V in
normal operation to 61.2 V in faulty operation with
conventional MOCBPWM, as shown in Figure 15(a)
and Figure 15(b), is now recovered to the initial
reference value, i.e., V43p5(1)=80 V which shown in
Figure 15(c). The effectiveness of 322-MOCBPWM
technique on vpc and vy can be observed in
Figure 15, as well.

The simulated THD and WTHD characteristics
of output voltages in MOCBPWM technique are
illustrated in Figure 16 and Figure 17, respectively.
Characteristics shown in Figure 16 and Figure 17
have the similarity to those in Figure 11 and Figure 12
so that the faulty operation of 333-type VSI leads
to a considerably surge in harmonic distortion
of L2L voltages, especially in the low values of
modulation index. In addition, the voltage vgc has
the worst harmonic distortion compared to that
of v4p and vy, as regarding to the same value of
m. For instance, under faulty condition for m=0.5,
THD(ngcz_0)=285% while THD(VA332_())=194%
and THD(v¢243_0)=170%. With use of the proposed
322-MOCBPWM technique, these values are 72%,
69%, and 64%, respectively. Therefore, there is only
small difference between THD values of output
voltages with the proposed algorithm. As regarding
to WTHD factor, with use of compensating PWM
algorithm, at m=1, they are WTHD(v4352)=0.29%,
WTHD(vgy2)=0.37%, and WTHD(v(243)=0.37%
while those values under faulty condition are 4.30%,
4.13%, and 3.58%, respectively.
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In terms of vgc, simulated results in two CBPWM
techniques with m=0.8 can be summarized by Ta-
ble 3. Comparison between 322-SPWM technique
and 322-MOCBPWM technique, it can be seen that
the second one has the lower values of harmonic dis-
tortion factors. For instance, under faulty condition,
the proposed 322-SPWM strategy has THD(vgac2)
value of 50.1% while that of 322-MOCBPWM strat-
egy is 45.7%. The corresponding WTHD(vgycs) of
these algorithms are 0.45% and 0.36%, respectively.
Hence, the harmonic distortion metrics of vgc in 322-
MOCBPWM are lower than that in 322-SPWM by
8.8% in terms of THD and by 20% in terms of WTHD,
respectively.

CONCLUSION

This paper has presented the analysis and imple-
mentation of CBPWM techniques on a 333-type
VSI working under simultaneous SOC faults on
two neutral-point-connected phase-legs. Simulation
results show that under the aforementioned SOC
fault condition, the output voltages and currents are
strongly distorted and unbalanced, with a reduction
of fundamental voltages by up to 30%. The use of
the proposed 322-SPWM and 322-MOCBPWM tech-
niques can help attaining required fundamental volt-
ages, and also lowering harmonic content after faulty
condition. For the worst harmonic quality voltage
vpe, the proposed 322-SPWM has the ability in reduc-
tion of 40% and 94% in terms of THD and WTHD,
respectively, while the corresponding results of 322-
MOCBPWM technique are 42% and 96%, as regard
to m=0.8. The advantages of 322-MOCBPWM tech-
nique compared to 322-SPWM technique are also
presented, which are not only the extension of mod-
ulation range but also the better harmonic quality at
the same operating condition. Compared with other
studies cited, the proposed techniques do not need
any additional hardware but still guarantees the de-
sired values of fundamental voltages and balanced
output currents. The proposed CBPWM algorithms
are simple and easy for implementation, as well.

LIST OF ABBREVIATIONS

CBPWM: Carrier-based pulse-width modulation
SPWM: Sinusoidal pulse-width modulation
MOCBPWM: Medium offset carrier-based pulse-
width modulation

VSI: Voltage source inverter

SOC: Switch-open-circuit

SSC: Switch-short-circuit

THD: Total harmonic distortion

UPS: Uninterruptible power supply
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Figure 16: Simulated THD characteristics of output L2L voltages in MOCBPWM technique: (a) vag; (b) Vc; (C) vea

Table 3: Simulated Harmonic Distortion Results Of V. (M=0.8)

Harmonic
distortion
metrics

THD (%)

WTHD (%)

Normal operation (with

Faulty operation (with con-

conventional PWM) ventional PWM)

333- 333- 333-SPWM 333-

SPWM MOCBPWM MOCBPWM
24.5 22.5 83.0 80.2

0.20 0.14 7.54 7.32

Faulty operation (with pro-
posed PWM)

322-SPWM 322-
MOCBPWM

50.1 45.7

0.45 0.36
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Figure 17: Simulated WTHD characteristics of output L2L voltages in MOCBPWM technique: (a) v4p; (b) vac; (€)
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PV: Photovoltaic
WTHD: Weighted-total harmonic distortion
2L VSI: Two-level voltage source inverter

322-type VSI: 322-type asymmetrical voltage source

inverter

333-type VSI: Three-level T-type neutral-point

clamped voltage source inverter
L2L: Line-to-line
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Nghién ciu ky thuit diéu ché dé réng xung séng mang cho mach
nghich luu nguén ap 3 pha 3 badc TNPC trong diéu kién hé mach 2
nhanh ndi diém trung tinh
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Eﬁ;}ﬁ Mach nghich luu &p (VSI) da bac hién dugc str dung réng rai nhd vao nhimg uu diém so véi mach
) Wk , 2 bac truyén théng. Trong s6 cac so do VS|, so dé 3 bac dang diode kep hinh T (3L TNPC VSI hay
Use your smartphone to scan this 333-type VSI) dang ngay cang nhan dugc su quan tdm nghién clu. Do dac diém cdu tric, mach
333-type VSI co mot s6 van dé vé do tin cay khivan hanh, vi du nhu su ¢6 hd mach khoa déng ngét
(SOCQ) va su c6 ngan mach khoa dong ngat (SSC), cac su ¢ nay lam gidm hiéu suat hé théng, gay
mat can bang va méo dang dién 4p va dong dién ngo ra, lam kich hoat mach bao vé. Trong mét
s6 Ung dung, su sut giam bién dé va méo dang séng hai trong dién ap ngd ra dudi su c6 SOC la
khong dugce chdp nhan. Vivay, can phét trién mot ky thuat diéu ché do réng xung (PWM) cho mach
333-type VSI hoat dong trong diéu kién su cd SOC dé dam bao gia trj thanh phan co ban cua dién
ap dau ra theo yéu cau. Su c6 SOC dong thai trén 2 nhanh néi diém trung tinh ctia mach 333-type
VS| dan dén su sut giam nghiém trong déi véi dién dp dau ra. Trong diéu kién nay, mach 333-type
VS| tr thanh mach khong déi xting la 322-type VSI. Nhiéu nghién ctiu khac nhau lién quan dén
van hanh mach 333-type VSI trong su c6 SOC da dugc tién hanh. Tuy nhién cac nghién ctiu nay
déu st dung thém linh kién phén ciing dé tao thanh mot nhanh déng ngdt bé sung. Diéu nay lam
tang chi phi ché tao va lam gidm hiéu sudt clia hé théng do phét sinh thém tén hao. Trong bai bao
nay, hai ky thuat PWM séng mang (CBPWM) dugc dé xuat cho mach 322-type VS|, lan luot la PWM
dang sin (322-SPWM) va CBPWM véi ham offset trung binh (322-MOCBPWM). Cac ky thuat dé xuat
dugc mo phong trude tién bang phan mém MATLAB/Simulink va sau d6 dugc trién khai trén phan
cung thuc nghiém. Chat luong ky thuat dé xuat dugc danh gia qua cac chi sé dd méo dang séng
hai téng (THD) va d& méo dang séng hai téng cé xét dén trong s6 (WTHD) clia dién dp ngo ra. Két
qua mdé phong cho théy khi xét dién dp dau ra vBC la dién 4p bi anh hudng nhiéu nhat bdi su cd,
tai hé s6 diéu ché m=0.8 thong s6 THD va WTHD cuia ky thuat 322-SPWM dugc giam vdéi gia tri lan
luat la 40% va 94% so vdéi trudng hop khong dp dung phuong phap dé xuat. Do gidam tuong Ung
véi ky thuat 322-MOCBPWM lan lugt la 42% va 96%. Cac dac tuyén THD va WTHD dugc trinh bay
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