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Abstract—In this paper, a new generalized step-up multilevel
DC-AC converter is proposed, which is suitable for applications
with low-voltage input sources, such as photovoltaic power
generation and electric vehicles. This inverter can achieve a
high voltage gain by controlling the series-parallel conversion
of the DC power supply and capacitors. Only one DC voltage
source and a few power devices are employed. The maximum
output voltage and the number of output levels can be further
increased through the switched-capacitor unit’s extension and the
submodule cascaded extension. Moreover, the capacitor voltages
are self-balanced without complicated voltage control circuits.
The complementary operating mechanism between each pair
of switches simplifies the modulation algorithm. The inductive-
load ability is fully taken into account in the proposed inverter.
Additionally, a remarkable characteristic of the inverter is that
the charging and discharging states among different capacitors
are synchronous, which reduces the voltage ripple of the front-
end capacitors. The circuit structure, the working principle,
the modulation strategy, the capacitors and losses analysis are
presented in detail. Afterwards, the advantages of the proposed
inverter are analyzed by comparing with other recently proposed
inverters. Finally, the steady-state and dynamic performance of
the proposed inverter is verified and validated by simulation and
experiment.

Index Terms—Modulation strategy, multilevel inverter, single
DC source, switched capacitor, voltage self-balancing.
I. INTRODUCTION

OWADAYS, multilevel inverters (MLIs) have become a
widespread power electronic equipment for use in energy
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conversion systems, such as renewable energy generation,
electric vehicles (EVs) and motor drives [1]-[6]. Compared
with the two-level inverter, MLIs can reduce the total harmonic
distortion (THD) of the output voltage by increasing the
number of output voltage levels. Additionally, they are widely
considered for their merits in low device stress voltage, low
electromagnetic interference and small output filter size [7],
[8].

Conventional MLIs can be classified as: neutral point
clamped (NPC) inverter [9], [10], flying capacitor (FC) in-
verter [11], [12] and cascaded H-bridge (CHB) inverter [13],
[14]. However, NPC and FC have complicated topologies and
face the challenge of bus capacitor voltage balancing [9],
[11]. CHB inverters need multiple isolated DC power supplies
when the output voltage levels increase [15]. In addition,
numerous novel MLIs have been proposed to integrate more
power sources and loads. The improvement of these MLIs
focus on increasing the output voltage levels, reducing the
components, and simplifying the modulation strategy. Asym-
metric multilevel inverters proposed in [14] and [16] use
unbalanced DC voltage sources to reduce the number of power
devices. However, multiple isolated DC sources are required
to supply each conversion cell. Hybrid topologies, composed
of different types of MLIs, such as NPC, FC and T-type,
have been analyzed in [17]. These topologies can reduce the
components, and therefore, reduce the capital cost. However,
their modulation strategies are complicated.

In general, most of the DC voltage sources, such as
photovoltaic (PV) panels and batteries of EVs, are in low-
voltage [18]. However, traditional voltage-source inverters
operate in the buck converter mode without the capability
of voltage boosting [19]. Therefore, to achieve a desired AC
output voltage in the case of low-voltage DC supplies, one
of the commonly used structures is to add a DC-DC boost
converter to the front-end of the inverter. However, this two-
stage structure leads to the increase of total losses and the
decrease of efficiency [20].

Recently, to overcome the above-mentioned limitations in
which the inverter does not have independent boosting ca-
pabilities, the MLIs integrating switched-capacitor (SC) have
become an effective solution [21]-[24]. Switched-capacitor
multilevel inverters (SCMLIs) are capable of producing a
multilevel output voltage, which is several times that of the
DC input voltage, thanks to the parallel charging and series
discharging among the capacitors and DC power supplies. Fur-
thermore, the capacitor voltage self-balancing can be achieved

2096-0042 © 2020 CSEE
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without complex voltage control circuits as the capacitors are
always charged to a fixed voltage at specific phases of a period.
Thus, the modulation strategy is simple. The MLI proposed
in [22] combines the SC structure with the boost converter
to achieve a considerable boosting capability. However, the
inverter can only generate a five-level voltage which has a
large harmonic content. In [23] and [24], the voltages of the
two capacitors are charged to half of the DC source voltage
to obtain a nine-level voltage. However, the maximum output
voltage is only twice the input voltage, and the SC structures
are fixed and difficult to extend.

To further increase the output voltage levels and the boost
gain, many extended SCMLIs have been proposed. A seven-
level inverter based on the front-end SC structure and back-
end H-bridge is proposed in [25]. This inverter can increase
the output level and boost gain through its cascade extension.
However, each submodule still requires an independent DC
voltage source. SCMLIs based on extendable SC are proposed
in [26]-[29]. Only one DC source and several capacitors are
used in these topologies. The output voltage levels and boost
gain can be flexibly configured by extending the number
of the SC units. Moreover, capacitor voltage self-balancing
is achieved. However, the topologies proposed in [26]-[28]
still have inherent shortcomings that require numerous power
switches. The topology proposed in [29] can reduce switches
with the sacrifice of limiting the capability of integrating
inductive loads.

Considering the above-mentioned challenges, this paper
presents a generalized step-up SCMLI suitable for applications
with low-voltage input DC sources such as PVs and EVs. This
topology increases the output voltage levels and boost gain by
expanding the SC unit. It can be used as an independent in-
verter due to its ability to integrate inductive loads. Moreover,
the voltage of capacitors is self-balanced without complicated
voltage balancing control. In addition, the working states be-
tween each pair of switches are complementary, and therefore,
simplify the modulation strategy.

In Section II, the topology of the proposed inverter is
first presented. Then, the operating principle and modulation
strategy of a nine-level inverter with three SC units are
analyzed in detail. The capacitor voltage self-balancing, the
capacitance determining, and power losses analysis are con-
ducted in Section III. Section IV presents a comparative study
of the proposed inverter and analyzes its cascaded extension.
The effectiveness and feasibility of the proposed inverter
are verified by a simulation and experiment in Section V.
Section VI summarizes the conclusion.

II. PROPOSED GENERALIZED SCMLI
A. Circuit Description

The proposed generalized SCMLI is shown in Fig. 1.
The topology consists of a single DC voltage source Vi,
an extendable switched capacitor circuit and two half-bridge
circuits. All switches are IGBT or MOSFET with anti-parallel
diodes. Switches S;1, S;2 and diode D; are used to control the
series-parallel conversion of capacitors C;(i = 2,3,--- ,n).
Capacitor (1 is controlled by S5 and D;. Switch Sy will only

SC unit
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Fig. 1. Generalized topology of the proposed SCMLI.

be turned on when the inverter outputs 0 and £V;. to control
the charging of capacitors. Switch pairs S; and S;, S3 and
Sy form two half-bridge circuits for completing the positive
and negative polarity conversion of the output voltage. The
output voltage levels of the proposed inverter are determined
by the number of the SC units. By controlling the series-
parallel conversion of the power supply and capacitors, the
inverter with n SC units can output a total of 2n+3 voltage
levels, i.e., 0, +Vge, £2Vg., -+, +=(n + 1)Vy.. Moreover, the
amplitude of the output voltage is (n+-1) times of the DC input
voltage. In this case, the number of required switches (Nsw),
the diode (Np), and the total standing voltage (TSV, which is
the sum of the voltage stress on all switches) can be expressed
as follows:

New = 2n+4 )]
Np =n 2
TSV="Tn+3 3)

B. Operating Principle

In this study, the proposed nine-level inverter (n = 3)
is taken as an example to analyze its operating principle.
Figs. 2(a)-(i) shows the nine operating modes when the
inverter outputs different levels. In order to simplify the
analysis, the influences of parasitic parameters for devices
and the circuit are ignored. The capacitance is assumed to
be large enough that the voltage fluctuations are negligible.
The analysis is based on the condition that the inverter has
entered into a steady state.

Mode 1 (Vi = 4+4Vy.): As shown in Fig. 2(a), switches
So, S3, S12, S92 and S39 are turned ON, whereas the other
switches are turned OFF. Diodes D, Dy and D3 are reverse
biased. Capacitors C, Cy and Cj are discharged in series with
the power source.

Mode 2 (Vy, = +3Vgc): As shown in Fig. 2(b), switches S,
S3, S12, Sao and S3p are turned ON, the other switches are
turned off. Diodes D and Do are reverse biased, and D3 is
forward biased. Capacitor C'5 is connected in parallel with Cy,
and then C and C'5 are discharged simultaneously in series
with the power source Vg, and capacitor C.

Mode 3 (Vy, = +2V4): As shown in Fig. 2(c), switches
Ss, S3, S12, S21 and S3; are turned ON, the other switches
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Fig. 2. Nine operating modes of the proposed nine-level inverter (n = 3). (a) Mode 1, Vy, = 4V.. (b) Mode 2, Vy, = 3Vj.. (c) Mode 3, Vy, = 2Vg.. (d)
Mode 4, Vi, = Vgc. (e) Mode 5, Vy, = 0. (f) Mode 6, Vyp = — V. (g) Mode 7, Vy, = —2Vj.. (h) Mode 8, V, = —3V. (i) Mode 9, Vp = —4Vj..

are turned OFF. Diode D is reverse biased, Dy and D3 are
forward biased. Capacitors C7, Cs, and C5 are connected in
parallel, and then they are discharged simultaneously in series
with the power source V..

Mode 4 (Vy, = +Vye): As shown in Fig. 2(d), switches
So, Sa, S3, S21 and S3; are turned ON, the other switches are
turned OFF. Diodes D1, D> and D3 are forward biased. In this
case, capacitors C1, Cs, and C'5 are connected in parallel with
the power source. They are charged from the input voltage,
and (Vo1 = Voo = Vs = Vae).

Mode 5 (Vy, = 0): As shown in Fig. 2(e), switches Sp, S3,
So, S21 and Ss3; are turned ON, the other switches are turned
OFF. Diodes D1, Dy and D3 are all turned on.

Similarly, when the inverter works in mode 6 (Vy, = —Vqc),
mode 7 (Vi = —2Vg.), mode 8 (V, = —3Vy.) and mode 9
(Vap = —4Vj) at the negative half-period, the operating states
of the switches, diodes and capacitors in the SC circuit are
the same as mode 4 (Vo = Vgo), mode 3 (Vi = 2V,
mode 2 (Vy = 3Vg), and mode 1 (Vg = 4Vi) at the
positive half-period. However, to reverse the output voltage,
the switching states of the switches in the two half-bridge
circuits are changed from turning on Sy and S3 (57 and Sy
are turned off) to turning on .S; and Sy (S2 and S3 are turned
off). The operating modes of the inverter in the negative half
period are shown in Figs. 2(f)—(i). Table I shows the operating
states of switches, diodes and capacitors when the proposed
inverter operates in different modes. It can be seen from the
table that switches S; and S», S3 and Sy, Sp and Sia, So1
and Syo, S31 and Ss3o all work in pair switching modes, and
the charging and discharging states of capacitors C'y, Cs and

TABLE I
OPERATING STATES OF SWITCHES, DIODES AND CAPACITORS

Modes \?(ﬁgg; ON-state switches and diodes %ﬁﬂggs

1 4Vye Sa, S3, S12, S22, S32 D D D

2 3Vie Sa, S3, S12, S22, S31, D3 D D D

3 2Vie Sa, S3, S12, S21, S31, D2, D3 D D D

4 Vie Sa2, 83, So, S21, S31, D1, D2, D3 C C C

5 0 S1, 83, So, S21, S31, D1, D2, D3 - - —

6 —Vie S1, Sa, So, S21, S31, D1, D2, D3 C C C

8 —3Vae Si, S4, Si2, S22, S31, D3 D D D

9 —4Vy.  S1, S4, S12, S22, S32 D D D
The entry “C”, “~”, and “D” indicate that the capacitors are in

charging, rest and discharging states, respectively.

Cj5 are synchronous.

It should be noted that the red solid lines in Fig. 2 only
represent the current paths of the inverter in the corresponding
operating modes, and they do not represent whether the
switches are turned on or off. The reason why the operating
states of other switches are set as shown in Table II is to
minimize the switching times of switches during the mode
switching (mode 4/mode 5 and mode 5/mode 6) of the inverter
and therefore, reduce the switching losses.

C. Modulation Strategy

There are many modulation techniques, such as the space
vector modulation (SVM) [7], [30], the selective harmonic
elimination (SHE) [23], [31], and the phase disposition pulse
width modulation (PD-PWM) [27], [28], which can be used
to control multilevel inverters. In this study, considering its
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TABLE 11
THE MBV OF EACH SWITCH IN THE PROPOSED INVERTER
Switches  S12, S21, S22, S31, S32 So S1, S2, S3, 54
MBV Ve 3Vae 4V

simple operation and a low THD, the phase disposition pulse
width modulation (PD-PWM) is employed to analyze the
modulation strategy of the proposed inverter. Figure 3 shows
the PD-PWM control method of the proposed inverter. The
eight triangular carrier waveforms e; ~ eg with the same
amplitude A. and the same frequency f. are sequentially
stacked and compared with a sinusoidal reference waveform
es = Ag - sin(27fier) whose amplitude and frequency are
As and fir. Then, the obtained 8-channel original pulse
waveforms uq ~ ug are combined with relevant logic to obtain
gate pulse signals vgs; ~ vgs32 to drive the switches. The
specific logic scheme of the proposed inverter is shown in
Fig. 4.

It is noted that some switch pairs working complementarily
between two adjacent switches are used in the proposed
inverter, i.e., switch pairs S; and S5, S3 and Sy, Sy and Sio,
So1 and Syo, S31 and Sss. Therefore, in practical applications,
a dead time must be set for the switch pairs to avoid damaging
the power supply and capacitors when the operating modes of
the inverter are switched.

In the PD-PWM method, the modulation index is deter-
mined by the amplitude of the carrier and reference wave-
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(n =3).

PD-PWM control method for the proposed nine-level inverter

forms. The modulation index M for the proposed inverter

(n = 3) can be expressed as:

A,

4A,
The range of M is 0 < M < 1. The inverter outputs three

levels when 0 < M < (.25, five levels when 0.25 < M < 0.5,

seven levels when 0.5 < M < 0.75 and nine levels when
0.75 < M <1.

M =

“

III. CAPACITORS AND LOSSES ANALYSIS
A. Capacitors Voltage Self-balancing

Maintaining the voltage balance of the capacitors is im-
portant to ensure the reliable operation of the inverter. There
are several approaches to maintain the balance of capaci-
tor voltages: adopting separate DC sources; using auxiliary
voltage balancing circuits; and selecting redundant switching
states. For the proposed inverter, the capacitor voltages can
achieve self-balancing inherently in each half period through
the mechanism of parallel charging and series discharging
between the switched-capacitors and power source.

As shown in Fig. 2 and Table I, capacitors C7, Co and
Cs are connected in parallel with the DC voltage source
during the levels of 0 and £V.. Considering that the parasitic
resistance in each charging loop is very small, and therefore,
the capacitors can be assumed to be instantaneously charged
to the source voltage V.. It should be noted that the instanta-
neous charging of capacitors may cause some electromagnetic
interference problems because of spike currents. Switches may
even be burned if the spike current is too large. However, the
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x
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Fig. 4. Logic scheme for the proposed nine-level inverter (n = 3).
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spike current can be suppressed by adopting quasi-resonant
inductors.

Conversely, when the inverter outputs other voltage levels,
all the three pre-charged capacitors will discharge in series
with the DC voltage source. In this process, the voltage of the
capacitors will continue to drop from their rated value (V)
until the next charging cycle. In other words, whenever the
inverter outputs the level of V., the capacitor will be charged
to the input voltage and therefore, there is no continuous
voltage deviation. Hence, in the proposed inverter, capacitor
voltage can achieve self-balancing in each half period without
involving complex voltage control circuits as the capacitors
are always charged to a fixed voltage at specific phases of a
period.

B. Capacitance Determination

The continuous charging and discharging for capacitors
may lead to voltage ripple. The quality of the output voltage
waveform will be affected if the voltage ripple is too large.
Therefore, it is important to determine a suitable capacitance
to optimize the circuit volume and cost without affecting its
performance.

Taking the proposed inverter (n = 3) as an example. Fig. 2
and Table I show that the charging and discharging states
of all capacitors in the inverter are synchronized. Therefore,
when the inverter outputs 2Vg., 3V and 4V in the positive
half-period, the capacitors C7, Cy and C'5 will have the same
longest continuous discharging interval [0, ™ — 61]. Moreover,
the same continuous discharging interval also occurs in the
negative half-period. In Fig. 3, the key modulation interval
phase angles 61, 0> and 63 can be expressed as:

i 1
01 = arcsin (4]\4) 5)
0> = arcsin <1> (6)
2M
03 = arcsin <3> 7
AM

Therefore, the maximum continuous discharging amount
AQ¢; of the capacitor C; (i = 1, 2, 3) can be calculated

as:
1 7\'791
— icidwt (8)
27 fo /01

where f, is the frequency of output voltage and ic; is the
discharging current of capacitor C;. It can be seen from
Fig. 3 that the output voltage V,, varies between Vg, and 2V
in the intervals [07, 0] and [ — 64, T — 01], Vy, varies between
2V and 3V, in the intervals [f3, 03] and [ — 603, m — 03]. Vi
varies between 3V, and 4V in the interval [0 — 63]. The
duty ratio of the output level in each modulation interval can
be calculated as:

AQc; =

Dpy =AM sinwt wt € [0, 64] 9
Dps = 4M sinwt — 1 wt € [#1, 0] (10)
Dp3 = 4M sinwt — 2 wt € [a,05] (11)
Dpy =4M sinwt — 3 wt € [f5, 7 — 03] (12)

Due to the quadrant symmetry of the output voltage of the
inverter, the duty ratio Dps in the interval [01, 5] is the same
as the interval [r—6y, m—01]. The load current and voltage will
be step-pulse waveforms if the inverter load is pure resistive
with a value of R,. According to the operating mode 3 of the
inverter in Fig. 2(d), the discharging currents of capacitors
Cy, Cy and Cj are 2Vy./(3R,) when the output level is
2V4c. When the output level is 3V, the discharging current
of capacitor C is 3Vy./R, and the discharging currents of
Cy and Cj are 3Vy./(2R,). When the output level is 4V,
the discharging currents of capacitors Cy, Cs and C3 are
4V4./R,. Therefore, the maximum continuous discharging
amount AQ¢; of the capacitor C; can be further calculated
as:

2 02 Wie
D dwt
2wa[ o 23R,

bs 2Vy b 3V,
1-D € dwt Dps =% duwt
- /(;2 ( D3) 3R0 Wi 62 b3 Ro @

1 ﬂ'*gg 3‘/&0
1-D dwt
+27rfo[/93 ( 134)RO w

7\'793 4‘/}1
D °dwt
*/03 IR “}

(o}

AQc1 =

13)

2 02
AC26‘2 = AQCS = W { Dps
o 61

—|—/ 1 — Dp: ° dwt + Dp: det]
02 ( D3) 3Ro 0 b3 2RO

T—03 3‘/&
1-D © dwt
[/9 (1~ Dou) S

2Vac

dwt
3R,

+ 27 f,

s 4y
+ / DD4 de dwt}
93 R

(14

If the allowable voltage ripple of each capacitor cannot
exceed 10% of its rated voltage, the capacitance of the
capacitor in the inverter should satisfy:

AQc;
- >
Ci 2 0.1V

Based on the above analysis, the three capacitors are si-
multaneously discharged because the charging and discharging
states of different capacitors in the proposed inverter are
synchronous. For instance, with an output level of 2V, of
the proposed inverter, capacitors Cy and C'3 share 2/3 of the
discharging amount for capacitor C;. Therefore, compared
with the solution in [29] which uses a single capacitor C; to
provide all the discharging amount to achieve the same output
2V4.. The proposed inverter alleviates the large discharging
amount of front-end capacitors and therefore, reduces their
voltage ripples. In fact, the discharging amount of different
capacitors in the proposed inverter are almost the same.
Therefore, capacitors with the same capacitance should be
selected for practical applications.

From the above analysis, it can be seen that the continuous
discharging period of capacitors is at the scale of a modulation
cycle in the proposed inverter. Therefore, to limit the voltage
ripple of capacitors and maintain the self-balancing voltage,

15)
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a larger capacitance is needed compared with the inverter
proposed in [32], [33], which can achieve the voltage balance
in a switching period. However, it should be emphasized that
the number of output voltage levels and high boost gain are the
advantages of the proposed inverter in this paper. Moreover,
according to (15), the capacitors with a large capacitance help
reduce the voltage ripples, but it may affect the power density,
dimension and cost of the inverter. Therefore, in practical
applications, the selection of the capacitors should be a trade-
off between technical performance and power density, dimen-
sion and cost, which requires an optimal design. However, it
should be highlighted that the parameter optimization design,
although highly desirable to verify its performance, falls out
of the scope of this study.

C. Power Losses Analysis

1) Switching Losses

The switching losses of the inverter can be calculated
according to the charging and discharging processes of the
parasitic capacitor in the switching devices. Based on the
theory in [34], it is assumed that the capacitance of the
parasitic capacitor is linear. When the switches are turned off,
the voltage of the parasitic capacitor Cg is gradually charged
from O to Vp, where Vr is the approximated maximum block
voltage (MBV) of the power switches. The MBV of each
power switch in the proposed inverter is shown in Table II.
When the switches are turned on, the parasitic capacitor is
short-circuited with the on-resistance of the switching device,
and all the electric energy stored inside C's is consumed by the
internal resistor in the form of heat. The energy losses of the
power switches during each switching cycle can be expressed
as:

Esw = CsVi{ (16)

Therefore, the switching losses of the power switches can
be calculated as:

Psw = CsVi fs (17)
where fs is the equivalent switching frequency. According
to Fig. 3, in the intervals [0,6,] and [7 — 61, 7], the switch
S1 is repeatedly turned ON or OFF. In other intervals, the
switch S remains ON or OFF. Therefore, the average number
of switching transitions Ng; in one period of the reference
waveform is calculated as:

_ 2 4.

N = __ arcsin (ﬁ) e

2T fref B ™ fref

From (18), the average number of switching transients is
determined by the frequency modulation index f./ fir. Due to
the symmetry of the drive waveform of switches, the average
number of switching transients of switches Ss, S3 and S, are
the same as S;. Therefore, the equivalent switching frequency
fsk of switches S, (k= 1, 2, 3, 4) is:

(18)

arcsin (ﬁ) f
- Jc

fSk :Tmfref: (19)

s

According to equation (19), the switching losses of the
switches Pgj are given as:

arcsin (ﬁ)

Psy, = 16CVE f. (20)

The same argument can be applied to other switches, and
their switching losses can be calculated as:

2 arcsin (&) — 2 arcsin (-
PSO — 9P512 — gcgvdifc (2]\/[) (4]%)

21

Payy = Py — CsV;,%fc2 arcsin (ﬁ) — 2arcsin (ﬁ)

™
(22)

T — 2 arcsin (ﬁ)

Ps31 = Psza = OV fe (23)

™

As aresult, based on equations (20)—(23), the total switching
losses of the proposed inverter are as follows:

Psw = 4Psj, + 10Ps12 + 2Ps21 + 2Ps31 (24)
2) Conduction Losses

The conduction losses of the inverter are caused by the
parasitic parameters of switching devices and capacitors. Fig-
ure 5 shows the equivalent discharging current path in each
operating state of the proposed inverter (n = 3). The parasitic
parameters of the equivalent circuit path are listed in Table III,
wherein Vi, Vpeq, Teq and R, are the output voltage, the
equivalent voltage drop of the diode, the equivalent parasitic
resistance of the power devices and the load resistance, respec-
tively. In order to simplify the analysis, some assumptions are
made: all switches have the same on-state internal resistance
Ton, and all diodes including the parallel diodes of switches
have the same forward voltage drop Vr and internal resistance

NN ,)Lr A%
V_L; Ve Tesr/3
777N i 77T TN
77 Vdc ( Iy ) R0§ 77‘ Vdc ( Iy ) R0§
~ <— -~ ZV].- -~ _</, 3
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© (d)

Fig. 5. Equivalent discharging current path for each operating state. (a)
Vab = £Vae. (0)Vap = £2Vge. (©)Vap = £3Ve. (d)Vap = £4Vge-
TABLE III
EQUIVALENT PARASITIC PARAMETERS IN EACH OPERATING STATE
J_ Vi  Vbeqj Teqj
1 +Vae Vi 2ron + TD
2 2V 2V 3ron + rp/3 + TESR/3
3 X3Vae W 4ron + 1D /2 + 3rEsr/2
4 :|:4Vvdc 0 57‘]:) + 3TESR
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rp and all capacitors have the same equivalent series resistance

TESR-
From the above analysis, the total conduction losses of the
inverter can be calculated as:

4
2
Peow = — Z;{[(Vab,j — Vbeq. )/ (req,j + Ro)l* X Taq %
‘7:
[Dp;(0; = 0j-1) + (1 = Dpj+1)(04+1 — 6;)]}
(25
where Dp; (j =1, 2, 3, 4) is the duty ratio of each modulation
interval in equations (9)—(12), and Dps = 1.
3) Ripple Losses
The ripple losses of SCMLIs are caused by the fluctuations
of capacitor voltages. From (8), the voltage ripples of the
capacitors AV, can be obtained by:

1 7T762
27TfoCi 05

Therefore, the ripple losses Pr;, of the proposed inverter
can be calculated as:

AVe; = icidwt (26)

3

Prip =2 CiAVE fo @7
i=1

Finally, based on equations (24), (25) and (27), the total

losses Pross and efficiency 0 of the proposed inverter can be

calculated as:

Pross = Psw + Pcond + PRip (28)
_ Pout — Pout (29)
Iji Pout + PLoss

where P, and P, are the input and output power of the
proposed inverter, respectively.

IV. ToPOLOGY COMPARISONS AND CASCADED
EXTENSION

A. Comparative Study

In this section, in order to illustrate the pros and cons
of the proposed inverter, a comprehensive comparison with
other well-known SCMLIs in [25]-[29] is made with the
consideration of (2m + 1) output voltage levels or m steps.
As shown in Table IV, the comparison primarily focuses on
the numbers of DC sources, capacitors, switches and diodes.
In addition, the boost gain, the H-bridge’s stress, and the
inductive load ability are compared in detail as well. The
comparison results of the number of power devices, including
switch tubes and diodes, are further depicted in Fig. 6.
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Comparison for number of power devices in terms of number of

The switched capacitor structure proposed in [25] is inexten-
sible and the number of output levels can only be increased by
its cascaded extension. Although this extended structure with
multiple input sources can reduce the number of capacitors,
its boost gain is a constant 3 that cannot be further enhanced
through extension. Compared with the topology in [25], the
proposed generalized topology and the topologies in [26]-[29]
with modular SC structure have more flexibility. The output
voltage levels and the boost gain can be linearly increased
with the modular extension of SC units.

According to Table IV and Fig. 6, another advantage of the
proposed topology is that the number of its power devices,
especially switches, is reduced compared to topologies in [26]—
[28]. The reduction of switches helps reduce the use of drive
circuits, which will be beneficial to reduce the system volume,
cost and modulation complexity. The topology in [29] uses
the minimum power switches compared with other topologies.
However, the capacity of integrating inductive loads is severely
limited because the topology employs a large number of
diodes, which blocks the channel for feedback current from
the AC output side to the DC input side.

Compared with the topology in [27], the proposed topology
and the topologies in [26], [28] and [29] have a common
disadvantage that the four switches in the H-bridge have to
withstand the voltage stress accumulated by the SC boost
circuit. However, the topology in [27] uses a large number
of switches to reduce the voltage stress on switches.

Based on the above comparison, the proposed inverter has
considerable advantages in many performances, such as the
flexibility of the extension structure, the number of power

TABLE IV

COMPARISON WITH OTHER TOPOLOGIES
Parameters [25] [26] [27] [28] [29] Proposed
Num. of DC sources m/3 1 1 1 1 1
Num. of capacitors 2m/3  m—1 m—1 m—1 m—1 m—1
Num. of switches 8m/3 3m+1 5m—-1 3m+1 m+4 2m + 2
Num. of diodes 2m/3 0 0 0 2m—2 m-—1
Boost Gain 3 m m m m m
H-bridge’s stress 3Vie mVye Vie mVie mVye mVyce
Inductive-load ability ~ YES YES YES YES NO YES
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devices, the boosting capacity and the capability of integrating
inductive loads. In addition, the proposed inverter is suitable
for medium and low voltage applications because an H-bridge
is used in this topology to convert the output voltage polarity.
This inverter can be used for high voltage applications through
its cascaded extension.

B. Cascaded Extension

The proposed inverter can be used in high voltage appli-
cations through its cascaded extension. Fig. 7 demonstrates
the extended structure cascaded by k seven-level submodules
(n=2).

SHik T O Sy
N Dy S22k{}
S ny
_ T Ci
I;I‘;' Dﬁ Sax
L S,
Vi 12k 250-13}
S,

Fig. 7. Cascaded extension of the proposed inverter.

This extended structure is more suitable for applications
with multiple isolated DC power sources, such as photovoltaic
power generation. Similar to other cascaded inverters, the
proposed cascaded extension also has two forms: symmetric
and asymmetric. Considering high voltage applications, this
study only analyses the symmetrical form, i.e., Vg; = Vyer =
-+ = Vaekr = Vic. In this configuration, the capacitors C; and
Co; (i = 1,2,--- ,k) in each submodule have synchronized

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 8§, NO. 2, MARCH 2022

charging and discharging states. Meanwhile, the charging
voltage of all capacitors is equal to the DC input voltage
Vic. Therefore, for k submodules, the number of required
capacitors (N¢), switches (Ngw), diodes (/Np), and generated
voltage levels (Npeve1) can be obtained as:

Ne = 2k (30)
New — 8k 31)
Np = 2k 32)
Nievel = 6k + 1 (33)

Due to the boosting capacity of the SC unit, the switches
S1; ~ Sy4; have to withstand the maximum block voltage of
3V4.. However, this maximum voltage is constant and will
not increase with the cascaded extension, which occupies an
advantage compared to the topologies in [35] and [36] where
two switches need to bear cumulative voltage stress.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To verify the effectiveness of the proposed SCMLI and
evaluate its performance, a simulation model of a nine-level
inverter (n = 3) is constructed in the MATLAB/Simulink
software platform. The specific simulation parameters are
shown in Table V. Figure 8 shows the steady state and the
dynamic simulation results when the load changes.

The steady-state simulation results of the proposed inverter
are shown in Figs. 8(a)—(c). Figure 8(a) is the output voltage
and load current waveforms of the inverter with pure resistive
load (R = 50 ). Both the voltage and current exhibit
sinusoidal staircase waveforms with nine levels. The amplitude
of the output voltage is 120 V which is four times that of
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ﬂ
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Fig. 8. Simulation results of steady state and dynamic. (a) Output voltage and load current with the pure resistive load. (b) Output voltage and load current

with the resistive-inductive load (cos ¢ = 0.85). (c) Capacitor voltage. (d) THD of the output voltage. (e) Output voltage and load current when load changes
from no load to R = 50 2. (f) Output voltage and load current when load changes from R = 50 Qto R =25 Q & L = 50 mH.



WANG et al.: GENERALIZED SWITCHED-CAPACITOR STEP-UP MULTILEVEL INVERTER EMPLOYING SINGLE DC SOURCE 447

TABLE V
SIMULATION PARAMETERS
Parameters Values
Input Voltage (V) 30V
Capacitors (C7, Ca, C3) 2200 uF
Carrier Frequency (fc) 2 kHz

Modulation Index (M) 0.9

Output Frequency (fo) 50 Hz
Resistive Load (R) 50 ©
Resistive-Inductive Load (R-L) 25 Q & 50 mH

the DC input voltage. Figure 8(b) shows the output voltage
and load current waveforms of the inverter with resistive-
inductive load (R = 25 Q, L = 50 mH, cos¢p = 0.85).
The load current waveform is much smoother owing to the
filtering effect of the inductive load. The phase difference
between the output voltage and load current demonstrates the
inverter’s ability to integrate inductive loads. In this inverter,
bidirectional switching devices were used to achieve a bidi-
rectional current. The negative current can be absorbed by
the buffer DC capacitors within the DC voltage source. For
instance, by the DC capacitor of the DC-DC converter of the
PV panel. The voltage waveforms of capacitors C7, Cs and C5
are shown in Fig. 8(c). It can be seen that the charging voltage
of the three capacitors is 30 V. The voltage fluctuations exhibit
periodically, which proves the voltage self-balancing ability of
the selected capacitors. The fast Fourier transform (FFT) of the
output voltage is shown in Fig. 8(d) which shows that THD
is 16.86% and the harmonics are primarily distributed at the
fundamental frequency of the carrier frequency.

Furthermore, the dynamic simulation results for load
changes are shown in Figs. 8(e) and (f). It can be seen that the
output voltage is almost unaffected during the load transient.
Moreover, the load current is changed instantaneously when
the load changes from no load to a purely resistive load R =
50 Q and then to a resistive-inductive load of R = 25 Q &
L = 50 mH. Then, the inverter gradually becomes stable. It
should be mentioned that the tests are conducted under an
open loop control which aims to validate the effectiveness of
the proposed inverter by emulating the changing of system
operating conditions.

B. Experimental Results

To further validate the effectiveness and feasibility of the
proposed inverter in terms of steady-state and dynamic perfor-
mance, an experimental prototype of a nine-level inverter (n =

*1;“(5(')\’ div) ¢ (10ms/div) Vi (50V/div) *
T T T B
W WM W W
ligqq (2A/diV) fioaa (2A/diV)
(a)

Fig. 10.
0.85). (c) Voltage waveforms of the capacitors.

BVAVAVAVAY

3) was constructed as shown in Fig. 9. The specifications of
the experimental components are listed in Table VI. In order to
correspond to simulation results, the experimental parameters
are consistent with the simulation parameters. Figure 10 shows
the steady-state experimental results of the inverter (n = 3).
The output voltage and load current waveforms under a purely
resistive load condition (R = 50 () are shown in Fig. 10(a).
The waveforms show that the amplitude of the output voltage
is 118.2 V. This value is slightly lower than the theoretical
value of 120 V, which is primarily caused by the voltage
drop of the power switches and diodes. The load current
also exhibits nine levels with an amplitude of 2.34 A. Under
this output power condition, the conversion efficiency of the
proposed inverter is 93.9%, which is higher than 90.6% for
the topology in [26] under the same experimental condition.
Fig. 10(b) shows that the output voltage and the load current
waveforms under a resistive-inductive load condition (R-L =
25 Q & 50 mH). The amplitude of the output voltage is
117.6 V, and the load current exhibits a sinusoid with an
amplitude of 4.12 A. The efficiency of the proposed inverter
is 93.5%, which is still higher than the 90.1% for the topology

Capacitors R-L Load

Scope

DC Source
S

Current Probe

Fig. 9. Experimental prototype of the proposed inverter (n = 3).
TABLE VI
SPECIFICATIONS OF EXPERIMENTAL COMPONENTS
Components Specifications
Main control chips  TMS320F28335+EP4CE15
MOSFET SPP20 N60C3
Diode MBR20200CTG
Optocoupler HCPL-4504
Driver UCC27516
¢ (10ms/div) Ver (10V/div) ¢ (10ms/div)

Ves (10V/div)

S

Ves (10V/div)

I G P S P |

v

R

(b) ©

Steady-state experimental results of the inverter. (a) Vour and 4j05q With resistive load. (b) Vour and 4059 With resistive-inductive load ( cosp =
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in [26]. Fig. 10(c) shows that the voltage waveforms of
the three capacitors. Their voltage varies from 27.6 V to
29.4 V, and this difference can be ignored. The simulation
and experimental results show good agreement, which verifies
the effectiveness of the proposed inverter topology and its
modulation strategy.

Meanwhile, the current waveforms of capacitors are also
shown in Fig. 11(a). It can be seen that a spike current will
be generated when capacitors are charged. Among the three
capacitors, the peak current of C' is the largest and the peak
value reaches 7.5 A, which is caused by the minimum internal
resistance of the devices in the charging path. The spike
current can be suppressed by adding a quasi-resonant inductor
in the charging path of the capacitors. Considering the quasi-
resonant condition and the damping effect of the parasitic
impedances, an inductor of 0.5 mH is connected in series with
the switch Sy. The current waveforms of the capacitors with
the quasi-resonant inductor are shown in Fig. 11(b). It can
be seen that the peak current of the capacitors is effectively
suppressed, which is beneficial to reduce the EMI issue and
prolong the capacitor lifetime.

Additionally, several experiments have been performed to
test the inverter’s dynamic performance under different dy-
namic conditions which include the changes of modulation
index, load condition and output frequency. Fig. 12 shows
the experimental waveforms when the modulation index M
changes. It can be seen in the process that the M is grad-
ually reduced from a high modulation index (M = 0.9) to
a low modulation index (M = 0.2), output voltage level
gradually changes from nine-level to three-level and the load
current also decreases accordingly. Moreover, the waveforms

* o A/div)
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quickly recover to the steady state after these changes. These
results fulfill the theoretical analysis and design requirements.
Figs. 13(a)-(b) show the output voltage and load current
waveforms when the load changes from no load to a purely
resistive load R = 50 2 and then to a resistive-inductive load
R =250 & L = 50 mH. It can be seen that the dynamics
observed from the experiment are almost the same as the
simulations. Figs. 13(c)—(d) show the experimental waveforms
when the inverter’s output frequency f, changes from 50 Hz
to 100 Hz and then to 200 Hz. The output voltage and load
current waveforms quickly recover to a steady state after f,
changes, which proves that the inverter can operate in a wide
range of output frequencies. The above experiment results
show that the output voltage and the load current of the
proposed inverter can quickly react and enter the steady state
in different dynamic scenarios.

The efficiency curves under experiment and calculation
of the proposed inverter (n 3) against the output power
are shown in Fig. 14(a). It can be observed that the max-
imum experiment efficiency of the proposed inverter has a
value of 94.6% within the measured output power range.
For comparison, the calculated maximum efficiency using the
same experimental parameters (Vg = 30 V, f, = 50 Hz,
Ton = 0.19 Q, VF = 0.8 V, TESR = 60 m(2 and Rload =
50 Q) is 95.1%. The efficiency shows a slight decrease as
the output power increases, which is caused by the increased
capacitor voltage ripple. The losses distribution is measured
and depicted in Fig. 14(b). It can be seen that the capacitor
losses, consisting of voltage ripple losses and conduction
losses, account for a large proportion of the total power losses.
Therefore, capacitors with a large capacitance are beneficial to

-+

ic; (2A/div) 1 (10ms/div)

(b)

Experimental results of the capacitors’ currents. (a) without quasi-resonant inductor. (b) with quasi-resonant inductor.
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Fig. 12.

Dynamic experimental results. (a) change of M from 0.9 to 0.7, (b) change of M from 0.7 to 0.4 and (c) change of M from 0.4 to 0.2.
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Fig. 14. Efficiency and power losses analysis. (a) Efficiency curve of the
proposed inverter (n = 3). (b) Power losses distribution.

improve efficiency, which must be optimally designed with the
consideration of system volume and capital cost.

VI. CONCLUSION

A generalized single-input SCMLI is presented in this paper
with the ability of voltage boosting and integrating inductive-
loads. This inverter can achieve more output levels and a high
boost gain by extending the SC units. Therefore, it is suitable
for applications with low-voltage input sources such as PVs
and EVs. The operating principle of the proposed nine-level
inverter (n = 3) indicates that the capacitors are equipped with
an inherent voltage self-balancing capability. Moreover, the
characteristics of the switch pairs simplify the inverter modu-
lation algorithm. As the charging and discharging states among
different capacitors in the proposed topology are synchronous,
the voltage ripples of the front-end capacitors are reduced. The
proposed method of determining the capacitance provides a
theory for selecting optimal capacitors. Compared with other
recently proposed SCMLIs, the proposed inverter reduces

the power devices considering the capability of integrating
inductive loads. Simulation and experimental results prove that
the proposed SCMLI has excellent steady-state and dynamic
performance. It should be mentioned that the proposed inverter
has a limitation which is that the four switches in the H-
bridge must withstand the voltage stress accumulated by the
SC boost circuit. Therefore, the proposed inverter is suitable
for medium and low voltage applications with the possibility
of high voltage applications through its cascaded extension.
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