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ABSTRACT A voltage boost switched-capacitor multi-level inverter (SCMLI) structure is planned which is
able to control the voltage gain. The structure is based on Current-fed Dickson Voltage Multiplier (CFDVM).
The CFDVM at the input stage limits the capacitor peak current and increases the voltage gain compared
to other SCMLIs. Furthermore, high frequency operation significantly reduces the size of capacitors. The
other main advantage is the same output impedance at all the voltage levels due to similar capacitor values
and output current path. Selective Harmonic Elimination (SHE) technique is applied to improve output
power quality. The operation principles and modulation strategy are described and the converter relations
are derived. Also, the relations for component selection, capacitor voltage ripple and system efficiency
are included. Comparative research of the suggested converter with similar state of the art converters is
provided which shows that the proposed SCMLI has fewer power switches, gate drivers, and voltage sources.
Furthermore, analysis of the cost function shows the economic nature of the proposed SCMLI. A 13-level
laboratory prototype is built to verify the effectiveness of the suggested SCMLI.

INDEX TERMS Multi-level inverter, switched-capacitor converter, Dickson voltage multiplier.

I. INTRODUCTION output filter size, lower power losses, and higher efficiency

Nowadays, inverters are extensively used in various indus-
tries and renewable resources, for instance, solar, wind, and
fuel cell systems [1], [2], [3]. However, increasing limited
voltage and generating a near sinusoidal waveform are two
significant challenges. A common solution is incorporating a
transformer, but it increases the size and cost and reduces effi-
ciency [4], [5], [6]. To address these challenges, researchers
have proposed Multi-Level Inverters (MLIs), which can oper-
ate at higher power levels, lower THD, lower Electromagnetic
Interference (EMI), lower dv/dt stress on devices, lower
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compared to two-level inverters [1], [7], [8], [9].
Conventional MLIs are classified into three chief groups,
Neutral point clamps (NPC), Flying capacitor (FC), Cascade
H-bridge (CHB), which are used for specific applications [2].
However, they require numerous components and lack inher-
ent voltage boost capability [10], [11]. To overcome these
limitations, researchers have proposed new MLIs with fewer
components based on reduced device count (RDC) [8], [12],
less voltage stress on the devices by using an H-bridge at the
output stage [13], improved efficiency and simplified control
strategy [14]. A comprehensive study of MLIs with reduced
device counts and different categories is provided in [15].
Moreover, to improve the voltage gain of conventional MLIs,
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auxiliary circuits (front-end boost converters or impedance
networks) are added to these converters [16]. However, these
methods increase the converter’s cost and size as well as its
overall complexity [8], [17].

Switched-capacitor (SC) multi-level inverters are proposed
as a solution to address the mentioned problems for conven-
tional MLIs and reduced device count methods [18], [19].
These inverters use capacitors as a substitute for DC voltage
sources and have advantages such as high-power density and
high voltage gain. SCMLIs require fewer components and
don’t need auxiliary circuits for capacitor voltage balanc-
ing [1], [14]. However, they have high voltage stress on the
components, particularly in high voltage applications, and
input current spikes [10]. Solutions such as increasing the
frequency [20], using limiting resistance and small induc-
tance simultaneously in the charging path of the capacitor
[21], [22], or operating power switches in the linear mode
[23] and quasi-resonant inductances [24] have been proposed
to address these challenges. In order to increase the voltage
gain and produce different voltage levels in SCMLIs, the
capacitors are placed in series, which causes unequal out-
put impedance for different voltage levels [11]. Moreover,
in most of SCMLIs, the capacitors are charged with the
fundamental frequency of the inverter, which requires bulky
capacitors and causes high voltage ripple [7]. Rapid charging
of the capacitors also makes it hard to control the capacitor’s
voltage level and consequently the output voltage. Therefore,
the output voltage control is accomplished by the modulation
index (m,), which can’t generate some voltage levels at low
modulation indexes [4], [25].

SCMLIs have many practical applications, such as battery
charge stabilization, high voltage gain converters, renewable
energy systems, fuel cells, energy harvesting, Internet of
Things (IoT) systems, and electric cars (EVs) [18], [19].
However, there is still room for improvement in terms of
reducing voltage stress on components, reducing input cur-
rent spikes, and improving voltage gain and output voltage
control.

This study proposes a new SCMLI structure according to
the Current-fed Dickson Voltage Multiplier (CFDVM). The
CFDVM at the input stage limits the capacitors peak cur-
rent and increases the voltage gain compared to [7] and [9].
Unlike previously proposed structures that use modulation
index or output voltage levels to control the output voltage
peak and RMS, the proposed structure can control the output
voltage using duty cycle of boost converter based on the gain
equation. Therefore, it can operate at a constant modulation
index and output voltage levels. Hence, the control strategy
is simplified and THD is improved. Furthermore, operating
with high frequency which is independent to the fundamental
frequency of the inverter, significantly reduces capacitors
voltage ripple. So, the proposed SCMLI incorporates small
capacitors compared to similar structures, while maintaining
lower voltage ripple. Nevertheless, in the proposed SCMLI
each voltage level is produced by an independent capacitor,
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and no series connection is needed to step-up the volt-
age. Therefore, the proposed structure has the same output
impedance in all voltage levels due to equality in capacitors
value and output current path. Thus, the output voltage regu-
lation is improved because of the lower output impedance and
faster capacitor discharge time. Additionally, by using Selec-
tive Harmonics Elimination (SHE) modulation method and
being multi-level, higher frequency harmonics were removed
and therefore THD is further improved.

The paper is formed in the subsequent manner: Section II
provides details regarding the structure and principles of
operation, accompanied by key waveforms, major relation-
ships, and an efficiency analysis. In Section III, a comparison
is made between the recommended architecture and top con-
verter topologies currently in use. Section IV involves the
validation of theoretical concepts by conducting experiments
using a laboratory prototype.

Il. CONFIGURATION AND OPERATING PRINCIPAL OF THE
PLANNED SC-CONVERTER

The generalized structure of a k-stage CF-DVM is illustrated
in Fig.1. Accordingly, the input voltage source (V;,), inductor
(L), and the switch (Q), Diode D; and Capacitor C; forms
a boost converter at the input stage, and each stage of the
DVM consists of two diodes and two capacitors. For better
understanding, the detailed steady-state analytical waveforms
of a one-stage CF-DVM are exposed in Fig. 2 and the current
paths are clearly shown in equivalent circuit of Fig. 3. Accord-
ing to the waveforms, three operating modes are identified in
the converter at every switching period as discussed below.
In order to simplify the analysis, it is supposed that all capac-
itors are large enough and their voltage ripple are neglected.
Furthermore, all elements are considered as ideal.

Model: In this mode as shown in Fig. 3 (a), Q is ON.
So, the voltage across L is positive; therefore, its current (iL)
increases. Simultaneously, C; and C; are in series. Hence,
C, is charged by Cy. Meanwhile, C3 discharge current pro-
vides the load current. This mode lasts as long as D; is
forward-biased.

Mode?2: In this mode as shown in Fig. 3 (b), Q is still
ON and the inductor is still being charged. All diodes are
reversed-biased. Thus, C; and C, are floating and their
voltage remain constant. Furthermore, the load is supplied
through Cs.

Mode 3: In this mode as illustrated in Fig. 3 (c), Q is OFF.
The inductor is discharged with the source to the load and its

_____________________________

FIGURE 1. The generalized structure of CF-DVM.
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D;
Cs

(b)

FIGURE 3. Different operating modes of basic CF-DVM converter
(a) mode 1, (b) mode 2, (c) mode 3.

current decreases. Also, the stored energy in C; is delivered
to C3 and C1 is charged through D;.

According to [26], the voltage equations for C; and C3 are
denoted by:

Vin

(1-D) - n

(1-D)

Vcl

Ve3s = Vour =

where D is the duty cycle of Q. Also, the inductor current
equation is given by:

. . 2our
5 = = 2
lin 179 R (1 —D) 2)
The voltage and current ripple are given by:
Aip — in —ve)(1 — D)
p 3)
C3
Av, =
RCf
using (3), inductor value can be obtained as:
I— ip —ve)(1 = D) @

fAIL
The odd-index capacitors in the generalized structure of
CF-DVM can act as voltage sources with different voltage
levels and their voltage equation is given by (5). Also the
maximum voltage stress of the capacitors are given by (5)
and (6) for odd and even capacitors respectively. Accordingly,
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voltage levels of Cy and Cs are V¢1 = Vi, /(1 — D) and
Ves = 3Vin /(1 — D), respectively.

n+1 Vy n+1

cn 2 (1 —D) 2 cc ( )
n+2 V; n—+2

Vcn = - = Vcc (6)

2 (1-D) 2
where n is the index number of capacitors. Also, the voltage
gain equation is given by:
n+1 V;

2 (1-D)

where n is the index of odd capacitors.

Gain =

(N

A. THE PLANNED SCMLI

The generalized structure of the suggested SCMLI is shown
in Fig. 4. Accordingly, by extending the structure to
five-stages as exposed in Fig. 5, the suggested converter
studied in this paper is achieved. The voltage of each odd
capacitor with respect to the input voltage can be calcu-
lated by (5). For instance, the voltage at the final stage is
6Vin/(1 — D). The purpose of the H-bridge used at the output
is to generate an alternative waveform with 2k 4 3 voltage
levels, where k is the number of stages. Moreover, the output
voltage waveform of the proposed SMLI is demonstrated
in Fig. 6. Accordingly, by using a five-stage converter, a
13-level waveform can be obtained. In the operation of the
converter ) operates at a high frequency with a constant
duty cycle and charges the capacitors. The operation of Q is

Stage 1 Stage 2 Stage k Inverier

FIGURE 4. The generalized structure of the planned SCMLI.

— M T
‘
CA RN Dl ;

FIGURE 6. Output waveform of 13 level SCMLI.
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FIGURE 7. Modes of operation for SC-MLI.

completely independent to the output frequency or voltage
level of the inverter. However, by adjusting the duty cycle, the
output peak voltage and RMS can be controlled. Therefore,
modulation index of the inverter is considered constant to
achieve the lowest THD and simplify the control strategy.

Furthermore, to generate zero-voltage at the output,
switches S| — Sg as well as the inverter switches K| — Ky
needs to be turned OFF. Furthermore, to generate voltage
levels of (£i x V;,/(1 — D)), only the corresponding switch
(S1—S6) needs to be turned ON as shown in Fig. 7. Therefore,
only one of the odd capacitors supplies the load. Hence, the
output impedance remains constant for all voltage levels. It is
mentioned that in the non-zero voltage levels, the inverter
controls the output voltage polarity. Therefore, an alternative
waveform can be generated.

B. VOLTAGE RIPPLE AND OPTIMAL SIZE OF THE
CAPACITOR
In SCMLIs, the capacitor size is calculated based on the
desired output voltage ripple that, depends on operating fre-
quency, maximum output current and maximum discharge
time. However, there are limitations such as cost, size and
losses of the capacitors. For simplifying the calculations,
voltage ripple of the capacitor with the slowest discharge time
is considered to calculate the desired capacitor value.

Accordingly, the voltage ripple of the capacitor with the
slowest discharge time is calculated as follows:

1 [~
Av;i = — ipidt ®)
CiJn

where #; and t, are the start and end time of capacitor dis-
charge interval. In the proposed topology, each capacitor is
discharged in the [0 — 7 /2] interval and supplies the output
load. Therefore, the voltage ripple for each capacitor is con-
sidered as follows:
- (20,) = ﬂ 9)

16f1Rc; 16 x 2f,R,ci
where i is the capacitor number, 6; is the conduction angle
of the corresponding capacitor, Ry is the output resistance
and f; is the half cycle of the fundamental frequency
(fi = 2fo). Accordingly, it is concluded that the voltage ripple
is inversely proportional to the capacitor value. Therefore, the
maximum charge of the capacitor is given by:

vei (6;)

Qi = 16/,Ro (10)

Vi
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Considering the voltage ripple as a coefficient of the capac-
itor voltage, then equation can further be expressed as:

Avi= KV¢; (11)

where K is a coefficient between [0 — 1]. Therefore, using
the following relationship, the optimal capacitor value is
obtained:

(12)

C. MODULATION STRATEGY

Various modulation methods used in multi-level inverters
(MLIs) to achieve a sinusoidal waveform. Two common
types of modulation methods are High Frequency Modulation
(HFM) and Fundamental Frequency Modulation (FFM), but
the latter is preferred due to its efficiency. The Selective Har-
monic Elimination (SHE) approach is employed in this paper
to eliminate harmonics and provide a near sinusoidal output
voltage. Model techniques significantly affect the dynamic
behavior, THD, switching losses, cost, and size of the filter
in MLIs. For a staircase waveform with x number of steps,
the Fourier transform is written as follows:

L > [cos (kby) + cos (k)
k

T

sin(kwt)

+ ... 4 cos(kby)] (13)

where k = 1,3,5,7, ... are the odd numbers. 01, 6;, ..., 6,
are the conducting angles for each voltage level. The overall
(main) content and the maximum achievable amplitude can
be obtained from the following relations:

vi(w, 1) = 4;:” ;[cos (61) + cos (62)
+ ... 4 cos(6y)]sin(kwt) (14)
4x
Vlmax = _Vin (15)
T

The idea of the SHE technique is to correctly calculate the
conducting angles 6; to 6, to eliminate the selected harmon-
ics. Therefore:

cos (mBy) + cos (mBp) + ...+ cos (mby) =0 (16)

where m is the selected harmonic number.

Considering the value of the modulation of m,; = v{/V,ax,
where v; is the intended output voltage. Also, using the
conducting angles 61 to 6y, x — 1 high order harmonics of
the output voltage can be removed. Therefore, according to
the proposed inverter with 13 levels, the 3™, 5% 7t 11t and
13% harmonics can be removed. The equations are as follows:

cos (01) + cos (602) + cos (63) + cos (64)
~+ cos (05) + cos (6g) = 6m,
cos (361) 4+ cos (30) + ...+ cos (366) =0
R
cos (1301) + cos (1362) 4+ ... 4+ cos (1366) =0  (17)
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Eventually, for different modulation coefficient of m,, dif-
ferent conducting angles can be obtained. THD is calculated
based on the following equation [14]:

THD:\/(VrmS)2_1: Z (Vrms>2
Virms Virms

n=3,57,11,13,...
(18)

D. LOSS CALCULATIONS

1) SWITCHING LOSSES FOR DIODES AND SWITCHES

As a result of the non-ideality of the power switch and the
presence of a delay in turning on or off completely, the
voltage and current waveforms overlap in the transient time.
This leads to switching losses. The equations for calculating
switching losses for all switches and diodes of the suggested
converter are described in this subsection.

a: SWITCHING LOSSES OF DVM

The switch (Q) operates at high frequency and has higher
switching losses compared to other switches. switching losses
are as follow:

Py son = gfsvswlswton

1
Psw.soﬁ‘ = gfsvswlswtoﬁ‘

Psys = Pgw.son + wa.xoﬂ (19)

b: SWITCHING LOSSES OF H-BRIDGE
The H-bridge includes four switches that turn on and off in
pairs once per every S0Hz cycle. Therefore, we have:

1
Py Hon = 4[6fovswlswton]

1
Psw.Hoﬁ = 4[6fovswlswt0ﬁ‘]
Pswr = Pgw.Hon + Psw.Hoﬂ (20)

c: SWITCHING LOSSES OF STAIRCASE SWITCHES OF
INVERTER
The six switches are used to make output voltage levels. The
operating frequency of these switches is twice of the main
frequency. Equations For these switches are given by:

6

1 2
Psw.Qon =12 gfovxwlswton = Z gvsilitonff
i=1

6
1 2
Psw.Qoﬁ‘ =12 [gfuvswlswtoﬁ} = § gvsilituﬁj}
i=1

Pst = Pstun + Psw.Qoﬂ (21)

Also, switching losses for diodes are obtained from the
following equation:

n

V.
PSWD — Z Qr;:r rri
i=1 !

Pswv = Pswfs + Psw7H+Psw7Q + Pswa (22)
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E. CONDUCTIVE LOSSES OF SWITCHES AND DIODES
For a 13-level inverter, there are 11 switches and 16 diodes in
the circuit. Therefore, conduction losses are given by:

11
P = Ronsl},
con—sw — onstgyi
i=1

n
Peon—p = Zrdonll%i
i=1
Pcan—tut = Pcun—sw + Pcon—D (23)
F. TOTAL STANDING VOLTAGE (TSV) CALCULATION

The total maximum voltage stress applied on the switches is
called TSV. Also, it’s per unit value is defined as follows:

Ny
ISV = Z Vblocki)
k=1
N
TSV = ————— (24)
Vbiock (max)

where N; is the total number of converter switches and
Vbiockky 1s the blocking voltage of kg, switch. For the
proposed converter, the TSV value is calculated from the
following equation:

j+2
TSV =1+4G+2)+ D i
i=1 (25)
N
TSVpyy = ———n
(U+2)Vin

where, j is the number of steps added to the converter as a
voltage booster. For the proposed converter with 13 levels,
the number of steps is j = 4 and the TSV value is as follows:

442
TSV =1+4(@4+2)+ > i=46
i=1 (26)
TSV 46
TSVpyy = ——— = — =1.6
G+2) Vi 6

lIl. COMPARATIVE STUDY

Recently, various MLI topologies based on SC structures
have been introduced. These structures focus on increas-
ing voltage gain and self-balance voltage of the capacitors.
In order to prove the merits of the planned SCMLI, a complete
comparison with other existing structures, with symmetrical
voltage sources, in terms of components count, TSV and
voltage gain is done. Because under study topologies do not
have the same voltage gain and output voltage levels, a com-
parative cost study according to the cost function (CF), boost
factor (B) and the function (CF /(N; * B)) was considered
to evaluate SCMLIs. The relationships related to the cost
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TABLE 1. Number of components in numeric in symmetric way.

. CF/B*N, .
Reference N Npe Ny Nbiode Nep N TSV Gain
a=0.5 | a=1.5
[5] 13 2 14 2 4 14 6 1.89 2.2 3
[6] 13 2 16 2 4 16 5.6 2.09 2.37 6
[8] 9 1 10 2 2 10 4.5 1.45 1.7 2
[4] 13 3 18 3 3 18 5 5.13 5.71 2
[29] 13 3 18 6 6 18 4 5.76 6.23 2
[28] 13 3 21 12 6 21 45 7.18 7.7 2
[30] 13 2 16 4 4 16 5.3 2.18 2.45 3
[31] 13 2 20 0 6 16 53 4.57 5.12 1.5
[32] 17 4 20 4 4 20 5 5.94 6.52 2
[33] 13 2 14 4 4 14 53 1.48 1.69 4
[34] 17 2 18 2 4 14 5 2.38 2.67 2
Pro 13 1 11 11 11 11 7.6 0.33 0.38 12
TABLE 2. The comparative study of proposed converter with other topologies.
parameters | 51 [ e | e | o | o1 | s | por | | @321 | 331 [ 34 | pro
Copacitorvoliagestress yin  vin VI Vin Vi Vin  Vin  Vin  2vin  Vvia 3V I er L
Capacitor voltage ripple 21.1 20.3 5 33 5 1.75 7.3 1-5 16 8 5 1.3
Voltage booster high- Low- Low- Low- Low- Low-  Low- Low Low-fix Med- Low High-
fix fix fix fix fix fix fix -fix fix -fix Vari
Output impedance Vari Vari  Vari Vari Vari Vari Vari Vari Vari Vari  Vari CNST
Control of spike current no no no no no no no no no no no yes
Charging frequency (Hz) 50 50 50 50 50 50 400 50 50 50 50 50000
Efficiency 97.1 97T 97.1T 90T
92.1E 91.E E NA 94E NA 95E NA S7E NA 95E 98.2T
Capacity(uF) 2500 2500 1700 2200 4700 4700 470 iigg 1800 1870 1000 200
Input voltage 10 9.2 180 50
30 40 100 26 90 120 48 100 150 50 150 10
Output voltage control duty
ma ma ma no no no no ma no no no cycle

*(NA)NotAvailable,(T)Theoretical,(E)Experimental,(ima)modulation index, (Vari) variable,(CNST)constant,(Med)medium

function are as follows:

CF = (NSW +Ndr +Ncap +Ndiude + CYTSV) NDC

_ Vomax
Npc

> Vini
i=1

27

where « is the weighting coefficient of TSV that o = 0.5 and
o = 1.5 are considered for it. TABLE 1 illustrates compara-
tive analysis of the suggested converter’s components along
with the compared converters.

As shown in TABLE 1, in term of input sources, switches
and gate drives, the proposed converter has the minimum
number of components compared to other structures. Only
in [10], the number of sources is the same and also the
switches and drives are fewer than the proposed converter,
but it produces 9 levels. Furthermore, the proposed SCMLI
incorporates more capacitors compared to other structures.
The comparative study of the performance of the proposed
converter is presented in TABLE 2. Based on TABLE 2,
the capacitors are significantly smaller in value compared to
similar structures, while maintaining lower voltage ripple by
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using high frequency modulation. Also, in TABLE 1 the value
of TSV for the suggested converter is relatively higher than
the others, but is in the range of other converters. Compared
to converters with H bridge [2], [5], [27], [28], [29] it has the
same voltage stress of switches that are equal to the output
voltage. However, the number of diodes in the suggested
converter are more than other converters except [30]. The
voltage stress of all diodes is equal to the output voltage of
the boost converter stage (V). In addition, similar to other
converters, the proposed converter is also capable to work
with inductive-resistive (R — L) loads.

Accordingly, as depicted in TABLE 2, the proposed con-
verter has the lowest voltage ripple as well as the smallest
capacitor size. Furthermore, as show in Fig. 8 the proposed
converter has controllable and the highest voltage gain among
competitors which, can effectively attenuating input volt-
age fluctuations and output load variations. Furthermore,
by investigating the cost function compared to other compar-
ative converters, it was found that the proposed converter has
much lower values for different weighting coefficients («).
For example, in [10] of TABLE 1, for « = 0.5, the value
of CF /(N; = B) is equal to W = 1.45 and for the proposed

119357



IEEE Access

Y. Niazi et al.: SCMLI With Variable Voltage Gain Based on CFDVM

—o— Pl:oposed — rc[]l7 |
15H ref[6] ——ref[4]
—a—ref[33] ref[31]

710
) J’-D——’“/—D/‘.‘
> 4

£ 1

4

4
< -

9 4
<t

9 Q
S <t < -

9
>3

Voltage gain

0 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty cycle

FIGURE 8. Gain vs duty cycle.

converter it is equal to W = 0.33. As it is clear, the proposed
converter has significant advantages over other compared
converters.

Additionally, Based on TABLE 2, the proposed converter
can damp the current spikes of the input source by the
inductor of boost stage, reduce EMI and increase the life-
time of capacitors. However, it is evident that the capacitor
voltage stress for the proposed converter will increase with
an increase in voltage levels. Unlike other structures that
use series connection of capacitors to enhance the voltage
gain, the suggested structure provides the output power of
each level from one separate capacitor. Therefore, it has the
same output impedance in all voltage levels due to equality in
capacitors value and output current path. Moreover, by reduc-
ing switching states number, it is possible to use switches with
low operating frequency and very low on resistance (r,,) and
as a result achieve lower losses. Furthermore, it is possible
to control the output voltage level even with a constant mod-
ulation coefficient (m,) and maintain all the voltage levels
even in desired low output voltages. The voltage stress of the
high-frequency switch (Q) is equal to V., the voltage stress
of the bridge switches are equal to the output voltage, and the
voltage stress of the multilevel switches are equal to m * V.,
where m is the index number of MLI switches (S; — S¢).

IV. EXPERIMENTAL RESULTS

In this section, to confirm and evaluate the performance of
the planned converter, a laboratory prototype with 13 lev-
els for battery voltage level application is established. The
practical setup system is shown in Fig. 9. Main parameters
of the planned converter are exposed in Table 3. Accord-
ingly, the value of the capacitors is chosen as 200 F. For
the modulation technique, the SHE method has been used
with a 70% modulation index (m,). The output frequency
of inverter has been selected to be 50Hz and the boost con-
verter’s switching frequency as 50kHz. The operating angles
of voltage levels for different modulation coefficients (i) are
given in Table 4. With selected modulation coefficient 70%
for experimental test, the operation angles and the states of
switches has been obtained according to Table 4. The output
voltage waveform with duty cycle changes at constant ma are
shown in Fig. 10.

A. RESISTIVE WITH LOW INDUCTANCE LOAD
As the output load, a resistive load R = 832 with low induc-
tance (3mH) is selected. The waveforms of the input source
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TABLE 3. Parameters of the converter prototype.

Parameters Value
Input voltage Vin =10V
Duty cycle D =0.66 — 0.68
Gain ratio n=17
Capacitor C = 200 pF
Switching frequency fow = 50 kHz
Output frequency four = 50 Hz
Output power Py =150 W
Diode forward voltage V=015V
Internal resistance of diode Ton = 0.03 Q
On-state resistance of MOSFET R,, =0.0050Q

TABLE 4. Switching angles (degree).

Sal o0 | o | o0 | o0 [ o0 [ of |
04 2328 2764 4709  SLII 7191 8208
07 2192 2825 4462 5654 6895 8454
08 2044 2839 4176 5723 6529  87.04

Oscilloscope

[0 e

o |
J o [INO

NP
e
“r

FIGURE 9. The experimental setup for proposed SCMLI.

and inductor voltage and current are illustrated in Fig. 11(a)
and Fig. 11(b), correspondingly. The waveform related to the
voltage ripple of the capacitors are shown in Fig. 11(c)-(h) for
odd capacitors C; — Cyj respectively. The voltage ripple for
C1=0.33V and a maximum ripple value is for Co=1.9V. The
maximum voltage ripple of capacitors has been calculated
less than 1.33%. Also, the current and voltage stresses for
switches and diodes are illustrated in Fig. 12. In Fig. 12(a)
the voltage and current of switch (Q) are shown and in
Fig. 12(b)-(d) current and voltage of diodes D1, D11 and D¢
is depicted respectively. The results of intermediate switches
(S1) and (Se) prove the theoretical and simulation waveforms
as well as the waveforms of high and low side of H-bridge
switches. These waveforms are exposed in Fig. 13(a) to
Fig. 13(d), respectively. In Fig. 14(a), the converter output
voltage is shown and the RMS voltage is equal to 109 volts,
which the simulation results obtained in 110V.

According to the FFT analysis of output voltage, the THD
value is equal to 7% and, the value of the output current that
shown in Fig. 14(a), is equal to 5%.

The Theoretical efficiency versus output power is illus-
trated in Fig. 15(a). Accordingly, the proposed converter

VOLUME 11, 2023



Y. Niazi et al.: SCMLI With Variable Voltage Gain Based on CFDVM

IEEE Access

GWINSTEK 16k pts SkSars Stop

v

Dty Cicle=68 ; ' Duiy Cycle=62 Dty Cyele=54 ;" Duty Cyele=.68
I - I

49.9975Hz

)(_2e@ns (@ 06805

FIGURE 10. The output voltage for different values of duty cycle.
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FIGURE 11. Experimental results for presented converter: (a) input
voltage and current, (b) inductor voltage and current, (c-h) output voltage
and ripple of odd capacitors.
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FIGURE 12. Experimental results of (a) the voltage and current of switch
(Q), (b-d) current and voltage of diodes D, Dy, and D¢ correspondingly.
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FIGURE 13. Experimental results for voltage and current of intermediate
switches: (a) S;, (b) Sg., (c-d) high and low side of H-bridge
switches.

has 98.2% efficiency at light loads and 96.49% efficiency at
150W load.

Power losses versus output power have been calculated
and depicted in Fig. 15(b). From Fig. 11(a), input current is
continuous and have a small ripple. In addition, by changing
the duty cycle of the boost converter, the output voltage level
is changed without reducing the number of levels and keeping
the value of the (m,) constant.
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FIGURE 14. Experimental results for Output voltage and current of the
converter: (a) resistive with low inductance load, (b) resistive-inductive
(R-L) load.
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B. RESISTIVE-INDUCTIVE (R-L) LOAD

In this section, with the same conditions, a Resistive-
Inductive load (R= 832 — L= 50mH ) has been used. The
output waveforms of voltage and current of the converter are
demonstrated in Fig. 14(b). The output RMS voltage of the
converter is equal to 109 volts. According to the FFT analysis
of output voltage, the value of THD is equal to 5%, and THD
of the current waveform is 3% that is near sinusoidal. In this
condition because the load is R — L, the current respect to
the voltage is lagging. Also, all the diodes in converter have
the same voltage stress level equal to V;,/(1—D). With an
inductance at input stage, there is no current spike for current
switches and capacitors.
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FIGURE 17. Experimental result for output voltage while changes in
output power changes from 100 watts to 150 watts.

C. OUTPUT VOLTAGE REGULATION

A Proportional-Integral (PI) controller is used to control the
output voltage. The block diagram of closed loop control
is shown in Fig. 16. In Fig. 17, the experimental result for
output voltage while output power changes from 100 watts to
150 watts is shown.

V. CONCLUSION

In this study, a new SCMLI structure based CFDVM has been
planned. The CFDVM at the input stage limits the capacitors
peak current and increases the voltage gain in comparison
with the other SCMLIs. Therefore, the planned structure has
much higher voltage gain compared to competitors. Using a
single voltage source and n steps of the DVM, 2n + 3 voltage
levels can be produced at the output. The presence of the boost
converter at the input of this SCMLI allows the converter to
work at constant m,,. Furthermore, unlike other similar SCM-
LIs, the suggested converter can control the output voltage
gain by using duty cycle of the boost converter. Therefore, the
proposed converter has a straightforward control algorithm
without needing multiple calculations of the switching angles
and modulation indexes. Additionally, by using this method
to control the output voltage level, the number of voltage
levels remains constant and does not decrease at low output
voltages. Using the SHE modulation method, several voltage
harmonics were eliminated at the output. A comparative study
was conducted with recently introduced converters, shows
that the proposed converter has fewer components than other
converters with symmetrical sources. The cost function for
the planned converter has a much lower value in comparison
with other topologies, and this shows economic nature of
the suggested structure. To investigate the performance of
the suggested converter, a 13-level laboratory prototype was
built, that verified the allowable ripple value and THD of the
output voltage and current are in high agreement with the
theoretical calculations.
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