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ABSTRACT This paper introduces a new topology of three-level quasi-switched boost F-type inverter (3L-
gqSBFTI) to improve voltage gain compared to traditional impedance-source inverters (ISIs). This topology
uses a switched-capacitor (SC) structure to increase the boost factor to twice that of traditional ISIs. Unlike
any conventional SC circuits, the currents through capacitors when they are connected in parallel are limited
by inductor current. Hence, there is no inrush current through capacitors and semiconductor devices in this
operating state. Furthermore, this SC structure helps to obtain self-balanced neutral-point-voltage. The lower-
shoot-through (LST) state, which is inserted into P-type small vectors, is used to boost the DC-link voltage.
This insertion helps to increase modulation index utilization. As a result, the component voltage rating
of the introduced inverter is significantly improved. The comparison study, simulation, and experimental

validations have been presented to verify the proposed inverter.

INDEX TERMS F-type inverter, switched-capacitor, quasi-switched boost, self-balanced capacitor voltages,

three-level inverter.

I. INTRODUCTION

Recently, multi-level inverters (MLIs) have attracted much
attention because of their advantages compared to conven-
tional two-level inverter because of lower component voltage
rating, lower switching loss, and higher efficiency [1], [2].
Besides neutral-point clamped inverter (NPCI) and three-
level T-type inverter (3L-T?I), three-level F-type inverter
(3L-FTI) discussed in [3] is an emerging topology. The lit-
erature [3] demonstrated that 3L-FTI can reduce the number
of diodes compared to NPCI and increase conversion effi-
ciency than 3L-T21. However, the conventional MLIs only
step-down AC output voltage from a high DC input source.
Hence, in some applications where input DC source is very
low, the inverter must be stopped because DC-link voltage is
not enough for DC-AC operating [4], [5], [6]. For instance,
in photovoltaic (PV) system-based grid-connected applica-

The associate editor coordinating the review of this manuscript and

approving it for publication was Ton Duc Do

tions, when PV panels operate in shading conditions, the
output voltage of PV is significantly decreased, which is not
larger than grid-voltage [4], [6]. As a result, grid-connected
operating is interrupted.

To increase the DC-link voltage, a conventional front-end
boost DC-DC converter is usually installed before conven-
tional voltage-source inverters (VSIs) [7]. In literature [8], a
three-level boost structure is compared with the conventional
DC-DC boost converter to highlight its advantage of higher
efficiency, better inductor current profile, and better power
density. Due to these benefits, the three-level boost con-
verter is also considered to integrate with MLIs and two-level
inverter [9], [10], [11]. However, these two-stage inverters do
not accept shoot-through (ST) state which is generated by
simultaneously gating on all-switches in any inverter phase
leg [12].

In recent years, single-stage impedance-source inverters
(ISIs) have attracted much attention due to their benefits
such as stepping up/down voltage and ST immunity. The first
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generation of ISIs is Z-source (ZS) inverter (ZSI) explored
by Peng in the work [13]. In [14], a ZS network consists of
two inductors, two capacitors, and two diodes connected in
X-shaped was integrated with conventional 3L-T?I. Derived
from ZSI, the works in [15], [16], and [17] presented a
quasi-ZS inverter (qZSI) topology which improves compo-
nent voltage rating and provides continuous input current.
Literature [18] demonstrated that ISIs have better perfor-
mance than conventional two-stage inverters under certain
conditions. The works in [19] presented an asymmetrical
embedded modified ZS-3LTI (AEMZS-3LTI) to enhance
boost factor and voltage gain compared to ZSI/qZSI. Accord-
ingly, the boost factor is improved to twice that of conven-
tional qZSIs. In [19], instead of using the full-ST (FST) state,
upper/lower ST (UST/LST) states were employed to achieve
buck-boost operating. These UST/LST states are considered
to be inserted into small vectors.

The other types of single-stage inverters are topologies
that use active switches in impedance-source network to save
the number of inductors/capacitors. The literature in [20]
introduced an amplitude-enhanced NPCI, which uses only
one inductor, two capacitors, one active switch, and two
diodes to improve voltage gain and performance compared
to conventional Cuk-derived NPC inverter discussed in [20].
The study in [21] discussed a three-level flying capacitors
split-source inverter (3L-FC-SSI). This configuration uses
only one capacitor and three diodes in boost circuit, the
switches in FC inverter circuit are shared for both DC-DC
and DC-AC operating.

The quasi-switched boost inverters (qSBIs) can reduce the
number of passive component counts compared to traditional
ZS/qZS inverters. The works in [22] presented a 3L-qSBT?1
with boost factor and voltage gain enhancement compared
to traditional ISIs. Furthermore, the inductor current ripple
is decreased significantly. The work in [23] presented a new
topology of qSBI to reduce the number of switching devices
named reduced component count — active impedance-source
— three-level inverter (RC2-AIS-TLI).

In MLIs, neutral-point voltage unbalancing is a significant
problem that directly affects the total harmonic distortion
(THD) of the output current. A commonly solution for this
problem is to use a switched-capacitor (SC) structure which
connects two capacitors in parallel in some operating states
to balance capacitor voltages [20], [23]. However, this solu-
tion generates a high inrush current through semiconductor
devices [23]. Moreover, there are a small different between
capacitor voltages (approximately 1.31% DC-link voltage)
because of parasitic of switching devices [23]. The other
solution is to use corresponding modulation techniques [14],
[15], [17], [20], [22]. The works in [14], [15], and [17] adjust
the time intervals of small vectors to balance neutral-point
voltage. The duty ratios of UST/LST states are also used to
obtain capacitor voltage balancing in [19]. In literature [22],
the duty ratios of boost switches are calculated with the help
of proportional-integral (PI) controller to balance capacitor
voltages. However, these methods have many drawbacks,
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including the boost factor effect and computation complex-
ity. Furthermore, the modulation technique-based method
requires voltage sensor for any single capacitor.

To summarize, the existing topologies have the drawbacks
of low voltage gain and limitations of capacitor voltage bal-
ancing technique. This paper will present a new topology
named three-level quasi-switched boost F-type inverter (3L-
gqSBFTI) to overcome these drawbacks. In this topology,
a qSB structure with smaller component counts compared
to [22] is presented. The space-vector modulation (SVM)
method, which replaces all small vectors by LST vectors,
is introduced to control this proposed inverter. The main
contributions of proposed SVM method and topology can be
listed as:

1) high boost factor/voltage gain,

2) improving modulation index/ST duty ratio utilizations

3) self-balanced neutral-point voltage without voltage sen-
sor requirement and inrush current through capacitors and
switching devices.

The comparison study, simulation, and experimental
results are presented to demonstrate the effectiveness of the
proposed inverter. The rest of this paper includes six sections.
The introduction of the proposed inverter, its operating prin-
ciple, and the proposed SVM control method are presented in
section II. Section III discusses component selections. Power
loss estimation is presented in section IV. Section V intro-
duces comparison between the proposed inverter and existing
ISIs. Section VI presents simulation and experimental results.
Section VII of this work is conclusion.

Il. TOPOLOGY OF THREE-LEVEL QUASI-SWITCHED
BOOST F-TYPE INVERTER (3L-QSBFTI)

The proposed 3L-qSBFTI topology is presented in Fig. 1
which is constructed by qSB circuit and 3L-FTI branch. The
gSB circuit consists of three diodes D; — D3, two active
switches S7 and S3, two capacitors C; and C,, and one
inductor Lp. By directly attaching inductor Lp to input source
Ve, the input current is continuous. The FTI circuit includes
three phase legs, each leg consists of four switches Sy — Sax
(X = A, B, C). The operating principle, PWM control
scheme, and steady-state analysis are discussed in the rest
of this section. Note that the other conventional three-level
inverters like NPCI or 3L-T?I can be used instead of 3L-FTIL.
However, this inverter is introduced to operate in LST mode.
Because the ST current in LST mode of FTI just goes through
two switching devices Sox and Ssx instead of three switches
like others, which is detailed as follow. Therefore, the use
of FTI can reduce the conduction loss in LST than other
configurations.

A. OPERATING MODES

The proposed inverter is introduced to operate under LST
mode and non-ST mode, as shown in Fig. 2. The LST mode
consists of three sub-modes called LST mode 1 — mode 3.

The switching states of semiconductor devices are listed in
Table 1.
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FIGURE 1. Proposed of 3L-qSBFTI topology.

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

Mode ON Switch ON Diode Vyo
LSTI S1)(/01" S3x, Dl; D3
LST2 Sox Sax Dy, Dy, Ds +Vpn/2 Jor 0
Sl)(/OI' S3X i
LST3 Si, S2 Sov. Sux
Sl)(, Sz)( +VP/\/2
non-ST Sl Szx, S}X DZ, D} 0
Sax Sax -Ven/2
Icy 1+ P
I D] b= C1 l Cl l
3 Ipy Ipy
—p
LB D, S O
+|Vac -
l l
= s, elle aldc,
[ Dy Dy
(a)
ici] [P
Dy FCi (] G (1
Lp

Ipy Ipy
AE%YBZ oo Wy S0
+Vdc . +Vdc . ()
:|- S, :|- Szl lczl+ & l
() (d)

FIGURE 2. Operating modes of 3L-qSBFTI. (a) - (c) LST modes 1 - 3,
(d) non-ST mode.

In non-ST mode, switch Sy is turned on while switch Sy
is turned off, which reverse bias diode D; and forward bias
diode D; and D3 as shown in Fig. 2(d). The capacitor C; is
charged from inductor Lg and input DC source Vj ., while
capacitor Cj is discharged. The voltage across inductor Lp
and currents through capacitors C; and C; are expressed as:

dirp
vip=Lg—— = V4. —V,
LB B de c2
dvci dvca
ic1=C =—Ipy and icr=Cr——=1I1p — 1
Cl Ly PN c2 2 LB — IpN

ey
where Ipy is equivalent current of inverter side.
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In this mode, the FTI branch is able to generate three levels
of output pole voltage Vxp, which are +V¢1, 0, and -V»,
as listed in Table 1. These three voltage levels are denoted by
“P> “0,” and “N.”

In LST modes 1 — 3, the lower switches S>x and S4x of the
inverter legs are turned on which directly connects terminal
“0” to terminal “N,” as shown in Figs. 2(a) — 2(c). In these
modes, the DC-link voltage, Vpy, is equal to the voltage of
capacitor C1. As a result, the inverter side is just able to
generate two output voltage levels which are “P”” and “0.”
Note that this LST state is added into P-type small vector,
thus, the output voltage is unaffected by this insertion. For
instance, assume that the inverter generates vector [POO] at
output voltages. As a result, switches S14, S24 of phase A,
S>B, S3p, Sac, and S3¢ of phases B and C are turned on,
simultaneously. The output pole voltages V4o, Vo, and Vo
reach values of +V¢1, 0-V, and 0-V, respectively. In order
to insert LST state, switches Sax of phase operating at state
“0” are turned on. In this example, switches S4p, and S4c are
triggered on beside above switches. In this case, the V40, Vpo,
and Vo still get +V1, 0-V, and 0-V. So, it can be concluded
that the LST insertion can be used without affecting output
voltage.

In LST modes 1 and 2, switches S and S, are gated off,
and diode D5 is always forward biased. When capacitor C
voltage is smaller than capacitor C, voltage, diode D; is
forward biased whereas diode D, is reverse biased, as shown
in Fig. 2(a). Now, the capacitor C is charged by inductor Lg
and input source, while capacitor C is disconnected from
the power circuit. When capacitor C; voltage is charged to
equal to capacitor Cy voltage, LST mode 2, as presented
in Fig. 2(b), is activated. Both diodes D; and D, are for-
ward biased which connects both capacitors in parallel. Two
capacitor currents and inverter side current share the inductor
current /7 p. Assume that the voltages across both capacitors
have very small oscillation, these capacitor voltages are self-
balanced, approximately. In the proposed LST mode 2, when
two capacitors C; and C, are connected in parallel, the
currents through two capacitors are limited by the inductor
current. As a result, the inrush current issue is not occurred
unlike the traditional SC circuit discussed in [23]. The voltage
across inductor Lg and currents of capacitors C; and C; are
expressed as:

dirp
VLB = LBd_ = Vae —Vc1 = Vi — V2
t dv dv @)
. . c1 c2
ic1 +ic2 = C17 +C o =1I1p—Ipn

In LST mode 3, the switches S and S are triggered on, and
inductor Lp stores energy from input source and capacitor C,,
as depicted in Fig. 2(c). The following equations are obtained.

dirp
VLB = L37 =Vic+ Ve
dvci dvca
icir=C = —Ipy and icy = C = —]
cl1 L PN c2 2 LB
3)
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Sector 11

Sector V

FIGURE 3. Space vector diagram of proposed control method.

B. SVM CONTROL STRATEGY

A space vector diagram (SVD) for the proposed SVM control
method is drawn in Fig. 3. In this scheme, all N-type small
vectors are removed from SVD, while all P-type small vec-
tors are replaced by LST vectors. The symbol “L” in SVD
denotes LST state. For example, vector “PLL” denotes that
phase A generates state “P”” whereas LST state is inserted
into phases B and C. The proposed method divides the SVD
into six sectors (I-VI) where each sector is divided into four
regions (1 — 4). To analyze the operation of the proposed
method, the output voltage vector \7,Ef is assumed to be
located in region 2 of sector I. In this case, three candidate
voltage vectors V1, V2, V7 are utilized to generate output
voltage. The following equation are presented to show the
relationship between these vectors.

— 1 0 — — —
Vier . Ts = ﬁMVPNe/ Ts =Vi.t1 + Voo +V7.17

ITs=t1+t+1

4)
where Ts — switching period; M — modulation index, M
< I; 1, 1, and 17 are respectively dwell-times of vectors
V1, Va, V7. These dwell-times can be calculated like any tra-

ditional SVM control method as follow [24].

t1 = Ts — 2MTg sin(0)

tp = Ts — 2MTg sin(r /3 — ) )

t7 = 2MTys sin(@ + 7 /3) — Ts.
The switching sequence of this region is selected as: [PPL]-
[PLL]-[PON] and return, as shown in Fig. 4. The switch S is
turned on within LST states. Based on (5), the minimum of

total dwell-times of LST vectors is expressed as 2(1 — M)Ts.
Thus, the duty ratio D of switch S, must be defined as:

D <2(1 — M) (6)
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LST3 LST1&2 Non-ST LST1&2 LST3
A\
D Ts | DTs/2. !
S» ; ;
i I
Al P TP P P P |
| | 5 i ]
B[P |Li o fwL[P ]!
clL | L N L L ¢!
1,2 1,2 t7 ;2 /2

FIGURE 4. Switching sequence for region 2 of sector |, and control signals
of switches S; and S,.

C. STEADY-STATE ANALYSIS

As shown in Fig. 4, the time interval of LST mode 3 is
expressed as DTs, in any switching period. The rest time
interval of sampling period T’ is the total time interval of LST
modes 1 and 2, and non-ST mode. As discussed above, two
capacitor voltages V¢1 and V3 are self-balanced. Therefore,
the inductor Lp voltages in LST modes 1 and 2, and non-ST
mode are equal. In steady-state, the average value of inductor
voltage is zero, thus, capacitor C and C; voltages are calcu-
lated as:

Vie
Ver = Ver = 7
ca=Vea=1—5 )
The boost factor, B, of the inverter is defined as:
Ven  Veir+Ver 2 ®)
Ve o Ve 1=2D

The fundamental harmonic of output phase voltage
(VX peak) is calculated as:

% Ly 2 MVic )
= — = —— X
X ,peak \/g PN ﬁ 1—2D
The voltage gain, G, of the inverter is expressed as:
1% 4 M
G = X ,peak -« (10)
Viae/2 J3 1-2D

D. IMPLEMENTATION STEP

The flowchart of the proposed SVM method in any switching
period Ts is shown as Fig. 5. In order to implement the
proposed control method, the parameters of input voltage V.,
DC-link voltage Vpy, and output voltage (Vx peak, and €
must be given, firstly. Next, the duty ratio D and modulation
index M are calculated by applying (8) and (9), respectively.
Based on modulation index M and & the location of refer-
ence vector (sector and region) is determined. The dwell-time
calculation, switching sequence, and LST phases are obtained
by the same way as section II-B. Finally, the PWM signals of
all inverter switches are generated.
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Vie Ven Vypear ©

[ Calculate D, M, eq. (8), eq. (9) |

| Sector, Region Selection |

| Dwell-time calculation |

Switching sequence and
LST phase selection

v

PWM generation |—>

FIGURE 5. The flow-chart of the proposed SVM method in any switching
period.

1Il. DESIGN GUIDELINES
A. INDUCTOR AND CAPACITOR DESIGNS
As the inductor Lp is attached to input DC source, the input
current is equal to inductor current. Assuming that the inverter
efficiency is defined as n%, the average value of inductor
current is expressed as Po/(n%Vy.), where Po is output
power. Based on (3) and (7), the inductor current ripple Al
is calculated as:

2V4.(1 — D)DTg

Al p = m 0y

The inductor Lp current ripple must be smaller than x% of
inductor current /7 g. Therefore, the inductor Lp is selected as:
20%V3.(1 — D)DTs
Lp >
x%Po(1 — 2D)
where x% is maximum acceptable inductor current ripple.

Based on (3), the capacitor voltage ripples AV and AVea
are calculated as:

(12)

Ipn DT
AVey = %5
1
(13)
I DT, PoDT.
AV, = 18PTs _ PoDTs

G n%VaCr

Similarly, the capacitors C; and C must be selected in term
of AV <y%Vc; (j =1, 2). Therefore, capacitances of these
capacitors are expressed as:

- IpyD(1 — 2D)Tg

- y% Ve

PoD(1 —2D)Ty
y%on%V3.

Vel
(14)
Veo >

where y% is maximum acceptable capacitor voltage ripple.

B. SEMICONDUCTOR DEVICE SELECTION

All semiconductor devices of qSB circuit and switches S»y,
S3x, and Sgy are designed to block a half of DC-link volt-
age, Vpy/2. While switches S1x of inverter side blocks full
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DC-link voltage when output pole voltage Vxo operates at
state “N.”

Diodes D and D3 are designed to transfer inductor Lp cur-
rent in LST modes 1, 2 and non-ST mode, as shown in Fig. 2.
Moreover, switches S, S», Sox, and Sax are also designed to
carry Iz p, in LST mode 3. Therefore, the maximum values
of diode Dy, D3, and switch Sy, S», Sox, S4x currents are
equal to maximum value of inductor current, I1p 4, Which
is calculated as follows.

Allg  Po
2 0%V

Vac(1 — D)DTy
Ls(1 — 2D)

15)

I max = I+
The maximum current through diode D> is obtained in non-
ST mode, as shown in Fig. 2(d), which is expressed as:

_ Po Vac(1 — D)DTs
" n%Vae  Lp(l —2D)

PN

(16)

ID2,max =ILB,max - ]PN

Switches S;x and S3x of inverter side are designed to
transfer inverter side current Ipy .

IV. POWER LOSS ESTIMATION
The conduction losses of inductor Lp (P p) and capacitors Cj
and C; (Pcj, j = 1, 2) are calculated as:

[ Prp = rLBILZB,RMS a7

2 . :
PCj = VESRIC]',RMS, J= 1,2

where ryp and rgsg are series resistors of inductor and capac-
itors, respectively.

The conduction losses of MOSFETS (Ps conq) and diodes
(Pp,cona) are calculated as follow.

(18)

2
PS,cand = rDS,anIS,RMS
Pp cona = VrIp avc

where rps o, and Vg are on-resistor and forward-voltage of
switch S and diode D.

In any switching period, diode D; has two switching
actions while diodes D, and D3 have one switching action.
These diodes block +Vpy/2, thus, reverse recovery losses of
these diodes are calculated as:

V
Prrot=2x =~ QT”
) (19)
Ven O

Prr,DZ = Prr,D3 = ) Ts
where Q,, is reverse recovery charge of diode.

All switches of the proposed inverter are switching at
+Vpn /2. In any switching period T, the switches S7 and S»
have two and one switching actions, respectively. The switch
S1 turned on/off at inductor Lg current in LST mode 3, and
(Irp — Ipy) in non-ST mode. While the switch S, is just
switched at inductor Lp current. Therefore, the switching
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TABLE 2. Simulation and experimental parameters.

Parameter/ Components I Values
DC input source Ve 0V-130V
Output frequency fo 50 Hz
Switching frequency f 10 kHz
Boost inductor Ly, i3 3 mH/20 A, 0.3-Q
Capacitors Cy, Cy, rese 2 mF/400 V, 50-mQ
LC filter Lrand Cy 3 mH and 10 pF
Resistor load R 40-Q
Active switches S, 8o, MOSFETs 60R060P7

Six—Sax (650-V, 60-mQ)

Diodes D, —Ds UJ3D1250K2 (1200-V, 1.5-V)

losses of these switches are calculated as:

1 VPN tru + thy + i + B

P =-——Q2Lhp—1
Stow =5 Q2Ig — Ipn) Ts
p _ lVPNI tu + b + tri + 1
S2,sw = ) LB TS

(20)

where t,,,, ty, t), tfi are voltage rise-time, voltage fall-time,
current rise-time, and current fall-time of MOSFET which are
determined by MOSFET’s datasheet.

The switch S44 has one switching action per switching
period Ts, when LST state is added to phase A. In any output
period T, phase A is used to insert LST in 1/3 time-interval
of Tp. Note that the LST insertion just generates switching
loss at S4x when phase X has larger time-interval of LST
state. For example, when switching pattern shown in Fig. 4
is adopted, the LST state only generates switching loss at
Sac. The switching loss at Syp is zero, in this case. Thus,
switch S44 has one switching action in any switching period
when reference vector locates in sectors III and IV. In LST
mode, switch S44 is switched on at (I; g — Ipy) and switched
off at (It — Ipy)/2. In non-ST state, the switch S44 has
one switching event per Ts in negative half cycle of phase
A current Iy (0 € [7/237m/2]10 € [7x/237/2]). In this time
interval, the switch S4y4 is switched at —I4. The switching loss
of switch S44 is calculated as:

4m/3
1 lVPN +1
Psqa,sw = =— =2 2 [/ (ILB—IPN)fu " 46
2m/3
4 /3
(LB _IPN)tj‘i+trud0
Ts
21/3
3m/2
b+ th + i + g
_ /IAM({Q] Q1)
Ts
/2

In positive half cycle of output current I4, the switch S14
has one switching event in any switching period, and the
switching current is I4. Thus, the switching loss of switch S14
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mo0V 384 44 6.1 451 44 6.19 4.51 124 0.63 1.55 3.18 2.69

w130V 174 249 2.64 2.17 1.53 6.06 1.86 9.33 0.43 0.49 3.17 13

Power Loss [W]

FIGURE 6. Power loss contribution of the proposed inverter at 1-kwW
under 90-V and 130-V input voltages.

is calculated as:

/2
1 1 Vpn | b+ th + 1 + 15
P = - —————d (22
SiAsw = o / 775 Ts (22)
—/2

Body diodes of switches S14 and Ss4 have no reverse
recovery loss, and switches S»4 and S34 have no switching
loss. In positive half cycle of I4, body diode D34 of switch
S34 has one switching action per switching period. Therefore,
reverse recovery loss of anti-parallel diode D34 is calculated
as follow.

/2
Vi
Prr D3A — 7 / PN er (23)

77r/2

Dead-time loss is very small and can be ignored. The
conduction loss and switching loss of other inverter legs are
calculated by the same way as phase A loss.

The power loss contribution of the inverter is shown in
Fig. 6. The parameters of inverter are listed in Table 2. It can
be seen that the power loss of inductor Lg accounts for the
largest proportion. For semiconductor loss of boost circuit,
the diode D3 has the largest loss. For loss of inverter branch,
the switches S3y and S4x have higher power loss than S;y and
S>x. This is because the switch Syx transfers more current
value (inductor current) than other switches. Furthermore,
switch S3x has high power loss because it has reverse recov-
ery loss of anti-parallel diode.

The efficiency of the proposed inverter in both calcula-
tion and simulation are shown in Fig. 7. Furthermore, the
simulation results of efficiency of conventional 3L-qSBT?I
in [22] is also attached in Fig. 7. Note that the simulation
results are obtained with the help of PLCES software. It can
be seen that when the input voltage is increased, the system
efficiency is also increased. This is because the input cur-
rent is decreased which leads to decrease conduction losses
of inductor and semiconductors. The different between the
calculation and simulation for the proposed inverter is very
small. Compared to conventional 3L-qSBT?I, the proposed
3L-qSBFTI exhibits higher efficiency in both cases of input
voltages, as shown in Fig. 7. Specifically, at 2-kW output
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TABLE 3. Overall comparison.

3L-FC-SSI | ZS-NPC-1LC AEMZS- RC2-AIS-TLI 3L-qSBT?I AqZS-TLI 1S-BD-T’I Proposed
[21] [14] 3LTI[19] [23] [22] [25] [26] Inverter

No. Switches * 0 0 0 1 2 1 1 2
No. Diodes * 3 2 3 2 4 3 1 3
No. Inductors * 1 2 2 1 1 2 1 1
No. Capacitors* 1 2 4 2 2 2 2 2
Self-balanced NA No No 'Yes / having No No 'Yes / having ‘ Yes / no
neutral-voltage inrush current inrush current inrush current
Input current Continuous | Discontinuous | Continuous Continuous Continuous Continuous Continuous Continuous
ST duty ratio, D 2M—1 1-M 1-M 1-M 1-M 1-M 2(1-M) 20-M)
g‘j‘j“ factor, | 51— p) 1/(1-2D) | 2/(1-2D) 2/(1-2D) 2/(1-2D) | 2/(1-2D) 2/(1-D) 2/(1-2D)
X?}:age g | 5B 1.15MB 1.15MB 1.15MB 1.15MB 1.15MB 1.15MB 1.15MB
Ve/Vae™ ¥* B (1-D)B (1-D)B2 B2 B/2 B/2 B2 B/2
Vo/Va* NA NA NA B2 B2 B B2 B2
V/Vac* ** B B2 B2 B2 B/2 B B2 B2
Al LoV D2 D(1-D)B__| D(L-D)B2 D(1-D)B D2 D(1-D)B D D(1 -D)B

*: only apply for boost circuit; ** only consider maximum value, NA: not applicable
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FIGURE 7. Efficiency comparison between the proposed inverter and
conventional 3L-qSBT21. (a) 90-V of Vdc, and (b) 130-V of V4.

power, the proposed inverter can improve efficiency by 0.4%
and 0.8% for 90-V and 130-V input voltages, respectively,
compared to the 3L-qSBT?I, as shown in Fig. 7.

V. COMPARATIVE ANALYSIS

To highlight the contribution of the proposed inverter, a com-
parison between the introduced inverter and some existing
inverters, which are the 3L-FC-SSI topology in [21], ZS-
NPC-1LC inverter in [14], AEMZS-3LTI topology in [19],
RC2-AIS-TLI topology in [23], 3L-qSBT?I topology in [22],
active-qZS-TLI (AqZS-TLI) in [25] and single-stage boost-
derived T?I (1S-BD-T?I) in [26], has been presented. These
topologies use conventional three-level inverters (TLIs)
behind the boost circuit. Because the comparison between
FTI and conventional TLIs has been done in [3], so this
section just focuses on boost circuit comparison.

A. OVERALL COMPARISON

The overall comparison has been listed in Table 3. Among
these topologies, the 1S-BD-T?I uses the smallest number
of components. On the other hand, the ZS-NPC-1LC and
AEMZS-3LTI do not use active switches in impedance-
source network. Instead, they use more inductors and capac-
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itors. As shown in Table 3, ZS-NPC-1LC, AqZS-TLI and
AEMZS-3LTI use one more inductor compared to the pro-
posed inverter. Moreover, the AEMZS-3LTI utilizes two
more capacitors than the proposed inverter. Compared to
RC?-AIS-TLI, the proposed 3L-qSBFTI has one more diode
and one more active switch in the impedance-source network.
The introduced topology can save one diode compared to 3L-
qSBT?L.

The proposed inverter, RC?-AIS-TLI, and 1S-BD-T?I can
balance capacitor voltages by themselves. While the oth-
ers must use corresponding control techniques to achieve
neutral-point voltage balancing, which makes the control
process complicate. However, the methods for RC2-AIS-TLI
and 1S-BD-T?I directly connect two capacitors in parallel,
which generates high inrush current through semiconductor
devices. For the proposed topology, the capacitor currents
occurring when they are connected in parallel are limited by
inductor current. As a result, it eliminates the inrush current
issue found in [23] and [26].

To boost the DC-link voltage, the inverters in [22] and
[23] require zero-vector to insert ST state. Therefore, the
maximum slew rate dv/dt of output line-to-line voltage is DC-
link voltage. While the proposed inverter and inverters in [14],
[19], [21], and [26] do not need zero vector to boost DC-link
voltage. As a result, the slew rate dv/dt of output line-to-line
voltage is just a half of DC-link, which improves the THD of
output voltage compared to the inverters in [22] and [23].

B. VOLTAGE GAIN AND COMPONENT VOLTAGE RATING
COMPARISONS

The results of boost factor, voltage gain, capacitor/boost
switch voltage stresses, and inductor current profile inves-
tigations are presented in Fig. 8. As shown in Fig. 8(a),
the boost factors of the proposed inverter and the works
in [19], [22], [23], and [25] are equal which are larger than
other inverters. However, as listed in Table 3, for the same
value of modulation index M, the utilization of ST duty
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FIGURE 8. Comparison between proposed inverter and others. (a) duty ratio D vs. boost factor, (b) modulation index vs. voltage gain,
(c) voltage gain vs. capacitor voltage stress, (d) voltage gain vs boost switch voltage rating, and (e) voltage gain vs. Al;g - Lg - fg /Vgc.

ratio D of the proposed method is higher than that of others,
so the proposed inverter has higher voltage gain than the
inverters in [14], [19], [22], [23], and [25]. In the range
of low modulation index (M < 5/6), the voltage gain of
the proposed inverter is higher than 3L-FC-SSI, as shown
in Fig. 8(b). In applications using a voltage source inverter
following a front-end DC-DC boost converter like PV or fuel
cell applications, the DC-link voltage is usually controlled to
be 350-V or 400-V for 110-Vryms output voltage [14], [15].
Similarly, the DC-link voltage is fixed at 700-V or 800-V
for 220-VrMms output voltage [4]. In these cases, the mod-
ulation index is not larger than 5/6 = 0.83. It demonstrates
that the proposed inverter can be used for many practical
applications.

With higher voltage gain, the proposed topology can
use a larger modulation index M than others for the same
value of G. Because the DC-link voltage Vpy equals to
2Vx peak/(1.15M), so using a higher modulation index M
makes the proposed inverter have lower DC-link voltage. As a
result, the proposed inverter has lower capacitor voltage rat-
ing, as shown in Fig. 8(c). Furthermore, having smaller Vpy
also leads to have a smaller semiconductor device voltage
stress, as presented in Fig. 8(d). Note that the AEMZS-3LTI
has lower capacitor voltage stress than the proposed topology
because it uses four capacitors instead of two capacitors for
the proposed inverter.
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The inductor current profile Alrp is investigated in terms
of the same input voltage, switching frequency fs, and induc-
tance Lp. It can be seen in Fig. 8(e) that the proposed
inverter has a smaller inductor current ripple than ZS-NPC-
1LC and RC2-AIS-TLIL Compared to AEMZS-3LTLI, 3L-
FC-SSI, and 3L-qSBT?I, the proposed inverter has a worse
inductor current profile.

In summary, the main contributions of the proposed topol-
ogy can be listed as: 1) improving boost factor and voltage
gain, 2) reducing component voltage rating, and 3) self-
balanced capacitor voltages without inrush current.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
The simulation results have been presented with the help
of PSIM software to verify the operation of the proposed
inverter. Parameters used in simulation are shown in Table 2.
The simulation is conducted under 90-V input voltage. The
modulation index M and ST duty ratio D are set to 0.68 and
0.275, respectively. Two capacitor voltages, V1 and V¢, are
boosted to 199-V and 200-V, as shown in Fig. 9(a). Different
between these capacitor voltages is very small and can be
ignored. The zoom-in waveforms of capacitor voltages and
their currents are illustrated in Fig. 9(b).

The DC-link voltage Vpy equals to capacitor C; volt-
age during LST modes, and twice of capacitor voltages in
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FIGURE 9. Simulation results under 90-V input voltage.
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FIGURE 10. Simulation results in one switching period: (a) conventional
SC-based inverter in [23], (b) proposed inverter.

non-ST mode, as shown in Fig. 9(b). The peak-value of Vpy
was measured at 400-V. The output line-to-line voltage Vap
has five-voltage levels which are 0-V, =V¢/or £ V2, and
+Vpn, as illustrated in Fig. 9(a). Output load voltage Vg4 is
sinusoidal waveform with the help of three-phase low-pass
filter (3mH and 10uF) as listed in Table 2. The RMS values
of output load voltage and current are measured as 110-Vrums
and 2.77-Arms, respectively. The inductor current ripple is
2.7-A, approximately. It is linearly increased in LST mode
3 and linearly decreased in other operating modes, as shown
in Fig. 9(b). Its average current is measured as 10.2-A.

A comparison between the proposed inverter and the con-
ventional SC-based inverter in [23] is conducted to highlight
the novelty of the proposed SC structure. The simulation
results for the conventional SC-based inverter in [23] are
presented in Fig. 10(a). It should be noted that the para-
sitic resistances of capacitors and switches of [23] are set
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FIGURE 11. Experimental prototype. (a) side-view, (b) top-view.

to 50-m€2 for this simulation. As seen in the Fig. 10(a),
the current through capacitors and semiconductor devices are
much larger than inductor current. This high inrush current
is generated because two capacitors of [23] are directly con-
nected in parallel. Furthermore, the parasitic of devices create
a voltage difference between two capacitors, as shown in
Fig. 10(a), which does not go to zero.

As shown in Fig. 10(b), for the proposed inverter, when
the voltage of capacitor C; is smaller than V¢y, LST mode
1 is activated which forward biased diode D; and reverse
biased diode D;. This mode charges for capacitor C; by the
current (I p — Ipy) while it maintains the voltage of capacitor
(3 as constant. When the voltage of capacitor C; is charged
to be equal to the voltage of capacitor C,, LST mode 1 is
stopped, and LST mode 2 is activated. Both diodes D and
D, are forward biased and two capacitors share the current
(Irg — Ipyn), with Icy + Ico = Irp — Ipy. As a result,
the capacitor/semiconductor devices currents are limited by
inductor current /73 when these capacitors are connected in
parallel. Therefore, compared to the conventional SC-based
inverter in [23], there is no huge currents through devices.
Furthermore, the capacitor voltage different is very small and
approximately zero.

B. EXPERIMENTAL RESULTS
The proposed inverter is further verified by experiment with
the help of the experimental prototype shown in Fig. 11. DSP
TMS320F28335 and FPGA Cyclone II EP2C5T144C8 are
utilized to control the inverter. The DSP TMS320F28335 is
used to generate PWM for proposed SVM method. Based
on these PWM signals, the FPGA performs logical opera-
tions (AND, OR, ...) to generate control signals of inverter
switches. All MOSFETs 60R060P7 are applied for active
switches of the inverter, which are controlled by isolated IC
TLP250. Diodes UJ3D1250K2 are applied for diodes Dj—
D3. The proposed inverter is tested under 90-V and 130-V
input voltages. The experimental results for these cases are
presented in Figs. 12 and 13, respectively. The summary of
experimental results is listed in Table 4. The modulation index
M is set to 0.68 for two cases, while ST duty ratio D is set as
0.275 for 90-V of V;. and 0.18 for 130-V of V..

When the inverter generates values 4+ Vpy/2 and 0-V at out-
put voltage Vxp, switch Sox is always turned on. Therefore,
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FIGURE 12. Experimental results under 90-V input voltage.

TABLE 4. Summary of simulation and experimental results.

Ve =90-V Vi = 130-V

Sim. Exp. Sim. Exp.

Ver 199-V 177-V 203-V 183-V
Ve 200-V 179-V 203-V 186-V
Vira 110-Vrus 104-Vrums 110-Vgus 109-V
Ira 2.77-Arms 2.55-A 2.77-A 2.66-A
THDy 45 42.49% 47.7% 42.7% 46.6%
THD 4 0.259% 1.77% 0.262% 1.7%

if switches S1x and S3y are simultaneously turned on, the
capacitor C is shorted which generates a short-circuit current
through S1x, Sox and S3x. It is very harmful to the whole
inverter. So, dead-time controller is used for switches S;x and
S3x. In this experiment, the dead-time is selected as 1% of
switching period, which is 1 us. Unlike S1x and S3x, the LST
state generated by turning on Spy and Sax is allowed in this
inverter. Moreover, the switches S; and S» of boost circuit
are also triggered on in this LST state. Therefore, dead-time
controller is not needed for these switches.

From 90-V input voltage, the capacitor C; and C, voltages
are boosted to 177-V and 179-V, as illustrated in Fig. 12(a).
The different between these capacitors is just 2-V, which is
very small and can be ignored. Therefore, it can be con-
cluded that these capacitor voltages are self-balanced. The
peak-value of DC-link voltage is the sum of these capacitor
voltages which is measured as 356-V, as shown in Fig. 12(c).
The top of output line-to-line voltage is varied from zero to
Vpn, as shown in Fig. 12(b). Based on FFT wave-form of
Vap, THD value of output voltage Vap is calculated as 47.7%.
THD of output load current is measured as 1.77%. The RMS
value of output load voltage and current are measured as
104-VrMms and 2.55-Arwms, respectively. With the proposed
SVM technique, the output pole voltage V40 is clamped to
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FIGURE 13. Experimental results under 130-V input voltage.

terminal “P”’ in one-third of the output period, as illustrated
in Fig. 12(b). In LST mode 3 which is denoted by zero-
values of Vgi and Vy», the current of inductor Lp increases
linearly. In the rest time interval of one switching period, I1p
is decreased linearly, as illustrated in Fig. 12(c). The average
value of Irp is 10.1-A. The currents of capacitors C| and C;
are presented in Fig. 12(d). It can be seen that these capacitor
currents are equal in LST mode 2, which ensures neutral-
voltage balancing. Because the experimental prototype is not
optimally designed, an unexpected ringing occurs at capac-
itor currents due to stray inductors and capacitors of power
circuit.

Under 130-V of V. as shown in Fig. 13(a), the V1 and
Vo are measured as 183-V and 186-V, which are still bal-
anced with small different as 3-V. With these capacitor volt-
ages, the output load voltage and current achieve 109-Vrums
and 2.66-Arwms. The average inductor current I p is measured
as 7.06-A. The FFT of output line-line voltage is presented as
Fig. 13(b). Based on this FFT wave-form, the THD of Vy4p is
calculated as 46.6%. The THD of the output load current is
1.7%. The current wave-forms of I and I, are illustrated
in Figs. 13(c) and 13(d). It can be seen that the I is positive
whereas the I¢> zero during LST mode 1. In LST mode 2,
these capacitors share their currents. As a result, capacitor C;
and C, voltages are still self-balanced.

VOLUME 11, 2023



D.-T. Do et al.: Novel 3LqSBFTI With High Voltage Gain and Self-Balanced Neutral-Point Voltage

IEEE Access

94 |
—92
=
390 |
c
3 ~-Experiment at Vdc=130V
{E 88| -e-Calculation at Vdc=130V
= Simulation at Vdc=130V
86 | -4-Experiment at Vdc=90V
-8-Calculation at Vdc=90V
7~ Simulation at Vdc=90V
84 : -

600 700 800 900

Output power [W]
FIGURE 14. Experimental, simulation and calculation efficiency of the
proposed inverter under 130-V and 90-V of input voltages.

500

The experimental, simulation and calculation results for
efficiency of the proposed inverter under 130-V and 90-
V of input voltages are shown in Fig. 14. The WT3000E
power analyzer is used to measure system efficiency. The
PLECS software is used to simulation inverter efficiency. The
proposed inverter obtains 89% efficiency at 90-V of V. and
93.7% efficiency at 90-V of V4. with 900-W output power.
It still has a small different between simulation, calculation
and experiment. However, this different is very small.

VIi. CONCLUSION

A new topology of 3L-qSBFTI based on SC structure has
been presented. The proposed inverter can limit the inrush
current when two capacitors are connected in parallel. As a
result, the boost factor and voltage gain of the inverter are
significantly improved without increasing current stress on
semiconductor devices like any traditional SC-based invert-
ers. The SVM scheme has been presented to control the
introduced inverter. Under this strategy, all small vectors are
replaced by LST vectors. The ST state of the boost circuit,
now, is inserted within LST states to improve ST duty ratio
utilization. Accordingly, it can enhance the ST duty ratio to
twice of that in conventional ISIs with the same modulation
index. The comparison studies about boost factor, voltage
gain, component voltage rating are presented to highlight the
advantages of the proposed inverter. Because of high volt-
age gain and boost factor, the proposed inverter can operate
with higher modulation index and lower duty ratio of boost
switches. It makes the proposed inverter have better perfor-
mance in low voltage range, low power compared to other
single-stage inverters. However, like any SC based inverter,
in high voltage range, the performance of proposed inverter
is lower than that in low voltage range. Thus, the proposed in
inverter is suitable for low voltage applications like PV, fuel
cell applications. The simulation and experimental results are
also presented to further verify the discussed theory. In the
future, an optimal inverter design for PV grid-connected
application will be conducted. Moreover, the small-signal
analysis will be considered which helps to design controller
for the introduced inverter.
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NOMENCLATURE

Ve Input voltage.

Vis Inductor Lp voltage.

Vei, Vea Capacitor C| and C; voltages.

Ven DC-link voltage.

VX peak Peak-value of output load voltage.

Vas Output line-to-line voltage.

Vao Output pole voltage.

Vr Forward-voltage of diode D.

I Inductor Lg current.

Ict, Ica Capacitor Cy and C; currents.

Ipyn Equivalent inverter side current.

Ira Output load current.

Is, Ip Currents of switch S and diode D.

Ts Switching period.

To Output load voltage/current period.

1,0, t7 On-times of ‘71 , ‘72, ‘77.

M Modulation index.

D Duty ratio of S,.

o Phase angle of reference vector.

B Boost factor.

G Voltage gain.

n% Inverter efficiency.

X% Maximum acceptable inductor cur-
rent ripple.

% Maximum acceptable capacitor volt-
age ripple.

Po Output power.

Prp, Pgj Inductor Lp and capacitor Cj power
loss.

Pg cond Conduction loss of switch S.

Ps sw Switching loss of switch S.

Pp.cond Conduction loss of diode D.

P,, Reverse recovery loss.

RDS.on On-resistor of switch S.

O Reverse recovery loss.

try, tfu, Ly, tfl

Voltage rise-time, voltage fall-
time, current rise-time, and current
fall-time of MOSFET.

ABBREVIATIONS
3L

qSBFTI

ISI
SC
LST
MLI
NPCI
T21
FTI
PV
VSI
ST
7S

Three-level.
Quasi-switched
inverter.
Impedance-source inverters.
Switched-capacitor.
Lower-shoot-through.
Multi-level inverter.
Neutral-point clamped inverter.
T-type inverter.

F-type inverter.

Photovoltaic.

Voltage-source inverter.
Shoot-through.

Z-source.

boost F-type
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ZSI Z-source inverter.

qZSI Quasi-Z-source inverter.

AEMZS  Asymmetrical embedded modified
Z-source.

FST Full shoot-through.

UST Upper shoot-through.

FC-SSI Flying  capacitors  split-source
inverter.

qSBI Quasi-switched boost inverter.

RC?-AIS Reduced component count active
impedance-source.

TLI Three-level inverter.

THD Total harmonic distortion.
PI Proportional-integral.
SVM Space-vector modulation.
SVD Space vector diagram.

1S-BD Single-stage boost-derived.
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