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A Modified High Voltage Gain Switched-
Capacitor-Inductor Active-Switched Boost
Inverter

Zahra Mokhtari' and Amin Asghari?

Abstract-- This article proposes a new controller for a switched-
capacitor-inductor-active switched boost inverter (SCL-ASBI).
The proposed controller provides a high voltage gain. This
controller improves the boost factor without adding extra
components to the SCL-ASB inverter. This control method
increases the boost factor with a low duty cycle, and paves the way
for the soft-switching condition of the switches. The control
method has the shoot-through (ST) state to reduce electromagnetic
interference (EMI) noises. The boost factor is flexible, owing to
utilizing a phase shift in this method. The switching algorithm and
theoretical analysis are discussed. The simulation results are
presented to confirm the validity of the theoretical analysis and the
advantages of the proposed inverter.

Index Terms--single-stage inverter, switched-capacitor-
inductor, soft switch, controller, impedance network

I. INTRODUCTION

N the past few years, scientists focused on single-stage power

inverters (SSlIs) that convert DC input voltage into AC output
voltage. SSls have low weight, low cost, high reliability, and
high performance [1].

The Z source inverter (ZSl) is introduced in [2]-[5]. In ZSI,
DC-line is connected to the H-bridge via two capacitors and two
inductors. Despite the advantages, such as operating in buck or
boost and ST modes, there exist plenty of elements.

The quasi-Z-source inverter (gZSl) is a reasonable option in
renewable energy applications [6], [7] due to having continuous
input current, boosting capability, and capacitor voltage stress.
The gZSI has Shoot Through state (ST). In the ST state, both
switches in one leg are on. This feature can increase the voltage
gain. Also, the reliability is enhanced because dead-time is not
required. The gZSI is suitable for photovoltaic (PV) systems
and electric vehicles [8]-[12]. Despite the mentioned
advantages, its practical boosting ability is not enough.

To achieve a high gain, several structures based on Z-source
inverter and (quasi-) Z-source inverter have been introduced in
[13]-[21], In these structures, high gain is achieved by adding
extra inductors, capacitors, and diodes. In Diode-assisted quasi-
switched Z-impedance network is proposed in [29]. This
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ZSI and capacitor-assisted quasi-ZSI introduced in [15], the
voltage gain is improved. However, these structures are
complex. By adding a switched inductor (SL) in ZSl/qZSl,
boosting is increased [16], [17]. Ripple input current SL-qZSI
and continuous input current SL-gZSI, enhanced-boost z-
source inverter based on switched z-impedance, and Enhanced-
boost quasi Z-source inverters with two switched impedance
networks (EB-qZSI) are respectively introduced in [18]-[20].
All these topologies involve many passive elements, which
increase volume and cost.

The switched-capacitor inductor qZSI can suppress inrush
current at the start-up moment [21]. The switched-capacitor
inductor ZSI with an impedance network can be cascaded and
has low voltage stress [22]. the qZSI with combined two quasi-
Z-source networks has a common ground between the input
source and the inverter bridge and low voltage stress across the
switches [23]. The switched inductor/capacitor quasi Z-source
inverter has low voltage stress and low input current ripple [24].
These topologies pay off with improving boost factor in spite
of involving many passive components. It is not a trivial matter.

The active-switched structures are proposed to improve the
boost factor. In these topologies, by adding a few elements, the
output voltage is increased more than other extended boost Z-
source inverters. In the conventional active switched inverter,
the active switch is on in the ST mode and is off in the non-ST
mode. The drawback of the active-switched structures is that a
separate gate driver is needed for the additional switch [25].

The structures that increase the boost factor by adding extra
inductors, capacitors, and diodes to the gZSI topology are
presented in [26]-[30]. The extended boost active-switched-
capacitor/switched-inductor qZSI (CSC-EB-ZSI) is proposed
in [26]. The enhanced-boost gZSI with an active switched Z-
network (EB/ASN-gZSI) is introduced in [27]. The inverters
proposed in [20], [26], and [27] have the same boosting, while
the number of LC pairs in [26] is reduced. The conventional
active-switched inductor boost qZSI (cASLB-qZSI) [28]
provides continuous input current and higher boost voltage than
[26] and [27]. The high boost non-isolated qZSI with an active
inverter has the common ground between the bridge inverter
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and the input voltage source, lower current stress. Also, this
inverter can suppress the inrush startup current. The high
voltage gain active switched qZSI (HGAS-gZSl) is presented
in [30]. The boost factor of [30] is improved. However, the
number of components in the Z-source network increases.

The switched boost inverter (SBI) and the embedded-type
quasi-switched boost inverter (qSBI) are presented in [31], [32].
The high voltage gain quasi-switched boost inverter (HG-qSBI)
is presented in [33]. Although the input current is continuous
and has a low ripple, the boost factor is not high enough. The
enhanced boost-quasi Z source inverter is introduced in [34].
This inverter can improve the boost factor and reduce the
number of inductors. In embedded-type gSBI, although the
number of elements is equal to SBI, the voltage gain increases.
A high gain-switched capacitor-quasi switched boost inverter
(HG-SC-qSBI) was proposed in [35]. In this topology, the boost
factor is high, but the number of elements is increased.

A capacitor-inductor active-switched boost inverter (SCL-
ASBI) based on the SBI structure is introduced in [36]. The
introduced SCL-ASBI has few elements compared with other
SBIs.

This paper introduces a new controller for SCL-ASBI. The
SCL-ASBI offers higher boost ability with low number of
elements in the impedance network. The advantages of the
proposed topology are high voltage gain with a low duty cycle,
continuous input current, low EMI noises, and soft switching
conditions. Two switches turn on in ZVS condition and two
switches turn off in ZVS condition. In addition, the phase shift
and ST duty ratio are two factors in the voltage gain of the
proposed structure that increase flexibility. Also, SCL-ASBI
can be extended to make a higher boost factor by cascading n
cells, whereas one cell involves an inductor, a diode, and two
capacitors. The introduced inverter is acceptable for high-
frequency applications. In subsequent, firstly, SCL-ASBI is
presented. Afterward, the introduces HG-SCL-ASBI and its
steady-state analysis are presented. After that, the design of the
passive elements is discussed. Eventually, the introduced HG-
SCL-ASBI is compared with some other inverters to verify the
theoretical analysis.

Il. INTRODUCED HG-SCL-ASBI

A. Switched-Capacitor-Inductor Active-Switched Boost
Inverters

The SCL-ASBI topology can be seen in Fig. 1 It includes
two inductors (L1, L2), three capacitors (C1, C2, and Cs), seven
diodes (D:-Ds), and five switches (So-S4). By applying the
proposed controller to SCL-ASBI, the boost factor is improved.
In the theoretical analysis, the current of inductors and voltages
of capacitors are supposed to be constant because these
inductors and capacitors are large enough [36].

B. The Proposed SPWM Control method for HG-SCL-ASBI

The PWM control method are common in inverters [2], [37].
This paper proposes a new controller for SCL-ASBI that
increases the boost factor. The proposed switching method uses
phase shift, high-frequency carrier, and high-frequency sin

wave. This switching algorithm is illustrated in Fig. 2. The
triangular carrying waveform v,,; and the sine waveform v,
shift by o radians and made v;,; and v;,,. These two signals are
used to generate the gate pulses of Si-S,.
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Fig. 1. HG-SCL-ASBI topology.
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Fig. 2. The proposed SPWM controller for HG-SCL-ASBI.
The signals u, %, @, u’ are generated as (1):
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Dy is the duty cycle of shoot-through state S;- S, switches.
Finally, by utilizing these two waveforms, Ds and 1- Ds, the
switching pulses are generated as (2):

Pgs, = [(Dsy = v ) NU'l UL
Pgs, = [(vgy 21— D) NU] U u’
Pgs, = [(Dsy = v) NU]J U 1
Pgs, = (Wi 21 =Dgp) Nu] U u

)

In equation (2), N is the logical and, U is the logical or, and
Pgs, — Pgs, are the gate pulses of S;- S,. When S;and S, or S,
and S, are on, the switch S, must be on. Therefore, the gate
pulse of the switch So is as (3):

Pgsy = (Pgs, N Pgs,) U (Pgs, N Pgs,) 3)

Fig. 3 shows the generation of P, from gate pulses of S, -
S, The gate pulses of switches S; - S, or S;-S,, have 180° phase
differences in commonplace switching methods, in H-bridge.
However, in this technique, owing to the ST state, which is
indicated by (Dgr + %/,,), these two pulses overlap. Also, the
S5 and S, signals have o radians phase shifts, compared to the
S, and S, gate signals, respectively. This procedure enhances
the boost factor and creates soft-switching in several switches.

I:)681 —
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Fig. 3. Generation of Pgs, from the gate pulses of S;-S,.

C. Operation analysis

In the proposed controller, the frequency of the sine wave
and the triangular carrier is the same, and the switching cycle
of the HG-SCL-ASBI is divided into eight states.

Mode 1) [to <t <ti]:

The first operating mode is depicted in Fig. 4(a). It starts
with concurrent conduction of S;, S3 and Ds1, D2, Ds. However,
in this mode, Sy, Sy, and S4 are off. All capacitors C,, C,, and
Cs are charging. On the contrary, L1 and L, are discharging.

Therefore, the voltages of L and L, and the currents of C,
and Cj; are written by (4)-(6):

diL1

L1? = _Vc3 =Vi+ VCZ - VCl

i, @)
27 = Ve
av , .
CZTCZ= 12 —lc1—Ip
daVes . . (5)
C37 =—ipy—ic1— 1o
VLoad = VMax = VCI (6)

Mode 2) [t1 <t <ty]:

Fig. 4(b) shows the second mode. The Si, Sz, S3, and So
switches are on, where Dj, D,, and D3 diodes are turned Off.
This type of conduction charges both inductors L, and L,
whereas the capacitors C;1-Cs are discharging during the second
mode.

The results of simultaneous conduction of the S;, Sy, and S3
switches are zero voltage across the load, V,,,4 = 0, and the
voltage across the S4 switch is equivalent to zero too.

The voltages of L, and L, and the currents of C, and Cs can
be written by (7), (8):

Ly S = Vi+ Vi, + Vg

diy ) 7
Lz _dt' = Vl + Vc3 + VCl

dVea _ . . .
C; =l ="l —la

e, (®)
Cs 2 - w2z = b T la

Mode 3) [t <t <ts]:

The third operating mode is illustrated in Fig. 4(c). The S4
switch is turning on ZVS in this mode, and D1, D,, and D3 are
turning off. Consequently, during this mode both inductors, L;
and L, are charging, where the capacitors C;-Cs are
discharging. The voltage across to the load is zero, V;,q4 = O.

Thus, the voltages and currents are present in mode 2.

Mode 4) [ts <t < ts]:

In this mode, So, Sz, S3, and S4 are on. This mode is depicted
in Fig. 4(d). However, the S; switch is turning off ZVS, and Dy,
D, and D3 are turning off too. This type of conduction charges
L: and L,. On the contrary, C;-Cs are discharging. Thus, the
voltages of L; and L, and the currents of C, and Cs can be
written as mode 2.

The results of simultaneous conduction of the Sy, Sz, and S4
switches are V.4 = 0, and the voltage across the S; switch is
zero.

Mode 5) [ts <t <ts]:

Fig. 4(e) shows the fifth mode. S,, Ss, and Di-Ds are
conducting, whereas Si, Sz, and So are turning off. C1-Cs are
charging, whereas L; and L, are discharging. S, and S, are
simultaneous on and thus the negative output voltage is
maximum as (9).

As aresult, the inductors voltages and the capacitors currents
equations are given in mode 1.

Vioada = ~Vmax = —Veu )

Mode 6) [ts <t < te]

In this mode (Fig. 4(f)) the switches Si, Sy, and Ss4, are
conducting, and the diodes D;-Dj are off. So C4, C,, and C3 are
discharging and L; and L, are charging. The result of
conducting the Si, Sz, and Sa switches is V4,4 = 0, and the
voltage across the Sz switch is zero.

The equations of capacitors voltages and the inductors
currents are given in mode 2.
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The seventh mode is illustrated in Fig. 4(g). The Sz switch is
turning on ZVS in current mode, and D1, D, and D3 are turning
off. Consequently, during this mode, both inductors L; and L2
are charging, where the capacitors C1-Cs are discharging. The
output voltage is equivalent to zero, V;,q.q = 0.

The voltages and currents are presented in mode 2.

Mode 8) [t <t < tg]

In this mode, However, Sy, Si1, Ss, and S, are conducted, the
S, switch is turning off ZVS, and D1, D>, and Ds are turning off
too. Itis shown in Fig. 4(h). This type of conduction is charging
L: and L. On the contrary, C1-Cs are discharging. Thus, the
voltages of L, and L, and the currents of C, and Cz can be
written as mode 2.

Simultaneous conduction of the Si, Sz, and S4 switches are
Vioaa = 0, and the voltage across the S, switch is zero.

In the steady-state analysis (Fig. 5), the average voltages
across the inductors L; and L, and the currents through the
capacitors C;-Cs in one switching period are zero. Utilizing
voltage-Second balance during one switching period Ts, the
three voltages of the capacitors are given as (10):

(9) (h)
Fig. 4. Operating state of HG-SCL-ASBI. (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7, (h) Mode 8.

S4
+ VLoad -
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S1 S4
*iC1 + VLoad -
_()1
N s3
—Ves (1=% = Der) x 057 +
(VL + VCZ + VCl) X (DST + E) 05T =0
« " (10)
—Vey (1=%= Der) x 05T +
(VL + Vc3 + VCl) X (DST + E) 05T =0
Equation (11) is obtained from (10):
Ve =Vi(—2L
el (Corryomrs)
Vo = Voa = V. 2D57‘+2%_ (11)
c2=Ves = i(m)

From (10), (11), the maximum voltage of the load in the non-
ST state is expressed as (12):

= Vi(

1
1—4DST—4%) (12)

Vioaa = V1

utilizing amper—second balance point to the capacitors C;- Cs
in one period Ts, the currents of L4, L are as (13):

_ amosr
= Copalo (13)

lpr = 12
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Fig. 5. Ideal waveforms of HG-SC-qSBI.

I1l. IMPEDANCE PARAMETER SELECTION
The HG-SCL-ASBI voltage gain is expressed as (14):

B = Vioad — 1 - (14)
Vi 1_4'DST_4'E
A. Inductance Selection
The load current, lo, is expressed as (15):
= Yon
lo="F (15)

In the ST mode, the current of inductors increases, from (7),
the peak-to-peak current ripple of inductors Ly and L, Al , is
(16):

o

AI _ VitVea+tVer (D+E)
L1,2 —

Ly 2Xfs

(16)

fs is the frequency of the operating point. The r,% of
inductors L1 and Ly is (17):

Alp

T‘L % = — (17)
I1a

From (11), (13), (16), and (17), the value of the L; and L,

inductor is determined as (18):

4 o
L _ Ry(1-F-4Ds7)(DsT+I)T
12 = L% fs

(18)

B. Capacitance Selection

From (8), the required capacitances of C;-C3 are calculated
as (19):

(1_%_DST)(DST+%)

C, =
1 (1—4?“—4D5T)RL><rL%xfs 19)
_ _ (1_%_DST)(DST+%)
(=0 = (1-22-4Ds7 )R xTL%X
=~ 4DsT JRLXTL%X fs
1¢1% and ¢, 3% are as (20):
AV
Te1% = v <
c1
o) — AV, (20)
Te23% = Vea

C. COMPARISON

The proposed HG-SCL-ASBI is compared with a similar one
and three other inverters such as the EB-ASN-gZSI [29], CSC-
EB-ZSI [30], and HG-ZSI [38] in Table I. These comparisons
are about the boost factor, the number of components, the
capacitors voltages, and the inductors currents. In Table I, the
advantages and disadvantages of the HG-SCL-ASBI are shown.

TABLE |
Comparing The Proposed Inverter With Other Inverters
Paramete | Proposed | SCL- | EB/ASN- CsC- HG-ZSI
rs ASBI gZsl EB-ZSI
Switch 5 5 5 5 5
Diode 7 7 8 7 8
Inductor 2 2 2 3 2
Capacitor 3 3 2 4 2
ol e o O R
x 2 — 2
©) I_T_4D 1—4D 1—-4D+2D 1-4D+2D7 1-3D - D?
Veu/Vi G G G DG G
Vel Vi G/2 G/2 (1-2D)G (1-2D)G DG
VealVi G/2 G/2 - DG -
VealVi - - - DG
ILt/lpy (1-2-0) | (1-D)G G (1-D) G (1-D)G
|L2/|pv (1—45—4D) (l'D)G (l'D)G (1-D)%*G (1 - D)ZG
1/l r - - (1-D)6 _

According to Table I, All the structures have the same
number of switches. Nonetheless, the EB/ASN-qZSI and HG-
ZSI have the lowest number of capacitors and inductors. CSC-
EB-ZSI has the greatest number of inductors, and it has the
lowest stress of capacitors voltage. HG-SCL-ASBI is the best
compared to the other inverters in this table in terms of the
voltage gain in the same duty cycle. Unlike the other four
inverters, two elements Dy and o affect the boosting of the
HG-SCL-ASBI. Fig. 6 shows the plots of boost factor of the



52 Volume 1, Number 3, November 2021

97

According to Fig. 7(d), the voltage of C; is 338v and, the

g- —HG-ZSI .7 voltages of C, and Cs are 149v. In Fig.7(e) and Fig. 7(f), the
CSC-EB-ZSI P . . . :
7 & EB/ASN-qZS1 ’ voltages and currents of diodes are depicted. Fig. 8 illustrates
E;'e ~-SCL-qZSI //' the voltage stresses of Si-Ss. As it can be seen, the voltage
85 ~HG-SCL-ZSI ! stresses of S1-Ss are equal to V,,,, Which is shown in Fig. 7(a)
2, A In addition, Fig. 8 shows S; and S; are turned off under ZVS
=, L7 conditions, and Sz and S, are turned on under the ZVS.
TABLE II
Parameters Of HG-SCL-ASBI
Duty Cycle,D Parameters Values
Fig. 6. Boost factors of five topologies. input voltage (Vi) A0V
HG-SCL-ASBI and other topologies in the variation of the inductors (Li= Lz) $mH
duty cycle. capacitor (C1) 200 pF
capacitors (C2=Czs) 260 pF
IV. SIMULATION RESULTS Switching frequency (fs) 5 kHz
To confirm the advantages of the introduced structure, we Modulation index (M) 1
use Matlab/Simulink to simulate it. The simulation parameters Fundamental frequency (7,) 5 kHz
are depicted in Table I1. Fig. 7 shows the simulation result. The o 10°
load voltage, Viyqq, and the dc input voltage, V;,,, of the H- 5
Bridge are illustrated in Fig.7.a and Fig.7.b, respectively. Dst 15
350 —Vload 350 —Vload
-350 -350
1.51 1.515 1.52 1.525 1.53 1.515 1.5155 1.516 1.5165 1.517
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(b)
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1 5688 15692 1.5696 15704 Ve2
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(d)
0 .
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Fig. 7. Simulation results of the proposed inverter, (a) Vicad, Vpn (0) Vioad, Vpn (€) it iz (d) Ver, Vo, Ves (€) Vo, iz, Vs (f) oy, ip2, ins
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Fig. 8. Switches Pulse and Switches voltage of the, (a) Si, (b) S, () Ss, (d) Sa.

V. CONCLUSION

In this article, a new control algorithm is applied to HG-
SCL-ASBI. This control method is based on PWM and phase-
shift techniques. The SCL- ASBI needs a large duty cycles to
provide high boost factor. But, in the proposed HG-SCL-ASBI,
the boost factor is improved. This inverter provides high gain
with a low duty cycle. The introduced controller improves the
boost factor and makes the soft-switching condition for the
switches. The HG-SCL-ASBI with introduced controller has
the following advantages: high boost factor, soft-switching
condition, continuous input current, a small number of elements
in the impedance network, high-frequency switching, flexible
boost factor, low EMI noises, and shoot through safety. The
above features are achieved without adding additional
components. In this article, the theoretical analysis and the
design guidelines of impedance parameters are discussed. The
introduced inverter is compared to the similar SCL-ASBI.
Ultimately, the presented steady-state analysis is validated by
the simulation result.
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