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This paper proposes a single-phase photovoltaic (PV) multi-array single DC
bus seventeen-level cascaded switched capacitor multi-level inverter (CSC-
MLI). Two boost converters are employed to extract maximum power, one
for each PV string, and the output of each boost converter is connected to a
single DC bus collector. A new 17-level CSC-MLI topology has been
proposed to produce seventeen output voltage levels with a boosting ability of
2 times and the capability of limiting the capacitors' inrush current during the
capacitors' charging mode. The topology offers a lower total standing voltage
(TSV) of 16.5 as well as utilizes a lower number of components compared to
conventional inverters. A total harmonic distortion (THD) of only 8.12% is
present in the output voltage waveform, which yields a high-quality injected
grid current through a simple filter with a THD of 1.18%. This design utilizes
the switched-capacitor technique and has a self-voltage balancing feature. A
novel hybrid-PWM technique has been implemented on CSC-MLI with a
switching frequency of 2.5 kHz. The topology of the 3 kW single-phase 17-

Total harmonic distortion level inverter demonstrated commendable steady-state and dynamic
performance across a range of test conditions by using MATLAB/Simulink
software.
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1. INTRODUCTION

Recently, solar photovoltaic (PV) energy has emerged as a feasible substitute for traditional energy
sources. Power converters are essential for converting solar energy into electrical energy [1]. Compared to two-
level inverters, multilevel inverters (MLIs) are especially preferred for their enhanced waveform quality,
reduced filtering requirements, lowered total harmonic distortion (THD), lower voltage stress across the
switches, and low electromagnetic interference (EMI) propagation issue [2], [3]. This leads to lowering the
size and expense of MLIs by enabling the use of devices with lower ratings [4]. For grid-connected MLIs, it is
important that the output voltage THD meets existing IEEE standards [5]. To do this, an elevate in voltage
levels is usually needed, resulting in a corresponding rise in the switches number and components. However,
the rise in device count introduces complexity, expenses, and losses, especially when aiming for elevated
voltage levels [6]. The neutral point clamped (NPC), flying capacitors (FC), and cascaded H-bridge (CHB) are
the most conventional MLI topologies and have been exclusively used and implemented for varied applications
[7]. NPC and FC experience issues with DC-link voltage unbalancing and a high count of semiconductor
components, especially when the voltage levels are increased [8]. The main limitation of the CHB is the need
for a large number of power semiconductor switches and isolated DC sources [9]. Switched capacitor multilevel
inverters (SC-MLIs) provide innovative configurations that serve as a superior alternative to conventional
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multilevel inverters in terms of overcoming the limitations of existing designs. SC-MLIs have shown promise
for PV applications due to their ability to generate a greater number of output voltage levels with fewer power
supplies, achieve high voltage gain without the use of inductors or bulky transformers, reduce the components
count, and minimize the voltage stress across switches. In recent years, many attempts have been undertaken
to devise SC-based MLIs with higher voltage levels to produce a superior staircase counterfeited sinusoidal
output voltage waveform with the minimal count of components required. In the context of grid-connected
photovoltaic systems, A unique 7-level structure has been proposed that mitigates voltage stress and decreases
the switches number [10]. In spite of this, the output voltage of this design has a THD of 16.66%, making it
essential to use bigger filters to fulfil the IEEE requirements. A variety of 17-level inverters have been
investigated in the literature to achieve a compromise between minimizing switch count and reducing the total
harmonic distortion in the output voltage. Various inverter topologies that have been proposed are presented
in [11]-[13]. However, these designs suffer from high voltage stress. Traditional approaches to designing a 17-
level inverter, such as employing CHB units, necessitate a minimum of eight units connected in series with 32
switches and eight isolated input DC sources, making the system expensive, bulky, and complicated.
Alternative 17-level topology that utilizes four bidirectional switches, ten unidirectional switches, four
capacitors, and four diodes to produce 17-level output voltage in [14]. This design required an isolated flyback
converter to produce two identical isolated DC sources for supplying the proposed inverter. In this modified
inverter, the component-to-level ratio is very high, which affects the size, cost, and efficiency of the inverter.
On the basis of improved series-parallel conversion, a novel cascaded SCMLI is suggested in [15]. Only 10
switches are needed to generate 17 output levels, but two separate DC sources are needed. Similarly, [16]
presents a new 17L inverter with four isolated DC sources. With just one DC supply, 12 switches, five diodes,
and four capacitors, the 17-level topology shown in [17] achieved an 8-voltage gain. This structure mitigates
voltage stress on devices and has the ability to restrict the high inrush current by employing the quasi-soft
charge method. However, it is important to observe that the total standing voltage (TSV) is relatively high.
Another 17-L based SCMLI is illustrated in [18], tailored for renewable energy applications. By using fewer
switches, capacitors, and drivers, the design simplifies the system while reducing costs. The inverter structure
has the ability to self-balance capacitor voltage levels and an inherent voltage-boosting capability with four
DC supplies. The configuration in [19] can generate 17 levels of voltage with a single source configuration. It
uses five capacitors with five diodes and 10 switches, and it is able to boost the input voltage up to 8 times.
While in [20], the inverter has the ability to boost the input voltage up to 4 times by using just 12 switches and
3 capacitors. With ten switches and four isolated DC sources, the topology in [21] presented a novel single-
phase MLI based on a cascade connection to produce an output voltage with 17 levels. Additionally, it offers
the potential to extend to higher voltage levels by using a cascade connection.

This paper successfully extended a pre-existing nine-level multilevel inverter [22] to a 17-level
topology for grid-connected photovoltaic systems with lower THD and the ability to limit the capacitor inrush
current. This paper proposed a single-phase 17-level cascaded switched capacitor MLI (CSC-MLI) topology
connected to a single DC bus bar collector for a multi-array photovoltaic system with grid integration. The
primary objectives of this paper are: i) To achieve a balance between the device count and the output voltage
THD with less count of power supplies, addressing a research gap; ii) To generate seventeen output voltage
levels with a boosting ability of 2 times using minimum numbers of switches; iii) To minimize the subjected
voltage stress and rated current on switches; iv) To achieve self-voltage balancing of capacitors without using
auxiliary circuits; and v) To minimize the filtering needs.

This paper is organized as follows: i) Section 2 presents the configuration description of the proposed
17-level CSC-MLI with a single DC bus; ii) The single-phase control methodology is illustrated in section 3;
iii) The theoretical analysis of the proposed CSC-MLI is explained in section 4; iv) A comparative study is
presented in section 5; v) The results and discussion are shown in section 6; vi) Finally, section 7 presents the
conclusion.

2. CONFIGURATION DESCRIPTION

Single-phase photovoltaic multi-array single DC bus bar collector CSC-MLI inverter is illustrated in
Figure 1. The configuration depicted in Figure 1 includes independent photovoltaic arrays linked to a single
DC bus bar via DC-DC boost converters performing maximum power point tracking (MPPT) independently
for each photovoltaic array. The DC bus is then connected to the proposed cascaded switched capacitor
multilevel inverter (CSC-MLI). To ensure proper operation of the CSC-MLI, an isolated source must feed each
cell of the CSC-MLLI. So, flyback DC-DC converters with a turn ratio of 1:1 are put between the DC bus and
the individual CSC-MLI cells due to their simplicity, affordability, and buck-boost capability which increases
the system’s flexibility and operating range. This structure offers the benefit of evenly distributed output power
across the cells of CSC-MLLI. This configuration is proposed in order to eliminate the drawback of the cascaded
structure when the PV arrays suffer from partial shading or non-uniform irradiation, which is the inherent
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power imbalance among cells in the case of single-phase systems. And consequently, an imbalance of power
among different phases in three-phase systems [23]. This work eliminates the per-cell power imbalance in the
CSC-MLI by concentrating all photovoltaic-generated power in a single DC bus. Traditional flyback and boost
converters have been used.

2.1. Proposed 17-level CSC-MLI topology description

Figure 1 illustrates CSC-MLI with grid integration for photovoltaic systems. According to this figure,
the proposed inverter contains twelve unidirectional switches, six bidirectional switches, four DC-link
capacitors (Cy4, C12, 21, Cy,), four floating capacitors C3, Cy4, Cy3, o4, four power diodes, and two soft
charging inductors (Lcy,, Lcy,) along with freewheeling diodes (D4, Dy,). The suggested inverter is supplied
by two isolated DC sources with a DC-link voltage V.. In each cell of CSC-MLI, the voltage across each
series-connected DC-link capacitor becomes equal to (V,./2) as they charged to V.. The strings of floating
capacitors are charged to (V,;./2). So, each of them has a voltage equal to (V,./4), and they remain constant
during the operation of the proposed CSC-MLI. The proposed inverter has the ability to limit the capacitor
charging current using the soft charging method. In the proposed topology, seventeen distinct levels are
generated in the output voltage, involving +2V,., +1.75V,., 1.5V, +1.25V,,, +V4., £0.75V,,
+0.5 V., £0.25V,.,and =+ 0 based on the switching states listed in Table 1.
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Figure 1. Proposed grid-connected 17-level CSC-MLI
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2.2. Soft charging method

One of the major disadvantages of the switched capacitor-based topologies is the capacitor inrush
current during the capacitor's charging mode. So, the current stress on the switches will increase. To solve this
issue, a soft charging method has been employed to decrease the capacitor spike current. A soft charging
inductor (L¢y) in parallel with a freewheeling diode (Dy) is employed in the capacitor charging path to restrict
the spike current. The smallest size for the charging inductor is figured out by (1) where Cr represent the
floating capacitors and f; represent the grid frequency [24].

1
Loy = —— 1

CH ™ @nfg)? cp )
The inductor reduces the inrush current; however, it leads to voltage spikes. As a result, diodes (Df4, Dy, ) are
placed parallel to the inductors to mitigate this overvoltage issue.

2.3. PWM control for proposed 17-level CSC-MLI

To produce the gate pulses for the proposed CSC-MLI, the carrier-based unipolar sine PWM technique
has been considered according to the logic circuit given in Figure 2. A single sinusoidal reference signal
featuring an inverted negative half-cycle is used alongside eight triangular carrier signals in order to reduce the
number of required carrier signals to the half as compared with the noninverted one. Hence, only eight carrier
signals rather than 16 are used to compare with the reference signal to produce switching gate pulses for the
proposed inverter. Each of the carrier signals has a 2.5 kHz frequency. In this paper, a new hybrid pulse width
modulation has been proposed based on a combination of phase-shifted pulse width modulation (PS-PWM)
and level-shifted pulse width modulation (LS-PWM).

{-o I-I-"~25|-I'l'~5n{>—$ -01,]-0.25),]-0.5 S,
i 14 y 1-0.75) -0 Ll LI-0.51 24

+0.75],[+1 S {+0.75],[+1] G
{[+0.75),[ ll:D- 15 H . (+0.5] Sis

worsuan] s o [V -tos 10T s
il-0 I.|»0.:s|.|40.5||j>—sn H . [+025] {0 |.|.0.25|.|-0.5|15[>-317

1 . [+0]
{[+0.25),[+0.75]}

11-0.25),[-0.75]}

{140.25],[+0.75]§

{[-0.25],[-0.73);
L . 0]

Figure 2. Hybrid-PWM logic circuit for the proposed 17-level CSC-MLI

S29

As shown in Figure 2, the level-shifted carriers ( V., ,, Ver,,» Ver,o» Ver, ) have the same phase, which
is compared with the absolute value of the reference signal to produce the gate pulses for the first cell of CSC-
MLLI. Similarly, the phase-shifted carrier signals (V., , Ver,,, Ver,5» Ver,,) Whose opposed to level-shifted carriers
of the first cell are contrasted with a reference signal to produce the switching pulses for the second cell of
CSC-MLI. The comparison between the carrier and reference signals and the produced 17-L inverter output
voltage waveform is presented in Figure 3. The modulation index m, can be calculated as (2).
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Here I7Tef, and V., are the peak values of the reference signal and each carrier signal, respectively.
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Figure 3. Hybrid-PWM scheme for the proposed CSC-MLI: (a) reference and carrier signals and
(b) 17-level CSC-MLI output voltage waveform

3. CONTROL SCHEME

One of the advantages of the presented single-phase photovoltaic multi-array single DC-bus bar CSC-
MLI inverter is that the control system can be effectively segmented among the converters utilizing
conventional control methodologies. The control scheme of each converter stage is described in the following
sections. The MPPT boost converters perform a perturb and observe (P&O) technique by controlling the PV
voltages as shown in Figure 4. The P&O MPPT is used due to its simple structure and easy implementation
and its algorithm presented in [25]. The reference voltage (V*,,,, ) is generated by sensing the PV voltage (V,,, )
and current (L, ) for each PV array and used it to perform the MPPT, which is then compared with (1,,,, ) and
the error is entered into the Pl controller for the purpose of providing the required duty cycle for PWM to
generate the gate pulses for the boost converter. The input voltage V. of each CSC-MLI cell is kept constant
by adjusting the duty ratio of the flyback switch using PWM based on the output of the PI controller.

The THD level is a significant power quality index for grid-connected photovoltaic inverters.
According to both the IEEE and IEC standards, the THD for injected grid current should be less than 5% to
minimize negative effects on other users and the grid [26]. So, the current controller must be designed carefully
to satisfy this requirement. The CSC-MLI that appears in the third block of Figure 4 is used to control the grid
current (i) and the single DC bus bar voltage (V). In this block, the DC bus voltage (Vpys) is compared with
the bus reference voltages (V*},) and the error is applied to a PI controller with gains K, = 0.2 and K; = 1.5.
The controller output determines the reference grid current (I* ;). Then, a phase-locked loop (PLL) technology is
employed to synchronize the control system for the purpose of generating the grid reference current (i*,) [27].
The grid current (i) then is compared with the reference value (i*,) and the resulting error signal is applied to a
proportional-resonant (PR) current controller with gains K}, = 0.3 and K, = 15, which is employed rather than a
PI controller to get rid of frequencies other than 50 Hz from the current waveform [28]. Finally, the PR controller
output is used as the reference voltage and is applied to the hybrid-PWM block.
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Figure 4. Control block diagram of the proposed CSC-MLI with grid integration for PV system

4. THEORETICAL ANALYSIS
4.1. Voltage and current stress on switching devices
The maximum voltage stress across the switches of the proposed CSC-MLI can be expressed as (3)

to (6).
Vsy = sy = 726 3)
Vs, =Vs, = Vs, = Vs, = de (4)
Voiy = Vs, = Vs, = Vs, g =Vs,, = Vs, = Vs, = Vo = Ve (5)
Vo = Vs, = Vs,o = Vs,, = 1.5 Ve (6)

In the proposed CSC-MLI, the charging current (i) which has high amplitude flows through the switches
(813,814, S17,and S;g) in the first cell of CSC-MLI and through the switches (S,3, S24, S,7, and S,g) in the second
cell. So, the current stress of these switches is high. But the remaining switches carry only the grid current (iy). The
maximum rated current on each switch of CSC-MLI can be mathematically represented as (7) and (8).

Is;n = U1y = Usys = Usyg T lsgg T sy = Usyy = Uy = lspg T lspg = g (7
lsi3 = Usin = Usyy = lsyg Tlsps = Loy = lsy; = lspg = (l.g + lC) (®)

4.2. DC-link and floating capacitance design
The calculation of equivalent DC-link capacitance is (9) [22].

_ Pg
CDC—lile ~ an fo VacAVac (9)
As the DC-link capacitors of each cell are connected in series (10).
C11 = Cip = €1 = Gy = 2Cpc—iink (10)

Where F; represent the injected power to the grid, f; represent the grid frequency and AV, represent the ripple
voltage (5—10% of V). The calculation of floating capacitance is (11) [22].

I max
Cr = qumes (11)

As the floating capacitors of each cell are connected in series (12).
Ci3 = C1q = Cp3 = Cyy = 2Ck (12)

Where ig pmqy is the maximum magnitude of grid current and AV, is acceptable voltage ripple (2-5% of % ) in
the floating capacitors.

Seventeen-level cascaded switched-capacitor multilevel inverter for ... (Maytham Jasim Naser)



1076 O ISSN: 2088-8694

5. COMPARATIVE STUDY

To demonstrate the effectiveness of the suggested 17-level CSC-MLI, a comparison between the
proposed inverter and other existing 17L-MLIs is illustrated in Table 2. The comparison is made in terms of
the number of voltage levels (Nj.ye;), input DC source (N,.), switches (N, ), diodes (Ny;,), and capacitors
(N¢qp) are taken into account. Additionally, the limitation of capacitor's inrush current capability, connection
to the grid and TSV have been included in the comparison. The term TSV is calculated as (13).

TSVy = Sii Vs, (13)

Where the N, is the switch number and Vs, is the voltage across the switch. TSV is an essential factor in

analyzing the feasibility of a topology, as it is an indirect indicator of the switches' ratings.

The higher the TSV, the higher the rating and cost of the used IGBT. Among the presented 17-level
topologies, the proposed topology has a superior TSV, which it has a value of 16.5. In [30], topology has a low
value of TSV, but it requires a higher number of DC sources. While in [12], [24], TSV value is quite high.
Common CHB, NPC, and FC configurations necessitate numerous components to produce 17 voltage levels.
This limitation makes them uneconomical for several applications. In [16], [18], [21] 17-level topologies are
invented with a lower number of switches but the large number of input DC sources is a drawback of these
topologies. Further MLI topologies with a single DC source for 17-level are explored in [12], [14], [17], [20],
[32], [33], these designs suffer from high voltage stress. Many presented inverters have a higher gain factor
than the proposed one, but they suffer from very high voltage stress across switches, making them unsuitable
for high-voltage applications. In comparison to the other structures presented in Table 2, the proposed CSC-
MLI demonstrates a notable ability to limit the charging spike current. As mentioned in the above table, it was
observed that only the structures presented in [12], [14], [17], [24], [33], can provide this significant feature.
In summary, whatever the complexity of the switch arrangements, the number of DC sources, or the high
voltage stress, each topology presents its own challenges.

Table 2. Comparison of the proposed topology in relation to other 17-level topologies

Topology Niever Ny Ny Ngio Negy TSV Current Gain Limitation of Grid
(X Vg)  %THD factor inrush current  connected

CHB 17 8 32 0 0 - - - -

FC 17 2 32 32 16 32 - - - -

NPC 17 2 32 32 16 32 - - - -
[12] 17 1 14 4 4 82 - 8 Yes No
[14] 17 1 14 4 4 24 2 Yes Yes
[16] 17 4 14 0 4 44 - 4 No No
[17] 17 1 12 5 4 34 1.6 8 Yes Yes
[18] 17 4 14 0 2 48 1.62 8 No No
[20] 17 1 12 2 3 25 2.47 4 No No
[21] 17 4 10 0 0 36 - 2 - No
[24] 17 1 13 3 3 53 8 Yes No
[29] 17 2 11 1 3 36 1.6 No No
[30] 17 6 9 3 1 20 4 No No
[31] 17 2 14 2 4 40 8 No No
[32] 17 1 13 3 3 40 8 No No
[33] 17 1 11 1 3 28 - 4 Yes No
Proposed 17 2 18 4 8 16.5 1.18 2 Yes Yes

6. RESULTS AND DISCUSSION

A proposed 17-level CSC-MLI-based PV-grid system is simulated using the MATLAB/Simulink
platform under different environmental conditions. The PV power injection stage, comprising PV arrays and
their corresponding MPPT boost converters, has been simulated by linking their outputs to a single DC bus
with a capacitor C,,,; = 2500 pF. On the other side, two flyback converters were employed to supply the CSC-
MLLI cells. The cells of the proposed inverter have been cascaded and connected to the grid through a Ly =
1mH. The proposed inverter parameters for a 3 kW power system are being considered, with peak inverter
output voltage V;,,,,= 340 V at a grid frequency f,= 50 Hz. The input DC-link voltage V.= 170 V for each cell
and operates with a 2.5 kHz switching frequency.

The specifications of the PV modules for each PV array and the main parameters of the simulated system
are summarized in Tables 3 and 4, respectively. Initially, to demonstrate the dynamic performance of the proposed
grid-tie system control scheme, the system's performance is evaluated under a solar irradiation step change from
700 to 1000 W/m? at t = 1 s. A step change in PV power is illustrated in Figure 5(a). As anticipated, the outer
voltage loop effectively regulates the bus bar voltage, as can be noted in Figure 5(b) where the bus voltage exhibits
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a slight increase at the instant of the power change before returning to its reference level. The decoupling
modulation behavior produced by the DC voltage controller is illustrated in Figure 5(c), which shows that the rise
in the bus voltage didn’t transfer to any cell voltages. In Figure 5(d) the inverter output voltage with seventeen
levels can be observed, proving the accurate implementation of the hybrid-PWM scheme. The injected grid
current is shown in Figure 5(e), and it is always in phase with the grid voltage.

Table 3. Specifications of the PV module for each PV array

Parameters Value
No. of series-connected modules per string (N) 4
No. of parallel string (N,,)
Maximum power of each module (B,,;,,,) 65 W
Maximum current at MPP (I,,,,,,,) 3.69A
Maximum voltage at MPP (V,,,,,,,) 176V
Maximum power of each array (Ppy) 1560 W

Table 4. Specifications for testing the proposed CSC-MLI
Parameters Value Unit  Parameters  Value  Unit

Vbus 150 \ CF: Cdc—link 3750 HF
Vae, = Vae, 170 Vo fow 25  KkHz
Vg 220(rms) V. fg 50 Hz
Ls 1 mH L¢y 1 mH
Cpus 2500 uF
4000 T 250 T
P .
. = j
V'E. "'E 150 /F‘:\‘_h.
(@ = () 2 -
2000 ¢ 1 100 R 7 . “bus
' 50 .
0.5 1 1.5 0.5 1 15
lime (s) Time (s)
250 + 400 T
= 200 Vo V : -y ....,\‘/\/\/\j
5% de, de, e Cé 400 boe oo 1t e
(©) 7 150} |1 @@ =
[
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0.5 1 1.5 0.5 1 1.5
Time (s) Time (s)
3 7
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50 i ‘
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Time (s)

Figure 5. Input power step system results: (a) total PV power, (b) DC bus voltage and reference,
(c) per cell DC-link voltage, (d) inverter output voltage, and (e) grid current and scaled grid voltage

A second test, including a step change in the DC bus reference voltage, has been conducted. Figure 6
illustrates the dynamic performance of the CSC-MLI control scheme with grid integration for a reference voltage
step from 150 V to 200 V. Figure 6(a) illustrates the increase in DC bus voltage at the instant of the reference step,
exhibiting a small overshoot due to a design compromise regarding the controller's speed. In order to get this voltage
rise, the reference grid current is reduced slightly for the purpose of using the generated photovoltaic power to
charge the DC bus capacitor and then returning to its previous level when the voltage reaches the reference, as seen
in Figure 6(b). The input voltage V,;. of each CSC-MLI cell exhibits a slight increase at the instant of the DC bus
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voltage step before returning to its reference level at 170 V, as noted in Figure 6(c). This is because the voltage loop
of flyback converters effectively regulates the input DC-link voltages.

After verifying the proposed inverter control scheme’s performance, the proposed grid-tie CSC-MLI
for PV systems is tested under varying solar irradiance as shown in Figure 7. An irradiance step from
1000 W/m? to 500 W/m? is simulated at time 1 s, which is subsequently increased to 1000 W/m? at the time
of 2's. Under such varying irradiance conditions, the waveform of PV power B,, is shown in Figure 7(a). The
peak magnitudes of total generated PV power P,, of both PV arrays are 3.11 kW and 1.48 kW, corresponding
to 1000 W/m?and 500 W/m? respectively. It is illustrated in Figure 7(b) that the grid current i, is decreased
as the irradiance decreases. The maximum magnitude of i, reduces from 18.25 A to 8.25 A when irradiance
decreases from 1000 W/m? to 500 W/m? and it is always in phase with the grid voltage. The voltages across
floating capacitors are shown in Figure 7(c). They are always equal and constant to ;. /4 and both are balanced
despite the changing of the injected grid current. The voltages across C;; and C;, are maintained at 42.5 V
regardless of the changing of solar irradiation, with a voltage peak-to-peak ripple equal to 10 V and 5 V
corresponding to 1000 W/m? and 500 W/m? solar irradiance, respectively. As the CSC-MLI cells are
identical, hence voltage waveforms across the floating capacitors of the first cell are considered.
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Figure 6. DC bus voltage step system results: (a) bus voltage and reference, (b) per-cell DC-link voltages,
and (c) grid current and reference, with scaled grid voltage
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Figure 7. Varying solar irradiance results: (a) total PV power, (b) grid current and scaled grid voltage, and
(c) voltage across floating capacitors
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The performance of the CSC-MLI with grid integration under steady-state conditions is illustrated in
Figure 8. During a steady-state condition, the irradiation is consistently maintained at 1000 W/m?. The total
generated PV power P, is 3.11 KW and its waveform is shown in Figure 8(a). The inverter output voltage Vi,
and injected current to the grid with scaled grid voltage are depicted in Figures 8(b) and 8(c), respectively. The
peak magnitude of V;,,,, and i; is 340 V and 18.25 A, respectively. Seventeen voltage levels of equal magnitude
are present in the waveform of the V;,,,,, which verifies the correct implementation of the hybrid-PWM scheme.
The waveforms of both Vf; and i, is smooth and sinusoidal, and they are always in phase.

As mentioned, one of the most crucial issues of the switched capacitor inverter can be solved by the
proposed inverter by employing a soft charging method to restrict the capacitor spike current. As the current
waveforms across DC-link capacitors and floating capacitors for both cells are identical, only the first cell is
considered in Figures 8(d)-8(e), currents flowing through the DC-link capacitors and the floating capacitors,
respectively. Based on these figures, the maximum current through C;; and C;, is 40 A and 50 A, respectively.
While Figure 8(e) displays the current through the capacitor C;3 and C;, with a peak value of 50 A, which
verifies the soft charging method. Therefore, the results indicate that the inclusion of the charging inductors in
the charging paths has significantly restricted the inrush current. Considering that the grid current is 18.25 A.

Additional investigations of the power quality supplied to the grid have been conducted through THD
of the injected grid current, as shown in Figure 9(a). The THD of the inverter output voltage V;,, has been
shown in Figure 9(b). The %THD content in the injected grid current and the inverter output voltage is
measured as 1.18% and 8.12%, respectively, which is according to the IEEE standard, demonstrating the high
quality of the current.

The stress voltage across switches of the proposed CSC-MLI is considered for the input DC-link
voltage V.= 170 V. As the cells of the proposed CSC-MLI are identical, from Figures 10(a)-10(c), it has been
noticed that the maximal voltage stress across switches of the first cell S;4, S;,, and S;4, is 85V, 85 V, and
42.5 V, respectively. S;5 and S 4, show a maximum stress of 255 V, and the rest switches have a stress voltage
equal to the input DC-link voltage of 170 V. The results indicate that the proposed CSC-MLI operates
effectively in both steady-state and dynamic conditions.
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Figure 8. Results under steady-state conditions: (a) total PV power, (b) inverter output voltage,
(c) grid current and scaled grid voltage, (d) DC-link capacitors current, and (e) floating capacitors current
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7. CONCLUSION

In conclusion, a new 17-level cascaded switched capacitor multilevel inverter (CSC-MLI) topology
has been proposed to comply with IEEE standards for low THD in grid-tied inverters. The new design
effectively balances the trade-off between increasing output voltage levels to minimize harmonics and
subsequent rise in device count. For the switching scheme, a novel hybrid-PWM is proposed to produce the
gate pulses for the proposed CSC-MLLI. It has been observed that the proposed structure provides minimum
TSV as compared to other structures. Other significant characteristics of the suggested construction include
inherent voltage-boosting ability and self-capacitor voltage balancing capacity. In addition, the inrush current
during the capacitor charging mode is limited by using a soft charging inductor. The simulation results indicate
that the proposed CSC-MLI obtains a THD of 1.18% in its output current that is injected into the grid. The
performance of the proposed grid-tied inverter, in both steady-state and dynamic scenarios, is simulated under
various environmental conditions using MATLAB/Simulink software.
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