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Abstraci—This article presents control techniques for
three-level boost T-type inverter (TLB-T2l) to address open-
circuit faults (OCFs) and short-circuit faults (SCFs) of semi-
conductor devices. Three main groups of semiconductor
failures of TLB-T?l are OCFs of boost switches (F1), OCFs of
inverter half bridge switches (F2), and OCFs of bidirectional
switches (F3). Under the proposed approaches, the inverter
generates a two-level output voltage with the F1 and F2
faults, while it still generates a three-level output voltage
with the F3 fault. These control techniques are extended
to solve OCF and SCF of diodes, SCF of boost switches,
and OCF of capacitors. Operating modes of the inverter
in both normal and fault conditions are presented. Design
guidelines, power loss contribution, and comparison study
are included. The experimental results based on a 1-kVA
prototype are carried out to verify the accuracy of the pro-
posed methods. The result shows that the proposed meth-
ods can reduce component voltage ratings when compared
to the conventional methods. In particular, the voltage rat-
ing of the inverter half-bridge switch in the F2 fault-tolerant
method is reduced by at least 50% compared to the tradi-
tional techniques.

Index Terms—Fault-tolerant (FT), open-circuit fault
(OCF), space-vector modulation, three-level boost (TLB) in-
verter, t-type inverter.

|. INTRODUCTION

N RECENT years, inverters based on fast semiconductor

devices have provided good performance because of their
advantages, such as high-power density, high efficiency, and
good output power quality [1]. However, these power switching
devices have a high failure rate. Solving semiconductor failure
can improve the system reliability, especially in some applica-
tions as an uninterruptable power supply. Semiconductor failures
can be classified into two main groups: open-circuit fault (OCF)
and short-circuit fault (SCF). The reasons for these failures are
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discussed in [2]-[4]. In general, the SCF is more serious than
the OCF and usually leads to destroy the system due to the
high short-circuit current. Then, the system is usually forced to
stop for safety whenever SCF is detected. An impedance-source
network can be installed before a conventional voltage source
inverter to limit the amplitude of SC current [5]-[7]. It gives
the system more time to handle the SCF. In contrast to the SCF,
the inverter can keep operating by using appropriate modulation
techniques when the OCF occurs. Thus, the solving OCF prob-
lem has attracted many researchers. Many studies about OCF
diagnosis [8]—[11] and fault-tolerant (FT) methods [12]-[31]
have been proposed. These methods provide many fast and exact
detection methods for the OCF. Especially, the work in [8] can
detect the OCF within 10 us.

The FT methods for OCF are usually applied to multilevel
inverters [12]-[34]. A seven-level cascaded H-bridge inverter
with fault tolerant capability is introduced in [12]. In this article,
the faulty H-bridge is bypassed to isolate failed semiconductor
devices. Active switches are installed at the output terminals
of the H-bridge circuit to make short circuit the output voltage
of faulty submodule. As a result, the amplitude of output volt-
age is decreased in post-fault operation. Besides the cascaded
topology, T-type inverter topology is an attractive structure for
implementing FT methods [13], [14]. However, the magnitude
of the output voltage is also reduced when the FT scheme is
activated [13], [14].

The conventional three-level T-type inverter with FT capa-
bility has received a lot of attention from researchers. In this
topology, a single OCF can occur at either upper, lower, or
bidirectional switches. The OCF of the bidirectional switch pro-
duces not only a small degradation of the output current quality
but also unbalanced capacitor voltages. This OCF can be easily
addressed by modifying the modulation schemes [15]-[17]. In
these studies, the faulty phase operates as a two-level inverter
with the help of upper and lower switches, while the other
healthy phases operate as in normal condition. In particular, the
methods in [15] and [16] provided capacitor voltage balancing
under fault condition. When the OCF occurs at the upper or
lower switch of the T-type inverter, the positive or negative half
cycle of output current is not achieved. It generates a serious
distortion at the output current. The system must be stopped if
the FT solution is not applied. Two main solutions for the case of
OCF include using additional hardware circuits [18]-[27] and
appropriate pulsewidth modulation (PWM) techniques [26]—
[31]. The simplest way to recover inverter operation in single

0278-0046 © 2022 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



85
86
87
88
89
90
o1
92
93
94
95
%
97
98
99

100

101

102

103

104

105

106

107

108

109

110

11

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

2 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS
L Tr
_Ln g - PN 2 )'= _{} .
SPJ:I D|1|P+ 14'{}5-1'5:} S-1|c Ly >l DI+ Sia } Sm} N C‘/;‘/
— " 7777‘ — - N, \r‘i'i'i ‘7 r'-
Cp 4 ! Cp Sy S A Lo J
24T S34T ! D, 24 934 i !
+ [ + o
Va7 o 3 m Vae (0) \'—3,\ 3 bbb
SasT Sar i b l 25 S3p - } i
C) ¥ C — .
Al 5 s e Al |9 S -
Sy 209G Lob ] Sy h / / / ook
AJE| DD“N N SIh 3] Sj(; O T 4 34 N Sea 1 Sap T Sac] C ==
Conventional Three-level Boost Circuit ~ Conventional T-Type Circuit ’ Filter & Load Three-level Boost Circuit Conventional T-Type Circuit Filter & Load

Fig. 1. Topology of conventional TLB-T?| [32].

or multiple semiconductor OCFs is to use two parallel inverters
[18]-[21]. However, this solution requires a large number of
switching devices. Another solution is to use an additional
inverter redundant leg as presented in [22]—[25]. In [22] and [23],
one extra T-type branch was installed before the main T-type
inverter. The bidirectional switch of redundant leg was always
turned ON to connect the dc-link mid-point to the main inverter
in normal condition. In post-fault operation, this bidirectional
switch is turned OFF to isolate the main circuit from the neutral
point. Then, the inverter operates as a two-level inverter. The
bidirectional switches of the main T-type circuit and upper or
lower switches of the redundant leg help to continuously provide
energy to the load. The works in [24] and [25] introduced a novel
redundant leg consisting of two active switches and six diodes.
The main T-type circuit of this solution was also modified,
which used six extra diodes for inner switches. In post-fault
operation, this inverter also produces a two-level voltage at
output terminals. In general, the hardware-based solution brings
many benefits such as ensuring full output power rating and
solving multiple OCFs. However, it requires many additional
semiconductor devices as well as the inverter only operates in
buck mode.

The other solutions in [26]-[29] are based on PWM control
techniques. In the reports in [26] and [27], bidirectional switches
of faulty phase are turned ON to clamp the output terminal to
the mid-point of input voltage. The other healthy phases with
modified modulation signals help to recover output voltages.
The study in [28] used inner and lower switches to solve the
OCEF of upper switches. In [28], the inverter operation degrades
from three levels down to two levels. These methods do not
require any extra semiconductor devices. However, in [26]-[28],
the amplitude of the output voltage is reduced by half compared
to the normal condition. To ensure desired output voltage, a
dc—dc boost converter should be installed before the inverter to
boost the dc-link voltage. For example, the 3L-T?I following a
three-level boost (TLB) converter [32] as shown in Fig. | can be
used to apply the FT method in [26]-[28] with no output volt-
age degrading. Besides the conventional two-stage inverter, an
impedance-source network can be used before the conventional
multilevel inverter [29]-[31]. The configurations in [29]-[31]
provide buck-boost operation in single-stage power conversion,
allowing for the compensation of output voltage degradation in
postfault operation by boosting the dc-link voltage. Especially,

Fig. 2. Topology of TLB-T?I.

the work in [31] provides a full OCF solution for all active
switches with smaller component voltage stress compared to
that in [29] and [30].

The single-stage inverters in [29]-[31] require a very high dc-
link voltage to generate a desired output voltage, which increases
component voltage rating, especially for the upper and lower
switches of the T-type circuit. Furthermore, the OCF and SCF
that occurs at semiconductor devices of the impedance-source
network are not considered in [29]-[31]. The conventional so-
lution for OCF of upper or lower switch in [26] and [29]—[31] is
not able to address the OCF of multiple upper or lower switches.

This article introduces some control techniques for TLB T-
type inverter (TLB-T?I) to solve existing drawbacks of solutions
in [26]-[31]. The rest of this article consists of six sections.
Sections II and III present PWM schemes for TLB-T?I in
normal and post-fault operation. Design guidelines and power
loss calculations are included in Section IV. Some comparisons
of component voltage stress between the proposed method and
prior methods are shown in Section V. The experimental results
and conclusion are attached in Sections VI and VII, respectively.

[I. OPERATING OF TLB-T2l IN NORMAL CONDITION

The configuration of TLB-T?I shown in Fig. 2 consists of
a boost network and a conventional 3L-T2I, followed by a
three-phase low-pass LC filter and output resistive load. The
TLB circuit includes a boost inductor L g, two capacitors C p and
Cy, two switches Sp and S, and four diodes D — D4. Compared
to the conventional TLB shown in Fig. 1, this topology uses two
more diodes, Dy and D3. These extra diodes help to immune
shoot-through state in the inverter side circuit. As a result, this
configuration can limit the SC current generated when SCF of
the inverter side switch occurs. The 3L-T?I ensures a three-level
voltage at output pole voltage Vxo (X = A, B, C), which are
denoted as states [P], [O], and [N]. The switching states of
3L-T2I are like those of a conventional voltage-source inverter,
which is given in Table I. In normal condition, the TLB-T?I is
introduced to work as a two-stage inverter. The dc-link voltage,
Vpn, 1s controlled by two switches Sp and Sy. The interleaved
control for both switches Sp and S to reduce inductor current
ripple can be found in [33]. The capacitor voltages can be
calculated as [33]

Ver = Ven = Vae/[2(1 — D)) (1
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TABLE |
on/off STATES OF 3L-T?| (X= A, B, C)

State ON Switch Vo
[P] Sy Sax +Vpn/2
[O] Sox, Ssy 0
[N] Sﬁ,\} S4X 'VPNQ

Sector 11

Phase A as UST phase
Phase B as UST phase
Phase C as UST phase

Fig. 3. Space vector diagram of proposed Sp OC FT method.

where D is the duty ratio of switches Sp and Sy (D < 1).

The inverter side is controlled by the conventional space
vector modulation (SVM) method [34]. In this scheme, the
peak-value of output phase voltage (V peak) is expressed as

Vi peak = 2/V3MVpy /2=1/V3MVy./(1 - D) (2)

where M is modulation index (M < 1); Vpy is de-link voltage.
The voltage gain, G, of the inverter is calculated as

G = Vi pear/ (Vae/2)=2/V3x M/(1 = D). ~  (3)

[l. FAULT-TOLERANT METHODS FOR TLB-T?|

A single OCF is considered in this section. The failure is
divided into two cases: a failure of the boost side switch, and
a failure of the inverter side switch. The OCFs at the inverter
circuit are divided into two groups: the OCF at upper switch
S1 x or lower switch Sy x (X = A, B, and C) and the OCF at
bidirectional switches S2 x and S3 x. Because of symmetry, only
OCF at Sp, OCFs at S; 4 and bidirectional switch fault at S5 4
and S3 4 are considered.

A. FT for OCF at Sp

Assume that the OCF occurs at switch Sp. The capacitor Cy
voltage is decreased while the capacitor Cp voltage is increased.
The neutral voltage is unbalanced, which generates distortion at
the output voltages. This OCF can be addressed by working as
a two-stage two-level inverter with the modified space vector
diagram shown in Fig. 3.

In proposed method, the inverter side produces two states
at output voltage, Vxo, as [O] and [N]. State [O] denotes that
Vxo is zero, which is generated by activating both switches
Sox and S3x. While state [N] represents that Vxo is -Ven,
which is ensured by turning ON both S3 x and S4 x. In postfault
operation, switch S5 x is always turned ON. The switching state
combinations are shown in Fig. 3. The state [NNN] generated
by activating switches S4 4, S4B, and S ¢ is not utilized.

T Ly SPI —Dl+ Lg SP;_jl)
I /\ e b & te b,
So — el b R DSI—"T
v THOT o
0 D, | -Ve | Ds| -V
(@ 4 (b) (©)
Fig. 4. (a) Control signals of switch Sy, and operating modes to

tolerate Sp OCF. (b) Mode 1. (c) Mode 2.

In general, sector I is considered as an example for analysis.
Three voltage vectors Vo, V1 , and V2 are adopted to generate
reference vector V}ef The relationship between these voltage
vectors is shown as

— — — —
Viet Ts = Vo .to + Vi .t + Va .ty (4)
Ty =to+t1 + 1t

where T’ is the sampling period; and 7o, 1, and 7 are on-times
of vectors VO, V1 , and Vg , respectively.
Vectors VO, V1 , and VQ are defined as

‘_/;-cf = 1/\/§.AI.VCN.ej‘9
Vo=0

‘71 == 2/3.VCN.ejO

‘72 = 2/3.VCN.€j7T/3

&)

By substituting (5) into (4), the dwell-times of these candidate
voltage vectors can be identified as

t1 = MT,sin(n/3 —0)
to = MT, sin(6) . ©)
to="Ts — 11 — s

The switching sequence of the sector I is [OOO]-[OON]-
[ONN]-[OON]-[OOQ]. In this sector, phase A always produces
state [O] at the output side. Thus, to boost the Cp voltage, this
method inserts the upper-shoot-through (UST) state into phase
A to generate modes 1 and 2 shown in Fig. 4. In these modes,
switches S; 4,524, and S34 are simultaneously turned ON, while
diode D is reverse-biased. Note that this insertion still generates
state [O] at V4 0. The result is that capacitor Cp is disconnected
from the main circuit, and two-level operation of the inverter is
ensured by capacitor Cy.

The boost operation is ensured by controlling the duty cycle of
switch S'n. The control signal of Sy is shown in Fig. 4(a). When
switch Sy is turned ON, inductor Lp stores energy from the
dc input source. When switch S is triggered OFF, the inductor
voltage and input source charge for the capacitor Cy. The voltage
across capacitor Cp can be calculated as

Ven = Vae/(1 = D). @)

The Cy voltage is twice that in normal condition for the same
duty ratio, D, which ensures desired amplitude of output voltage,
as shown in (8). The voltage gain is kept as (3)

Vipek =2/V3 X M x Von /2 =1/V3 x M x Vg /(1 — D).
®)
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0 LT t —é Six Fig. 7. Space vector diagram to solve bidirectional switch OCF.
2 P
St _ .
ol > - Cy
S DT, 1 - —HI= Q] '
O‘tz A A the switching sequence is [PPO]-[POO]-[PON]-[OON]-[ONN]
(a) 7 (c) and return. When OCFs at Sy 4 and S5 4 occur, vectors [OON]
and [ONN] cannot be reached. Thus, small vectors [PPO] and
Fig. 6. (a) Control signals of switches Sp and Sy, and operating  [POO] are used, instead. This replacement does not affect the

modes to tolerate S; 4 OCF. (b) Mode 1. (c) Mode 2.

B. OCF at Sy

Under OCF of S, 4, the output voltage V 4 o cannot obtain
the state [P]. This fault distorts the output voltage because the
positive half cycle cannot be achieved. As a result, two capacitor
voltages are seriously unbalanced. Similar to the OCF at S p, the
OCF at S; 4 can be solved by applying a two-stage two-level
control method. Under the proposed scheme, switch S p is always
triggered on, which reverses biased diode Dy, as shown in Fig. 6.
Two states [O] and [N] at output pole voltage, Vxo, are generated
by the same way as FT method for Sp OCF. Switches S; 5 and
S1 ¢ are always triggered OFF in postfault operation of §; 4 OCF.
The operating of inverter side is the same as a conventional
two-level inverter, which depends on the location of the reference
vector ‘Z—af. For example, when the reference vector, as shown
in Fig. 5, falls in sector I, the switching sequence is [OOO]-
[OON]-[ONN]-[NNN]-[ONN]-[OON]-[OOOQ]. The dwell-time
calculation is detailed in (4)—(6). Unlike FT method for the OCF
at Sp, vector [NNN] is also used in the case of S; 4 OCF. The
boost operation is also achieved by adjusting the duty ratio D, of
switch Sy, as shown in Fig. 6(a). The voltage across capacitor
C and output voltage are also expressed as (7) and (8).

C. OCF at S 4 and S34

The OCF of S 4 and S3 4 is not important when compared
with OCF of Sp and S; 4. Output voltage V 4 o cannot reach state
[O]under Sz 4 and S34 OCF conditions. This causes a slight total
harmonic distortion (THD) increment at the output voltage and
unbalanced capacitor voltages.

To solve this OCF, in sectors I-VI, the operation of the inverter
can be guaranteed by using the redundant voltage vectors. For
example, assuming that the reference vector is located in re-
gion 2 of sector I, as shown in Fig. 7. In normal condition,

output voltage because the vectors [PPO] and [OON], [POO]
and [ONN] generate the same output voltage. The switching
sequence is [PPO]-[POO]-[PON] and return. The dwell-times
of these vectors can be obtained by the same way as the conven-
tional method [32].

In sectors II and V, medium vectors [OPN] and [ONP] cannot
be reached in postfault operation. Unfortunately, these vectors
do not have any redundant vectors. Therefore, the three-level
operation is not ensured in sectors I and V. The FT method
introduces two-level operation in sectors Il and V. In detail, if the
reference vector falls in sector II, three voltage vectors 170, 1714,
and V; 5 are utilized to synthesize the reference vector. It is worth
noting that vectors [PPP] and [NNN] are used instead of zero
vector [OOO]. The switching sequence for sector II is [PPP]-
[PPN]-[NPN]-[NNN] and return. The dwell-time calculations
for these vectors are expressed as

t14 = ]\fTS Sin(27‘f’/3 — 6)
t15 = MT,sin(0 — 7/3) . )
to="Ts —t14—l15

In this method, the faulty phase is working as a two-level
inverter while the healthy phase is still working as a three-level
inverter.

D. OCF at /)\//,)|, SCF at /)l//)i: and SCF at S/)/S‘\'

The OC-FT methods for OCFs of Sp/Sn, Si1x/S;x, and
Sox/Ssx are the main contributions of this article. However,
these three methods can cover some extra semiconductor fail-
ures. In OC-FT method for S; 4, switches S1p5 and Sy ¢ are
always turned OFF. Hence, this control method can be extended
to solve the OCF of S;4, S;p, and S;¢ that occurs at the same
time. This cannot do in the conventional methods [26]-[31].
Moreover, diodes D; and D5 are always reverse biased and
forward biased. Thus, this control scheme can be used to handle
with the OCF of D7 and the SCF of D». In this case, switch Sp is
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Start

| Online fault-diagnosis |

Tolerant operation as
three-level inverter
(section I11.C)

SCF at S (Sy)?
or OCF at D, (Dy)?
Qr OCF at Sy (Sug)2

OCF at Sp (Sx)?
or SCF at Dy (D4)?
Qr OCF at D, (D3)2

Tolerant operation as
two-level inverter
(section I11.B)

Tolerant operation as
two-level inverter

(section I11.A) Shut down the system

Fig. 8. Flowchart of FT operation of TLB-T2I.

always gated on, thus, §p SCF can be addressed by this control
technique. Because of the symmetry of TLB-T?I, the OCF at
Dy, SCF at D3 and S, can be solved by the same way.

E. OCF at Dy/D3 and SCF at D1/D,

In FT method for Sp, diode D, is always reverse biased
whereas D is always forward biased. Thus, this PWM method
can be applied to solve the OCF of Dy and the SCF of D;. The
same way can be used to handle with OCF at D3, and SCF at
D, because of system symmetrical characteristic.

F. OCF/SCF at Upper/Lower Capacitors

Like switching devices, the capacitor is also able to face with
OCF or SCFE. The SCF at the capacitor usually causes a high
SC current through the capacitor. It results in destroying this
capacitor, and the SCF is changed to an OCE. It can be seen that
the FT methods for S p and S; 4 OCFs do not use upper capacitor
Cp. Therefore, both methods can be used to solve the OCF of
capacitor Cp. The same way can be applied to handle with the
OCF of capacitor Cy.

G. Flowchartof Fault-Tolerant Operation

The flowchart of FT operation of TLB-TI is shown in Fig. 8.
An online diagnosis is adopted to monitor the system. The fault-
diagnosis method in [9] can be applied for online fault-diagnosis
function. If any fault is detected, it is addressed depending on
type of fault. If the fault is OCF at Cp/Cy or SCF at Sp/Sy or
OCF at D1/D4 or OCF of S; x/S4 x, the FT method introduced
in Section III.B is activated. If the fault is OCF at Sp/Sy or
SCF at D1/D4 or OCF at Dy/D3, the FT method introduced
in Section III-A is utilized. If the fault occurs at bidirectional
switch S x/S3 x, the FT method introduced in Section III-C is
activated. The system is stopped when any another type of fault
is detected.

IV. DESIGN GUIDELINES AND POWER LOSS CONTRIBUTION

A. Design Guidelines

The component selection is presented to ensure the operation
of the inverter in both normal and failure cases. When the

TABLE II
INVERTER COMPONENTS

Components Parameters
Sp/Syand S\x— Sy IMWI20R020M1H (1200 V, 98 A, 7450, = 19 mQ)
D\/Dy IMWI120R020M1H (1200 V, 60 A, Vp=1.5V)
D,/D; VS-65EPS12LHM3 (1200 V, 65 A, Vr=1.12V)
Lg 3mH/50mQ

CP/CN 2.2mH/50mQ

190.00

170.00

150.00

130.00

110.00

90.00

3000 n_ II o

Diode
Loss [W]

Phase A Phase B Phase C Efficient
Loss [W] = Loss [W] Loss [W] [%]

Inductor Capacitor S
Loss [W] = Loss [W]

mCasel 117.10
117.10
117.10

117.10

26.20
13.44
46.20
26.20

170.70
157.76
139.43
170.70

31.48
54.67
41.97
19.10

31.48
54.67
41.97
37.58

31.48
54.67
41.97
37.58

97.65
97.54
97.44
97.65

m Case 2
Case 3
Case 4

Fig. 9. Power loss analysis for the TLB-T2I.

inverter changes from normal to failure mode (Sp/S; 4 OCFs),
the component rating is obviously increased. Therefore, the
inverter is designed to ensure the postfault operation of Sp/S; 4
OCF. The voltage rating of all semiconductor devices and ca-
pacitors is maximized when applying FT methods for Sp/S1 4
OCFs, which equals to the dc-link voltage, Vpy. Similarly, the
current rating of all devices is maximized when applying Sp FT
method, which is equal to the inductor current. Therefore, the
semiconductor devices, inductor, and capacitors are selected to
operate with dc-link voltage and input current. Under Sp/S1 4
OCEF, the boost circuit behaves as a conventional dc—dc boost
converter. Therefore, the inductor and capacitor are selected like
a conventional boost circuit as follows:

{ LB Z VziCDTs/(bL%IL)

Cp— Cx > IpnD(1 = DYTs)(y%Vee) O

where x% and y% are percentages of inductor current ripple and
capacitor voltage ripple, Ts is the switching period.

B. Power Loss Contribution

The power loss calculation for the TLB-T?I is conducted in
four cases as follows: case 1) normal condition, case 2) post-fault
operation of Sp OCF, case 3) postfault operation of S1 4 OCF,
and case 4) postfault operation of S5 4 and S3 4 OCF. The system
parameters used for power loss calculation are given in Table I1.
The inverter is designed to operate with 400 V input voltage,
220 Vrus/ 380 Vyvs three-phase output voltage, and 20 kVA.
The dc-link voltage, Vpy, is boosted to 800 V. With the help
of PSIM software, the power loss analysis of the inverter under
the four cases mentioned above is obtained, as shown in Fig. 9.
The inverter can obtain a high efficiency (97.65% for case 1)
if it is carefully designed. With the help of new generation of
semiconductor devices like SiC MOSFET/Diode, the performance
of the inverter is not too much changed when it goes from normal
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TABLE Ill
COMPARISON BETWEEN PROPOSED METHOD WITH OTHERS UNDER OC FAULT-TOLERANT

Two-stage Inverter (Fig. 1

3L-qZSI [29]

3L-qSBI [30]

3L-qSBI[31]

Proposed Method

Boost factor, B

1/(1-D) for F2 and F3

1/1 - 2D) for F2 and F3

1A1 - 2D) for F2 and F3

A1 - 2D) for F1

1/(1-D) for F1 and F2 and

2/(1 =2D) for F2 and F3 F3
Vet - MxB/+3 for F2 MxB/Af3 for F2 MxB/Af3 for F2 MxB/+3 for F2 M= B/N3 for Fland
oltage gain,
e 2M = B/ 3 for F3 2Mx B/ 3 for F3 2MxB/3for F3 | 2MxB/+[3 for F1 and F3 F2and F3
Capacitor voltage B for F1 B/2 for F3
stress, Vo/Va B/2 for F2 and F3 (1 —=D)B/2 for F2 and F3 B/2 for F2 and F3 B/ for F2 and F3 B for 1 and F2
Diode voltage stress, B for F1 B/2 for F3
VoV B/2 for F2 and F3 B/2 for F2 and F3 B/2 for F2 and F3 B/ for F2 and F3 B for Fl and F2
Switch Sp/ Sy voltage B for F1 B/2 for F3
stress, Vo/ Ve B/2 for F2 and F3 NA B/2 for F2 and F3 B/2 for F2 and F3 B for F1 and F2
Switch S¢ voltage B for F2 and I3 B for F2 and F3 B for F2 and F3 Bfor F1 and F2 and F3 | Bfor F1and F2 and F3
stress, Ve Vae
Capacitors 2 4 2 2 2
Diodes 2 2 2 4 4
Fault-tolerant F2and F3 F2and F3 F2and F3 F1and F2 and F3 F1and F2 and F3
Tolerate multiple OCF No No No No Yes
at Siv/Syx
Solving diode OCF of Dy/D; OCF/SCF of Dy, D, D;,
OCF/SCF NA NA % SCE of Dy/D; D
Solving boost switch
(Sy/Sy) OCF/SCF NA NA NA OCF OCF & SCF
Solving capacitor OCF NA NA NA Yes Yes

F1: Sp OCF F2: §1 4 OCF F3: S3 4 and S3 4 OCFs NA: Not Applicable

operation to FT operation. For example, the efficiency of the
inverter is only decreased by 0.21% when the S; 4 FT method
is activated and by 0.11% for the Sp FT method.

V. COMPARISON STUDY

In this section, the conventional control technique presented
in [26] is considered to compare with the proposed method. Note
that, in the FT method for half-bridge switch OCF, this method
reduces the output voltage to half of that in normal condition.
Therefore, in order to be fair, the conventional two-stage inverter
shown in Fig. 1 is utilized to employ the method in [26]. In
post faultoperation, the boost network produces more dc-link
voltage to compensate for the degradation of output voltage.
The other configurations, which are three-level quasi-Z-source
inverter (3L-gZSI) in [29] and three-level quasi-switched boost
inverter (3L-qSBI) in [30] and [31], are also considered in this
comparison. In [29]-[31], the dc-link boost characteristic is en-
sured by the impedance-source network. The overall comparison
is given in Table I11. To put it simply, symbols F'1, F2, and F3 are
respectively used for OCFs of Sp, S, 4, and bidirectional switch
So4l834.

The qZS network in [29] uses the largest number of inductors
and capacitors. The works in [30] and [31], two-stage inverter,
and proposed method require smaller passive components than
[29]. For the OCF at S7 4, the bidirectional switch of the faulty
phase is always turned ON during post-fault condition and two
healthy phases are used to recover output voltage, in [26],
[29]-[31]. Thus, the works in [29]-[31] and two-stage inverter
justsolve a single OCF at one upper switch of the inverter branch
(S14, 0r S;p, or S;¢). While the proposed method turns OFF all
upper switches when OCF occurs in one of these three switches.
As aresult, this scheme can be extended to solve multiple upper
or lower switch OCFs, as given in Table III. Moreover, the
proposed techniques can address many types of device failures of

TLB circuit, which have not been mentioned in previous studies.
Full OCFs/SCFs of switch Sp/Sy, and OCFs/SCFs of diodes
D; — Dy are not well discussed in [29]-[31], and two-stage
inverter, while these failures can be solved by proposed methods.
Furthermore, the OCF of capacitors C p and C y can be addressed
by the proposed method and method in [31], which is not
obtained in two-stage inverter and methods in [29] and [30].
There are two FT methods for OCF of the capacitor, whereas
there is only one control technique for this failure in [31]. As a
result, the proposed techniques are more flexible than the work
in [31].

The comparison of voltage stress on devices in post-fault con-
ditionis shownin FFig. 10. To be simple, only the maximum value
of voltage stress is mentioned in this comparison. For example,
there are four capacitors in 3L-qZSI. However, only max value
of capacitor voltages is considered in this work. Among these
studies, the proposed method, conventional two-stage inverter,
and method in [29] produce the smallest capacitor voltage rating
for F1, F2, and F3 FT methods. This advantage can be achieved
by using many capacitors in [29] and a large modulation index
in the proposed scheme and a two-stage inverter.

The diode and switch voltage stresses are affected by the dc-
link voltage. The dc-link voltage depends on the modulation
index. In detail, the dc-link voltage can be calculated as follows:

VPN =2X Vr,peak/Z\[ (11)

In (11), the use of a larger modulation index produces a
smaller dc-link voltage requirement, which causes reduction of
voltage stress on diodes and switches, as shown in Fig. 10(b) and
(¢). The TLBT?I with proposed method can operate at highest
modulation index as the conventional two-stage inverter. As a
result, it produces lower voltage ratings on diodes and switches
than other works in [29]-[31]. Especially, in the F2 FT method,
the proposed method uses only one capacitor Cy while the
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Fig. 11.  Experimental prototype.

conventional two-stage inverter uses both capacitors C p and C .
Thus, the proposed method can reduce the voltage rating of S, x
by 50% when compared to the conventional two-stage inverter,
as shown in Fig. 10(d).

VI. EXPERIMENTAL RESULTS

A 1-kW laboratory prototype, shown in Fig. 11, has been
built to verify the accuracy of the proposed methods. The T-type
inverter is based on a six IGBTs SKMGDI123D module, a
SKM75GB12T4 modules and diodes DSEI60-12A. The TLB
network is constructed by MOSFETs 60R060P7 and diodes VS-
60APF12-M3. Because of the limitations of the laboratory, the
optimal prototype cannot be obtained. The inverter and control
parameters used in the experiment are given in Table I'V. Note
that only three main FT methods for Sp, S1 4, and bidirectional
switch Sz 4 and S34 OCFs are included in the experiment. The
fault-detection method can be found in many studies like [8], [9].
In particular, the switch voltage can feedback to the microcon-
troller to detect semiconductor failure, quickly [9]. Therefore,
this article just focuses on verifying the FT methods. Wang et al.
[24], [25], the OCF is generated by cutting of the corresponding
control signal. All the OCFs are assumed to appear at the
beginning of phase A output voltage. The fault operation occurs
during a single output period. The corresponding FT method is
activated in the next output period.

Comparison between proposed method and others. (a) G vs. capacitor voltage stress. (b) G versus diode voltage stress. (c) G versus

TABLE IV
EXPERIMENTAL PARAMETERS

Parameter/ Components Values
DC input source Ve 200 V
AC output voltage Ve russ 110 Vrms
Line frequency fo 50 Hz
Switching frequency ) 10 kHz
Boost inductor Ly 3 mH/20 A
Boost Capacitors Cpand Cy 1 mF/800 V
Low-pass filter L& Cy 3 mH and 10 pF
Resistor load Ry 400
Boost switches Sp, Sy 60R060P7
Boost diodes D, —Dy VS-60APF12-M3
Upper/Lower switches Six, Sax SKMGDI123D
Bidirectional switches Sox, Sax SKM75GB12T4 and DSEI60-12A

The proposed methods have been tested at 200 V input volt-
age. In normal condition, the two capacitor voltages are boosted
to 200V, as shown in Figs. 12 —14 and Table V. Both capacitor
voltages are balanced. Thus, the dc-link voltage Vpy achieves
400 V. The RMS value of output current is 2.66 Agys. The
output current waveform is sinusoidal with the help of LC filter.
The output pole voltage Vxo has three voltage levels: 4200, 0,
and -200 V. The FFT spectra of output line-to-line voltage is
shown in Fig. 15. The THD of output line-to-line voltage V45
is 49.4%, as given in Table V.

A. Results When Sp OCF

The experimental results when OCF occurs at Sp are pre-
sented in Fig. 12. During OCF of Sp, the drain-source of Sp
is opened, whereas the lower switch Sy operates normally. It
makes capacitor Cp voltage slightly increase, whereas lower ca-
pacitor Cy voltage is slightly decreased, as shown in Fig. 12(a).
The output pole voltage and output load current have critical
distortion, as illustrated in Fig. 12(b) and (c).

Under the proposed method, the UST of inverter side is
activated, which causes capacitor Cp to be disconnected from
the main circuit. Thus, the capacitor voltage V op keeps constant
during post-fault condition, as shown in Fig. 12(a). In this time
interval, the dc-link voltage is equal to Cy voltage. With 400
V of Cy voltage, the dc-link voltage is maintained as that
in normal condition, which helps to recover the amplitude of
output load current, as presented in Fig. 12(b). The output pole
voltage Vxo has two voltage levels, which are 0 and -400 V, in
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TABLE V
EXPERIMENTAL COMPARISON BETWEEN NORMAL AND FAULT CONDITIONS
Voltagc rating, RMS current
Vep Ven | THDyag S Sx D, D, Ds Ds Sa Soa= Sia Sg= | S :_S3B = | Ss=
Sia Sic Syc = Ssc Sac
200V [ 200V | 200V ov ov 200V [ 400V | 200V | 400V | 400 V 200V 400 V
0,
Normal | 200 V' 200 V| 494% | 358 5 | 358 A [3.58A | 3.17A | 3.07A [ 358A | 1.75A | 186A | 175A | 175A] 1864 | 175A
400 V ov 200V [ 400V [ 400V | 400V | 400V | 400V | 400 V 400 V 400 V
0,
FI 200V 1400V | 963% | Fault | 3500 | 5434 | 0A [343A (3814 42141974 1824 4214 1974|1824
ov [400vV ] oV 0V oV [400Vv 400V [ 400V [ 400V 400 V 400 V
0,
F2 0V 400V 99.8% 556 A | 3.58 A 0A 556 A | 3.64 A | 394A . 227A | 227 A 0A 227 A 227 A
200V | 200V | 200V ov ov 200V | 400V 400V | 400 V 200V 400 V
0,
F3 200V 200V 66.7% | 3584 |358A 35843174 3174 (358A 2214 ] P o014 ]1814] 174A [181A
Tokpreva ‘ - 90RA = mmmmmnmpaanaaceaaansy, o . PV S L CEPY ECEPPRU PPN
£ . normal i FI post-fault : ! s | normal | F2 post-fault
Ve [200V/div] ' B A S S-S N | Ver[200V/div] . j
i -~ =y foete : \ : e
. J_VCN[ZOQV/div] f ‘.ﬁ 4 .,,J_VCN [200V/div] ; <y fronimsunn msan sl
T » i3 i
i ] . .
[2 MUY PUSR TN SN Y I SURE TN N IV PR IO, 2 2 —~
yro[200V/div] | ¢ :f : vo[200v/div] | © i : ]
0[200V/div] _} ey hE : ——
Von [200V/div] H : o J_V BT L T R 3
................... : : :
B b E o e )
! £ [100ms/div] 1 [20ms/div] ? i e [100ms/div] ___1120ms/div]
Ch1| 200V Wch2[ 200V %M 100ms A Chl - 0.00v® Chi Foov WCha[ 200V WM20.0ms A Chi 7 6.00 ' W —scnd_2e2v_NW100us] Al Ch). J ~4.90Ve | 20.0mg A Ch J =4.00 ¥
200V Schd[ 200V | B 20y a0 Ll cccccccccnoad Ch3_200V Achel 200V L ebecscscscscsans
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Fig. 12. Experimental results for Sp OC FT method.

post-fault operation. Because the proposed method does not use
the voltage vector [NNN], the output pole voltages are clamped
to the dc-link mid-point in one-third of the output voltage period,
as illustrated in Fig. 12(c). The FFT spectra of V 4 g in postfault
operation of Sp OCF is shown in Fig. 15(b). The THD of output
line-to-line voltage V45 is 96.3%, which is higher than that
in normal condition because the inverter now operates with a
two-level output voltage.

B. Results When S,;4 OCF

Fig. 13 shows the experimental results for the S; 4 OCF FT
method. When OCF of switch S; 4 occurs, the output voltage
V 40 cannot achieve a value of +200 V, as shown in Fig. 13(c).
It results in the distortion of phase A load current in the positive
half cycle, as illustrated in Fig. 13(b). The distortion of phase A
current also affects two healthy phase currents.

Fig. 13.  Experimental results for S; 4 OC FT method.

When activating the proposed method, the capacitor Cp
voltage is discharged from 200 V to zero with the help of
healthy upper switches, S7 g and S; ¢. The capacitor Cy voltage
is boosted to 400 V, as shown in Fig. 13(a). In steady-state,
the dc-link voltage, Vpy, is equal to Vop, because the upper
capacitor voltage is zero. The dc-link voltage and output load
currents are equal to that in normal condition. The FFT spectra of
V apisshownin Fig. 15(c). The THD output line-to-line voltage
15 99.8%, as presented in Table V.

C. Results When S, 4 and S3 4 OCFs

The experimental results for bidirectional switch OCF are
presented in Fig. 14. Compared to the OCFs of Sp and S 4,
the OCFs of So4 and Ss4 generate less serious distortion in
output currents. The proposed method, based on a modified
SVM method, is applied to address this problem. As mentioned
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Fig. 14.  Experimental results for bidirectional switch OC FT method.
Tek Prevu ; b,+| Tek Prevu Eu_‘—]
U yas[400VAdiv] " yas[400V/div] |
e i | e
ol m L-Jn R
L T -
. [ams/div]
FET of Vs [S0V/div] L .
[ 0 TN - a b im e ,ﬁ,,,,,,,,,l,,,,,,k,,,
/[5kHz/div] i /[5kHz/div]
(a) (b)
Tek Prevu ; 1% Tek Prevu [
Va5 [400V/div] |° 1l ! yaspoovidiv) ©
: V, i ,___D ‘-;w—f._,"f . A\M- ;- -
s | ¢ limsidiv)
- “FFT of Vs [50¥/div] ;
FFT of Vas [50V/div]
o Lo bk T S
¢ fISkHz/div] i FI5kHz/div]
(©) (d)
Fig. 15.  FFT spectra of output line-to-line voltage under (a) normal

condition and FT methods for (b) Sp OCF, (c) S1 4 OCF, and (d) Sz 4
and S3 4 OCFs.

in Section III-C, phase A is introduced to generate two-level
output voltage, whereas the other healthy phases operate with
three-voltage levels at output terminals, as shown in Fig. 14(c).
At most times of the output period, phase A is clamped to posi-
tive/negative point of dc-link voltage. The amplitudes of dc-link
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Fig. 16.  Experimental efficiency.

voltage and output load current are equal to those in normal
condition. This method causes a slight oscillation in capacitor
voltages. However, these capacitor voltages are still balanced
and do not have a critical effect to output current quality. The FFT
spectra of V4 is presented in Fig. 15(d). As given in Table V,
the F3 FT method produces a smaller THD value at V4 5 than
the F'1 and F2 FT methods, which is 66.7%. Except for F2, both
FT methods for Sp and S;4 cause voltage and current rating
increment.

D. Inverter Efficiency

The system efficiency under normal and failure modes of the
proposed methods are presented in Fig. 16. The measured effi-
ciency of the conventional topology in Fig. | in normal condition
is also considered in this experiment. By adding two diodes
(D, and D3) to achieve FT capability, the efficiency of TLBT?I
is slightly lower (just 0.91% at 725-W) than the topology in
Fig. 1. In FT methods for Sp fault (F1) and S; 4 fault (F2), the
switch voltage stress is increased, which leads to increase both
switching and conduction losses. For example, the duty ratio
of switch Sp will be increased when the inverter changes from
normal to F1 mode, which generates more conduction loss of
switch S p. Moreover, the use of the UST insertion method for
F2 FT is also the reason for the conduction loss increment. As
a result, the system efficiencies in these cases are lower than in
normal and bidirectional switch fault conditions.

VII. CONCLUSION

The full OCF of semiconductor devices as well as SCF at
diodes/switches of TLB-T?I was addressed with the introduced
PWM methods. The voltage rating of devices like capacitors and
semiconductors was improved compared to existing PWM meth-
ods, significantly. This benefit has been demonstrated through
some comparison studies. Under the proposed method for upper
or lower switch OCF, the voltage rating of inverter half-bridge
switches was reduced at least to half of that in conventional
methods. Moreover, the proposed methods can cover all diode
and boost switch OCFs and SCFs. The failure of the capacitor
was also addressed with the proposed methods. Thus, it was
concluded that the system reliability was improved. The exper-
iment was conducted to validate the accuracy of the introduced
theory.
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Abstract: The conventional DC-link type quasi-Z-source inverter has been known as a buck-boost
inverter with a low component voltage rating. This paper proposes an active DC-link type quasi-
Z-source inverter by adding one active switch and one diode to the impedance-source network to
enhance the voltage gain of the inverter. As a result, the component voltage rating of the inverter
is significantly reduced, which is demonstrated through some comparisons between the proposed
topology and others. A discontinuous pulse width modulation (DPWM) scheme is proposed to
control the inverter, which reduces the number of commutations compared to the traditional strategy.
Under this approach, the insertion of a shoot-through state does not cause any extra commutations
compared to the conventional voltage-source inverter. Details about control implementation, steady-
state analysis, and design guidelines are also presented in this paper. Simulation and a laboratory
prototype have been built to test the proposed inverter. Both buck and boost operations of the
proposed inverter are implemented to validate the performance of the inverter.

Keywords: active quasi-Z-source inverter; DC-link type; discontinuous pulse width modulation;
switching commutation reduction; impedance-source inverter

1. Introduction

Presently, inverters that convert energy from a DC input source to AC output voltage
play an important role in the renewable energy system. Because of their simple structure,
low component utilization, and high power density, conventional two-level inverters
are used in a wide range of industrial applications [1-4]. Two forms of traditional two-
level inverters are voltage source inverters (VSI) and current source inverters (CSI). The
VSI works as a voltage buck converter, where the peak-to-peak value of the AC output
phase voltage is smaller than the DC link voltage. In comparison with VSI, the CSI is
known as a boost converter, which uses many extra elements such as diodes [3]. Nowadays,
inverters adopting a wide range of input voltage have attracted many researchers. However,
conventional VSI and CSI do not adopt a wide range of input sources. In fact, the traditional
solution installs a DC-DC boost converter in front of the conventional VSI to provide buck-
boost characteristics in two-stage power conversion. In this way, the input voltage is
enhanced before feeding to the inverter circuit. In this solution, a short-circuit current
generated by activating all switches in one or more phase legs can destroy the system.
This state is known as the shoot-through (ST) state and is forbidden in VSI. To avoid this
dangerous situation, dead-time control is adopted to generate control signals for inverter
switches [5,6]. In this case, the rising edge of the control signal is delayed to avoid the ST
state. It causes distortion at output voltage and an increment in total harmonic distortion
(THD) of output current. Many pulse-width modulation (PWM) methods based on the
direction of output current have been explored to compensate for the negative effects of
dead time [5,6]. However, these studies introduced more control complexity and required
many additional current sensors.

Energies 2022, 15, 4889. https:/ /doi.org/10.3390/en15134889 https://www.mdpi.com/journal/energies
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In the last two decades, impedance source inverters (ISIs) (known as single-stage
inverters) have been considered to solve the problems of buck-boost operation and the
ST immunity of conventional VSI. The Z-source inverter (ZSI) is the first generation of
ISIs, which was explored by Professor Peng in 2003 [7]. In ZSI, two capacitor voltages
of the ZS network are subtracted by input voltage to produce the DC link voltage of the
inverter side. Thus, it can be concluded that the capacitors are badly utilized. The quasi-Z-
source inverter (qZSI) introduced a new connection type of impedance source network to
overcome the limit of ZSI [8,9]. Two main types of qZSI are continuous qZSIs (CqZSI) and
DC-link type/discontinuous qZSI (DgZSI). These two topologies have the same boost factor.
However, the DqZSI topology has a smaller voltage rating of a capacitor than CqZSI, as
presented in [8]. The main advantage of the CqZSI compared to DqZSI is that this topology
has a continuous input current [8]. Many comparisons between ISIs and traditional two-
stage inverters have demonstrated that single-stage inverters have better system reliability
and output quality [10-12]. Moreover, when the voltage gain of the inverter is less than two,
the ZSI and gZSI have higher efficiency than the conventional two-stage inverter [10,12].
The work in [13] introduced a combination of a qZS network and a single-phase neutral
point clamped inverter for photovoltaic (PV) applications. With generic semiconductor
devices, this work can obtain 97% conversion efficiency, just like any two-stage inverter. It
demonstrated that the single-stage inverter is one of the promising topologies.

Two main issues of the impedance source inverter can be listed as (1) improving boost
factor and voltage gain, and (2) reducing the number of switching commutations. When
the boost factor/voltage gain is improved, the required ST duty ratio is also reduced. It
results in reducing conduction loss and increasing system efficiency [14]. Moreover, the ST
duty ratio also affects the inductor’s current profile. Thus, a lower ST duty ratio causes a
smaller inductor current ripple, which reduces the size of the inductor and increases the
power density of the inverter. The switching commutation increment is mainly due to ST
insertion. At least two extra commutations are generated for ST insertion in conventional
methods for ISIs. It leads to increased switching losses of the semiconductor devices. Many
studies have discussed switching commutation and ST duty ratio reductions, as follows.

The switching commutations can be minimized by correspondingly placing ST state,
which is reported in [15-17]. Accordingly, the number of switching commutations is
reduced to equal that of conventional VSI in [15-17]. Many studies have reported on
voltage gain improvement methods for qZSI [18-22]. The first solution to increasing
voltage gain is to add more extra passive components like inductors and diodes into
the impedance-source network [18,19]. The other one is using active switches in the
intermediate network [20-22]. In [18,19], one or more switched inductor (SL) units, which
consist of two inductors and three diodes, are used to replace single inductors in the
conventional topology of ZSI/qZSI to increase voltage gain. This solution increases the
cost and size of the inverter because it utilizes many inductors. In comparison to the first
solution in [18,19], the second one in [20-22] can save many inductors and diodes by using
one extra active switch. It is worth noting that the boost factor and voltage gain of the
topologies in [20-22] are very flexible to be controlled and higher than that in [18,19]. The
work in [21] presented a combination of both solutions, which adopts both SL unit and
active switch in the intermediate network. Although the voltage gain of these works has
increased significantly, it remains low. Moreover, the boost factor is controlled by only the
ST duty ratio, which makes the inverter inflexible.

This paper presents a new topology of active DC link type qZSI (ADC-qZSI) by adding
one active switch and one diode into the conventional DqZSI. With the help of these
extra devices, the proposed topology introduces one extra mode besides two conventional
operating modes for ISIs (ST mode and non-ST mode). In this mode, the current of the
inductor is kept constant and the voltage gain is increased. It results in component voltage
rating reduction. A discontinuous PWM (DPWM) control method is proposed to control
this topology. In this control technique, the ST state is inserted into the phase operating with
the highest reference signals. It leads to reducing the number of switching commutations
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down to equal to conventional two-level VSI. The next parts of this paper include seven
sections. The inverter structure and steady-state analysis and design guidelines of the
proposed inverter are presented in Sections 2 and 3, respectively. Section 4 presents the
semiconductor loss calculation. The comparison study, simulation and experimental results
are attached in Sections 5-7.

2. Proposed Active DC-Link Type Quasi-Z-Source Inverter (ADC-qZSI) Topology

Two types of proposed ADC-qZSIs have been drawn in Figure 1. Both types are
constructed by an ADC-qZS network followed by a conventional two-level inverter. The
impedance source network is known as the boost unit and is formed by two inductors
(L1 and L), two capacitors (C; and C;), one active switch (Sp), and two diodes (D; and D5).
Compared to traditional DC-link qZSI in [8], the proposed inverter has one extra active
switch, Sp, and one extra diode, D;. This insertion makes this topology flexible to control
and increases the boost factor and voltage gain of the inverter. The conventional two-level
inverter is responsible for buck operation. With the corresponding control method, the
proposed inverter can buck and boost the output voltage from a single DC source, V ;.. Each
leg of the inverter side consists of two active switches, S1x and Syx, which ensures a two-
level voltage at the output terminals, +Vpy and zero. In general, two types of ADC-qZSIs
have similar operations, thus, type 1 shown in Figure 1a is selected for analysis.

Figure 1. Topologies of ADC-qZSI: (a) Type 1 and (b) Type 2.

2.1. Operating States

Like any single-stage inverter, the ADC-qZSI is also proposed to operate under ST
mode and non-ST mode, as shown in Figure 2. The on/ off states of inverter switches and
diodes are listed in Table 1.

trn-___ Dy
So
=

(b)

Figure 2. Operating modes of ADC-qZSI. (a) ST mode, (b) non-ST mode 1, (¢) non-ST mode 2.
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Table 1. On/Off states of ADC-qZSI (X = A, B, C).

Mode ON Switch ON Diode Vxn
ST S1x, Sox D, 0
non-ST 1 So, S1x/Sax Dy +Vpn, 0
non-ST 2 S1x/S2x Dy, D, +VpN, 0

In the ST state, as shown in Figure 2a, the inverter side is able to produce value of 0 V
at three-phase output voltages by turning on two switches in one phase leg, while switch
Sp is gated off. As a result, the DC-link voltage, Vpy, is shorted and has a value of zero.
This ST state reverses diode D; and forward diode D, of impedance source circuit. In this
mode, inductor L, is stored energy from DC input voltage and capacitor C,, while inductor
L, is stored energy from DC input voltage and capacitor C;. The inductor voltages and
capacitor currents are expressed as follows:

dv . do . (1)
Crt = —ir; G2 = —ip1

{h% = Vie+Vey, L% = Vi + Ve
where V. is DC input source; V1 and V¢ are capacitor C; and C; voltages; i1 1, i 2, and
ipy are instantaneous values of inductor currents and equivalent inverter side current.

In non-ST mode, the DC-link voltage obtains maximum value, which is determined by
the summing DC input source and two capacitor voltages. With one extra switch, S, the
non-ST mode consists of two sub-modes depending on the state of Sg. When S is gated on,
non-ST mode 1 shown in Figure 2b is achieved. Diode D, is reversed bias, whereas diode
D is forward bias. It results in shorting inductor L, and discharging capacitor C,. While
capacitor Cj is charged from inductor L;. The following equations are obtained:

()

do . . do, .
=i = i —ipn; G5 = —ipN

{ L = —Vey; L2z =
G

It can be seen that this non-ST mode maintains the energy of inductor L, instead of
discharging like conventional ISI, which increases the boost factor of the inverter.

Non-ST mode 2 of the proposed inverter, as shown in Figure 2¢, is like any single-stage
inverter. Switch 5y is gated off, whereas the inverter side switches operate like conven-
tional inverters. Two inductors transfer energy to capacitors. The following equations
are achieved:

di di

L7 = —Veus L7 = =V 3)
dov . . dv . .

G =i —ipn; G2 =i —ipN

2.2. Proposed DPWM Control Strategy

To reduce the switching commutation, the proposed method uses a DPWM strategy
to generate the control signals to inverter switches. To detail this modulation method, let
us first define three signals vx (X = A, B, and C) as follows:

va =1/v3 x M x sin(27f,t)

vp = 1//3 x M x sin(27f,t — 27t/3)
vg = 1/v/3 x M x sin(27 fot — 271/3)
M<1

(4)

where M is modulation index; f, is fundamental frequency.
Three reference signals v% (X = A, B, C), as shown in Figure 3, can be obtained by
subtracting vx from minimum value of vy4, v, vc as follow:

vy = vx —min(va,vg, vC) (5)
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Figure 3. Proposed DPWM for introduced inverter.

These three reference signals are compared to high-frequency carrier V,,; like a con-
ventional two-level inverter, to produce on/off switching signals for inverter side switches.
In this scheme, one-third of the output period has no switching commutation in any phase
leg, as shown in Figure 3. Thus, the switching loss can be reduced when compared to the
conventional sinusoidal PWM method.

In the conventional PWM control method for single-stage inverters, the constant signal
is used to generate the ST signal of the inverter leg. When this ST signal is inserted into
the switching sequence, it produces at least two extra commutations in any phase leg. To
overcome this, the proposed method uses discontinuous modulation signal vsr and the
maximum value of v% to produce ST signal, as presented in Figure 3. In more detail, the
ST signal is activated when max(vz, vg, vé) < Vi < vsr. Then, this ST signal is inserted
into the phase which has the maximum value of reference signal v by triggering on both
switches S1x and Spx of that phase leg. In this way, the ST insertion does not generate any
extra switching commutation compared to conventional two-level VSI. For example, as
shown in zoom-in waveforms of switches S14 and Sy4 control signals, there are only two
switching commutations for each switch, which equals the conventional two-level inverter.

Like any impedance source two-level inverter, the ST state must be inserted within
zero vectors. Therefore, ST duty ratio Dgr is not larger than (1 — M) and can be controlled
independently by M. The vgr signal and ST duty ratio are expressed as follows:

vst = max(vh, vg, vE) + Dst ©)
Dsr <1-M

where Dgr is ST duty ratio.
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The control signal of Sy is generated by comparing control signal v¢., to carrier signal
Vi, as shown in Figure 3. The v, is identified as:

Ocon — DO (7)

where Dy is duty ratio of switch Sy.
In order not to affect the operating modes of the inverter, v.,, must be satisfied with
the following term:
Veon < V3M/2 ¢ Dy < V/3M/2 (8)

2.3. Steady-State Analysis

Figure 4 shows the profiles of inductor currents and capacitor voltages under one
switching period, T;. It is clear that the total time of ST mode is Dgst-Ts for any period Ts.
The time interval of non-ST mode 1 is equal to the on-time of switch Sy which is determined
as Dy-Ts. The rest time of Ts is (1 — Dgr — Dg)-Ts, which is the time interval of non-ST
mode 2. By applying the volt-second balanced principle to two inductors, L1 and Ly, the
capacitor and DC link voltages can be identified as:

Ve1 = Vae(1 = Do) Dst /(1 — Do — 2Dgr 4+ DoDgr)
Ve = Ve Dgr/ (1 — Do — 2Dgr + Do Dsr) )
Vpn = V4e(1 — Do)/ (1 — Dy —2Dst + DoDsr)

A Dy T2
&y L

. J

~Y

~Y

~Y

~Y

[IST [ ]non-ST1 [ ]non-ST2

Figure 4. Inductor currents and capacitor voltages in one switching period.

Assuming that the equivalent inverter current, ipy, is constant, the average values of
inductor currents can be approximately calculated by applying capacitor charge-balanced
principle to capacitor C; and C;, currents, as follows:

{ It1 = ipn(1 = Do)(1 = Dst)/(1 = Do — 2Dst + DoDsr) (10)
It2 = ipn(1 = Dst)/(1 — Do — 2Dst + Do Dsr)
The boost factor, B, of the inverter is identified as:
1- D
B VeN _ 0 (1)

Vse 1= Dy—2Dgr + DyDsr
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The peak value of fundamental component of output phase voltage is calculated as:
dx =1/V3 x M x Vpy (12)

where 9 is the peak value of output phase voltage.
The voltage gain, G, of proposed inverter is expressed as:
Ox 2 M x (1 — Do)
G=—"=—2X
Viac/2 /3 1—Dy—2Dst + DoDsr

(13)

By setting Dy to max value which is expressed in (8), the max voltage gain can
be obtained.

3. Parameter Selection
3.1. Inductor and Capacitor Selection

As shown in Figure 4, the inductor current ripples are depended on the time interval
of non-ST mode 2, (1 — vg)Ts. When vgr is maximum, the inductor current ripple is
maximum. Based on (4)-(6), the maximum value of vs7 can be calculated as:

USTmax = M+ Dst (14)

Based on (1)-(3) and (14), the maximum value of inductor current ripples can be
expressed as:
Al = VyeM(1 — Do)/ (KL fs)
Alry = V4.Dst(M — Dg)/ (KLa fs) (15)
K=1—-Dy—2Dgr + DoDst

where Alj; (j =1, 2) is inductor L; current ripple; fs = 1/T is switching frequency.
The capacitor voltage ripples are calculated as:
{ AVc1 = ipnMDgr/ (KCy fs) (16)
AVcy = ipn[MDst — (K — Dst) Do/ (KCa fs)

Based on (9), (10), (15) and (16), the inductors and capacitors are selected in terms
of Al / I < k1%, and AVCj/ Ve < ky%, where k1% and k,% are max acceptable ratios of
inductor current and capacitor voltage ripples, respectively.

3.2. Semiconductor Device Selection

The maximum reversed voltage of diode Dy is DC-link voltage, which is obtained in
ST mode. The max reversed voltage of diode D; equals the capacitor C, voltage, which is
achieved in non-ST mode 1.

The maximum value of diode D; current is equal to the maximum value of inductor L,
current, which is obtained in non-ST mode 2, while the current through diode D achieves
its maximum value in non-ST modes, which is calculated as:

iDl,max = iLl,max + iLZ,max — iPN (17)
irjmax = Irj + AlLj/2 where j = 1,2

where ifjmax is the maximum value of inductor L; current, which can be calculated by
applying (10) and (15).

Switch Sy is only installed to transfer the energy of inductor Ly, and its current is
constant when it is turned on, as shown in Figure 4. Thus, its current is the average value
of the inductor L; current, which is expressed in (10). As shown in (9), the voltage across Sy
equals the voltage across capacitor Cp.

The voltage across the inverter side switches is equal to the DC link voltage. The
maximum current through switch Sqx is ST current, which is determined by summing two
max values of two-inductor currents.
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4. Semiconductor Loss Contribution

The power loss of semiconductor devices is classified into two groups: (1) loss of
semiconductor devices of an impedance source circuit, and (2) power loss of inverter side
switches. MOSFET devices are adopted for switching devices in this analysis.

4.1. Loss of Switching Devices of Impedance-Source Network

As shown in Figure 3, the Sy switch of the intermediate circuit has one switching action
per switching period, Ts. The switching voltage and current of switch Sg are capacitor C,
voltage and inductor L, current, respectively. When Sy is gated on, the current across S
is I1» and the time interval of this state is DyTs. Therefore, the power loss of switch Sy is
calculated as:
PSO,cond = T'ds,on X DO X ILZ

18
Psosw = 3Vea X I X (tri +ipy b+ tfu) X fs {1s)

where P ong and Psg s, are conduction and switching losses of So; t;, t5,, tr and tg, are
respectively current rise time, current fall time, voltage rise time, and voltage fall time
of MOSFET.

In any switching cycle, diode D; has two switching events when the ST state is
activated. When diode D is reverse biased, it blocks DC link voltage. When D is forward
biased, it transfers inductor L, current in non-ST mode two and two inductor currents
in non-ST mode one. The conduction loss and reverse recovery loss of diode D; are
expressed as:

{ Ppicond = VE X (1 = Dst) X Ir1 + VF X Do X I12 (19)
Pp1yr =2 X VpN X Qpr X fs

where Ppq cong and Pp1 . are conduction and reverse recovery losses of Dq; Vr and Q, are
forward voltage and reverse recovery charge of diode, respectively.

Diode D, has one switching action per switching cycle when the Sy switch is turned
on. The reverse voltage of diode D; is the capacitor C, voltage. When diode D, is forward
biased in ST mode and non-ST mode two, it transfers inductor L, current. The power loss
of this diode is calculated as follows:

{ pDZ,cond = VF X (1 - DO) X ILl (20)
Ppo iy = Vo X Qi X fs

4.2. Loss of Switching Devices of Inverter Side Circuit

Three phase legs of the inverter side circuit have the same operating principle. There-
fore, only the S14 and Sy4 switches of the phase A leg are considered in this analysis.

From 7t/6 to 57t/6 of output voltage, the reference signal v of phase A is the maximum.
Thus, the ST state is inserted into this phase. This insertion makes Sy4 switch at two-
inductor currents. Similar to switch S4, the switching current of switch Sy, is the sum
of two-inductor currents and phase A load current. From 0 to 7t/6 and 57t/6 to 7, switch
514 is switched at phase A load current. When switch 514 is gated on, there is one reverse
recovery action generated at the anti-parallel diode of switch Sy4. From 7t to 77t/6 and
117t/6 to 27, switch Sp4 is switched at phase A load current while there is one switching
event of the body-diode of switch S14. Switches S14 and Sy4 have no switching action in
the time interval from 77t/6 to 117t/6. Both switches S14 and S»4 block DC link voltage like
any conventional two-level VSI. The switching losses of both S;4 and S»4 are expressed
as follows:
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Psiasw =5 | %VPNI'A(é’)(friJrffu + try +tfu)fsd9
0
1 57'[/6l ) ) 7m/6
ok [ BVonlI + Lo +ia(O)) (ki + tpu + b+ ) fsd0+ & | Ven Qo fod®
/6 ™ (21)
) /6 1 57/6 1
PSZA,sw = 57 f VPNerfsdG + bZrd f QVPN<IL1 + ILZ) (tri + tfu + by + tfu)fsde
0 /6
) 77'[/6l ) "
+ax f QVPN‘ZA(G)I (tl‘i + tfu +tu + tfu)fsde
7T
where Pg14 4, and Pspa ¢ are switching losses of switches S14 and Sy4, respectively.
The conduction losses of switches S14 and S;4 are expressed as:
. 137/6 5
PS]A,cond = 77 f Tds,onta (9)02(9)(‘19
57/6
. 51/6 Y ‘ 5
+tor rds,on{lA(g)UZ(Q) + [ia(0) + L1 + I12] DST}dG
/6 (22)
. 1371/6 N
PSZA,cond =77 f Tds,ont's (9) [1 - v;lk (9)] (d9
51/6
1 57/6 5 2
2 | Tason {3 (O)1 =5 (0)) + [l11 + 12" Dsr o
/6

where Ps14 cong and Pgpa cong are conduction losses of switches S14 and Sy4, respectively.

4.3. Power Loss Comparison between Proposed Topology and Conventional DgZSI

The proposed ADC-qZSI is compared to conventional DqZSI in [8] for semiconductor
loss. In this comparison, two inverters are designed to operate under 200 V DC input source,
220 Vrms /380 Vrms AC output voltage, and 1.5 kW. The semiconductor components and
operating parameters are listed in Table 2. With these parameters, the proposed topology
needs 620-V DC-link voltage to generate 220 Vryms AC output voltage. While it is 910 V
DC-link voltage for conventional DqZSI. As a result, the proposed topology used 1200 V
switching devices instead of 1700 V devices such as the conventional topology in [8]. In
the proposed configuration, the voltage stresses of switch Sy and diode D, are capacitor
C, voltage, which is 340 V. Thus, switch Sy and diode D; are 650 V switching devices.
The result of the power loss comparison is shown in Figure 5. The proposed ADC-qZSI
introduces two more power losses at Sgp and diode D, compared to the traditional DqZSI.
However, the other semiconductor losses of the proposed topology are smaller than DqZSI
because of having a smaller DC link voltage. As a result, the total semiconductor loss of
introduced ADC-qZSI is smaller than the conventional DqZSI.

201.5
200 181.3
m Proposed ADC-qZSI m Conventional DqZSI
— 150
5
%
Q
= 100
z
65.3
£ 56.8
50
| 22 284 213 241
. . 12.8 11.9
. - mill =B
D1 D2 SO SIX S2X Total

Figure 5. Comparison of semiconductor loss of proposed topology and conventional DqZSI in [8].
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Table 2. Semiconductor and operating parameters.

Component Proposed ADC-qZSI Conventional DqZSI [8]
Switch Sy IMZA65R030M1H (650 V, 745 0n = 30 mQ) NA
Switches S1x and Spx IMZ120R030M1H (1200 V, 745 0n = 30 mQ2) C2MO0080170P (1700 V, 745 0n = 80 mQ))
Diode D, GD2X30MPS12D (1200 V, Vg =1.5V) GB50MPS17 (1700 V, Vp =1.5V)
Diode D, AIDW40S65C5 (650 V, Vp =1.5V) NA
Modulation index, M 0.86 0.61
ST duty ratio, Dst 0.14 0.39
Extra duty ratio, Dy 0.74 NA
Switching frequency, f; 50 kHz 50 kHz

5. Comparison Study

The main contributions of the proposed configuration can be listed as (1) using a small
number of passive components, (2) high voltage gain, and (3) low component voltage
rating, which are verified by comparing to some previous single-stage inverters such as
conventional DgZSI in [8], SL-qZSI in [18], 1SL-qZSI in [19], ASC-EqZSI in [20], ASC/SL-
qZSl in [21], and HG-qSBl in [22]. The comparison study concludes three sub-sections,
which are (1) the number of components comparison; (2) boost factor and voltage gain
comparison, and (3) component voltage stress comparison. Note that the proposed ADC-
qZSI has two coefficients (Dy and Dsr) to control the boost factor. Their relationship is
shown in (6) and (8). Thus, in this comparison study, both maximum boost and minimum
boost control are considered. In detail, the maximum boost control can be obtained by
setting the value V3 (1= Dg7)/2 for Dy, and the minimum boost control can be achieved
by setting the zero value for Dy. It is worth noting that the ST duty ratios, Dsr, of these
works are set as (1 — M).

5.1. Number of Components

The overall comparison between these configurations has been summarized in Table 3.
Among these topologies, the conventional DqZSI topology in [8] uses the smallest number
of elements compared to others. However, it makes conventional topology have lower
voltage gain and higher voltage stress compared to others, which is detailed in the next
section. The SL-qZSI in [18] and rSL-qZSI in [19] do not use active switching devices in
impedance source networks. Instead, they use more inductors and diodes to enhance
voltage gain. In detail, the SL-qZSI in [18] uses one more inductor and two more diodes,
while the rSL-qZSI in [19] uses two-more inductors and five more diodes compared to
the proposed ADC-qZSI. The use of active switches in intermediate network topologies
like [20-22] and the proposed topology helps save a large number of passive components
like inductors and capacitors. The work in [21] uses two fewer inductors, one fewer
capacitor, and two fewer diodes than in [19]. However, it still utilizes three more diodes
than the proposed ADC-qZSI. Moreover, the use of only one capacitor [21] causes high
capacitor voltage stress, which is detailed in the next part of this section. The proposed
topology has the same number of components as ASC-EqZSI in [20] and HG-qSBI in [22],
which are two inductors, two capacitors, two diodes, and only one active semiconductor
device in the impedance-source network. Note that the inverter sides of these configurations
use a conventional two-level inverter, thus, the number of elements for the inverter side
circuit is the same for all these topologies.
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Table 3. Overall Comparison Between Proposed Inverter and Other Single-Stage Inverters.

ASC-EqZSI ASC/SL-qZSI Proposed
DqZSI [8] SL-qZSI[18]  rSL-qZSI[19] [20] 1] HG-qSBI [22] ADC-qZ81
1 1+Dst 1+Dst 1 1+Dsr 1 1-Dy
Boost factor, B T=2Ds7 T-2Dg,-DZ, T—3Ds7 1-3Dg;+D%; T—3Dgr 1-4Dsr 1D, T-Dy—2Dgr+DoDst
Voltage gain, G 1.15-MB 1.15-MB 1.15-MB 1.15-MB 1.15-MB 1.15-MB 1.15-MB
apacitor 2Ds1B,C 2hsr B, 1- Dsr)B,C DsrB,C DsrB,C
voltage stress, DgrB, C1&Cy T+Dgr 27 1 T+Dgr D741 (1= Ds1)B,Cy B stb, (1 D?TT L1
Ve/ Vg ig;; B,C, }lgg B,C, B,C, (1—-Dst)B, C2 =9 B, C2
Diode voltage B . g' Dy, b B, Djy B, Dy b B, Dj, B, Dy B, Dy
stress, Vo/Vie ro5 B 01 g B D 2-Der)B Dy T B P12 (1-Dsr)BD,  255B,D,
1251 B, D;. 1-Ds1g, ps. 22stp p ’
T+Dgy 07 H2+3 T+Dgy 07 5+6 T+Dgp /3
Switch voltage -~ _ Dsr/(1—
stress, Vs/ Ve NA NA NA (1-Dgr)B B (1—Dgr)B Do)B
Inductors 2 3 4 2 2 2 2
Capacitors 2 2 2 2 1 2 2
Diodes 1 4 7 2 5 2 2
Impedance 0 NA NA 1 1 1 1
Switches
Common Yes Yes Yes Yes No No Yes
ground

5.2. Boost Factor and Voltage Gain

The boost factor and voltage gain of these topologies are shown in Figure 6. According
to some studies [18-22], the HG-qSBI in [22] has the largest boost factor, as presented in
Figure 6a, thus it also has the largest voltage gain. When the minimum boost control
is applied, the boost factor of the proposed inverter is 1/(1 — 2Dgr), which is equal to
conventional qZSI in [8]. As a result, the proposed topology produces the smallest boost
factor and voltage gain compared to the works in [18-22]. However, the boost factor of the
proposed ADC-qZSI can be extended by increasing the duty ratio Dy of switch Syg. When
the duty ratio Dy obtains a value of 0.5, the boost factor and voltage gain of the proposed
method are equal to HG-qSBI in [22] and also higher than the works in [18-21]. When the
maximum value of Dy, v/3(1 — Dsr) /2, is achieved, the boost factor and voltage gain of the
proposed ADC-qZSI are the largest, which brings a benefit to the low component voltage
rating, as follows.

’ . . 7

Ma:

©
/S B
/3).6)

/[
; Proposed ADC-gZSI

: (3).(5)

@ ¥
@ X

Boost Factor, B
Voltage Gain, G

3!

(6)

0 0.05 0.1 0.15 0.2 0.8 DéS 0.9 0.95 1
ST duty ratio, DsT Modulation Index, M

(a)

Figure 6. Comparison of boost factor and voltage gain: (a) ST duty ratio vs. boost factor, (b) modu-
lation index vs. voltage gain. (1) DqZSI [8], (2) SL-qZSI [18], (3) rSL-qZSI [19], (4) ASC-EqZSI [20],
(5) ASC/SL-qZSI [21], (6) HG-qSBI [22].
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5.3. Component Voltage Rating

Some investigations on capacitor, diode and switch voltage stresses have been con-
ducted, as illustrated in Figure 7. Note that there are a lot of diodes in these topologies,
which have unequal voltage stresses, as shown in Table 3. Therefore, simply, the maximum
values of diode voltage stresses are only considered in this comparison study. Figure 7a,b
show voltage stress comparisons for capacitors C; and C,. The max boost control of the
proposed ADC-qZSI produces the smallest capacitors C; and C, voltage rating compared
to others, as shown in Figure 7a,b. Among these topologies, the impedance-source switch
voltage stress is equal to the capacitor voltage. Thus, having a lower capacitor voltage
rating causes a lower switch voltage rating, as shown in Figure 7c.

45 7

4} Proposed ADC-qZSI
0] l g6
2 i <
535 3
= > i}
g af g
g -4
7] » 4t
“ 28 2
& &
3 =
s 2 S3
= o
2 15 g
-] 5 3l
3 3
g 1 2
a a
) ]
3] Q g}

1 1.5 2 25 3 35 4 45 5 1 1.5 2 25 3 35
Voltage Gain, G Voltage Gain, G

@ )

= Proposed ADC-qZSI
@

(3)‘(5_) .

@

Switch Voltage Stress, VIV,
Diode Voltage Stress, VDNH'

1 15 2 25 3 35 4 45 £ 1 1.5 2 25 3 35 4 4.5 5
Voltage Gain, G Voltage Gain, G

(c) (d)

Figure 7. Comparison of component voltage rating: (a,b) voltage gain vs. capacitor voltage rating,
(c) voltage gain vs. switch voltage rating, (d) voltage gain vs. diode voltage rating. (1) DqZSI [8],
(2) SL-qZSI [18], (3) rSL-qZSI [19], (4) ASC-EqZSI [20], (5) ASC/SL-qZSI [21], (6) HG-qSBI [22].

Having a higher voltage gain makes the proposed ADC-qZSI able to use a higher
modulation index compared to other topologies, as shown in Figure 6b. On the other hand,
the boost factor can be calculated as follows:

B =G/(1.15 x M) (23)

From (23), it can be seen that the proposed topology with the introduced DPWM
method uses a higher modulation index, which leads to requiring a lower boost factor. The
max value of diode voltage stress equals the boost factor, as shown in Table 3. Moreover,
it is clear that the inverter side switch voltage rating is also equal to the boost factor. As
a result, the proposed ADC-qZSI has the lowest diode and inverter side switch voltage
stresses among these configurations, as presented in Figure 7d.

6. Simulation and Experimental Verifications
6.1. Simulation Results

The boost operation of the proposed ADC-qZSI has been tested in this section. Both
56 Q) resistive load and 45 ()-100 mH resistive—inductive load are installed at the output of
the inverter for testing. The parameters used in the simulation are listed in Table 4. The
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inverter is fed by a 150 V DC input voltage which is used to generate 110 Vrys AC output
load voltage. The modulation index M, ST duty ratio Dsr, and extra duty ratio Dy are 0.81,
0.19, and 0.5, respectively. With these controlling parameters, two capacitor voltages, V1
and V5 are boosted to 66 V and 132 V for both loads, as shown in Figure 8. As a result, the
peak value of DC-link voltage Vpy is 350V, approximately. For resistive load, two inductor
currents, [ and I}, are continuous, and their values are 4.85 A and 9.57 A, respectively.
While they are 3.96 A and 7.83 A because the real power of 45 (3-100 mH resistive-inductive
load is smaller than 56 () resistive load for the same 110 Vrys AC output voltage. The
output line-to-line voltage has three voltage levels, which vary from —Vpy to +Vpn. The
output load current amplitudes of these loads are the same which is 2.06 Aryis. However,
the current of the resistive-inductive load is a 30-degree lag compared to the current othe f
resistive load.

Table 4. Simulation and experimental parameters.

Parameter/Components Values
Input voltage Vie 150 V—400 V
AC output voltage Vi RMS 110 Vrms
Output frequency fo 50 Hz
Switching frequency fs 10 kHz
Boost inductor Ly, Ly 3mH/20 A
Boost capacitors Ciand G, 1mF/400 V
LC filter Ly and Cf 3 mH and 10 uF
Vdc[V]  VC1[] vde[V)  VGI[V]
200 200
150 150
100 100
50 o= = 50
0 0

VPN V] VPN V]
400

400

300 300
g _ o
100 100
0 0

in [A] lin [A)

2 20
15 15
10 10
5 5
0 0
5 5

Al WL2) [A] (L) [A) WL2) (A
12

I(RLA) [A] I(RLB) [A] .

o004 096 098 1 e
Time (s) Time (s)

1

Figure 8. Simulation results for proposed ADC-qZSI under 150 V input voltage. (a) 56 () resistive
load, (b) 45 O-100 mH resistive-inductive load.

6.2. Experimental Results

A laboratory prototype based on DSP TMS320F28335 has been built to verify the
operation of the proposed inverter, as shown in Figure 9. Module six IGBTs SKMGD123D
is utilized for the inverter-side circuit. Impedance source network is based on MOSFET
60R060P7, diode VS-60APF12-M3, 1 mF capacitors, and 3 mH inductors. A 56 () three-
phase output resistive load is considered to test the proposed inverter, which is fed through
the tLC filter (3 mH and 10 pF) to mitigate the high-frequency component of the output
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voltage. The system parameters are listed in Table 4. The proposed ADC-qZSI is verified
under buck and boost modes with the range of input DC voltage from 150 V to 400 V. In
both cases, the parameters of the inverter are selected to generate 110 Vs at the output
load voltage, in theory.

—

| Micro-controller

R o
d

/4

-

-

<

Figure 9. Experimental Prototype.

Firstly, a 150-volt input source is applied to test the inverter in boost mode. The
experimental results for the 150-volt input voltage are shown in Figure 10. The impedance
source network is utilized to boost the DC-link voltage, Vpy. In this case, the ST duty ratio
Dgr, Sg duty ratio, Dy and modulation index, M are set as 0.19, 0.5 and 0.81, respectively.
With these parameters, the voltages of two capacitors, V¢ and V¢, are boosted to 55 V
and 105 V, respectively, as shown in Figure 10a. It results in 310 V of the peak value of
DC-link voltage, Vpy, and output line-to-line voltage, V45, as shown in Figure 10b. As
shown in Figure 10a,b, the input current is discontinuous and has an average value of
4.03 A, whereas the two inductor currents, I;; and I; , are continuous and have average
values of 4.08 A and 8.85 A, respectively. The zoom-in waveforms of two inductor currents,
switch Sy drain-source voltage and DC-link voltage are shown in Figure 10c. It shows that
two inductor currents are increased linearly in the ST state, which is represented by the zero
value of DC link voltage. When S is turned on, the inductor L, current is kept constant.
The voltage stress of S is equal to the capacitor C; voltage. The output load voltage and
current waveforms are sinusoidal because of using an LC filter. The RMS values of output
load voltage and current are 104 Vrys and 1.84 Arys.

In buck mode, a 400-volt DC input source is applied to test the inverter, the results
are shown in Figure 11. The ST duty ratio Dgsr, S duty ratio, Dy and modulation index,
M are set as 0, 0.5 and 0.68, respectively. The input voltage is now high enough to pro-
duce 110 Vgyis at output load voltage. Therefore, two capacitor voltages are kept at 0
V, approximately, as illustrated in Figure 11a. The DC link voltage is equal to the input
voltage. It also results in a 400-volt peak value of output line-to-line voltage, V 4, as shown
in Figure 11b. The waveforms of two inductor currents, switch Sy drain-source voltage
and DC-link voltage are shown in Figure 11c. The voltage stress of Sy is 40 V, whereas
the average values of two inductor L; and L, currents are 1.43 A and 1.94 A. The DC link
voltage is equal to the input voltage. RMS values of output load voltage and current are
109 Vrms and 1.92 Agrys, respectively.
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Figure 10. Experimental results for 150 V input voltage. From top to bottom: (a) input voltage V.,
capacitor voltages V1, Vo, input current I;,,, (b) output line-to-line voltage V45, DC-link voltage
Vpn, inductor currents I} 1, I1 5, (c) inductor currents I 1, I, switch Sy voltage Vg, DC-link voltage
Vpn, (d) output load voltages and currents Vg, Vrp, Ira, IrB-
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Figure 11. Experimental results for 400 V input voltage. From top to bottom: (a) input voltage V.,
capacitor voltages V1, Vcp, input current I;;,, (b) output line-to-line voltage V45, DC-link voltage
Vpn, inductor currents Iy 1, I 5, (¢) inductor currents Ir 1, It 5, switch Sy voltage Vs, DC-link voltage
Vpn, (d) output load voltages and currents Vr4, Vrp, Ira, IrB-



Energies 2022, 15, 4889

16 of 18

Figure 12 shows the experimental results of the proposed inverter under variation of
load in two cases: (1) the three-phase load change from 72 () to 40 (), and (2) the three-phase
load change from 40 () to 72 ). Both cases cause a small effect on capacitor voltages and
output load voltages. It is clear that the 40 () load causes higher load and device currents
than the 72 ) load. It results in more device loss for case one than for case two, which
reduces capacitor voltages, as shown in Figure 12.

Tek Prevu | — i Tek Prevu | . —[—]7
\Va \V
o . al —t i &
Ve R=72£2 R 400 AL T e
, [40ms/d1v] _ [4Oms/d1v]
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M 100V &chd[ 4.00A% | EE 100V wch4] 4.00AQ |
(a) (b)

Figure 12. Experimental results under variation of load: (a) 72 Q) to 40 Q, (b) 40 QO to 72 Q.

7. Conclusions

This paper proposed a new topology of ADC-qZSI by adding one active switch and
one diode into the impedance source network. With these devices, one more operating
mode is introduced for the proposed inverter besides the conventional ST and non-ST
modes. During this extra mode, one inductor voltage is shorted. As a result, the energy
of this inductor is maintained, which helps to increase the boost factor and voltage gain
of the inverter compared to previous studies of single-stage inverters. Having higher
voltage gain leads to the lower voltage rating of capacitors and switching devices. A
DPWM control strategy reducing the number of commutations is presented to control
this proposed inverter. Under this PWM method, the ST state insertion does not generate
any extra commutations and the total switching commutations of the inverter are equal to
conventional two-level VSI. Some comparisons between the proposed inverter and other
previous single-stage inverters have been conducted to demonstrate these advantages. The
simulation and experimental results have been presented to verify the operation of the
proposed inverter. Both buck and boost modes are considered to test the inverter.
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ABSTRACT In recent years, many pulse width modulation techniques have been explored for three-level
impedance-source inverters. Among them, a space vector modulation (SVM) technique using upper/lower
shoot-through (UST/LST) insertion provides high voltage gain and satisfactory output voltage quality. This
paper further introduces a new SVM control method to reduce the magnitude of common-mode voltage
(CMV) without affecting the output voltage quality and voltage gain. With this approach, only small vectors
with low magnitudes of CMV are adopted to synthesize an output voltage vector. The UST and LST states
are also inserted to these small vectors to boost the DC-link voltage in high voltage gain and high modulation
index. The comparison of CMVs between this strategy and other schemes is presented to demonstrate the
effectiveness of the proposed method. The simulation and experiments are conducted to verify the accuracy
of the theory.

INDEX TERMS Common-mode voltage reduction, quasi-switched boost inverter, three-level T-type

inverter, space vector modulation.

I. INTRODUCTION

Conventional three-level T-type inverters (3L-T2Is) have a
simple structure and low conduction loss. They do not require
many diodes or capacitors compared with other traditional
configurations, such as three-level neutral-point-clamped
inverters (3LNPCIs) or flying capacitor inverters. Because of
these advantages, this topology provides superior low-voltage
and medium-voltage applications, such as renewable energy
systems or AC motor drives [1]-[3]. Nevertheless, this struc-
ture only provides a voltage buck capability, which is difficult
to use in many applications requiring highly preferred AC
output voltage from a low DC input power supply. To over-
come this, two typical solutions were considered. The first
one is to add a DC/DC boost converter to enhance the DC-link
voltage before it is fed to the 3L-T21 [4]. The second is to use
a low-frequency AC/AC transformer behind the inverter to
achieve the desired AC output voltage. Furthermore, during
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VOLUME 10, 2022

operation, the conventional 3L-TI does not accept the shoot-
through (ST) state, which is generated when all switches in
one or more phase legs are simultaneously turned on [5].
This limitation can be resolved by applying a dead time for
control signals before the switches are turned on. However,
this approach can cause distortion at the output voltage [6].
Because of the foregoing problems, a Z-source inverter
(ZSI) was introduced [7]. With one additional diode, two
inductors, and two capacitors, the ZSI is known as a single-
stage inverter with buck—boost capability and ST immunity.
By placing the ZS network between the DC input source and
two-level inverter, the ST state boosts the DC-link voltage
without affecting output voltage and system reliability. How-
ever, this topology of an impedance-source network also has
certain disadvantages, such as discontinuous input current
or high voltage rating on capacitors [8], [9]. To overcome
these limitations of the classical ZSI, quasi-ZSI (qZSI) was
proposed. Although it uses the same number of inductors,
capacitors, and diodes, the proposed structure creates a novel
connection among these components [10]-[12]. Due to the
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benefits of ZSI and qZSI, they have been validated by many
applications, such as photovoltaic (PV) systems and grid
connections [13]-[15]. To improve output voltage quality, the
ZSI and qZST are both integrated with a three-level inverter.

In [16], a novel connection between two identical ZS net-
works was investigated to provide a three-level voltage at
the output of an intermediate network. This configuration
used two isolated equal sources to feed two ZS networks.
The 3LNPCI was installed after the ZS network to provide
multilevel inverter characteristics. With the advantages of the
connection reported in [16], a new combination involving
only one ZS network with the 3LT2I was discussed in [17].
By applying split-DC input source feeding to the ZS network,
this configuration provides three-level voltage to an output
without requiring more ZS networks [16]. This topology can
considerably reduce the required number of passive com-
ponents without affecting the boost factor of the converter.
As aresult, size, cost, and control complexity are significantly
improved. The 3L-T2I was integrated with the qZS network
in [9] and [18] not only to provide satisfactory output voltage
quality but also to ensure that the benefits of qZS networks
are derived. In this study, two identical qZS networks were
connected in a cascade form to enhance the number of output
voltage levels by merely utilizing one input source.

Although ZSI and qZSI afford advantages, both topolo-
gies also have disadvantages. They require numerous passive
components (inductors or capacitors), they have a consider-
able inductor current ripple, and their boost factor and voltage
gain are low. In [19], a qSB (quasi-switched boost) network
was introduced to replace the ZS and qZS networks. Two
diodes, one inductor, one capacitor, and one active switch
comprise the qSB network. This type of intermediate net-
work compared with the ZS and qZS networks reduces the
required number of inductors and capacitors by one. The
integration of this topology to the 3LNPCI was also proposed
to enhance the number of output voltage levels [20]. This
study used two identical qSB networks connected in a cascade
form to generate three-level output voltage feeding to the
3LNPCI. In the new connection of the qSB network, one
inductor was removed and feeding by a single DC source was
introduced [21]-[23].

Common-mode voltage (CMV) is one of the critical
problems of multilevel inverters. It causes leakage current,
shaft voltage, bearing current, and electromagnetic interfer-
ence [24], [25]. High leakage current through system ground
causes system unreliability. The study in [26] has proposed
a novel model predictive control for conventional 3L-T2I
to reduce the CMV and balance the neutral voltage. Two
nearest vectors which have low CMV amplitude are used to
produce reference vector. However, it is hard to applied this
work to impedance-source network because the ST state is
unable to be inserted in some region of space vector diagram.
To reduce the CMV amplitude, the work in [27] used zero
vector, medium vectors, and large vectors to generate the
output voltage. This approach can reduce the CMV magni-
tude to half of that in the conventional method. The method
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in [27] was also applied to qZSI in [9] and [28] to enhance the
voltage gain of the inverter. In [9], an extra small vector with a
low-magnitude CMV was used to balance the neutral voltage
without affecting the CMV amplitude. However, the root
mean square (RMS) value of CMYV is slight increased. In [9]
and [28], the buck—boost capability is ensured by a full-ST
state added to a zero vector. Nevertheless, the boost factor
of these works is low. The work in [22] introduced an SVM
method to eliminate the CMV using zero and medium vec-
tors. Compared with [9] and [28], the study in [22] resulted in
lower inductor current, higher voltage gain, and lower CMV.
However, the output voltage quality of [22] is worse than
those reported in [9] and [28]. Furthermore, the modulation
index reported in [22] is limited and lower than those reported
in [9] and [28]. The work in [23] enhanced the voltage gain,
reduced the voltage stress on components, and provided a
high output voltage quality compared with those in [9], [22],
and [28]. However, the CMV magnitude is considerably
larger than those reported in previous studies. In [23], the
upper-ST (UST) and lower-ST (LST) states were applied to
enhance the voltage gain. The study in [29] achieved the same
voltage gain as that in [23] but with a lower CMV amplitude.
However, the output voltage quality of the method in [29] was
worse than that in [23].

To leverage the advantages of high voltage gain and sat-
isfactory output voltage quality achieved in [23], this paper
introduces a new pulse width modulation (PWM) technique
based on an SVM to reduce the CMV magnitude. All vectors
with high CMV magnitudes are removed from the space
vector diagram, and those that produce low CMV are used
to generate output voltage. In this scheme, small vectors
are still used to insert UST and LST states. As a result,
the output voltage quality is maintained compared with that
in [23]. The remaining parts of this paper consist of five
sections. Section I presents the inverter circuit and some
operating states. The SVM method for reducing CMV is
proposed in Section III. The overall comparison is discussed
in Section V. The PSIM simulation software and experiment
prototype built in the laboratory are used to derive the simu-
lation and experimental results presented in Section V. The
summary is presented in Section VI.

Il. INVERTER CIRCUIT

Fig. 1 presents the topology of 3L-qSBT?I. In this figure,
the conventional three-level T-type inverter is placed after
the front-end active impedance-source network to ensure a
three-level voltage output. In each leg, three-level voltage is
ensured by four switches, S;x j = 1,2,3,4; x = a, b, ¢). State
“P” denotes the value +Vpy/2 at the output pole voltage,
Vo, which is generated by activating switches S and Soy.
State “O’’ represents the value zero at the output pole voltage,
which is ensured by turning on bi-directional switches Soy
and S3,. When both switches, S3y and S4,, are simultaneously
triggered, the value of —Vpy/2 is generated at the output. The
DC-link voltage, Vpy, at the input side of the T-type inverter
circuit is generated by the qSB network, which consists of
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an inductor (Lp), two capacitors (Cp and Cy), two switches
(Sp and Sy ), and four diodes (D1—D4). The impedance-source
network is fed by a single DC source, V., as shown in Fig. 1.
By applying the front-end qSB circuit between the input
voltage and inverter circuit, this topology can achieve ST
immunity and buck—boost operation in a single-stage power
conversion.

FIGURE 1. Topology of 3L-qSBT2I.

Similar to any single-stage inverters, this topology operates
under two main modes: ST and non-ST (NST) modes (Fig. 2).
As mentioned in [23], the ST mode consists of UST and LST
modes, which are inserted to small vectors to enhance the
boost factor and voltage gain of the inverter. In the UST mode,
the inverter side can produce two states, “O”” and “N,” which
are ensured by capacitor Cy. Capacitor Cp is disconnected
from the main circuit, as shown in Fig. 2(e). Similarly, this Cp
capacitor supports the inverter to produce states “P”” and “O”
under the LST mode, whereas capacitor Cy is disconnected
from the power circuit. As shown in Figs. 2, (a)—(d), the NST
mode consists of four sub-modes: NST modes 14, respec-
tively. In particular, NST mode 3 is generated by triggering
switches Sp and Sy of the impedance-source network, which
stores energy to the inductor and enhances the boost factor.
The on/off state of inverter switches is summarized in Table 1.

S.. Dy .§+VNZ
Cp

o
3 Cv
¢ ""’l""D'@'? ey
()

FIGURE 2. Modes of 3L-qSBT2I: (a) NST 1, (b) NST 2, (c) NST 3, (d) NST 4,
(e) UST, (f) LST.

Ill. PROPOSED SVM SCHEME TO REDUCE CMV FOR
3LqSBT2I
The following equation yields the CMV:

Vao + Vao + V.
CMV = Vo = A0 T §0+ . (1)

VOLUME 10, 2022

TABLE 1. On/Off states of 3L.-qSBT2I (x = a, b, c).

Mode ON Switch ON Diode Vo
NSTI1 Sp D>, D;, Dy +Vpn/2, 0, —Vpn/2
NST2 SAV D1, Dz, D3 +VPN/2; 0, _VPN/Z
NST3 Sp, SN Dz, D3 +VPN/2: 0, _VPNQ
St S +Vpn/2
NST4 S, Sz D %’ D 0
S S ! V2
UST St S2x, Sz Sy D, D; 0 or —Ven/2
LST ng, ij, S4x, SP Dg, D4 0or +VPN/2

where Va0, Vo, and Vo are the output pole voltages of the
inverter side.

Based on (1), the CMV amplitude generated by each volt-
age vector of the inverter can be calculated, as summarized
in Table 2. According to the list, the largest CMV values
are =Vpy/2, which are achieved by adopting zero vectors,
[PPP] and [NNN]. The small vectors have four CMV val-
ues: +Vpy/6 and £Vpy/3. The large vectors also generated
+Vpn/6. The medium vectors and zero vector, [OOQO], have
the zero CMV value.

TABLE 2. CMV of 3L-qSBT21.

Vectors State CMV State CMV State | CMV

Zero [000] 0 [PPP] +Vpw/2 | [NNN] [=Vpa/2

P-Type | [POO] | +Vpn/6 [PPO] | +Vpp/3 | [OPO] [+Vpp/6
[

Small OPP] | +Vp/3 | [OOP] | +Vp/6 | [POP] | Vpa/3
N-Type | [ONN] [ =Vp/3 | [OON] | —=Vpa/6 | [NON] [—Vpy/3
Small | [NOO] | —Vpy/6 | [NNO] | —Vpa/3 | [ONO] |—Vpn/6
[PON] 0 [OPN] 0 [NPO] 0
Medium
[NOP] 0 [ONP] 0 [PNO] 0
[PNN] [ —Vpv/6 | [PPN] [ +Vppr/6 | [NPN] [—Vpn/6
Large [

NPP] | +Vp/6 | [NNP] | =Vp/6 | [PNP] [+Vpn/6

In [23], all 12 small vectors are utilized to synthesize the
output voltage vector; thus, the CMV is varied from +Vpy/3
to —Vpy/3. Although the use of these small vectors enhances
the boost factor and voltage gain by improving the ST duty
ratio, it also increases the CMV.

In this study, small vectors with low CMV amplitudes
(£Vpn/6) are used with the zero vector ([OOQO]), medium
vectors, and large vectors to reduce the CMV; this differs
from that reported in [23]. Note that the use of these vectors
does not limit the utilization of the ST duty ratio; thus, the
advantage of high voltage gain of [23] is also leveraged in
this work.

The space vector diagram of the proposed method is
depicted in Fig. 3. In this figure, the space vector diagram
is divided into six sectors (sectors I-VI). In each sector, four
regions identify the location of the reference vector. Similar
to the traditional SVM method, the reference vector is synthe-
sized through three nearest vectors based on its location. The
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Sector 11

Sector V

FIGURE 3. Space vector diagram of proposed scheme.

rest of this section presents details regarding vector selection,
dwell time calculation, and ST insertion for the proposed
SVM method.

A. DWELL-TIME CALCULATION AND SWITCHING
SEQUENCE SELECTION

To analyze the proposed technique, the top of the reference
vector is assumed to fall in region 2 of sector I, as highlighted
in Fig. 3. As a result, three voltage vectors (\71, ‘72’_. and X77)
are adopted to generate the output voltage vector, V,.r. The
following equation has been adopted:

2

‘7ref'Ts =Vi.ty + Voo + V.17
Ty=n+n+1,

whS:re
Ve . output voltage vector;
‘77: medium-voltage vector;
‘71, ‘72: small-voltage vectors;
T: sampling period; and
11, tr, t7: dwell times of \71, f/z, and \77, respectively.

These voltage vectors are expressed by the following set of
equations:

‘7ref = MVPN/\/E @m
Vi = Vpy /3l

Vo = Vay /373

V7 = Ven/+/3 /0.

3)

where M is modulation index.
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By substituting (3) to (2), the dwell times of these voltage
vectors can be expressed as

t1 =Ty — 2MT; sm(@)
tp =Ty —2MTysin(r /3 — 6) “)
t7 = 2MTy sin(6 + 7/3) —

In conventional CMV reduction method for traditional
voltage-source inverter, the switching sequence can be
selected as [POO]-[PON]-[OON]. However, the unequal time
durations of vectors [POO] and [OON] makes it hardly to
insert UST/LST state. If try to use this conventional switching
sequence, some disadvantages like worse inductor current
profile, high amplitude of low frequency component of induc-
tor current will appear. Thus, under the proposed method,
the switching sequence for this region is selected as [PON]-
[POO]-[OON]-[PON] and return, as shown in Fig. 4. The
UST and LST states are inserted into N-type small [OON]
and P-type small [POO] vectors, respectively. In both voltage
vectors, phase B is also operated under state ““O.” Thus, the
insertion of UST and LST states into phase B is considered to
reduce the number of commutations. The details of switching
sequence and ST insertion are shown in Fig. 4. To leverage
the advantages of the work in [23] in low inductor current
ripple and high voltage gain, the switches (Sp and Sy) of the
impedance-source network are controlled and simultaneously
turned on, as indicated by the yellow highlight in Fig. 4.
Compared with the ST signal of the inverter side, this state
is delayed by Ts/4. Both duty cycles of switches Sp and Sy
are enhanced by coefficient Dy to increase the boost factor.

Ty4 , DyTy/2 sz‘Ts/4
o ;
0" NST3 - NST3 [NsT3 |
Su
0" NST3 - NST3 - NST3
A t
N o P 0 P PP |,
D Ty/2
U ~NTo o N N N N N 0 O N ¢
14 12 02 12 02 12 14

FIGURE 4. Switching sequence in sector | region 2 and control signals of
SP and SN'

The foregoing can similarly be applied to other regions and
sections to calculate the dwell times and select the switching
sequence. For example, consider sector I and region 4, shown
in Fig. 3, three nearest vectors [POO], [PON], and [PNN] are
adopted to synthesize the output voltage vector. In this region,
we have only one P-type small vector [POO] and no N-type
small vector, thus, the LST insertion is adopted instead of
UST insertion. In small vector [POO], phase B and phase C
can be utilized to insert LST state. However, in three vectors
[POQO], [PON], and [PNN], phase B has largest time interval
of “O” state, thus, phase B is used to add LST state. The
switching sequence is [PNN]-[PON]-[POO]-[PLO]-[POO]-
[PON]-[PNN] and return, as shown in Table 3. State “L”
denotes the LST state. In this switching sequence, the vector
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TABLE 3. Switching sequences of proposed SVM scheme.

Sector | Region Switching sequence
1 [000]-[POO]-[PLO]-[OUN]-[OON]-[000] and return
[PON]-[POO]-[PLO]J-[OUN]-[OON]-[PON] and return
[PPN]-[PON]-[OON]-[OUN]-[OON]-[PON]-[PPN] and return
[PNN]-[PON]-[POO]- [PLO]-[POO]-[PON]-[PNN] and return
[000]-[OPO]-[LPO]J-[UON]-[OON]-[0OO0O] and return
[OPN]-[OPO]- [LPO]-[UON]-[OON]-[OPN] and return
[NPN]-[OPN]-[OPO]-|LPO]-[OPO]-[OPN]-[NPN] and return
[PPN]-[OPN]-[OON]-[UON]-[OON]-[OPN]-[PPN] and return
[000]-[OPO]-[OPL]-[NOU]-[NOO]-[0OOO] and return
[NPO]-[OPO]- [OPL]-[NOU]-[NOO]-[NPO] and return
[NPP]-[NPOJ-[NOO]-[NOU]-[NOOJ-[NPOJ-[NPP] and return
[NPN]-[NPO]J-[OPO]-[OPL]-[OPO]-[NPO]-[NPN] and return
[000]-[OOP]-[OLP]-[NUO]-[NOO]-[00O0] and return
[NOP]-[OOP]- [OLP]{{NUOJ-[NOO]-[NOP] and return
[NNP]-[NOP]-[OOP]-[OLP]-[OOP]-[NOP]-[NNP] and return
[NPP]-[NOP]-[NOO]-[NUO]-[NOO]-[NOP]-[NPP] and return
[000]-[OOP]-[LOP]-[UNO]-[ONO]-[00O] and return
[ONP]-[OOP]- [LOP]-[UNO]-[ONO]-[ONP] and return
[PNP]-[ONP]-[ONO]-[UNO]-[ONOJ-[ONP]-[PNP] and return
[NNP]-[ONP]-{OOP]-[LOP]-[OOP]-[ONP]-[NNP] and return
[000]-[POO]-[POL]-[ONU]-[ONO]-[00O0] and return
[PNO]-[POO]- [POL]-[ONU]-[ONO]-[PNO] and return
[PNN]-[PNO]J-[POO]-[POL]-[POO]-[PNO]-[PNN] and return
[PNP]-[PNO]-[ONO]-[ONU]-[ONO]-[PNO]-[PNP] and return
U: UST state, L: LST state.

11T
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[PLO] is generated by triggering S1,4, S», of phase A leg,
S2p, S3p, and Sy of phase B leg, and Sy, S3. of phase C
leg. Note that three switches Sap, S3p, and S45 of phase B
leg are simultaneously turned on to generate LST state. The
output voltage of phase B is still maintained as OV like
conventional vector [POO]. During LST state, the switch Sp
of impedance-source network is triggered on to store energy
for input inductor. The switching sequences of the proposed
method for other regions are summarized in Table 3.

B. STEADY-STATE ANALYSIS

The key waveform of the 3L-qSBT?I under proposed control
method is shown in Fig. 5. It can be seen that the inductor
voltage is kept at V. for both UST and LST states. Thus,
the boost factor is not affected when the time intervals of
UST and LST states are unequal. In steady-state, the average
value of inductor voltage is zero. Thus, the capacitor voltages,
Vep and Vpy, can be calculated using the following equation.
Note that Vcp = Vew, the capacitor voltages are assumed as
constant during operation.

Ve

__de 5
2 —3Dgsr — Dy )

Vep =Ven =
where Vcp, Ven: capacitor voltages of Cp and Cy;
V4e: DC input source of 3L-qSBT?I;
Dgr: ST duty ratio; and
Dy: extra duty ratio of impedance-source network switches
(S P and S N)-
The following equation relates Dgr to Dy:

Dst <Dy <1 —Dgsr. (6)

The peak value of the output load voltage can be cal-
culated through the modulation index (M) and DC-link
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FIGURE 5. Key waveform of impedance-source network control.

voltage as follows:
v _ 2 M .Vpy _ 2 MV
x,peak = \/3 5 = \/5 2_3DST_DO’

where Vy pear: peak value of output voltage;

M : modulation index; and

Vpn: DC-link voltage.

Because the ST state is inserted to small vectors, Dg7 can
be calculated through M using the following equation [23]:

(7

M <1 )

M + Ds7/2 < 1.
C. NEUTRAL VOLTAGE BALANCED CONTROL
The neutral voltage imbalanced issue can be addressed by
adjusting the extra duty ratio Do of switches Sp and Sy of
impedance source network. In detail, the time intervals of
NST mode 1 and NST mode 2 shown in Figs. 2(a) and 2(b)
are used to balance neutral voltage. As shown in Fig. 2(a),
when NST mode 1 is adopted, the capacitor Cp is discharged,
whereas capacitor Cy is charged. The result is that the Cp
voltage is decreased while Cy voltage is increased. In NST
mode 2, shown in Fig. 2(b), the Cp voltage is increased while
Cy voltage is decreased. In general, the time intervals of these
modes are equal which are determined by (Do — Dst)Ts/2.
In order to balance neutral voltage, the time intervals of
NST mode 1 and 2 are redefined as (D1 — Dgr)Ts/2 and
(D> — Ds1)Ts/2, respectively, where D and D> are extra duty
ratios of switches Sp and Sy . Based on instantaneous voltages
of Cp and Cy, two cases are considered to balance neutral
voltage: 1) Cp voltage is larger than Cy voltage, and 2) Cp
voltage is smaller than Cy voltage. In case 1, the time interval
of NST mode 1 should be increased while the time interval of
NST mode 2 is decreased. In contrast to case 1, in case 2, the
time interval of NST mode 1 should be decreased whereas the
time interval of NST mode 2 is increased. Thus, in simply,
the duty ratios D1 and D, are obtained as:

Dy =Dy/2+k(Vcp — Ven)

)
Dy =Dg/2 —k(Vep — Ven)

where k is proportional coefficient.
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The coefficient D;
equation (6).

and D, are also satisfied the

D. IMPLEMENTATION STEP

The overall implementation of the proposed SVM method
is shown in Fig. 6. Firstly, three desired output voltages are
transfer to o8 axis to determine reference vector by using
abc/af transformation, as shown in Fig. 6. Based on location
of reference vector, three nearest vectors are determined to
control output voltages. Note that only vectors, which have
low CMV shown in Fig. 2, are selected. Secondly, the dwell-
times of candidate vectors are calculated by the same way
shown in section III.A. Furthermore, the P-type or N-type
small vector of candidate vectors helps to determine whether
UST or LST state is selected. Thirdly, the switching sequence
has been determined, which shown in Table 3. The capacitor
voltage balanced method is obtained by the extra duty ratios
D1 and D; of switches Sp and Sy . The detail of this method
is shown in section III.C and presented by block diagram in
Fig. 6. All these steps are enough to implement the proposed
SVM control strategy.

Candidate Vector
Selection

‘/‘ﬁ b C, v{l @
Vi—
Vi aff Vi

Eq. 6

Dwell Time | [,

Calculation
Switching
(Table IIT)

UST/LST

D ST| Selection
Neutral Voltage Balanced D,| | D, UST/LST! l
| PWM Generator

Swl 1Sy 1S

FIGURE 6. Overall implementation of proposed SVM method.

IV. COMPARISON STUDY

The introduced PWM method has been considered for com-
parison with other single-stage topologies and methods. The
overall comparison is summarized in Table 4. Among the
works listed in the table 4, the proposed method and SVM
method in [23] are superior in using the modulation index, M.
With the same value of M, the maximum values of the ST
duty ratio (Ds7) of the proposed method and the technique
presented in [23] are found to be twice those of the other
methods. This advantage supports the proposed method in
improving the component voltage rating and output voltage
quality, as detailed in [23] and [29]. The 3L-qZSI in [9] has
the least boost factor and voltage gain leading to the gener-
ation of the high DC-link voltage, Vpy. For the 3L-qSBT?I
topology, the method in [22] results in the smallest voltage
gain (Table 4). This limit is explained by the utilization of
only zero and medium vectors in the operation. The method
in [29] yields the largest boost factor, but the work adopts a
small modulation index [29]. Consequently, the same voltage
gain is achieved compared with that in [23], as demonstrated
in [29].
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FIGURE 7. Comparison between proposed method and other techniques:
(a) voltage gain vs THD of output line-to-line voltage; (b) voltage gain vs.
ratio of CMV to input voltage, Vg4.

As shown in Fig. 7(a), the THD value of the proposed
method and method in [23] is the best. It can be explained
that the used of small vectors helps to increase the quality
and reduce the THD value of output voltage. In detail, the
proposed SVM method with unipolar form of output line-to-
line voltage compared with bipolar form of method in [22],
produces high output voltage quality than [22], obviously.
Moreover, the high voltage gain is applied for this method,
it results in high modulation index utilization. This is also one
of the reasons to explain for the high quality of output voltage.
Although the method in [29] has the same voltage gain and
modulation index, the use of zero vector to insert full-ST state
results in high THD value of output voltage compared to the
proposed method.

As summarized in Table 4, the method in [22] has the
lowest CMV magnitude. However, the low voltage gain and
the utilization limit of the modulation index are the two main
drawbacks of this method. The method presented in [23]
yields the largest CMV amplitude (from —Vpy/3 to +Vpy/3)
because all 12 small vectors are used. The methods in [9]
and [29] and the proposed technique can reduce the peak
CMV value to half of that in [23] by removing the small
vectors, which have large CMV values resulting from the
switching sequence. The ratio between the CMV RMS to
the input voltage is presented in Fig. 7(b). This figure indi-
cates that the CMV produced by the proposed method is
reduced compared with those generated by the methods in [9]
and [23]. Although the CMV of the proposed method is larger
than those of [22] and [29], the better output quality shown in
Fig. 7(a) is among the main advantages of this method.

In summary, the main contribution of this study is the
reduction in the CMV magnitude without affecting the volt-
age gain and modulation utilization compared with [23].
Moreover, the high output voltage quality is one of the impor-
tant characteristics of this work.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS

The proposed SVM method is verified through simula-
tion and experiments; the parameters used are listed in
Table 5. The simulation is implemented using PSIM software.
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TABLE 4. Overall comparison study.

3L-qZSI2-LC[9]  3L-gSBV1-L[22]  3L-qSBI/I-L[23]  3L-qSBI/I-L [29] Proposed Method
ST duty ratio, Dsr 1-M 1-M 21 - M) 1-M 2(1-M)
Boost factor, B* 141 = 2Dsr) 2/1 = 2Dsr) 2/(1 —2Dsy) 2/1 — 4Dsr) 2/(1-2Dysr)
Output load voltage 1.15-MB/2 MBJ/2 1.15-MBJ2 1.15-MBJ2 1.15-MBJ2
Voltage gain Very Low Low High High High
CMV —Venl6=Vpl6 0 —Vpn/3—Vpa/3 —Vpnl 6=V pnl6 —Vpnl6—Vpnl6
Output line-line voltage pattern Unipolar Bipolar Unipolar Unipolar Unipolar

THD of output voltage 88.5% atG=3 84.6% atG=3 31.8%atG=3 41.5% at G=3 31.8% atG=3
Output quality Low Very Low Normal Low Normal
* Only maximum value is considered
TABLE 5. Simulation and experimental parameters. = - e :
e 1

Components Values
DC input source Ve 100 V=200V
Output voltage Vo ruts 110 Vrus
Output frequency fo 50 Hz
Switching frequency | f; 5 kHz
ST duty cycle Dgr 0.16
Extra coefficient D, 0.16 +0.84
Modulation index M 0.92
Boost inductor Ly 3 mH/20 A
Capacitors Cp=Cy 2000 puF/400 V
LC filter Lyand Cy 3 mH and 10 uF
Resistor load R 40 Q

The boost inductor value is 3 mH, and the two capacitors
of the impedance-source network have a value of 2000 uF.
The selected values for the three-phase low-pass filter val-
ues to generate approximately 1 kHz of cut-off frequency
are 3 mH and 10 uF. The selected theoretical output load
voltage is 110 Vrys/50 Hz. The three-phase 40-S2 resistive
load is considered to test the proposed scheme in two cases
(i.e., two input voltage values): 1) 200-V and 2) 100-V.
To achieve 110 Vrms at the output load voltage, the set
modulation index, M, and ST duty ratio, Dgr, are 0.92 and
0.16, respectively. Under the 200-V input voltage, 0.16 is the
selected value for the extra coefficient, Dg; 0.84 is selected for
Do when adopting the 100-V input voltage. The simulation
results are shown in Figs. 8 and 9.

Fig. 8 shows the simulation results for the 200-V input
voltage. In this case, the minimum voltage gain is obtained
by setting 0.16 as the value for both coefficients, i.e., Dsr
and Dg. With the above values, the capacitor voltages are
boosted to approximately 147-V, as shown in Fig. 8(a). The
two capacitor voltage values are balanced. These capacitor
voltage values result in the 294-V DC-link voltage, as pre-
sented in Fig. 8(a). Note that the DC-link voltage is a pulse
wave and varies from 147-V to 294-V because the UST and
LST states are used instead of the FST state. The top of
the output line-to-line voltage, Vap, is varied from O to the
peak DC-link voltage value; its Fast Fourier Transform (FFT)
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FIGURE 8. Simulation results for proposed method under 200-V input
source.

spectrum is shown in Fig. 8(b). The peak value of the first-
order harmonic is 269-V. The amplitude of high-frequency
harmonic spectrum is mitigated by applying an LC (inductor—
capacitor) filter, as shown in the FFT spectrum of the out-
put current in Fig. 8(b). Thus, the output load current is a
sinusoidal waveform whose peak value is 3.88-A. The THD
values of Vyp and I4 are 32.29% and 0.345%, respectively.
The average value of the current in inductor Lp is 4.59-A,
as shown in Fig. 8(a). Figure 8(c) shows the magnified wave-
forms of I g, Vsp, Vsn, and DC-link voltage Vpy . The voltage
stresses of switches Sp and Sy are equal to the capacitor
voltage. The inductor current frequency (20 kHz) is four times
greater than the switching frequency.

Fig. 9 shows the simulation results for the 100-V input
voltage. In this case, to achieve 110 Vrys at the output load
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FIGURE 9. Simulation results for proposed method under 100-V input
source.

voltage, the maximum voltage gain is adopted. The extra
coefficient, Dy, is set to 0.84 instead of 0.16. Two capacitor
voltage values remain boosted at approximately 147 V from
the 100-V input source, as illustrated in Fig. 9(a). The 294-V
remains at the DC-link voltage and peak value of the output
line-to-line voltage, V4p. From the FFT spectrum of Vup
and Iy, the calculated THD values of these waveforms remain
as 32.29% and 0.374%, respectively. The average inductor
current value is 9.2 A. The frequency of inductor current is
also 20 kHz, as shown in Fig. 9(c).

The simulation result of neutral voltage balanced control
are shown in Fig. 10. The unbalanced neutral-point voltage
causes distortion at output line to line voltage, which results
in high amplitude of low frequency components (100Hz and
200Hz) of V4p. After applying the balanced control method,
the different between two capacitor voltages is very small,
which significantly reduces the magnitude of low frequency
components of output line to line voltage.

The CMV comparison between the method in [23] and
the proposed method is shown in Fig. 11. It can be seen
that the boost characteristics of impedance-source network
are the same for both method in [23] and the proposed SVM
method, which is shown in DC-link voltage waveform, Vpy.
The peak-value of Vpy is 294V, and Vpy waveform is varied
from 147 V to 294 V because of adopting UST/LST insertion.
The output line-to-line voltages, V45, have the same THD
values which are 32.29% for both methods. Thus, it can
conclude that the proposed method maintains the output volt-
age quality compared to [23]. Moreover, the peak-to-peak
value of CMV of proposed method is a half less than that
of conventional method in [23]. The RMS values of CMV
with the proposed method and strategy in [23] are 35.8 VrMs
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FIGURE 10. Simulation results for neutral voltage balanced control.
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FIGURE 11. Comparison between method in [23] and proposed method:
(a) method in [23], (b) proposed method.

and 46.4VRrys, respectively. The proposed method reduces
22.8% RMS of CMV compared to the method in [23]. The
FFT spectrums of CMV are shown in Fig. 11. It can be
seen that, with smaller RMS value of CMYV, the proposed
method can reduce the amplitude of high-frequency compo-
nent of CMV compared to the work in [23], significantly.
The investigation about CMV of method in [23] and the
proposed method with variation of modulation index is shown
in Fig. 12. It can be founded that the proposed method always
has smaller RMS value of CMV compared to [23]. Both
methods have max value of CMV at 0.5 of modulation index
because the time interval of small vector is maximized in this
case [9], [22], [28].

B. EXPERIMENTAL RESULTS

Experiments for validating the proposed SVM method have
been conducted in a laboratory. The parameters are the same
as those used in the simulation; both 100-V and 200-V input
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FIGURE 12. CMV comparison between the proposed method and method
in [23] in different modulation index values.

voltages are considered to test the inverter. The experimental
results are presented in Figs. 13, 14 and 15.

Under the 200-V input source, the two capacitor voltages,
Vep and Vey, are boosted to 140 and 141 'V, respectively,
as shown in Fig. 13(a). The input current is continuous, and its
measured average value is 4.78 A. The peak value of DC-link

Tek Prevu K Prevu | I

 S— m—

voltage, Vpy, is the sum of the two capacitor voltage values,
i.e., approximately 280 V, as shown in Fig. 13(b). In this
figure, the Vpy waveform varies from 140 to 280 V because
the proposed method adopts the insertion of the UST and
LST states. The output line-to-line voltage, V4p, varies from
—Vpn to +Vpy; it has five voltage levels, as illustrated in
Fig. 13(b). The output load current is a sinusoidal wave, and
its RMS value is 2.59 Arms. The magnified waveforms of
the inductor current, Iz g, the voltages values of switches Sp
and Sy, and the DC-link voltage are shown in Fig. 13(c).
This figure indicates that the operating frequency of the
inductor is four times larger than the switching frequency. The
high operating frequency reduces the inductor current ripple
compared with that yielded by the traditional PWM control
method. In Fig. 13(c), the inductor current increases and
decreases linearly. It increases in the UST/LST state when
the DC-link voltage is half of its peak value. Moreover, when
both switches (i.e., Sp and Sy) are activated, the inductor also
stores energy.

Under the 100-V DC input source, the extra duty ratio,
Dy, increases to 0.84 to maintain the output voltage. In this
case, the two capacitor voltages, Vcp and Vey, reach 126 and
128 'V, respectively. The average inductor current value is
9.35 A, as shown in Fig. 14(a). The DC-link voltage can reach
254 V in the NST mode, as shown in Fig. 14(b). The peak
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FIGURE 13. Experimental results of proposed method when V4. = 200 V. From top to bottom: (a) inductor current, i; g; DC input source, V. ; capacitor
voltages, Vcp and Vcy. (b) Output line-to-line voltage, V,g5; DC-link voltage, Vpy ; output load current, I,. (c) Inductor current, i; g; switch voltages, Vsp

and Vgy; DC-link voltage, Vpy,.
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FIGURE 14. Experimental results of proposed method when V4. = 100 V. From top to bottom: (a) inductor current, i; g; DC input source, V4 ; capacitor
voltages, Vcp and Vcy. (b) Output line-to-line voltage, V,g; DC-link voltage, Vpy; output load current, /4. (c) Inductor current, i; g; switch voltages, Vsp

and Vgy; DC-link voltage, Vpy.
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FIGURE 15. FFT spectrum of output load current and output line-to-line voltage.
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FIGURE 16. Experimental results of conventional and proposed methods: (a) method

in [23]; (b) the proposed method.

value of the output line-to-line voltage is also 254 V. The
RMS value of the output load current is 2.52 Arms. With
the larger duty ratio, Do, compared with that in case 1, the
on periods of switches Sp and Sy also increase, as shown in
Fig. 14(c).

The FFT spectrum of output load current /4 and output
line-to-line voltage V4p are presented in Fig. 15. Based on
these spectrums the THD value of V4p can be calculated
as 45.9%. The high frequency component of output voltage
is mitigated by a LC filter, thus, the output load current is
sinusoidal waveform, and its THD value is 2.15%.

The proposed method and that in [23] are implemented to
prove the effectiveness of the proposed technique to achieve
CMV reduction; the results are shown in Fig. 16. In this
figure, the proposed method can reduce the peak CMV value
by half the CMV value of the conventional method with-
out affecting the output line-to-line voltage. As a result,
the quality of the output voltage is maintained. The RMS
values of CMV of the proposed and conventional methods
are 36.7 and 48.4 Vs, respectively. This shows that the
proposed method can reduce the RMS voltage of CMV by
24.17% compared with the traditional control scheme.

VI. CONCLUSION

A new SVM control method is introduced for the 3L-qSBT?I
to reduce the peak-to-peak CMV value. With this approach,
the small vectors with small CMV values are used in addition
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to the zero, medium, and large vectors to generate the output
voltage vector. The UST and LST vectors are utilized with
traditional vectors to boost the DC-link voltage. Because the
UST and LST vectors are added to the small vectors, the
inverter achieves high voltage gain. Under the proposed SVM
method, some results are obtained: 1) the high voltage gain is
achieved with some benefits such as good inductor current
profile and low component voltage rating, 2) output voltage
quality is improved when compared to previous modulation
methods, 3) the peak-to-peak value of CMV is reduced by
half of that in conventional SVM method, and 4) the magni-
tude of high frequency component of CMYV is reduced, which
reduces the negative impact on the system. The accuracy
of the introduced method has been validated by simulation
and experiment. The simulation and experimental results
show that with the proposed SVM scheme, the peak CMV
is reduced to half of that of the conventional method. The
RMS value reduction of CMV under the proposed method is
around 24.17%.
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Abstract: A new modulation strategy has been introduced in this paper in order to enhance the boost
factor for the three-level quasi-switched boost T-type inverter (3L-qSBT?I). Under this approach,
the component rating of power devices is significantly decreased. Moreover, the use of a larger
boost factor produces a smaller shoot-through current. This benefit leads to reducing the conduction
loss significantly. Furthermore, the neutral voltage unbalance is also considered. The duty cycle
of two active switches of a quasi-switched boost (qSB) network is redetermined based on actual
capacitor voltages to recovery balance condition. Noted that the boost factor will not be affected by
the proposed capacitor voltage balance strategy. The proposed method is taken into account to be
compared with other previous studies. The operation principle and overall control strategy for this
configuration are also detailed. The simulation and experiment are implemented with the help of
PSIM software and laboratory prototype to demonstrate the accuracy of this strategy.
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Currently, a conventional three-level T-type inverter (3L-T?I) is applied for low voltage
applications due to its advantages of low conduction loss due to not using extra diodes
compared to neutral point clamped inverter (NPCI) configuration or producing better
output quality compared to two-level inverter [1,2]. This topology is recently adopted for
many applications, especially photovoltaic (PV) systems and motor drives, etc. [3-5]. Nev-
ertheless, the traditional 3L-T?I produces a low value of AC output voltage in comparison
to the input voltage of the inverter. Moreover, the conventional 3L-T?I cannot accept the
shoot-through (ST) state during operation because of leading to a short circuit at the DC
input source.

Nowadays, impedance-source inverters have been considered as a solution to deal
with the drawbacks of conventional inverters [6—8]. By using some passive components
published maps and institutional affil- ~ SUCh as diodes, capacitors, and inductors in Z-source (Z5) circuit, the ZS inverter (ZSI)
iations. can behave as a buck-boost inverter with ST immunity. During operation, the ST state

is utilized to belong to traditional vectors of the inverter to enhance the output voltage.

The result is that the reliability is significantly improved. According to these advantages,
several applications based on ZSI were discussed for the motor drive system, micro-grid
connection, and PV applications [9,10]. Many traditional multilevel inverter topologies
were considered to incorporate with the ZS network, such as NPCI and 3L-T2I [11-14].
The works in [15,16] introduced a topology combining a single ZS network and 3L-T21. To
distributed under the terms and  €nsure a three-level voltage operation, this combination uses a split DC input source. The
conditions of the Creative Commons  €utral point of this source is utilized to belong to of ZS circuit to feed to the three-level
Attribution (CC BY) license (https://  inverter circuit. This configuration must use one extra diode to guarantee the symmetry of
creativecommons.org,/ licenses,/by / the impedance network. Instead of using full-ST (FST) state, this method used upper-ST
40/). (UST) and lower-ST(LST) states to conform to the buck-boost characteristic, which is added
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within small vectors. In this strategy, the boost factor is equal to the traditional strategy
in [8]. The work in [16] further proposed the neutral voltage balance strategy. However,
this strategy required more dwell-time calculations and caused the boost factor effect.

To produce less component voltage rating and draw continuous input current, the
quasi-Z-source (qZS) inverter (qZSI) has been presented in [17-22]. These topologies use
the same components compared to ZSI, but these components were connected in another
way. Like the ZS network, this type of impedance-source structure was considered to
incorporate with the three-level inverter to provide multilevel characteristics [17-22]. In
these approaches, two qZS circuits are connected to guarantee three-level operation at the
output. However, the use of a large number of inductors and capacitors leads to increase
volume and decrease power density of the inverter. Furthermore, buck-boost characteristics
of the ZS/qZS inverters are only ensured by the ST duty ratio of the inverter branch, which
decreases the flexibility of boost factor regulation. The literature [20] introduced the space-
vector-modulation (SVM) method and the third harmonic injection scheme, which ensure
the buck-boost operation by applying the UST and LST states. Similar to ZSI, these schemes
required a split DC source to conduct UST and LST insertions. In [21,22], a novel SVM
strategy was proposed to reduce the amplitude and the slew rate dv/dt of common-mode
voltage (CMV). In this work, the neutral voltage unbalance problem was handled by
adding one more extra small vector into the traditional switching sequence. However, the
drew-time of additional small vectors is hardly determined. It produces the complexity of
the calculation.

The quasi-switched boost (qSB) inverter (qQSBI) was considered as an emerging topol-
ogy that saves plenty of inductors and capacitors [23-30]. By installing one more active
switch in the intermediate circuit, the boost factor of qSBI is so flexible to be controlled [16].
In this configuration, some advantages can be listed as high boost factor and voltage gain
and good inductor current profile. These advantages lead to reducing voltage stresses
on power devices and less capacitance requirement for passive components such as in-
ductors and capacitors. The works of literature in [25-30] proposed the incorporation
between qSB network and the multilevel inverter. In [25,26], the three-level NPCI was
combined with two separated qSB networks. The 3L-T?I was considered to combine with
this type of impedance-source network in [27-30]. In [27-30], the qSB network utilized
only one inductor and one DC input source, which saves one inductor and a split DC
source compared to [25]. These works also proposed a new pulse-width modulation (PWM)
strategy based on the phase shift carrier method to provide some benefits such as high
voltage gain [21,27], common-mode voltage elimination [28], the capability of operating in
normal and open-circuit faults [29], and small component rating. Similar to other types
of single-stage buck-boost inverter, this configuration also utilizes the FST state to obtain
buck-boost voltage capability, which is inserted within a zero vector to not affect the other
voltage vectors. The closed-loop control is employed for capacitor voltage balance, which
requires a larger time interval for neutral voltage recovery. The work in [30] adopted a
corresponding small vector to balance the neutral voltage. However, this way introduced
more CMV amplitude, which is generated by small vectors.

In this paper, a new PWM method is introduced, which improves the boost factor as
well as voltage gain of this configuration. The neutral voltage balance is also considered in
this paper. Unlike the methods in [16,22,30], where the neutral-voltage balance is ensured
by corresponding small vectors of the inverter side, the active switches of the impedance-
source network are utilized to balance neutral voltage. The duty cycle difference of these
switches is determined based on actual capacitor voltages. This method brings benefits
of reducing balancing recovery time and calculation complexity compared to [16,22,27].
The duty cycle of these switches and modulation index are considered to adjust the output
voltage of the impedance-source circuit and AC output voltage. The operation modes, as
well as the mathematical analysis, will be presented in this paper. Some simulation and
experiment setups are used to confirm the accuracy of the proposed modulation method.
The rest of this paper consists of four sections as follows. Section 2 introduces the operation
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of the inverter and proposed PWM strategy. Section 3 presents a neutral voltage balancing
scheme. In Section 4, a comparison study has been conducted to highlight the contribution
of this scheme. In Section 5, the simulation and experimental results have been presented
to confirm the accuracy of the introduced method. Section 6 presents a conclusion.

2. Proposed PWM Scheme for 3L-qSBT?1

The 3L-qSBT?I is established by an impedance-source network and a 3L-T?I, as ob-
served in Figure 1. The impedance-source network is constructed by two switches S; and
Sy, four diodes Dy, D, D3, and Dy, two capacitors C; and C;, and one inductor Lg. The
outputs of the intermediate circuit are “P”, “O”, and “N”, which are used to ensure the
three-level operation of the inverter. The three-phase resistive load is adopted to confirm
the operation of the inverter with the proposed scheme, which is fed through a three-phase
LC filter to guarantee the sinusoidal waveform of output load voltage with a low THD
value, as depicted in Figure 1. The control scheme of this configuration is detailed in the
rest of this section. The operating modes, steady-state analysis, and parameter selection
are also presented.

e Cud G
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Figure 1. 3L-gSBT? topology [27].

2.1. PWM Signal Generation

The control method for the 3L-qSBTzI is based on a phase-shift sinusoidal PWM
scheme. The PWM control signal generation is divided into two cases: (1) inverter side
PWM generation and (2) impedance-source switch PWM generation. For the inverter side,
the six reference sinusoidal signals (£v,, £, and £v.) are compared with a high-frequency
triangle signal (V1) to generate control signals for the inverter switches. Figure 2 shows
the control signal generation for switches of phase A. In detail, switch S;4 is turned on
when —v, < Vi1 < +0,, switch Sz is triggered on when +v, < Vi1 < —v,, and switch Spp
is turned on when switches S14 and S34 are off. Signals Vsr and — Vs are used to create
the ST signal denoted by yellow highlight in Figure 2. This ST state is generated by turned
on all switches on the inverter side. In order not to affect the output voltage, the Vst must
not be smaller than the peak value of reference signals.

For the impedance source side, the triangle signal (V},2) is used, which is shifted
90 degrees compared to V1 to create the control signals for the active switches of the
impedance-source network [27]. Signals Vgt and —Vgr are also used with Vi to generate
the ST signal of the intermediate network, which is denoted by green highlight, as shown
in Figure 2. Furthermore, two control signals, Vo1 and Vie,p, are further used to enhance
the duty ratio of S; and Sy, as illustrated in Figure 2.

2.2. Operating Modes

Based on the PWM strategy presented in Figure 2, the inverter can be operated under
two modes which are ST and non-ST (NST) modes. These modes are divided into five
modes, which are ST mode, NST mode 1, NST mode 2, NST mode 3, and NST mode 4,
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as observed in Figure 3. To simplify, in non-ST modes, the inverter side is considered a
current source, ip. The on switches and forwarded diodes are shown in Table 1.

. T T/4 ’/m'l I//riZ
AT A S A NS AN AN
N ZANR AT AT Z AT aaT A
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OO0 N0 0 0 000N

D12 Dul2 ST

Figure 2. The proposed PWM scheme.

(d) (e)

Figure 3. The modes of 3L-qSBT21: (a) ST mode, (b) NST mode 1, (c) NST mode 2, (d) NST mode 3,

and (e) NST mode 4.

Table 1. On/Off states of 3L-qSBT21 switches and diodes (X = A, B, C).

Mode ON Switches ON Diodes Vxo
NST mode 1 Sl D2, D3, D4 +VpN/2,00r—VpN/2
NST mode 2 52 Dlr Dz, D3 +VpN/2, Oor _VPN/Z
NST mode 3 51, Sz Dz, D3 +VpN/2,001‘ —VpN/2
S1x +Vpn/2
NST mode 4 Sox D1, Dy, D3, Dy 0
S3x —Vpn/2
ST mode 51, 82, S1x, Sax, S3x 0
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In ST mode, both switches 51 and S, of the SB circuit and all switches of inverter side
are turned on at the same time. The result is that input inductor L is stored energy from
the input source and C; and C; capacitors, as shown in Figure 3a. Conversely, methods
in [27,30] only turned on all switches of inverter side, which decrease energy stored in the
inductor and boost factor. The voltage across inductor Lg and current across two capacitors
are expressed as

)

L= dlLB =Ve+ Vo1 + Ve
CldUCl — C dZI 2 _ _lLB

In NST mode 1 and NST mode 2, as shown in Figure 3b,c, capacitors C; and Cp
are respectively charged from the DC input source and the energy of inductor Lg. The
following equations are obtained as

{ R A )]

G del = —ip, CE2 =1 —io

{ R A ®)
C1T = ip —io, C22 = —ig

where ig is the equivalent output current.

In NST mode 3, as illustrated in Figure 3d, the inductor Lp is stored energy from the
DC input power supply, whereas two capacitors, C; and C,, transfer energy to the load.
The inductor voltage and capacitor currents are expressed as

di
Lg=jt =V,
dz: ’ dv . (4)
Cl c1 =G cz = —ip
NST mode 4 is shown in Figure 3e, the lower capacitor and upper capacitor are further
stored energy in NST modes 1 and 2. In these modes, the voltage across the input inductor

and capacitor currents are calculated as
di

Lp=t = Ve = Vo1 — Ve
{ ; (5)

Ci— de] = Czdv 2 =g —ip

2.3. Steady-State Analysis

The key waveform of inductor current i;p and capacitor voltages V1 and Vp are
depicted in Figure 4. Considering one switching period, the time intervals of ST state is
Dg7.T. The time interval of NST mode 3 is also Dg7.T. The total time interval of NST mode
1 and NST mode 2 is (Dy — Dgsr)T. The rest time of switching period is (1 — Dy — Dgsr)T,
which is the time interval of NST mode 4. The average values of inductor voltage (V)
and capacitor currents (Ic1, Icp) are calculated as in Equation (6). Noted that the following
equations are achieved by considering V1 = Veo.

Vi = [(Vg +2Ve1)DstT + (Vg — V1) (Do — Dst) T

+VeDs1T + (Vg —2Vc1) (1 — Do — DsT)T]/T

Ic1 = Icp = [—irgDsrT — io(Do — Dst)T/2 + (irg — i) (Do — Dst)T /2
—ioDgrT + (ipgp — i) (1 — Do — DST)T}/T

(6)
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Figure 4. The key waveform in switching period.

In steady-state, these average values are equal to zero, thus the capacitor voltages and
average value of inductor current can be expressed as:

_ _ Vs
Ver = Ve = 2—5Dgt— Dy @)
ILp = 2i0 7l
LB = 4'02=5Dgr—Dy

The max value of Vpy voltage is identified by summing of two capacitor voltages and
expressed as

Von = Vo1 + Ve = 2Vs (8)
PN =Va T Ve = 5 TEp Ty
The boost factor is defined as
VpN 2
B = e
Vg 2—-5Dgt — Dy ©)
The first-order of output load voltage is identified as
Ve peak = 1.1I5MVpy /2 = 115MVe (10)
x,peak — L+ PN 7 5Dsr — Dy
The voltage gain, G, is calculated as
V. .
G— x,peak 2-1.15M 1)

Ve /2 - 2—-5Dgr — Dy
The relationship between two coefficients, Dst and Dy, is defined as

Dst < Do £1—Dgr (12)
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From Equation (12), by adopting Dst and 1 — Dgr for the coefficient Dy, the minimum
and maximum voltage gain is identified by the following equation, noting that the value
(1 — M) is employed for Dgsr

{ Grmin = 1.15M/ (3M — 2) 13

Gmax = 2-1.15M/ (6M — 5)

2.4. Parameter Selection

The inductor current ripple (Airp), illustrated in Figure 4, is calculated with the help
of Equation (1) as
1 2
Aijp=——V,Dgr| 1+ s 14
'L 2Lgfs ¢ ST( Jr25DSTDO> (14
where f; is the switching frequency.
Inductance, Lg, is selected in term of Aijg/ij g < %x as

K 2 2
Lg> ———V:Dsr|( 14+ —r—— 15
B = ZPO%xfs 8 ST( * 2 —5Dgt — D(]) (15)
where %x, 4, and Pg are the maximum percentage of inductor current ripple, the inverter
efficiency, and the output power.
The peak-to-peak value of capacitor voltages, V1 and Vi, illustrated in Figure 4, is
calculated as

1 .
Avcy = Aogy = ﬁDolo (16)
S

The selection of capacitors, C; and C,, is conducted in terms of Avc/ V¢ < %y as follows

1 Po(2 — 5Dst — Do)’
1=C > ——FDo
4%y fs uVE(1 - Dsr)

C 17)

where %y is the maximum percentage of capacitor voltage ripple.

The voltage stresses of impedance switches and diodes are the same as capacitor
voltage. The max currents of switches and diodes of the qSB circuit are equal to the max
value of the current across the inductor (i g yesx), which is calculated as

. ]/lPo 1 ( 2 )
i ==+ VeDsr| 1+ oo 18
LB, peak Vg 4Lst g§YST 2 —5Dgr — Dy (18)

The current stresses of 3L-T2I switches are selected as

b =1 <
{ ISAy 10, when 13Dgr +3Dg < 4 (19)

Isyy =irp/3, when 13Dsr +3Dg > 4

where Sy (x =1, 2, 3; y = A, B, C) is the inverter side switch. The voltage across S1x
and S3x is the same as the DC-link voltage, whereas it is half of the capacitor voltage for
bidirectional switches.

3. Proposed Capacitor Voltage Balance Scheme and DC-Link Voltage Control

As illustrated in Figure 3b, in NST mode 1, the capacitor C; is discharged, whereas
the capacitor C; is stored energy from the input DC source and the input inductor Lg.
Therefore, in this mode, the voltage across C; is reduced, while C; voltage is raised. As
opposed to NST mode 1, the C; voltage is raised, while the C; voltage is reduced, in NST
mode 2, as illustrated in Figure 3c. Noted that these modes generate the same inductor
voltage, Vig = Vg — V¢, in terms of achieving a small difference between two capacitor
voltages. Therefore, the boost factor is not much affected when replacing the NST mode 1
to NST mode 2, and vice versa.
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To achieve a balancing condition, the proposed method replaces the NST mode 2
with NST mode 1 when V1 > Vp. Conversely, NST mode 2 is utilized instead of NST
mode 1 when Vi, > V1, as presented in Figure 5. The S1 and S, pulses are responsible for
doing this work, which is detailed as follows. First, the traditional pulses of S; and S; are
generated by using the Vi, £Vsr, and £V, as shown in Figure 5. Then, V1 and V)
are considered to generate the final pulses of S; and S;. Accordingly, the duty ratio of S; is
enhanced when V1 > Vp. In contrast, the pulse of switch Sq is enhanced when Vp > Vg,

g,." Vsr S Viri2
-,' VC()I‘I
0 . Vcon t
' VST
/ DoT/2 \
3 .
0 a2 BE
S2 """" H H
0 Traditional PWM signal Pt
S VA2
N e mmmmy T i
O NST mode 2 is replaced by - t
S2 NST mode 1 a
0 xy

Vi > Ve condition

; 1 im=
0 NSl mode 1 is replaced by NST mode 2 t
; I 7 .

ot

Ve > Ve condition
Figure 5. PWM generation for capacitor voltage balance.

In order to detail this strategy, the difference between the two capacitor voltages is
defined as
vaif = Vo1 — Ve (20)

where:
vqii—the difference voltage between V1 and Vis.

The total time offset, which is used to replace the NST mode 1 with NST mode 2 and
vice versa, is identified as

At = atyst) = atyst2 = a(Do — Ds7)T/2 (21)

where:
At—the time offset between NST mode 1 and NST mode 2 in one switching period;

tnst1 and fysto—the traditional time intervals of the NST mode 1 and NST mode 2,
respectively:
x—is the offset duty ratio (0 < a < 1).

The capacitor voltage balance strategy is analyzed in two cases that depend on the
sign of vgjr.
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In case 1, the sign of v, is positive. To achieve capacitor voltage balance, in each
switching period, the total time of the NST1 and NST2 can be redefined as
{ t'Nst1 = tnst1 + At = (1+a)(Do — Dsr)T/2 (22)

t'NsT2 = tnst2 — At = (1 —a)(Do — Ds)T/2

where t' ns71 and ' ygTo are the redefined time interval of NST mode 1 and NST mode 2 in
one switching period.

In case 2, the sign of vy is negative. To obtain capacitor voltage balance, in each
switching period, the total time of NST mode 1 and NST mode 2 can be redefined as

{ ¥'nst1 = tnst1 — At = (1 —a)(Dg — Ds)T/2 )
t'NsT2 = tNsT2 + At = (1+a)(Dg — Dst)T/2

Noted that the larger value of a leads to the faster neutral voltage balance speed.
Moreover, having a fixed difference time At between on-times of switches S; and S, makes
this scheme easier to be employed than the method in [27]. As mentioned above, in this
method, the operation of the inverter side is maintained, and the replacement of NST
modes 1 and 2 produces the same voltage across the boost inductor. Therefore, this work
does not affect the boost factor and voltage gain.

The control block diagram for the inverter is presented in Figure 6. In this figure,
the controller consists of two separated parts, the DC-link voltage and AC output voltage
regulations. From Equation (8), Vpy can be regulated through two coefficients, Dgr and
Dy. Like [27], this scheme also fixes the value Dgst based on the DC source range. The
result is that Vpy is controlled through coefficient Dj. Based on Equation (10), the AC
output voltage control is achieved by adjusting capacitor voltage and modulation index
M. However, when Vpy regulation is obtained, the capacitor voltage is fixed at half of
DC-link voltage Vpy/2. Therefore, the AC voltage regulation is obtained by selecting the
corresponding value of M.

Vi— Va + Vx,peak,ref
abc Vx,peak 1 > o
, 2 2 P! erri Y
Vs o vy JVo+ V5, = PI |~ Limiter |

Ve— AC output voltage control M

Ver | Eq. (12)
PI |£—| Limiter |
Do

Vo

DC-link voltage control E =
— s El: =
Vd'f t‘NSTl’tINSTZ E g N
% Eq. (22) and (23) | 3
a Neutral voltage balance
DST control T

Figure 6. Coordinate control between capacitor voltage balance and DC-link voltage regulation.

For the DC-link voltage regulation, the actual value of Vpy is obtained by totaling
Vc1 and Vep. The difference between Vpy and the desired DC-link voltage, Vpy e, is
minimized by applying the PI controller. The coefficient Dy is reached by limiting the
output of the PI controller by (12).

For the AC output voltage regulation, the actual output voltages (v4, vg, vc) are
utilized to calculate the actual V, ;. The abc/of3 transformation is used to obtain this
work, as shown in Figure 6. In this scenario, the PI controller is also considered to generate
the modulation index M, noted that modulation index M is limited as (1 — Dgr).

After calculating three coefficients M, Dst, and Dy, the proposed scheme can generate
the control signals of inverter switches similar to the conventional scheme. Noted that the
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time intervals of NST mode 1 and NST mode 2 have been adjusted, as mentioned above, to
obtain neutral voltage balance.

4. Comparative Study

In Section 4, the superior of the proposed method is demonstrated by comparing it
to other single-stage inverters and schemes. The PWM strategies of 3L-qSBI in [27,30]
are considered to make the comparison with the proposed method. The overview of
boost factor, voltage gain, etc., comparison can be observed in Table 2 and Figure 7.
In literature [27,30], the comparison between the qSBI, ZSI, and qZSI has been already
conducted. It proved that the PWM method in [27,30] provides the highest boost factor
and lowest component rating over other single-stage inverters. To simplify, only the PWM
method in [27,30] is considered in comparison to the proposed method. It should be
noted that the method in [27] is implemented with a third harmonic injection scheme
instead of the sinusoidal scheme. This change increases the voltage gain of the method [27]
to 1.15 times and does not affect the operation of the inverter. To achieve the highest
performance, the Dgr is set to (1 — M) for the proposed method and the method in [27].
For the method in [30], the Dgr is set to 2(1 — M). In these methods, both the maximum
boost and minimum boost schemes are investigated. The max boost control is achieved by
setting Dy to (1 — Dgr), and the min boost control is obtained by applying Dgt to Dy.

Table 2. Overall comparison study of the proposed method and strategies in [27,30] for 3L-qSBT?L.

Strategy in [27] Strategy in [30] Proposed Method
Max ST duty ratio, Dgr 1-M 2(1 — M) 1-M
Boost factor, B 2/(3 — 2Dst — Do) 2/(3 — 2Dgt — Do) 2/(3 — 5Dgt — Dy)
Voltage gain, G 1.15-MB 1.15-MB 1.15-MB
Capacitor voltage rating, V./V, 1/(3 — 2Dgt — Dy) 1/(3 — 2Dg1 — Dyg) 1/(3 — 5Dgt — Dy)
Diode voltage rating, Vp/ Ve 1/(3 — 2Dgt — Dy) 1/(3 — 2Dgt — Dy) 1/(3 — 5Dgt — Dy)
Switch voltage rating, Vs/ V. 1/(3-2Dgr - Dy) 1/(3-2Dg7 — Dp) 1/(3 — 5Dgt — Dy)
10 10 o 4 L4
S N
w8 AT =33 7] 235 271
g ,g: [ ] }:’ 3 Proposed § 3 Proposed 4"
8 6/ Proposed  [27], [30] ;5‘)‘)6 § [27]  Proposed o 2.5 method 225 method
Z, method i S 4 method LDED 2 & 2
2 A\ = ' S5 Sis
g ! z !
0 0 305 £90.5
0 0.05 0.1 0.15 0.2 0.8 0.85 0.9 0.95 1 1 2 3 4 5 1 2 3 4 5
ST duty ratio, Dsr Modulation index, M Voltage Gain, G Voltage Gain, G
(@ (b) (© d

Figure 7. (a) The ST duty ratio vs boost factor, (b) modulation index vs voltage gain, (c) voltage gain vs capacitor voltage
rating, and (d) voltage gain vs switch voltage rating.

As shown in Figure 7a, when applying the same ST duty ratio, the boost factors, B, of
the methods in [27,30] are the same, whereas the proposed method provides the largest
boost factor. In voltage gain comparison, the proposed method and the method in [30] are
the same, which is larger than that of the method in [27], for the same modulation index, M,
as observed in Figure 7b. Due to having a larger boost factor, the proposed method needs
a smaller Dgr than that of the methods in [27,30] for the same voltage gain. For example,
when applying max boost control, if the proposed method needs the value k for Dgr to
produce voltage G, the value of Dgr for the methods in [27,30] must be (1 + 2k)/(3k) and
2k, respectively. Noted that the most conduction loss of the single-stage inverter is mostly
produced in ST mode, thus having smaller Dgr makes the proposed method produce less
conduction loss than [27,30].

The capacitor voltage rating comparison is illustrated in Figure 7c. It proves that
the proposed scheme has smaller voltage stress on the capacitor compared to the method
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in [27]. As mentioned in Section 4, the voltage stress on impedance-source switches and
diodes are the same as capacitor voltage, while voltage stresses of upper and lower switches
of inverter side S1x, Sax (X = A, B, C) are twice the capacitor voltage and that is half of the
capacitor voltage for bidirectional switches. Therefore, the reduction of capacitor voltage
stress causes a reduction of component rating of switches, as presented in Figure 7d.

In summary, the proposed method has produced the largest boost factor and voltage
gain over other single-stage three-level buck-boost inverters such as ZSI and qSBIs. These
advantages can cause capacitor voltage rating and semiconductor voltage rating reduction.
Moreover, the largest boost factor can lead to reducing the conduction loss, which increases
the overall efficiency of the inverter.

5. Simulation and Experimental Verifications
5.1. Simulation Results

With the help of PSIM simulation software, the simulation is conducted to validate
the operation of the inverter under the proposed method. The simulation parameters are
listed in Table 3. Both maximum and minimum boost factor control methods are validated
with DC input range from 70 V to 200 V. In both cases, M and Dgr are set as 0.76 and 0.15,
respectively. The extra duty ratio, Dy, of switches 51 and S; is set to 0.15 and 0.85 to achieve
the min and max boost factors, respectively. With these control parameters, the AC output
load voltage is maintained at 110 Vrys. The simulation results for both cases are shown in
Figures 8 and 9.

Table 3. Simulation and experiment parameters.

Parameter/Components Values
Input voltage Vg 70V =200V
Output load voltage VyRrRMS 110 VrMms
Output frequency fo 50 Hz
Switching frequency fs 10 kHz
Extra duty ratio Dy 0.15 + 0.85
ST duty ratio Dgt 0.15
Modulation index M 0.76
Boost inductors Lp 3mH/20 A
Capacitors Ci=C 2200 uF/400 V

LC filter Lf and Cf 3 mH and 10 uF
Resistor load R 56 Q)
Vg vCi1 VC2 LB
250 V SA
WV e 4A/\/\/\/\/\/\/\/\/
150 v 3A
100 V 2A
VAB - Vs1
400 V 200 V
ov w 100 V I \ l
-400 V ov
1A 1B IC VS2
4A - - - 200V
by J <] 100V l
{ ov
VPN
SA 200 V e
4A
S I [ ]
2A ov
094 0.96 098 1 94 0.94005 0.9401 0.94015 0.9402
Time (s) Time (s)
(a) (b)

Figure 8. The simulation results of the proposed method when Vg = 200 V. From top to bottom:
(a) input voltage (Vy), capacitor voltage (Vc1, Vo), line-to-line voltage (V 4p), load current (I4, I, Ic),
inductor current (I p), (b) zoom in of inductor current (I; ), impedance switch voltages (Vs1, V),
DC-link voltage (Vpn).
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vg Vet = ILB
200V ——————————— A
150 v
100V oA /\/\/\/\/\/\/\/\/
50V 8A
VAB VS1
400V 200 V
ov w 100V
400 V ov
IA 1B VS2
4A . , 200 V
¢ 4 NG ) 10y —]_U—I—I_U_L
1 ov
VPN [
200 V
10A
6A ov
0.94 096 098 1 94 0.94005 0.9401 094015 09402
Time (s) Time (s)
(a) (b)

Figure 9. The simulation results of the proposed method when Vg = 70 V. From top to bottom:
(a) input voltage (Vy), capacitor voltage (Vc1, V), line-to-line voltage (V 4p), load current (I4, Ig, Ic),
inductor current (I1p), (b) zoom in of inductor current (I 5), impedance switch voltages (Vs1, Vs2),
DC-link voltage (Vpy).

In both cases, the voltages on capacitors C; and C, are boosted to 180 V, as illustrated
in Figures 8a and 9a. These capacitor voltages are also the voltage stresses of switches S;
and Sy, as shown in Figures 8b and 9b. The peak value of Vpy is 360 V, as illustrated in
Figures 8b and 9b. The maximum value inductor current ripple is approximately 1.5 A and
1 A for the cases of 200 V input voltage and 70 V input voltage, respectively. These values
are obtained in ST mode, which is represented by the zero value of DC-link voltage, as
presented in Figures 8b and 9b. The inductor current, I} g, is also increased in NST 3, where
51 and S; are turned on simultaneously. However, it is not increased faster than that of ST
mode. The average inductor current is 3.4 A and 9 A for min boost and max boost control
schemes, respectively. The waveform of V 4p is varied from —360 V and 360 V, as shown in
Figures 8a and 9a. The THD value of V 45 is 66%. The output load current is measured as
1.95 ARwms, and its THD value is 0.56% for both cases.

The comparison of CMYV, V0, between the proposed scheme and strategies in [27]
and [30] is shown in Figure 10. The max boost control of methods in [27,30] is applied in
the simulation. The method in [30] has the largest peak-to-peak CMV value of 200 V. It can
be explained by using small vectors that generate a large value of CMV in [30]. The peak-
to-peak CMV values of the scheme in [27] and the proposed PWM strategy are 130 V and
120V, respectively. The RMS CMV values of the proposed method and methods in [27,30]
are 34.8 Vrwms, 36.5 Vryvis, and 56.9 Vrws, respectively. It is proved that the proposed PWM
strategy produces the smallest CMV.

5.2. Experimental Results

The effectiveness of the proposed PWM strategy is also validated by experiments that
are obtained through a laboratory prototype, as observed in Figure 11. The parameters used
for experimental verification are also the same as simulation. The IGBTs FGL40N150 are
used for the S1x and Ssx of the inverter leg as well as the active switches of the intermediate
network (S1 and S;). The isolated voltage sensors based on LEM LV20-P sensor are used to
detect the capacitor and output load voltages. The experimental results are presented in
Figures 12 and 13.

For the case of a 200 V DC input source, as shown in Figure 12, the V1 and V) are
measured as 163 V and 170 V, respectively, as illustrated in Figure 12a. These capacitor
voltages are also the voltage stresses of switches S; and Sy, which are 163 V and 170 V,
respectively, as presented in Figure 12b. Furthermore, the max value of Vpy is determined
as 333V, as shown in Figure 12b. The NST mode 3 can be determined by observing the
value zero of both switch S; and S, voltages, while the ST mode can be identified by
observing the value zero of DC-link voltage. The inductor current is increased in both
NST mode 3 and ST mode, as shown in Figure 12b. However, in ST mode, the inductor
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current increment is faster than that of NST mode 3 because the voltage across the inductor
is larger than that in NST mode 3, as demonstrated in Equations (1) and (4). Inductor
current ripple is measured around 1.5 A. The average value of i;p is measured as 3.5 A,
as presented in Figure 12a. The variation of V4p is from —Vpy to +Vpy, as illustrated
in Figure 12c. The output load current is measured as 1.85 Arys, and its waveform is
sinusoidal. The FFT analysis for V45 can be seen in Figure 12c. The first-order harmonic is
also the maximum value, which is 190 V. The THD values of V4p and output load current
I4 are 80.5% and 2.51%.

When applying 70 V DC input source, the capacitor C; and C; voltages are 153 V and
159 V, when the coefficient Dy is 0.85. These voltages generate 312 V of DC-link voltage,
as illustrated in Figure 13b. The inductor current ripple is approximately 1.1 A, as shown
in Figure 13b, and its average value is 10.4 A, as shown in Figure 13a. The output load
current is 1.71 Arys. Figure 13c presents the FFT spectrum of V 45, where the peak-to-peak
value is 180 V at the first-order harmonic. The THD values of V45 and I4 are 82.6% and
2.55%, respectively.

cmv = cMV
150 ‘ 150

100 100
50 50

-50 -50
1) [ IEESRESAN RCIE e P pae (SRS 100

-150 -150 -
1 1.02 1.04 1.06 1 1.02 1.04 1.06
Time (s) Time (s)
(@) (b)

CMV

150
100
50

0
-50
-100
-150

1 1.02 1.04 1.06
Time (s)

(©)

Figure 10. CMV comparison between (a) the method in [27], (b) the method in [30], and (c) the
proposed method.

GATE DRIVE

0P WANIWNTY

Lo griry; KA
H .

Figure 11. Experimental prototype.
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Figure 12. Experimental results of the inverter under the proposed method when Vg =200 V. From the top to bottom: (a) Vg,
V1, Veo, and ipp; (b) ipp, Vs1, Vso, and Vpy; (¢) Vap, 14, and FFT spectrum of the output voltage V 45.
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Figure 13. Experimental results of the inverter under the proposed method when V, =70 V. From the top to bottom: (a) Vy,
V1, Voo, and irp; (b) irp, Vs1, Vsz, and Vpy; (¢) Vap, [4, and FFT spectrum of the output voltage V 45.

The capacitor voltage balance scheme and the closed-loop control implementation for
the proposed method have been conducted. The results are shown in Figures 14 and 15.
The neutral voltage control is implemented in two cases: (1) the difference voltage between
these capacitors v ;s is positive, and (2) the difference voltage between these capacitors
vgif is negative. In both cases, the neutral voltage balance condition is recovered after
approximately 20 ms, as shown in Figure 14a,b. These results are conducted with the
coefficient « of 0.3.

T = SN N ——— g,
eovenoovie || Fo.venoovi
ovidiv) | - fOOV/dw] |

7 t [20ms/d1v]

Figure 14. The experimental results for capacitor voltage balance. (a) v > 0, (b) vg;r < 0.
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Figure 15. The experimental verification for DC-link voltage control and output load voltage control.

(a,c) Input voltage increment, (b,d) input voltage decrement.

The input voltage is regulated to increase from 120 V to 160 V and decrease from 160 V
to 120 V to validate the closed-loop control. In both cases, the Vpy is maintained at 360 V,
which can be seen from Figure 15a,b. The output load voltage is kept at 110 Vrys without
DC input voltage variation, as presented in Figure 15¢,d. In this work, the ST duty ratio
Dgr is kept at 0.15. The modulation index is used to regulate the output load voltage and is
limited to 0.85. The coefficient Dy is utilized to control DC-link voltage, and its range is
from 0.15 to 0.85.

6. Conclusions

This paper has introduced a PWM method for the 3L-qSBT?I based on a third harmonic
injection scheme. By applying this method, many benefits have been obtained, such
as high boost factor, high voltage gain, and less voltage rating on impedance-source
network devices. These advantages have been validated through some investigations,
which were conducted belonging to previous publications. The details of relevant equations
and designed parameter selection have been presented. Furthermore, this paper also
considered the capacitor voltage unbalance problem. The time interval of NST mode,
which is generated by triggering only one switch of the qSB network, has been recalculated
based on the actual capacitor voltages to provide neutral voltage balance characteristics.
The output voltage and DC-link voltage have been controlled by using PI controllers. The
extra duty cycle of two active switches of the gSB network was adopted to regulate DC-link
voltage, whereas the modulation index has been utilized to regulate the AC output voltage.
The accuracy of this scheme has been validated by simulation and experimental results.
With some benefits listed, such as buck-boost operation, reduced conduction loss, the low
voltage stress on devices, and an easy capacitor voltage balance scheme, the 3L-qSBT?1
under the proposed method is suitable for PV applications where a low DC input voltage
needs to be converted to a high AC output voltage with high efficiency and output quality.
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Abstract- This paper introduces a space vector control method
for the three-level quasi-switched boost T-type inverter (3L-
qSBT) which provides some benefits such as: good output
voltage quality, high voltage gain, and low voltage stress on
power devices. By applying corresponding P-type or N-type small
vectors in switching sequence, the neutral-point voltage
unbalance problem can be solved easily. The advantage of this
modulation solution is that it does not require any extra
calculations. The upper-shoot-through (UST) and lower-shoot-
through (LST) states are utilized instead of full-shoot-through
(FST), which is usually used in traditional single-stage three-level
impedance source inverter, to ensure the boost capability of the
inverter. These states are inserted into small vectors in order not
to affect the output line-to-line voltage. Some investigations about
voltage gain, diode, and switch voltage stress have been
conducted to demonstrate the effectiveness of the proposed
method. The experimental results are also presented to validate
the accuracy of the proposed modulation method. The proposed
approach has resulted in efficiency rise by 2% as compared to
the conventional PWM scheme.

Index Terms- Quasi-switched boost inverter, three-level inverter,
impedance-source network, capacitor voltage balance, shoot-
through, space vector modulation.

I. INTRODUCTION

In recent years, Z-source (ZS), and quasi-Z-source (qZS)
networks have been employed to the three-level inverters with
shoot-through (ST) immunity and step up-down voltage ability
[1]-[3]. Because of adopting ST state in operation which is
generated by simultaneously turning on all switches of
inverter, the reliability and the stability of these inverter
topologies are significantly improved [4], [5]. Due to their
advantages, these ZS/qZS three-level inverters were applied to
photovoltaic (PV) grid-connected systems [6], [7]. To create a
three-level voltage-fed buck-boost inverter, two identical ZS
networks were connected in cascade form which fed by two
isolated DC sources [8]-[10]. Derived from ZSI in [8]-[10], a
combination of a single ZS network and the three-level
inverters was investigated in [11]-[13]. Because of the
symmetry of the ZS structure, a three-level voltage can be
casily obtained at the output by installing a single split DC

Manuscript received October 22, 2020; revised January 07, 2021; accepted
March 27, 2021.

source and one extra diode. However, this structure of ZSI
generates a discontinuous input current due to connecting
diodes to the input source directly. In [14], a modified
impedance-source network had been presented to provide the
continuous input current by adding two capacitors and one
extra diode to the three-level ZSI. The qZS structure was also
considered incorporating with the three-level inverter [7],
[15]-[17]. Because of the asymmetry of qZS network, two
identical qZS are needed to create a three-level voltage at the
output terminal, which is fed by a single split DC source [17].
This configuration just adopted UST and LST states to achieve
buck-boost operation with a single-stage power conversion. In
[7], [15], and [16], a single DC input source fed to qZS three-
level inverter which utilized FST insertion instead of UST and
LST insertions in [17].

In general, the ZS/qZS three-level inverters have
disadvantages in using many passive components and having
quite large input current ripple. Therefore, the quasi-switched
boost (qSB) networks were introduced in [18] to overcome the
drawbacks of ZS/qZS networks. By adding one diode and one
active switch to the impedance-source network, this topology
saved one inductor and one capacitor. In [19], a three-level
neutral point clamped (NPC) buck-boost inverter based on
qSB networks was presented. This configuration uses two
identical qSB networks connecting in cascade form, which are
fed by one split DC input source, to generate a three-level
voltage at the output side of the inverter. For reduced device
count, the studies in [20]-[22] introduced the active
impedance-source networks for the three-level inverter. Many
comparison studies between the impedance source inverters
and traditional two-stage systems with a boost DC-DC
converter followed by the voltage-source inverter have been
carried out in the literature [23], [24]. Recently it was
demonstrated in [25] that by combining the optimized design
and control the efficiency of the three-level qZS inverter could
reach 97% even with the use of generic semiconductors,
which is comparable to the traditional two-stage approach.

In the impedance-source inverters, the boost factor or
voltage gain are very important because they relate to
component rating, output quality, conversion efficiency, etc.
Therefore, the most recent studies focus on enhancing the
boost factor or voltage gain [14], [20]-[22]. In the single-stage
inverter, the boost operation is essentially ensured by the FST
state added to zero vector [1], [4], [15], [16], [20]-[22] or UST
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and LST states added to small vectors [3], [8]-[14], [17]. In
literature [14], the boost factor is enhancing to twice of
conventional impedance-source inverters in [1], [3], [4], [7]-
[13], [15]-[17] by adopting UST and LST insertions for the
modified ZSI. In comparison to [14], the same boost factor is
obtained in the studies in [20]-[22] with smaller number of
passive components and adopting FST state. Comparing to
[20], [21], the topology in [22] can achieve the same boost
factor with reduced component count. However, the inductor
current profile of [20], [21] is better than that of [22].

Another problem of the three-level inverter is the neutral
voltage unbalancing issue. To solve this problem, the virtual
space vector modulation is considered as a sensorless solution
to ensure the balancing condition [26]-[29]. The main idea of
these works is generating zero value of average value of
neutral-point current in any switching period. However, the
effects of intermediate network as well as the buck-boost
operation are not carefully considered in these studies.
Moreover, it is difficult to apply this solution to the single-
stage buck-boost inverter. It should be noted that the sensor is
necessary for DC-link voltage and output voltage regulations
regardless of whether the inverter provides capacitor voltage
balancing or not. For example, the work in [28] uses the
sensorless method in [26] to balance the capacitor voltages,
but the sensors are still used to control the DC-link voltage.

For the single-stage buck-boost inverter, the traditional
solutions to solve this issue can be classified as: 1) using
corresponding topology [22] or 2) utilizing PWM control
method [13]-[15], [20]. For the first method in [22], the FST
state is utilized for balancing capacitor voltages by connecting
these capacitors in parallel. This solution can fix the difference
between two capacitor voltages to a constant value.
Nevertheless, this value is still large which is affected by the
parasitic of the circuit. Regarding the second solution, in [20],
this problem can be handled by adjusting the extra duty ratios
of switches of impedance-source network. As mentioned in
[20], the difference between duty ratios of intermediate
network switches is obtained by the PID controller which is
fed by the difference between actual values of two capacitor
voltages. However, this work causes the boost factor effect.
Moreover, the time interval for balancing recovery time is still
large. In literature [13], the time intervals of P-type and N-
type of small vectors have been changed to balance the
capacitor voltages, which leads to change the time interval of
UST and LST states. The result is that the boost factor is
affected like [20]. In this solution, the faster speed of neutral
point voltage balance causes the more boost factor oscillation.
This is also the main drawback of the neutral voltage balance
solution of the work in [14], where the duty ratios of UST and
LST states are selected to adjust the speed of balancing. The
solution in [15] can handle this drawback by adding one more
P-type or N-type small vector into original switching sequence
mentioned in [16]. The buck-boost capability is ensured by
FST state which does not affect by extra small vector.
However, the complexity dwell-time calculation of extra small
vector is the main disadvantage of this work.

Fig. 1. Topology of 3L-qSBT"I.

To summarize, these studies of impedance-source inverters
have some drawbacks as: 1) small boost factor and voltage
gain, 2) complexity neutral voltage balance scheme, and 3)
affecting the boost factor when obtaining balancing condition.
This paper introduces a new SVM strategy for 3L-qSBT?I to
improve the voltage gain of the inverter, in which the small
vectors are considered to create UST and LST states instead of
FST state. Consequently, this strategy provides the advantage
of producing low voltage stress on power devices.
Furthermore, this paper presents a control scheme to solve the
capacitor voltage unbalance problem by selecting the
corresponding small vectors based on actual capacitor voltages
without requiring any extra calculations, which does not cause
the boost factor effect. The comparison between the proposed
technique and the existing PWM methods is conducted to
demonstrate the effectiveness of the proposed SVM strategy.
An inverter prototype is built in laboratory to validate the
effectiveness of the proposed SVM scheme. The rest of this
paper is classified as follows. In section II, the topology of 3L-
qSBT?I is described. Section III presents the proposed SVM
strategy with enhancing voltage gain and neutral voltage
balancing scheme. In section IV, the comparison study
between the proposed method and the conventional method is
carried out. Section V shows the experimental results to verify
the proposed scheme. Section VI concludes the paper.

II. THREE-LEVEL QUASI SWITCHED BOOST T-TYPE
INVERTER (3L-QSBT?I) TOPOLOGY

Fig. 1 shows the 3L-qSBT?I [20] which consists of an
impedance-source network and a conventional three-level T-
type inverter (3L-T?I). Similar to other three-level inverters,
this topology enables to produce a three-level voltage at the
output terminal. The positive point “P”, mid-point “O” and
negative point “N” of the intermediate network are connected
to the load by triggering Si, S2r, and S (x = a, b, ¢),
respectively. The result is that the output pole voltage achieves
+Vpn/2, 0, and -Vpp/2. The amplitude of the high-frequency
harmonic of the output voltage is mitigated by installing a
three-phase low-pass filter before the output load. The neutral-
point current ip is defined as the current going from the mid-
point “O” to inverter branch, as shown in Fig. 1.

Like [20], the 3L-qSBT?I has two operating modes in one
switching period: non-ST (NST) and ST modes. The NST
mode is controlled by triggered both switches of impedance-
source which consists of NST1, NST2, NST3, and NST4, as
illustrated in Fig. 2(a), 2(b), 2(c), and 2(d).
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Fig. 2. Operating modes of 3L-qSBT?L. (a) NST1, (b) NST2, (c) NST3, (d)
NST4, (e) UST, and (f) LST.

TABLE1
SWITCHING STATES OF 3L-QSBTZI (X=4,B,0)

Mode ON Switch ON Diode Vig Vo
NST1 Sp D,, D3, Dy Va-Ven +Vpa/2, 0, -Vpp/2
NST2 Sn D, D,, D; Vac-Vep +Vpn/2, 0, -Vpp/2
NST3 Sp, Sy D:, D; Ve +Ven/2, 0, -Vpn/2

Siv +Vpn/2
NST4 Sov Dy, D;, D3, Dy Va-Vep-Ven 0

S -Ven/2
UST S}r, Szx, SN D/, Dg V(/‘; 0 or -V,DN/Z
LST Szl, S3A—, Sp Dz, D4 Vdc 0 or +Vpgv/2

The ST mode is achieved by adding the ST state into the N-
type and P-type small vectors to create the UST and LST
modes, respectively. The value of +Vpy/2 is generated at the
output side of qSB network, as shown in Figs. 2(e) and 2(f). In
general, assume that the small vectors used to generate the
UST and LST states are “OON”’ and “POQO”, respectively. The
ST insertion is detailed as follows.

Like other conventional 3L-T?I, to generate the “OON”
state at the output of inverter side, the switches S»4, S2» and S3¢
are turned on at the same time. Consequently, the capacitor Cy
is needed to guarantee the “O” and “N” states at the output
terminals, whereas the capacitor Cp does not generate any
active states at output. Therefore, it does not affect the output
voltage when disconnecting the upper capacitor Cp to the
power circuit. To reach the UST state, this configuration
simultaneously turns on the high side switch of the phase
operating at the “O” state with switch Sy to store energy for
input inductor, as shown in Fig. 2(e). Based on this analysis,
switches Si, or S1, and Sy are triggered on at the same time to
switches S»q, S2» and S3.. As a result, the diode D; is reserved
bias which leads to disconnect the capacitor Cp to the inverter
circuit. The inductor Lz stores energy from the DC source
without affecting the output voltage, as shown in Fig. 2(e).

Like UST mode, the LST mode is achieved by turning on
switches S35 or Ss. and Sp at the same time to switches Siq4, S2p,
and S, when the inverter produces the vector “POQO” at the
output. Consequently, diodes D, and D, are forward-bias
whereas diodes D; and Dj; are reversed-bias. Capacitor Cp
provides energy to the load while capacitor Cy is disconnected
to the main circuit, as shown in Fig. 2(f). Inductor L is stored
energy and its voltage is expressed as Table I.
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Vs A Vi
NN AT APPN
Sector Il /£~ /, - 3 iectorl
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NPQO, NON /NOON 2 PON
q - 1 Zf 4
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7 7,; ONP Vis
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Fig. 3. Space vector diagram of the proposed strategy.
TABLE II
DWELL-TIME OF SECTOR 1
Region ta ty te
1 2MTsin(n/3-0) T-2MTsin(n/3+6) 2MTsin(O)
2 Ts— 2MTsin(O) 2MTsin(z/3+6)-Ts Ts-2MTsin(z/3-6)
3 2MTsin(0) - T 2MTsin(z/3-6) 2T, —2MTsin(z/3+0)
4 2T-2MTsin(z/3+6) 2MT;sin(6) OMTsin(z/3-0)-T

I1I. PROPOSED SVM METHOD

Fig. 3 shows the space vector diagram of the proposed
method for the 3L-qSBT?L. As illustrated in Fig. 3, there are
six sectors (I-VI) where each sector is divided into four
separate regions. The proposed method synthesizes the
reference vector by three nearest vectors. The detail of dwell-
time calculations, ST insertion, the neutral-point voltage
balance strategy, steady-state analysis, and the overall control
scheme are presented in this section. As an example, region 2
of sector I is considered in analysis of the proposed strategy.

A. Dwell-Time Calculation
In general, assume that the reference vector locates in

sector I and region 2. As a result, the vectors¥, ,V, , and 177 are

adopted to generate the reference vector. The relationship
between these vectors is expressed as:

-

— — —
I/ref T; = I/1 'ta + I/7 'tb + I/Z 'tz'

T =t +1,+t,

(h

where I7,,€,v V., V,, and V, are the reference vector, small
vectors, and medium vector, respectively. 7 is the switching
period of the inverter. ¢, #, and ¢ are the on-times of
v, 177 and ¥, , respectively.

The reference vector (7, ), small vectors (¥, ,V,), and

of

medium vector (177 ) are identified as:
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Vy=1/\BMV,,.e"

V.=1/3V,,.e"

V,=1/3V,,.e""

V, =1/\31,,."™"
where M is the modulation index and Vpy is the peak value of
DC-link voltage.

Based on equation (1) and (2), the dwell-times of these
vectors can be identified as:
t, =T, —2MT, sin(8)
t, =2MT, sin(@+x/3)-T, 3)
t. =T —2MT, sin(z /3—0)
The dwell-times calculation for other regions of this sector is
detailed in Table II.

@)

B. Switching Sequence Selection for Neutral Voltage Balance

As shown in Fig. 3, all small vectors always have
redundant vectors which are P-type and N-type forms of small
vectors. Considering each small vector, these types generate
the same output voltage, whereas each type makes the upper
and lower capacitor voltages changing differently.

Considering small vector V, as an example, this vector has

two equivalent vectors: [POO] and [ONN] as shown in Fig. 3.
In NST4, the currents through two capacitors and neutral-point
“O” when adopting the P-type and N-type of small

VectorV1 are expressed in Fig. 4. When the P-type of V, is

adopted, the upper (Cp) and lower (Cy) capacitors are charged
by the charger currents as (iz — iqqe) and iz, as shown in Fig.
4(a). Assume that, capacitances of Cp and Cy are the same, the
capacitor Cy voltage is increased faster than Cp voltage due to
having larger charger current. In simply, the neutral-point
current ip is negative (iop = -iiqq). In this case, it makes the
capacitor Cp voltage tends to be smaller than capacitor Cy
voltage, as mentioned in [26]. Therefore, by adopting only this
P-type of small vector, the capacitor Cy voltage will be larger
than capacitor Cp voltage. It is also true for another P-type of
small vectors. Similarly, for N-type of small vector shown in
Fig. 4(b), the currents of capacitors Cp, Cy, and neutral-point
voltage ip are respectively determined as iz, iz — ipad, and ijoad,
which makes the capacitor Cp voltage tend to be larger than
capacitor Cy voltage. This analysis is also true for other N-
type of small vectors and other operating modes.

Based on above analysis, to balance neutral-point voltage
when the upper capacitor voltage is larger than the lower
capacitor voltage, the P-type small vectors are adopted in
switching sequence instead of N-type small vectors and vice
versa. Therefore, the switching sequence of region 2 of sector
[ is selected as: 1) when capacitor Cy voltage (Vcw) is larger
than capacitor Cp voltage (Vcp), the switching sequence is
[ONN]-[OON]-[PON]-[OON]-[ONN] and return; 2) when Vcy
is less than V¢p, the switching sequence is [PPO]-POO]-
[PON]-[POO]-[PPO] and return. As a result, the capacitor Cp
voltage in case 1 is increased, while the capacitor Cy voltage
is decreased as illustrated in Fig. 5(a). Opposite to case 1, the
capacitor Cp voltage is decreased over switching period,

iow
1 ioad| 7.
P

[POO] (b) [ONN]

Fig. 4. The effect of small vectors to capacitor voltage balance in NST4. (a)
P-type small vector [POO], (b) N-type small vector [ONN].
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Fig. 5. Switching sequence in sector I, region 2 and control signals of Sp and
Sy- (@) Ver < Ve, (b) Ver > Ve

whereas the capacitor Cy voltage is increased as shown in Fig.
5(b). Noted that although the proposed method also adopts
large vector and medium vector in switching sequence, it does
not affect the neutral voltage balance operation. As mention in
[26], because the large vector generates the zero value at
neutral current io, it does not generate capacitor unbalance,
while adopting the medium vector can cause capacitor
unbalance. However, it can be compensated by adopting
corresponding small vector [15].
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To guarantee the buck-boost operation, the UST and LST
states are considered to respectively insert to N-type and P-
type small vectors in case 1 and case 2, as shown in Fig. 5(a)
and 5(b). In fact, the UST state in case 1 can be inserted to
phase A and phase B for vector [OON] and only phase A for
vector [ONN], as detailed in section II. However, to minimize
the number of communications, the UST state is only added to
phase A. The same as case 1, the LST state is added to phase
C to minimize the switching loss. It should be noted that the
UST and LST insertions do not affect the output voltage, it
means that the phase selected to add UST or LST states still
produces “O” state at output terminal.

By applying the same way to other regions and other sectors,
the switching sequence, UST and LST state insertion can be
determined easily. For instant, the capacitor voltage balance in
zone 3 of sector I is achieved by adopting properly small
vector [PPO] or [OON] based on the actual values of capacitor
Cp and Cy voltages. For example, when the capacitor Cp
voltage is larger than the capacitor Cy voltage, vector [PPO] is
adopted to decrease the capacitor Cp voltage and increase the
Cy voltage. Then, the switching sequence is [PPO]-[PPN]-
[PON]-[PPN]-[PPO] and return, the LST state is inserted
within vector [PPO]. When the capacitor Cp voltage is smaller
than capacitor Cy voltage, vector [OON] is adopted to increase
the Cp voltage and decrease the Cy voltage, in which the
switching sequence is [OON]-[PON]-[PPN]-[PON]-[OON]
and return. The UST state is added to vector [OON].

To achieve high voltage gain and low inductor current
ripple, the NST3 generated by turning on both Sp and Sy
switches is created with some characteristics as: 1) its time
interval is equal to UST or LST state time intervals, 2) this
signal is shifted as 90 degree to UST state or LST state.
Furthermore, extra duty ratio Dy is also applied for Sp and Sy
switches. The detail is presented in Fig. 5.

C. Steady-State Analysis of 3L-qSBT’I with Proposed SVM
Method

In two forms of switching sequences shown in Fig. 5, the
total time interval of N-type small vectors equals to P-type
small vectors. Therefore, in order not to affect the boost factor,
this scheme generates the same time intervals of UST and LST
state which are inserted into N-type and P-type small vectors,
respectively. In general, the duty ratio of UST state (Dy) and
duty ratio of LST state (Dy) are called as Dsr.

Based on the operating principle presented in section II and
the control signals of the proposed SVM scheme presented in
Fig. 5, the time interval of NST1 and NST2 is (Do — Dsr)T5/2,
in each switching period (7). The time interval of NST3 and
the ST mode are DsrTs. As a result, the rest time interval of Ts
is the total time interval of NST4, which is (1 — Dy — Ds7)Ts.
Assume that the capacitance of Cp and Cy are large enough to
ensure that these capacitor voltages are constant, and (Vep =
Ven = Ve). Because the average value of inductor voltage is
zero, these capacitor voltages can be calculated as:

Ve =Vep =Vey =V, 1(2-3Dg, — D) 4)

de

where Vep and Vey are the capacitor voltages of Cp and Cy,
respectively; Vi is the DC input voltage; Dsr is the ST duty
ratio; and Dy is the duty ratio of switches Sp and Sy.
The boost factor (B) of the inverter is identified as:
B=V,, !V, =2xV. IV, =2/(2-3Dg —D,) %)
The peak-value of the first-order harmonic of output phase
voltage (Vi pear) is calculated as:

M-V
Vx veak :i]\lVC :i,—dc (6)
X.p \/§ \/§ 2-3D,, — D,
The voltage gain (G) of the inverter can be expressed as:
Vi pe
— x,peak 4 M (7)

V,./2 3 2-3Dy, -D,
The UST and LST states must be inserting within small
vectors. Based on the dwell-time calculations of small vectors
in section A, for example, for section I shown in Table II, the
minimum value of the total time interval of small vectors in
one switching period (7s) is 2(1 — M)T,, during operation.
Therefore, the relationship between ST duty ratio Dsr and
modulation index M is expressed as:
Dy, <2-(1-M) ®)
In previous studies for single-stage three-level inverter, the
maximum value of the ST duty ratio is limited as (1 — M) [13]-
[15], [20], [22]. However, the ST duty ratio of this proposed
method is extended into twice that of the previous methods for
the same modulation index. Therefore, the voltage gain is
significantly enhanced.
The duty ratio Dy and the ST duty ratio Dsr must be [20]:
Dy, <D, <1-Dg; )
The variation of coefficient Dy causes the variation of
voltage gain G, as presented in equation (7). When applying
the values Dsr and (1-Dsr) for the coefficient Dy, the proposed
method achieves the minimum voltage gain and maximum
voltage gain, respectively. To obtain the possible maximum
boost factor, the ST duty ratio is set as 2(1 — M), which is
based on formula (8). Thus, the minimum and maximum value
of G are respectively expressed as:
AM /A3

in =M and G, = (10)

4M -3 4M -3

D. Implementation of the Overall Control Scheme
The overall control scheme of the proposed SVM method is
divided into two sections, which are DC-link voltage control
and neutral voltage balance implementation, as shown in Fig.
6. Based on (5), the DC-link voltage can be regulated through
two coefficients which are ST duty ratio Dsr and extra duty
ratio Do. Similar to [20], the DC-link voltage regulation is
obtained by controlling coefficient Do, whereas the ST duty
ratio are fixed based on the range of input voltage which can
be calculated by applying the range of Dy from (9). By this
way, the value of Dy can be obtained by PI controller to
minimize error between the actual DC-link voltage Vpy and

desired DC-link voltage 7}, , as shown in Fig. 6. Noted that

because the DC-link voltage waveform is a pulse wave, it is
impossible to feedback the DC-link voltage to controller
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Fig. 6. Algorithm of capacitor voltage balancer and DC-link voltage control.

directly. Instead of that, this DC-link voltage can be calculated
through capacitor voltages Vep and Vey by summing these
capacitor voltages. The output of PI controller is limited by (9)
in order not to affect the operating modes of the inverter.

The desired AC output voltage is used to calculate the
reference vector 17,,4
as illustrated in Fig. 6. Then, the location of the reference

(Va, Vp) by using abc-of transformation,

vector is determined. The location of ¥_, is used to determine

ref
which three nearest vectors are used to synthesize the
reference vector and their dwell-times, as mention in section
III.A. The actual values of capacitor voltages Vcp and Vey are
utilized to generate switching sequence and UST and LST
states to balance the neutral voltage, as detailed in section
II1.B. Finally, the PWM control signals of inverter switches
are generated based on these calculations.

IV. COMPARISON WITH OTHER PWM TECHNIQUES FOR
THREE-LEVEL BUCK-BOOST INVERTERS

In order to figure out the superiority of the proposed SVM
strategy, some single-stage three-level inverters and methods
are used to make comparisons with the proposed method.

They are the three-level ZSI (3L-ZSI) and modified ZSI
(MZS]) in [13], [14], the three-level qZSI in [15], the 3L-
qSBT?l introduced in [20], [22]. Among these studies, the
PWM control method in [13], [14] and the proposed method
use the UST and LST insertions instead of FST insertion like
[15], [20], [22]. In literature [13], the duty ratio of UST and
LST represented by Dsr in Table III are equal to the duty ratio
of the FST in other methods if they use the same modulation
index. To achieve the same modulation index for all schemes,
the third harmonic injection is considered to replace the sine-
PWM method introduced in [14] and [20]. It is worth noting
that this replacement does not affect the operation of the MZSI
in [14] and 3L-qSBT?I in [20]. Table III expresses the overall
comparison between the proposed method to other structures
and PWM strategies.

For a fair comparison, the voltage gain and component
rating of the converter with the proposed method and others
have been considered. In Fig. 7(a), the voltage gain of these
schemes has been determined with the same modulation index.
It can be seen that the proposed method produces the highest
voltage gain over the schemes in [13] — [22]. This superiority
can be explained by adopting larger ST duty ratio for the same
modulation index. As detailed in (8), the proposed method
limits the ST duty ratio as 2(1-M), whereas which ones is just
(1-M) for the studies in [13] — [22]. Having higher voltage
gain makes the proposed SVM method requires less ST duty
ratio Dsr to ensure the same voltage gain. For example,
assume that the proposed method needs the value k& for ST
duty ratio Dsr to generate the desired voltage gain when
applying the maximum voltage gain. It must be (1 + k) / 3 for
ZSI in [13] and gZSI in [15], and 1.5k / (1 + k) for MZSI in
[14], and qSBI in [20] and [22] with maximum voltage gain in
[20]. It can be observed that the ST duty ratio of the proposed
SVM scheme is smallest in term of k£ < 0.5. As a result, the
smaller boost factor and DC-link voltage are required to reach

COMPARISON BETWEEN PROPOSED METHODTVI\?E;E(;ITIHER CONFIGURATIONS AND PWM METHODS

3L-ZSI/1-LC [13] 3L-MZSI[14] 3L-qZSI/2-LC[15] 3L-qSBI/1-L [22] 3L-qSBI/1-L [20] Proposed Method
ST duty ratio, Dsr 1-M 1-M 1-M 1-M 1-M 2(1-M)
Boost factor, B 1/1 -2Dsy) 2/1 - 2Dsy) 141 - 2Dsy) 2/A1 —2Dsy) 2/(3 =2Dsr—Dy)  2/(3 —2Dsr— Dy)
Voltage gain, G 1.15-MB 1.15-MB 1.15-MB 1.15-MB 1.15-MB 1.15-M B
Capacitor voltage stress, V./Va. (1 — Dsp)B DsrB/2; (1 = Dsr)B/2  Dsy'B/2; (1 — Dsr)B/2 B2 B2 B2
Diode voltage stress, Vp/Ve BR2 B2 BR2 B2 BR2 B2
Switch voltage stress, V/Vae NA NA NA B2 B2 B2
Inductors 2 2 4 1 1 1
Capacitors 2 4 4 2 2 2
Diodes 2 3 2 2 4 4
Impedance Switches NA NA NA 1 2 2
Input current ripple Very High High High High Small Small
Input current Discontinuous Continuous Continuous Continuous Continuous Continuous
Capacitor voltage balance Complexity Complexity Complexity Simple Simple Simple
Output quality High High Low Low Low High
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Fig. 7. Comparison between proposed method and others. (a) M vs. G, (b) G
vs. capacitor voltage stress, (c) G vs. diode voltage stress, and (d) G vs.
switch voltage stress.

the same output voltage, when utilizing the proposed SVM
method. As a result, the voltage stresses on capacitors, diodes
and switches are significantly reduced as detailed in follows.

Because the voltage stress of diodes in these topologies and
switches of qSBI in [20]-[22] are a half of DC-link voltage as
shown in Table III, the proposed SVM method generates less
component rating on diodes and switches, as shown in Figs.
7(c) and 7(d), for the same voltage gain. For capacitor voltage
stress, the MZSI in [14] and qZSI in [15] are proved superior
due to using a larger number of capacitors, which are four
capacitors for each topology, as illustrated in Table III.
Among the rest topologies and schemes, the proposed method
also has superior in capacitor voltage stress, as shown in Fig.
7(b). Consequently, the main contribution of the introduced
SVM method is to improve the voltage gain and decrease the
component rating compared to other buck-boost three-level
inverters and schemes.

V. EXPERIMENTAL VERIFICATION

The accuracy of the proposed SVM method is further
verified through experiments by applying the 1 kVA
laboratory prototype as shown in Fig. 8. The parameters
utilized for experiments are listed in Table IV. This
experimental prototype is controlled by DSP F28335
microcontroller and FPGA Cyclone II EP2C5T144CS8. The
switches used for the impedance network are MOSFET
6R045A. The IGBTs FGL40N120D are applied for the 3L-T?I
switches. These MOSFETs and IGBTs are driven by isolated
IC TLP250. The diodes used in experiments are DSEI60-12A.

The experiments are conducted with the range of DC input
voltage from 70 V to 210 V. These experiments set the

| saqosd adejjon P
pue aung

Fig. 8. The photo of experiment prototype.

TABLE [V
EXPERIMENTAL PARAMETER
Parameter/ Components Values
DC input voltage Vie 70V-210V
AC output voltage VerMs 110 Vrus
Output frequency fo 50 Hz
Switching frequency f 10 kHz
Input inductor Lg 3 mH/20 A
Capacitors Cpand Cy 1 mF/400 V
LC filter Lsand Cr 3 mH and 10 pF
Resistor load R 56Q

modulation index as 0.93 for input voltage as 210 V and
0.8616 for input voltage as 70 V. With the low-pass filter
parameter listed in Table IV, the cut-off frequency is set to
1kHz, approximately. To obtain a boost factor as high as
possible, the ST duty ratio (Dsr) is set to 0.14 and 0.2768
when the input voltage is 210 V and 70 V, respectively. The
duty ratio of impedance switches Sp and Sy (Do) is 0.14 and
0.7232. The result is the output voltage is mathematically
maintained as 110Vrms without the variation of DC input
voltage. The work in [20] is considered comparing with the
proposed SVM method. Due to using the same topology, all
prototype parameters utilized for the introduced method are
applied for the scheme in [20]. For the range of input voltage
from 70 V to 210 V, the modulation index M, ST duty ratio
Dsr and extra duty ratio Dy of [20] are 0.815, 0.185 and 0.185
for the case of 210 V, and 0.67, 0.33 and 0.67 for 70 V,
respectively. Figs. 9 and 10 show the experimental results for
both methods in two cases of 210 V and 70 V input voltages,
respectively. The Figs. 9(a), 9(c), 10(a) and 10(c) are
conducted for the method in [20], the rest figures are the
experimental results under the proposed method. Table V
shows the comparison of the capacitor voltage stress and THD
values of output voltage and current between the proposed
method and method in [20].

In case 1, the capacitor Cp and Cy voltages are respectively
booted to 144 V and 143 V from 210 V input voltage for the
proposed method as shown in Fig. 9(e), while, they are 161 V
and 159 V for the work in [20], which can be seen from the
peak-value of voltages across switches Sp and Sy in Fig. 9(c),
and listed in Table V. It demonstrates that the proposed
method produces less voltage stress on capacitor than method
in [20]. Because the voltage stress on power devices of this
topology like diodes and switches is equal to capacitor
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Fig. 9. Experimental results of 3L-qSBT?I with proposed SWM method and
method in [20] when V=210 V: (a), (c) the method in [20], (b), (d), (e), (f)
the proposed SVM method.

voltages, the proposed method has a good voltage stress on
power devices than the work in [20] as presented in Figs. 9(c)
and 9(d). The DC-link voltage for method in [20] and the
proposed SVM method are 320 V and 287 V, as illustrated in
Figs. 9(c) and 9(d), respectively. Due to having larger DC-link
voltage, the method in [20] has a higher voltage stress on
switches of 3L-T?I branch.

The inductor peak-to-peak current ripple of the method in
[20] is larger than the proposed method which are respectively
measured as 0.8 A and 0.6 A. The output line-line voltage
quality of the method in [20] is worse than the introduced
method, as shown in Figs. 9(a) and 9(b). The amplitudes of
high frequency harmonics of [20] are larger than the proposed
method, which makes the THD value of output voltage of [20]
larger. The THD values are calculated as 65.9% for [20] and
47.8% for the proposed method. The result shows that the
THD value of output load current of [20] is also worse at
2.55% as shown in Table V, while it is 1.76% for the proposed
method. The output load currents of these methods are the
same which are 1.84 Agrms approximately. The inductor
current of the proposed method is shown in Fig. 9(e) and
measured as 2.83 A for average value.

All advantages of the proposed method over the method in
[20] for the case of 210 V input voltage mentioned above are
also applied for the case of 70 V input voltage. The
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Fig. 10. Experimental results of 3L-qSBT?I with proposed SWM method and
method in [20] when V.= 70 V: (a), (c) the method in [20], (b), (d), (e), (f)
the proposed SVM method.

TABLE V
COMPARISON BETWEEN METHOD IN [20] AND PROPOSED METHOD

Vac =210V Vac =70V
Method in  Proposed SVM  Method in Proposed SVM
[20] method [20] method
Capacitor Cp voltage 161V 144V 188V 146 V
Capacitor Cy voltage 159V 143V 185V 144V
THD of Vi 65.9 % 47.8 % 94.6 % 51.4 %
THD of I 2.55% 1.76 % 2.87 % 1.88 %

comparison results are presented in Fig. 10 and Table V. For
the proposed method, the average value of inductor and RMS
value of output load currents are measured as 8.36 A and 1.72
Arums as illustrated in Figs. 10(e) and 10(b).

The capacitor voltages Vep and Vey and their currents Icp
and Iy in two switching periods are shown in Figs. 9(f) and
10(f). In these figures, the UST state can be determined by
zero current of /cp and negative current of /cy and vice versa
for LST state. As mentioned in section III, part B, the N-type
small vectors are adopted in switching sequence when Ve is
larger than Vep. It can be recognized by only utilizing UST
state instead of LST state as shown in Figs. 9(f) and 10(f). In
contrast, the LST state is appeared instead of UST state when
Vep is larger than Vey, which demonstrates that the P-type
small vectors are applied in switching sequence. By this way,
the capacitor voltages can be balanced in switching period as
illustrated in Figs. 9(f) and 10(f).
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The neutral-point voltage balance method is further
validated in two cases: 1) when the upper capacitor voltage is
larger than the lower capacitor voltage as shown in Figs. 11(a)
and 11(b) and 2) the lower capacitor voltage is larger than the
upper capacitor voltage as presented in Figs. 11(c) and 11(d)
for both methods. In both cases, the neutral voltage is
balanced with a very small difference between them.
However, the proposed method has smaller time interval to
recover the neutral voltage balance condition. The recovery
time of the proposed method approximates 40 ms for both
cases as presented in Figs. 11(b) and 11(d), whereas it is
around 100 ms for case 1 and 120 ms for case 2 as shown in
Fig.s 11(a) and 11(c), respectively.

The overall control methods introduced in the section II1.D
and in the work [20] are validated in two cases: 1) the input
voltage increases from 120 V to 160 V and 2) the input source
decreases from 160 V to 120 V as shown in Figs. 12(a) and
12(b) and Figs. 12(c) and 12(d), respectively. In both cases,
two capacitors voltages are maintained at 165 V and 144 V for
method in [20] and the proposed method, respectively. The
neutral-point voltage balance is guaranteed for both methods,
in two cases. With this value of capacitor voltage, the output
load voltage is kept constant at 110 Vrus without the variation
of the input voltage. In general, the dynamic operations of
both methods are the same. However, the proposed method
produces a smaller overshoot than the work in [20].

The efficiency of 3L-qSBT?I with the proposed SVM
method and PWM method in [20] is presented in Fig. 13 when
the output phase voltage is maintained at 110 Vrms. These
results are measured by Yokogawa WT3000E power analyzer.
The proposed SVM strategy produces a higher efficiency than
that of the PWM strategy in [20] as shown in Fig. 13. A
maximum efficient increment of 2% is achieved with the
proposed SVM method. This outstanding advantage can be
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Fig. 12. Experimental results with overall control method for (a), (c) method
in [20], (b), (d) proposed method.
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Fig. 13. Efficiency comparison between proposed method and method in [20].

explained by two main reasons as follows. Firstly, the
conduction loss generated in ST state of the proposed SVM
scheme is smaller than the method in [20]. This superior is
achieved because the proposed method adopts smaller ST duty
ratio (Dsr) than the method in [20]. Secondly, the switching
loss of the proposed scheme is also less than the scheme in
[20]. This is because the introduced SVM method needs only
two communications to move from NST state to UST state or
ST state, whereas it is six for the PWM method in [20].
Furthermore, the number of communications in NST state of
the proposed scheme is four while it is six for the work in
[20]. The efficiency of the inverter is not high because the
inverter prototype is not optimal. Moreover, the use of many
active switches and diodes in the circuit results in high
conduction loss during ST state operation.

VI. CONCLUSION
This paper has presented a new SVM strategy for 3L-
qSBT?I which enhances output voltage gain and its quality.
Under the proposed SVM scheme, the voltage stress of
intermediate network components such as capacitors,
switches, and diodes are significantly decreased. The P-type
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and N-type small vectors are correspondingly selected to
guarantee the neutral voltage balance condition. The ST states
are inserted into small vectors to ensures the boost capability
and ST immunity without effect of the active vectors of the
inverter. However, the use of small vectors increases the
common-mode voltage in the proposed method. To prove the
effectiveness of the proposed SVM method, a comparison
between the 3L-qSBT?I with proposed SVM method and other
topologies is conducted. The introduced SVM method was
validated through laboratory prototype. The experimental
result shows that the efficiency of the proposed SVM scheme
is 2% higher than the traditional PWM technique.
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