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ABSTRACT This paper proposes a novel topology, named the switched-capacitor-inductor active-switched
boost inverter (SCL-ASBI), based on a switched boost inverter (SBI). The proposed SCL-ASBI allows a high
voltage gain with fewer components used in the impedance network. It can be extended to an n-cell by adding
one inductor, one diode, and two capacitors for further improving the boost capability. A comparative analysis
between the proposed SCL-ASBI topology and four different topologies based on the SBI is presented. The
closed-loop output voltage control scheme of the SCL-ASBI is suggested to linearly control the ac output
voltage in a wide range. The extended-boost SCL-ASBI (EB/SCL-ASBI) topology, implemented by adding
one cell to the SCL-ASBI, is introduced to achieve a higher voltage gain. Both the simulation studies and the
experimental results obtained from a prototype built in the laboratory are carried out to verify the theoretical
analysis and performance of the proposed topologies.

INDEX TERMS Boost capability, high voltage gain, impedance network, multicell topology, switched-

capacitor-inductor.

I. INTRODUCTION

The quasi-Z-source inverter (qZSI) is an attractive choice in
renewable energy generation applications due to its boost
capability in a single power conversion stage and the con-
tinuous dc input current [1]. It can raise the dc-link voltage
with a shoot-through state implemented by conducting both
the upper and lower switches at the same phase leg of the
inverter. Because dead-time is not needed, the reliability can
be enhanced and the distortion of the ac output voltage due
to the dead-time can be reduced. The qZSI has been applied
to photovoltaic (PV) power generation systems and electric
vehicles due to its advantages [2]-[6]. In spite of the above-
mentioned merits of the classic qZSI, its practical boost abil-
ity is not enough for industrial applications requiring a high
voltage gain.

To achieve higher voltage gain, several topologies have
been implemented by inserting additional inductors, capac-
itors, and diodes into the impedance network based on the
(quasi-) Z-source inverter, as introduced in [7]-[14]. These
are referred to as switched-inductor (SL) qZSI/ZSI [7], [8],
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diode-assisted or capacitor-assisted extended boost contin-
uous qZSI [9], generalized multicell switched-inductor and
switched-capacitor ZSIs [10], ripple input current SL-qZSI
(rSL-qZSI) and continuous current SL-qZSI (¢cSL-qZSI) [11],
enhanced-boost ZSI with switched Z-impedance [12],
enhanced-boost gZSI with two switched impedance networks
(EB-qZSI) [13], and qZSI with two quasi-Z-source net-
works [14]. These topologies require many passive compo-
nents, which leads to an increase in the volume and cost of
the power circuit.

The switched boost inverter (SBI) topology was intro-
duced in [15], [16]. The SBI can reduce the number of
passive components in the impedance network by adding
one more switching device. However, it has a lower boost
factor compared with classic ZS1/qZSI, and its source current
is discontinuous. To solve the drawbacks of the basic SBI,
the embedded-type quasi-switched boost inverter (QSBI) was
proposed in [17]. Its boost factor builds up to the same
value as that of the classic qZSI while keeping the same
number of components as those of the basic SBI. In addi-
tion, the embedded-type qSBI has a continuous dc source
current. The comparative analysis between a single-phase
embedded-type qSBI and a single-phase qZSI is presented
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in [18]. The pulse width modulation (PWM) strategies for
a single-phase qSBI proposed by [19] and [20] can reduce
the voltage stress across the capacitors and switches and
obtain a lower high-frequency inductor current and capacitor
voltage ripples with higher efficiency, compared with the
conventional PWM method.

A half-bridge switched boost inverter (HBSBI) topology
combining two basic SBIs and a single-phase half-bridge
inverter is presented in [21]. The HBSBI topology has a
higher boost factor compared to the classic ZSI. However, its
dc source current is discontinuous. To achieve a continuous
dc source current while retaining the benefits of the HBSBI,
the topology implemented by replacing the SBI of the HBSBI
topology with the qSBI [17] is proposed by [22].

Several topologies to further enhance the voltage gain by
adding inductors, capacitors, and diodes to the basic SBI
structure are introduced [23]-[29]. A topology for ZSI based
on a switched impedance network is proposed in [23]. In [24],
two types of high voltage gain quasi-switched boost inverter
(HG-qSBI) and the PWM technique are presented to achieve
a high voltage gain with low input current ripple. By apply-
ing the concept of the SL technique to the SBI topology,
a class of SL boost inverters (SLBIs) in [25] and the con-
tinuous active SL boost quasi-ZSI (cASLB-qZSI) in [26]
provide a higher boost ability. The enhanced-boost quasi-ZSI
with an active switched Z-network (EB/ASN-qZSI) proposed
in [27] has the same boost factor as the EB-qZSI [13]
but reduces the number of LC pairs. The capacitor-assisted
switched capacitor extended boost ZSI (CSC-EB-ZSI) pro-
posed in [28] is implemented by adding one switch and
one diode to the capacitor-assisted extended boost qZSI
(CEB-qZSI) [9] to increase the voltage conversion ratio.
Another possible solution to further increase the voltage gain
is to apply the multicell scheme, which can be implemented
by connecting n number of cells in a cascade, to the topologies
based on the active switched boost inverters such as: the
active-switched-capacitor/switched-inductor qZSI (ASC/SL
gZS]) [29], continuous input current qZSI (CC-qZSI) [30],
and active-switched-capacitor qZSI (ASC-qZSI) [31].

In this paper, a novel topology, named a switched-
capacitor-inductor active-switched boost inverter (SCL-
ASBI) based on the SBI structure, is proposed. The proposed
SCL-ASBI offers a higher boost ability with a smaller num-
ber of components in the impedance network in comparison
with the different SBI-based topologies. The operation anal-
ysis and the impedance parameter design of the proposed
SCL-ASBI topology are presented. A comparison between
the proposed SCL-ASBI and four other SBI-based topologies
is performed. The closed-loop output voltage control scheme
is suggested to linearly control the ac output voltage of the
proposed SCL-ASBI topology over a wide range. It can be
extended to achieve a higher voltage gain by cascading n-
cells, where one cell consists of one inductor, one diode,
and two capacitors. By adding one cell to the SCL-ASBI,
the extended-boost SCL-ASBI (EB/SCL-ASBI) topology is
introduced. The proposed topologies and voltage control
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FIGURE 1. Structure of the proposed SCL-ASBI topology.
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FIGURE 2. Equivalent circuits for the SCL-ASBI: (a) ST state, (b) NST state.

scheme can be applied to provide the desired voltage to the
critical or local load under islanding mode of a microgrid con-
necting the low-voltage renewable energy sources like a PV
array or fuel-cell (FC) stack, and to drive the traction motor
of small-sized FC vehicles. The performances of the two
proposed topologies and the output voltage control scheme
are validated by both simulations and the experimental results
obtained from the prototype built in the laboratory.

Il. OPERATION ANALYSIS OF PROPOSED SCL-ASBI
TOPOLOGY

The operation principle of the proposed SCL-ASBI topology
will be described.

A. OPERATING PRINCIPLES OF SCL-ASBI

Fig. 1 shows the structure of the proposed SCL-ASBI topol-
ogy in which an impedance network, composed of one switch
(So), two inductors (L, Ly), three capacitors (Cy, Ca, C3),
and three diodes (D1, D2, D3), is connected to the three-phase
inverter bridge. The proposed SCL-ASBI has two operating
states like a non-shoot-through (NST) state and shoot-through
(ST) state. The equivalent circuits of the SCL-ASBI topology
in the ST and NST states are shown in Figs. 2(a) and 2(b),
respectively.

In the ST state shown in Fig. 2(a), the inverter side is
shorted by both upper and lower switches on any phase leg,
and the switching device Sy is switched on during this state.
The three diodes D;, D,, and D3 are off in the ST state.
The two inductors L and L, store energy from the dc input
source and the three capacitors Ci, C;, and C3 through the
inverter bridge and switch Sp. The three capacitors are then
discharged. From Fig. 2(a), the inductor voltages, capacitor
currents, and dc-link voltage are written by

Vi1 = Ve + Vea + Ve,

ico = —ip1 = —iL2 —icl,

Vio=Va+Vezs+Ver (1)
ic3 = —ipp = —ip1 —ic1

@
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In the NST state shown in Fig. 2(b), the proposed inverter
operates as a conventional voltage source inverter. During this
state, the switch Sy is switched off, whereas the three diodes
D1, D>, and D3 are on. The three capacitors are charged,
and the two inductors supply energy to the inverter. The peak
dc-link voltage across the inverter bridge Vpn is equal to the
capacitor voltage V1. From Fig. 2(b), the inductor voltages,
capacitor currents, and dc-link voltage are written by

Vii=-Vez=Vae+Vea—Ver, Vio=-Vea 4
ico =12 —ict —lo, ic3=iL1—ic1—1 )
Von = Vo = Ver. (6)

It can be assumed that Vi1 = Vi3, Voo = Vs, in1 = iro,
ica = ic3 due to the symmetrical structure of the impedance
network. Utilizing the voltage-second balance principle to the
inductor L1 or L from (1) and (4) over one switching period
Ty, the three capacitor voltages can be expressed as a function
of the shoot-through duty ratio D, which is defined as a ratio
of the shoot-through time Ty, to one switching period T,
as follows:

V V. 2D
AT 1Zap 1—4D
Utilizing the ampere-second balance principle to the
capacitors C1 and C; from (2) and (5) over one switching
period Ty, the average of the two inductor currents can be
derived as

Voo =Vesz = Vae (1)

1-D I
1—4D""
_ Because the peak dc-link voltage across the inverter bridge
Vpn 1s identical with the capacitor voltage V¢i from (6),
the boost factor of the proposed SCL-ASBI can be derived
as

®)

i1 =i =

1% 1% 1
spn _ VCL ) 9)
Vae Ve 1—4D

B. IMPEDANCE PARAMETER DESIGN OF SCL-ASBI

The inductors and capacitors in the impedance network of
the proposed SCL-ASBI topology are designed to limit the
switching frequency current and voltage ripples within the
desired values. The equivalent series resistances (ESRs) of
the capacitors influence the capacitor voltage ripple at the
transition between the NST and ST states. In this paper,
the capacitors are designed neglecting the effects of the ESRs
of the capacitors. Using the concept for a simplified equiva-
lent dc load Ry, the load current /, can be expressed as [24]

A

_ Vn
=&
The operating frequency of the capacitor and the inductor
is twice the switching frequency. In the ST state, the inductor
current increases linearly while charging energy from the
capacitors and dc voltage source. From (1), the peak-to-peak

Io

(10)
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current ripple of the inductors L; and L, during the ST state

of the proposed SCL-ASBI is expressed as

Vac + Vea + Ve DT
Lz 2

From (7), (8), (9), (10), and (11), the inductances of L; and
L, can be designed as

(1)

Aipp =

_ D(1 — 4D)R,

L
ri1,2% - fs

(12)
where r,1,2% is defined as a ratio of the peak-to-peak induc-
tor current ripple to the average current of inductors L and
Ly as Aip12 /fL 1.2, and f; is the switching frequency.

Similarly, from (2), (7), (8), (9), and (10), the capacitances
can be designed as

D(1 — D)

C) = (13)
(1 —4D)R; - rc1% - f;
(1-D)

Cy = C3 (14)

3T 40— 4AD)R; - rc23% - f;

where rc1% = AVci1/Veiandrca 3% = AVea3/Veas.

Ill. COMPARATIVE ANALYSIS WITH THE SAME TYPE OF
TOPOLOGIES

The comparative analysis is performed in terms of the number
of components, boost factor, voltage and current stresses
of the proposed SCL-ASBI topology with the four other
SBI-based topologies such as the Switched-ZSI [23], cASLB-
qZSI [26], EB/ASN-qZSI [27], and CSC-EB-ZSI [28].

A. COMPARISON OF THE BOOST FACTOR AND AC
VOLTAGE GAIN
The boost factor is an important item to evaluate the perfor-
mance of the topology. Fig. 3(a) shows plots of the boost
factors with the variation of the shoot-through duty ratio for
the proposed SCL-ASBI and four different topologies. The
proposed SCL-ASBI has the highest boost factor over the
overall range of the shoot-through duty ratio, compared with
four different topologies.
The ac voltage gain G is defined as
Vo
G=—=M-B (15)
\Z%
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TABLE 1. Number of components used in the impedance networks.

cASLB- Switched- EB/ASN- CSC- SLC-

Components = ¢, A qZSI___EB-ZSI _ ASBI
Inductors 3 2 2 3 2
Capacitors 3 2 2 4 3
Diodes 6 4 4 3 3

Switches 1 1 1 1 !

where M and ¥, are the modulation index and the peak
output phase voltage, respectively. The relationship between
M and B is dependent on the modulation techniques. The
simple boost PWM control method [20] is applied to the
proposed topology. In the simple boost PWM control method,
the shoot-through duty ratio D is lower than (1 — M). Using
the relationship of D = 1 — M, the ac voltage gain G can
be expressed as a function of M. Fig. 3(b) shows plots of the
ac voltage gains G versus the modulation index M for the
analyzed topologies. The proposed topology has the highest
ac voltage gain, which results in a high-quality output voltage
waveform with a low total harmonic distortion (THD).

B. COMPARISON OF THE NUMBER OF COMPONENTS
Table 1 displays a comparison of the number of passive and
active components used in the impedance network of the
five topologies. From this table, the proposed SCL-ASBI
requires one more capacitor and one less diode than the
switched-ZSI and EB/ASN-qZSI topologies. Compared with
the CSC-EB-ZSI and cASLB-qZSI topologies, the proposed
SCL-ASBI approach saves one inductor and one capacitor (or
three diodes).

C. COMPARISON OF VOLTAGE AND CURRENT STRESSES
The voltage stresses across the capacitors, diodes, and switch
in the impedance network change with the boost factor and
dc input voltage. The inductor current stress varies with the
boost factor and load current. To achieve a fair comparison of
the voltage stresses for five topologies, the ratio of voltage
stress to the root mean square (RMS) value of ac output
voltage is compared. The inductor current stress is expressed
as the boost factor and shoot-through duty ratio. The ratios of
the voltage stresses across capacitors, diodes, and switch to
the RMS value of the ac output voltage, the inductor current
stresses, and the diode and capacitor current stresses for the
five topologies are summarized in Table 2.

Figs. 4(a) and 4(b) compare the total voltage stress ratios of
the capacitors and diodes, respectively, between the proposed
SCL-ABSI topology and four different topologies. The total
capacitor voltage stress ratio of the proposed SCL-ABSI is
lower than that of the EB/ASN-qZSI when the duty ratio
D is less than 0.17, and it is lower than cASLB-qZSI when
the duty ratio D is less than 0.2. The total diode voltage
stress ratio of the proposed SCL-ASBI is slightly higher than
that of the EB/ASN-qZSI. The proposed SCL-ASBI topology
provides the total capacitor and diode voltage stress ratios in
the comparatively intermediate range. Fig. 4(c) depicts the
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FIGURE 4. Voltage and current stresses comparison: (a) capacitor voltage
stress comparison, (b) diode voltage stress comparison, (c) inductor

current stress comparison, (d) diode current stress comparison,
(e) capacitor current stress comparison.

ratio of the total inductor current stress to (B - I,) for the
five topologies. The EB/ASN-qZSI topology has the lowest
total inductor current stress ratio, followed by the proposed
SCL-ASBI topology. The proposed SCL-ASBI topology pro-
vides the total inductor current stress ratio in a relatively
low range. Figs. 4(d) and 4(e) depict the ratio of the total
diode and capacitor current stresses to (B - 1,) for the five
topologies, respectively. The proposed SCL-ASBI topology
provides the lowest total diode current stress ratio. Both the
EB/ASN-qZSI and switched-ZSI topologies have the lowest
total capacitor current stress ratio, followed by the proposed
SCL-ASBI topology.

D. COMPARISON SUMMARY

Compared with the four other SBI-based topologies, the pro-
posed SCL-ASBI topology has the highest ac voltage gain,
which is an important item to evaluate the performance of the
topology. The highest ac voltage gain results in a high output
voltage with a low THD.
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TABLE 2. Comparison of voltage stresses across capacitors, diodes and switch, and current stresses of inductors, diodes, and capacitors.

cASLB-qZSI [26] Switched-ZSI [23] EB/ASN-qZSI [27] CSC-EB-ZSI [28] SCL-ASBI
C, C 2 C, £ lof £ Cr, Cs @ lof £
1-D 1-D Cs 1-D 1-D
Capacitor
Voltage Stress Cs, ﬂ C, @ C M C, M C,, C; 2ﬁD
Ratio 1-D 1-D 1-D 1-D 1-D
YV | 20-D) V20+D) 3 J20+D) V2(1+4D)
i=1 1-D 1-D 1-D 1-D
Dy, D, 2 Dy, D; 2 Dy, D, 2 Dy, D; 2 Dy.D; A2
1-D 1-D 1-D 1-D
D3 «\/E D3 2'\/5
Diode Voltage | D, D; 2 b J2(1-2D) b 242
Stress Ratio Ds, Dy 1-D Dy \ED D, _\ED : 1-D ’ 1-D
1-D 1-D
SVp | 226-D) 32 V2(4-D) V23-20) 42
i=l 1-D 1-D 1-D 1-D 1-D
Switch Voltage s \/— B \/5 s \E B \/5(1 —2D) s «/5
Stress Ratio 2 0 1-D D 0 -0 0 b
Ly, L; (1-D)BI, L (1-D)BI, L, (1-D)BI, L (1-D)BI,
L,L, | (1-D)BI,
Inducé‘t’f Current| 7. (1-D)*BI, L, | a-pyBI, | L, | (-D)*BI, |L.L;| (1-D)*BI,
1ress
ZIILZ- (D?—4D+3)BI, | (D*-3D+2)BI, (D*-3D+2)BI, | (2D*-5D+3)BI, 2(1-D)BI,
i
D 1-D)?BI D (1-2D)BI
D D2 Ds| (1 _pypy, DuDs |\ q-pygI, T Y BI, ! i
Dy Ds Dy D, | D(2-D)BI, D; 2DBI,
Diode Current
Stress Ds 2DBI, D, DBI, D3, Dy (1-D)BI, D, D; | (1-D)BI, D; BI,
Ell D; (5-3D)BI, (3-2D)BI, (3-2D)BI, (3-2D)BI, 28I,
C BI,
C, Cs 2BI, C (2-D)BI, C (2-D)BI, C 2BI,
¢, | 3-2D)BI,
Capacitor C; (2-D)BI,
Current Stress &} (1-D)BI, C (1-D)BI, (& (1-D)BI, 5, Cs BI,
c, | a-D)BI,
EII ci (5-D)BI, (3-2D)BI, (3-2D)BI, (7-4D)BI, 4BI,
The proposed SCL-ASBI topology with the two inductors - Vet
exhibits the total inductor current stress ratio in a relatively ’—l I—‘
low range. It provides the lowest total diode current stress Limiter s
. . . Calculate [ & 2 = SCL-ASBI
ratio. The total capacitor voltage and current stress ratios, and M&D |57
the t.otal diode Voltage strgss ratio qf the proposed topology e [CFiier
are in the comparatively intermediate range. The number Vo
of components used in the impedance network of the pro- Vop | Calculate v,
op C

posed SCL-ASBI is the same as that of the switched-ZSI
and EB/ASN-qZSI topologies, and less than that of the
CSC-EB-ZSI and cASLB-qZSI topologies.

IV. AC OUTPUT VOLTAGE CONTROL SCHEME

Fig. 5 shows the ac output voltage control loop of the pro-
posed SCL-ASBI topology to offer a desired voltage to the
ac load or microgrid. Substituting (9) into (15) and using the
relationship of (D = 1 — M) under the simple boost PWM
control method, the peak ac output voltage can be expressed

VOLUME 9, 2021

FIGURE 5. AC output voltage control loop of the SCL-ASBI topology.

as the modulation index as follows:

. M
Vo = mvdc =G Vi
The ac output voltage can be adjusted by regulating the
modulation index M. The plot of the ac voltage gain G
versus M of the proposed SCL-ASBI topology is shown

(16)
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FIGURE 6. Variations of M and D versus G.

in Fig. 3(b). From Fig. 3(b), the ac voltage gain (or output
voltage) decreases nonlinearly as M increases. This nonlin-
earity between the output voltage and M may deteriorate the
performance of the transient response of the ac output voltage
control. The ac voltage gain G is adopted at the ac output
voltage control loop to improve the transient response of the
ac output voltage control. Because the ac voltage gain G is
proportional to the ac output voltage from (16), it can linearly
control the output voltage.

The peak output voltage V,, is estimated from the two
measured line-to-line voltages V,, and Vj.. The ac voltage
gain G is assigned as the output of the peak output voltage PI
(Proportional-Integral) controller. There are two voltage con-
trol modes according to the range of G, the boost control
mode at G > 1 and the buck mode at 0 < G < 1. The M
and D values are determined in the range of G as follows:

3G
=—, D=1-MaG>1 a7

4G -1
M=G, D=0a0<G<1 (18)

Fig. 6 shows the variations of M and D in the range from
0 to 10 of G. When the proposed SCL-ASBI operates in the
buck mode in the range 0 < G < 1, the modulation index M is
proportional to the ac voltage gain G under D = 0. Therefore,
the ac output control is only controlled by the modulation
index M without the shoot-through state. When the proposed
SCL-ASBI operates in the boost mode where G > 1, the mod-
ulation index M decreases and the shoot-through duty ratio
D increases as the ac voltage gain G increases. The PWM
signals of the seven switches are generated by the values of
both M and D calculated from (17) and (18).

V. OPERATION ANALYSIS OF MULTICELL SCL-ASBI
TOPOLOGY

The extended-boost SCL-ASBI (EB/SCL-ASBI) topology is
implemented by adding one cell to the SCL-ASBI topology.
To further enhance the boost ability, » member cells are
added in the impedance network of the proposed SCL-ASBI
structure to form the multi-cell SCL-ASBI (Mc/SCL-ASBI)
topology. The structures and operation principles for both
the EB/SCL-ASBI and Mc/SCL-ASBI topologies will be
described, respectively.
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FIGURE 8. Equivalent circuits for the EB/SCL-ASBI: (a) ST state, (b) NST
state.

A. OPERATING PRINCIPLES OF EB/SCL-ASBI
One cell consisting of two capacitors, one inductor, and one
diode is connected to the SCL-ASBI in cascade, as shown
in Fig. 7. This topology is named the extended-boost SCL-
ASBI (EB/SCL-ASBI). Fig. 8 shows the equivalent circuits
of the EB/SCL-ASBI in the ST and NST states, respectively.
In the ST state shown in Fig. 8(a), the inverter side is
shorted by both upper and lower switches of any phase leg,
and the switching device Sy is switched on. All four diodes
are off during this state. Three inductors L;, Ly, and L3 store
energy from the dc input source, along with the five capaci-
tors C1, C3, C3, C4, and Cs. All five capacitors are discharged.
From Fig. 8(a), the inductor voltages and capacitor currents
are written by

Vir = Vae +Vea + Vea + Ve (19)

ici1 =ic3—iL1, ic2=—iL1, ic3=1ics—ir2. (20)

In the NST state shown in Fig. 8(b), the inverter provides
voltage to the load side. During this state, the switching
device Sy is switched off, whereas all four diodes are on.
The dc input voltage and three inductors transfer energy to
both the inverter and the capacitors. Thus, all five capacitors
are charged. From Fig. 8(b), the inductor voltages, capacitor

currents, and dc-link voltage are written by
Vii=-Ves, V+Via+Viz=Va—Ver (21
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ic1 +ic3=—1, +iL1 (22)
Von = Ver. (23)

It can be assumed that V;; = Vo = Vi3, Voo = Vs =
Vea = Ves, ip1 = 2 = iL3, ica = ics, ic3 = ic4
due to the symmetrical structure of the impedance network.
Utilizing the voltage-second balance principle to the inductor
L1 from (19) and (21) over one switching period Ty, the five
capacitor voltages can be derived as

1
1 —-6D

Vel = Ve (24)

Voo =Vesz = Vea =Ves = Ve (25)

1—-6D
Utilizing the ampere-second balance principle to the
capacitors C and C3 from (20) and (22) over one switching
period T, the average of the three inductor currents can be
derived as

1-D

T—eD I,. (26)
_ Because the peak dc-link voltage across the inverter bridge
Vpn is identical with the capacitor voltage V¢ from (23),
the boost factor of the proposed EB/SCL-ASBI topology can

be derived as

ip] =iy =ip3 =

_ V[)n _ VCl _ 1 (27)
Ve Ve 1—6D

where the duty ratio is limited to 1/6. Fig. 9 shows the boost

factor and ac voltage gain versus the duty ratio D of the two

proposed topologies. The boost factor and ac voltage gain

of the EB/SCL-ASBI are considerably higher than those of

SCL-ASBL

B. IMPEDANCE PARAMETER DESIGN OF EB/SCL-ASBI
The inductors and capacitances of the proposed EB/SCL-
ASBI topology are design with the same method as the
SCL-ASBI topology. From (19), the peak-to-peak current
ripple of the three inductors during ST state of the proposed
EB/SCL-ASBI are written by

Vac + Ver + Vea + Vea DT
L3 2
From (10), (24), (25), (26) and (27), the inductances of L,
L, and L3 can be designed as

D(1 — 6D)R;
Lips=——""F"—+ (29)
re1,2,3% - f
where rp123% is defined as a ratio of the peak-to-peak
inductor current ripple to the average current of the three
inductors as Air1,2,3/ir1,2.3-
Similarly, from (10), (20), (24), (25), (26), and (27),
the capacitances can be designed as

Air1p3 = (28)

o 3D(1 — D) G0,
YT 20— 6D)R; - re1% - f;
(I1-D)

C =GCs (3D

~ X1 —6D)R; - reas% -f
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FIGURE 9. A comparison of the two proposed topologies: (a) boost factor
versus duty ratio, (b) ac voltage gain versus modulation index.
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FIGURE 10. Structure of the Mc/SCL-ASBI topology.
(1-D)
C3 =Cy4= (32)

2(1 —6D)Ry - rc3.4% - fs

where rc1% = AVe1/Ver, re2s% = AVeas/Vea,s, and
rc3a% = AVe3a/Ves a.

C. OPERATING PRINCIPLES OF MC/SCL-ASBI

The structure of a multi-cell SCL-ASBI (Mc/SCL-ASBI)
topology is shown in Fig. 10. It can be extended by adding
more cells to the impedance network in order to achieve
higher boost capability. The n™ cell is organized using one
inductor L,, one diode D,,, and two capacitors Cp, and
C2u+1- The operations in the ST and NST states of the
Mc/SCL-ASBI are nearly the same as those of the EB/SCL-
ASBI. By applying a similar method to the Mc/SCL-ASBI,
the capacitor voltages, the average of the inductor currents,
and boost factor can be expressed as

Ver = mvdc (33)
2D
Ver =+ - = Veent) = dec (34)
Iy = =1, = IL(nJrl) = 1_—DIO (35)
1-2(n+1)D
Von _ Ve _ 1

(36)

Vae  Vae 1—=2(m+ DD
where the range of D is between 0 and 1/2(n + 1).
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D. IMPEDANCE PRAMETER DESIGN OF MC/SCL-ASBI
The inductors and capacitances of the proposed Mc/SCL-

ASBI topology are design with the same method as the
SCL-ASBI and EB/SCL-ASBI topologies.

The inductances of L; - - -, and L,, can be designed as
D(1 — 2n+ 1)D)Ry
Ly..,= 37
ret..n% fs

where r71...,% is defined as a ratio of the peak-to-peak induc-
tor current ripple to the average current of the n number of
inductors as Aiu...n/fu...n.

Similarly, the capacitances can be designed as

(n+ 1)D(1 — D)

C, =
" T2l =20+ DDIR - re1% - fs
(1-D)
C,=C = 38
2= O = T 2 DDIR e fe O
2(1 - D)
C3 = C2n =
4[1 = 2(n+ DDIR; - rc3% - f5
3(1 — D)
Cy=Cy1 = 39)

4[1 —2(n 4+ 1)DIR; - rca% - fs

where rc1% = AVci1/Ver, rea% = AVealVea, rez% =
AVes3lVes, and reg% = AVea/Ves.

E. COMPARATIVE ANALYSIS OF MIC/SCL-ASBI

Figs. 11(a), 11(b), 11(c), and 11(d) compare the boost factors,
the total voltage stress ratios of the capacitors and diodes,
and the ratio of the total inductor current stress to (B - I,,) for
SCL-ASBI, EB/SCL-ASBI, Mc/SCL-ASBI with three cells,
and Mc/SCL-ASBI with four cells, respectively. The range of
D is from 0 to 1/2(n + 1). The Mc/SCL-ASBI with one cell
becomes equivalent to the SCL-ASBI, and the Mc/SCL-ASBI
with two cells becomes equivalent to the EB/SCL-ASBI.
The boost factor is considerably increased by adding more
cells. The total capacitor voltage stress ratio increases almost
linearly with respect to D, and its slope is shaper as the
number of cells increases. Both the total diode voltage stress
and total inductor current stress increase in almost proportion
to the increase in the number of cells.

The power loss of n'” cell shown in Fig. 10 is calculated for
analyzing the efficiency variations to the increase in the num-
ber of cells. The power loss of n cell consists of capacitor
loss, inductor loss, and diode loss.

The power loss of the two capacitors Co, and Co,41 i
calculated as

2 2
Pemy = re@n - Loy pms + Te@nt1)  Liont1y mms (40

where 7.2,y and r¢(2,4-1) represent the ESRs of Cy,, and Co,4 1,
respectively, and 1+2,) rms and I.2n+1) rms are the RMS val-
ues of two capacitor currents, respectively, and derived as

2 /DI =D)
Leny_rms = mlo (41)
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FIGURE 11. A comparison of the boost factor, voltage and current
stresses of Mc/SCL-ASBI: (a) boost factor comparison, (b) capacitor
voltage stress comparison, (c) diode voltage stress comparison,

(d) inductor current stress comparison.

VD(1 — D)
Ic(2n+1)_rms = T A, o (42)
1-2(n+1)D
The power loss of inductor L, is calculated as
Prw=rin 13y s 43)

where rp, represents the ESR of L,, and I1,, s is the RMS
value of inductor current and derived as [32]

Iin_rms = 1}, + AL} /12 (44)

where Alr, is the peak-to-peak current ripple of L,,.

The conduction loss of diode D, associated with the
forward voltage drop (VF(,+2)) and series resistance (Rp(,2))
is calculated as

Ppmt2) = VEue2)  Iin + Rows i) ms (45

where Ip12) ms i1 the RMS value of diode current and
calculated as

J1=D ./
1-2(n+ 1D

From (41), (42), (44), and (46), the two capacitor currents,
inductor current, and diode current of the n™ cell increase
as the number of cells n increases. Assuming the parameters
relative to the cell power loss calculation constant, the power
loss of each cell depends on the output power and the number
of cell stage. Thus, the power loss of higher stage cell is
further increased.

Fig 12 compares the efficiencies of the proposed topologies
with increase in the number of cells. The PLECS software

ID(n+2)_rms = (46)
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FIGURE 12. A comparison of the efficiency of Mc/SCL-ASBI.

TABLE 3. System parameters.

Parameter Value
DC input voltage, Vy, 40V
Fundamental frequency, f° 60 Hz
Switching frequency, f; 5kHz
Output filter inductor, L, 0.6 mH
Output filter capacitor, Cy 100 puF
Capacitor, C, 200 uF
Capacitors, C; = C; 260 uF
SCL-ASBI
Inductor, L; = L, 3 mH
Resistive load 50 Q
Capacitor, C, 100 pF
Capacitor, C; = Cs 200 uF
EI/B\/SS};:IL : Capacitor, C;= C, 400 pF
Inductor, L; = L,= L; 2 mH
Resistive load 100 Q

is employed to calculate the efficiency. The efficiency of
the proposed topologies decreases by adding more cells.
When the output power increases, the efficiency of the
Mc/SCL-ASBI with four cells is rapidly lowered due to the
increase in the power loss of high stage cell.

The appropriate number of cells of the Mc/SCL-ASBI
topology is chosen by considering the overall efficiency,
capacitor and diode voltage stresses, and inductor current
stress as well as the boost capability.

VI. SIMULATION AND EXPERIMENTAL RESULTS

For the validation of the effectiveness of the two proposed
topologies, simulations and experimental results are carried
out. The system parameters adopted at the simulation and
experiment are depicted in Table 3. The capacitances of the
proposed SCL-ASBI from Table 3 are selected so that their
capacitor voltage ripple ratio is within the range between 1
% and 1.5 % by using (13) and (14). The inductances are
determined so that their peak-to-peak inductor current ripple
ratio is within 20 - 25 % by using (12). The capacitances and
inductances of the EB/SCL-ASBI topology are designed by
using similar methods applied to the SCL-ASBI.

A. SIMULATION RESULTS
The simulations are performed by using the PSIM pro-
gram. Fig. 13 shows the simulation results of the proposed
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FIGURE 13. Simulation results for the SCL-ASBI when D = 0.2, M = 0.8,
and Vgc =40 V.

SCL-ASBI topology when D = 0.2, M = 0.8, and V,. =
40 V. From 13(a), the ac output voltage filtered by the LC
filter of 94 Vrms is provided. The average voltage of C, and
C3is 76 V, and peak dc-link voltage is boosted to 191 V from
a dc input voltage of 40 V. Fig. 13(b) shows waveforms of the
gating signal of switch Sy, dc-link voltage, two inductor cur-
rents, and dc input current during four switching cycles. The
gating signal of switch S, is applied and the dc-link voltage is
zero during the shoot-through period. The two inductor cur-
rents have almost identical waveforms. Their average current
is 8.5 A, and the peak-to-peak inductor current ripple ratio is
about 23 %. The dc input current has a ripple, because the
dc input current is (ir - ic1) in the NST state and 2iz, in the
ST state.

Fig. 14 shows the simulation results of the proposed
EB/SCL-ASBI topology when D = 0.15, M = 0.85, and
Vie = 40 V. The three-phase output voltages after filtering
are balanced and boosted to 190 Vrms from a dc input voltage
of 40 V. The voltages across the four capacitors C,, Cs,
Cy4, and Cs5 are the same 110 V value. The dc-link volt-
age, which is equal to the capacitor voltage V1, is boosted
to 366 V.
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FIGURE 14. Simulation results for the EB/SCL-ASBI when D = 0.15, M =
0.85, and V4. = 40 \.

FIGURE 15. Photographs of the experimental prototypes: (a) SCL-ASBI,
(b) EB/SCL-ASBL.

B. EXPERIMENTAL RESULTS

The experimental prototypes built in the laboratory for the
two proposed topologies are shown in Fig. 15. Each prototype
consists of the control board, impedance network, three-phase
inverter, and three-phase output LC filter. The three-phase
resistive load is connected to the three-phase output LC filter.
The ac output voltage control system with PWM signals
generation is implemented by 32-bit DSP and a Cyclone-III
FPGA. A four-channel 12-bit Digital/Analog (D/A) converter
is connected to the DSP in order to investigate the waveforms
of the important variables of the ac output voltage control
loop shown in Fig. 5 through an oscilloscope.

Fig. 16 shows the experimental results of the proposed
SCL-ASBI topology when D = 0.2 and M = 0.8, which are
the same operating conditions as the simulation results shown
in Fig. 13. The dc-link voltage, which is equal to the capacitor
voltage V1, is boosted to 187 V from a dc input voltage
of 40 V. The capacitor voltage Vo (=V3) is 74 V, and the ac
output voltage is boosted to 91 Vrms, which is 2.3 times the
dc input voltage of 40 V. From Fig. 16(c), the average and
peak-to-peak ripple currents of the inductor are 7.3 A and
1.8 A, respectively. Fig. 16(d) shows the harmonic analysis
of the ac output voltage filtered by an LC filter. The THD of
the filtered ac output voltage calculated from the harmonic
analysis is 0.7%, which is a low value. Fig. 16(e) shows the
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FIGURE 16. Experimental results for the SCL-ASBI when M = 0.8, D = 0.2,
and Vg4 = 40 V: (a) ac output voltage and current, (b) three capacitor
voltages, (c) two inductor currents and dc-link voltage, (d) FFT analysis of
Vgp after filtering, (e) dc input and inductor currents, (f) ac output
voltages and currents at R, =20 2, L; = 8 mH.

dc input current and inductor current. The dc input current
is (ir1 - ic1) during the NST state, and it jumps to twice
inductor current during the ST state. Fig. 16(f) shows the two-
phase line-to-line voltages and two- phase output currents,
when the load resistance decreases from 50 €2 to 20 €2 and
the inductive load with 8 mH is appended for achieving a
resistive-inductive load with low impedance. The magnitude
of the output currents increases and the output currents lag
more to the output voltage.

Fig. 17 shows the experimental results of the proposed
EB/SCL-ASBI topology when D = 0.15, M = 0.85, and
Vic = 40 V. The dc-link voltage, which is equal to the
capacitor voltage V1, the capacitor voltage Vcr (=Ve3 =
Vca = Vi), and the ac output voltage are boosted to 330 V,
100V, and 175 Vrms, which is 4.38 times the dc input voltage,
respectively. The gate-source voltage of switch S, is applied
during the shoot-through state, and the average of the two
inductor currents is 20.4 A.

The capacitor, dc-link, ac output voltages of the experi-
mental results of the proposed SCL-ASBI are slightly lower
than those of the simulation results under the same operating
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FIGURE 18. Experimental results for closed-loop control of output
voltage of the SCL-ASBI: (a) when Vgp increases from 60 Vto 120V,
(b) when V2, decreases from 80 V to 20 V, (c) when V4. changes from
60 V to105 V, (d) when V. changes from 120 V to 60 V.

conditions due to the ESRs of the inductors and capacitors as
well as the voltage drops of diodes and switching devices.
The proposed EB/SCL-ASBI is more affected by parasitic
effects, because it has one more cell, compared with the
SCL-ASBI topology. Therefore, the ac output voltage differ-
ences between the simulation results and experimental results
of the EB/SCL-ASBI are greater than those of the SCL-ASBI.
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Fig. 18 shows the experimental results for the closed-loop
control of the ac output voltage of the proposed SCL-ASBI.
Figs. 18(a) and 18(b) show the transient responses of the
output voltage when the reference peak output voltage V,,,
increases from 60 V to 120 V and decreases from 80 V to
20 V, respectively, at Vg = 40 V. As shown in Fig. 18(a),
the duty ratio increases from 0.1 to 0.19 while the modulation
index decreases from 0.9 to 0.81, as the peak output voltage
Vop increases from 60 V to 120 V. From Fig. 18(b), the voltage
control mode of the inverter changes from boost mode to
buck mode. The inverter operates in buck mode, when the
peak output voltage V,, approaches 20 V. In buck mode
operation, the modulation index M controls the output voltage
without the shoot-through state (D = 0). It can be noted that
the peak output voltage V), tracks its reference voltage V,,,
well, and the output voltage is smoothly controlled at the
transition from boost mode to buck mode. Figs. 18(c) and
18(d) show the transient responses of the ac output voltage
when the dc input voltage is varied. The peak output voltage
is well regulated to its reference voltage 110+/2 V for keeping
the output voltage to 110 Vrms, when the dc input voltage
increases from 60 V to 105 V and decreases from 120 V
to 60 V. The waveforms of Vo*p, Vops M, and D shown in
Fig. 18 can be investigated with an oscilloscope by using a
four-channel 12-bit D/A converter connected to the DSP.

VIi. CONCLUSION

In this paper, the switched-capacitor-inductor active-switched
boost inverter (SCL-ASBI) topology based on the
SBI structure is proposed. In comparison to the four different
state-of-the-art topologies of Switched-ZSI, cASLB-qZSI,
EB/ASN-qZSI, and CSC-EB-ZSI, the proposed SCL-ASBI
topology provides a higher boost factor and ac voltage gain.
Additionally, the proposed topology can easily extend to
n- cell for further increasing the boost capability. The appro-
priate number of cells #n is chosen by considering the overall
efficiency, capacitor and diode voltage stresses, and inductor
current stress as well as the boost capability. As demonstrated
by the experimental results, the dc-link voltage is boosted
to 187 V, and the inverter produces a line-to-line output
voltage of 91 Vrms under a 40 V dc input voltage when
D = 0.2 and M = 0.8. The output voltage after filtering
has a low THD of 0.7 %. By cascading one more cell to the
SCL-ASBI topology, the dc-link and the ac output voltages
can be boosted to 330 V and 175 Vrms from a dc input voltage
of 40 V, respectively, when the duty cycle D decreases to 0.15.
The closed-loop output voltage control scheme is suggested
to linearly control the ac output voltage over a wide range.
The peak output voltage is well regulated to its reference
voltage when the reference peak output voltage or the dc
input voltage changes. The proposed topologies and voltage
control scheme can be applied to provide the desired voltage
to the critical or local load in islanding mode of a microgrid
connecting low-voltage renewable energy sources, like PV
array or FC stack, and to drive the traction motor of the FC
vehicles.
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