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ABSTRACT This article presents a grid-connected system for renewable energy source (RES) applications.
The proposed system consists of a modified switched-capacitor (SC) based multilevel inverter and a DC-DC
flyback converter. By using the DC-DC flyback converter the voltages of DC-link capacitors are adjusted
to the same values. This modified SC-based multilevel inverter has benefits like limited capacitor charging
spike, reasonable size, power density, cost per output power, active and reactive power support, adjusted
injected current to the grid, and reduced number of input power DC supplies. Two isolated DC sources are
generated using a flyback converter to supply the SC-based inverter and increase the number of voltage levels
produced at the output. In this topology, one of the most important problems of the switched capacitor, i.e.,
the occurrence of the inrush currents during charging capacitors, is solved by using a circuit unit that consists
of an inductor with a parallel power diode in the capacitive charging current path. To confirm the performance
of the presented structure, comprehensive experiments and comparisons are provided. In the experiments, the
peak current control (PCC) method is applied to control both the active and reactive power injected into the
grid by the modified 17-levels grid-connected inverter.

INDEX TERMS Multilevel inverter, photovoltaic systems, switched capacitor inverter.

I. INTRODUCTION

Recently, multi-level inverters (MLI) are one of the most
popular solutions to improve the performance of electric ve-
hicles, renewable energy systems such as photovoltaic (PV)
systems, and other power electronic devices in medium- and
high-power applications [1], [2], [3], [4], [5], [6], [7]. Com-
pared to other inverter structures, these inverters benefit from
many merits like producing a staircase voltage waveform of
the output with lower total harmonic distortion (THD) and
higher power quality [8], [9], [10], [11], [12], [13]. The con-
ventional MLIs are divided into three configurations: diode
clamped inverters, flying capacitors, and cascaded H-bridge

(CHB) topologies [14], [15], [16]. Although these mentioned
topologies have a lot of advantages, they use large num-
bers of power circuit elements (power switches and power
diodes) and power dc supplies, and also large capacitor
banks. Furthermore, in these kinds of inverters, a charge
balancing control strategy is needed since the voltage of
their capacitors will be discharged automatically. Up to
now, several charge balancing methods along with their
circuits have been introduced to control the DC link volt-
ages of these structures [17], [18], [19]. In the structures
which are presented in [17], [18], [19], the duty cycle
of the dc bus capacitors of flying capacitor multilevel
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inverters was adjusted by using the exiting redundancy switch-
ing state. In the mentioned topologies the accuracy of the
provided process depends on designing a closed-loop control
method.

Recently, a large number of multilevel inverters have been
presented based on switched-capacitor (SC) circuits [20],
[21], [22], [23], [24], [25], [26]. Compared to other inverters,
the SC-based MLIs can generate more voltage levels at the
output and decrease the number of needed DC supplies [27],
[28], [29], [30]. It should be noted that in these kinds of
MLIs, the negative half cycle of the output voltage waveform
is generated by an H-bridge (HB) inverter. This issue causes
an increased number of power electronic components for them
and also as a result increases their overall power losses.

Two hybrid MLIs with an improved total standing voltage
(TSV) of switches have been introduced in [31]. These topolo-
gies are based on a new switched capacitor basic unit. This
topology includes two power electronic switches, one diode,
and one capacitor. Note that to produce the negative half-cycle
of the output voltage waveform, both of these topologies re-
quire an H-bridge. A new SC multilevel inverter has been
introduced in [27]. In this topology, its DC voltage levels
are produced by charging and discharging the used capacitors
in a binary asymmetrical pattern. In [32], a new multilevel
inverter has been introduced based on the SC-based topology
presented in [27].

Note that both MLIs of [12] and [16] have been analyzed
for an asymmetric DC source topology. In these structures,
a large number of output voltage levels can be achieved by
using the fewest power circuit elements. A new boost MLI
topology with multiple charging and discharging capabilities
of the capacitors has been presented in [33]. In this topology
to improve the charging capabilities, numerous numbers of
bidirectional power switches should be used and this issue
is undesirable. Another disadvantage of this structure is that
by increasing the number of generated output voltage levels,
also its TSV will be increased. A high step-up multilevel
inverter structure has been presented in [34]. This topol-
ogy provides tolerating high TSV in higher output voltage
levels.

One of the major defects of the SC-based multilevel invert-
ers is that when the boosting factor of the inverter increases,
the voltage stress across the power electronic devices (such
as power switches, and power diodes) will increase dramat-
ically. Therefore, the utilized circuit components should be
selected with a higher power rating, which will increase the
overall cost. To obtain a higher number of generated output
voltage levels based on reduced circuit components (power
switches and power diodes), a new kind of SC-based MLIs has
been presented in [28], [35]. In these MLIs a series-parallel
switching strategy has been used. Therefore, these inverters
can enhance the system flexibility by switching between sev-
eral capacitors in series or parallel modes. Also, the overall
efficiency of these MLIs can be enhanced.

In this article, a modified grid-connected system is pre-
sented which consists of two parts: a flyback-based DC-DC
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converter, and an SC-based MLI. Compared with other
conventional topologies, this MLI can provide a greater num-
ber of output voltage levels using the same number of power
circuit components and power DC supplies.

One of the major disadvantages of the SC-based topolo-
gies is the spike current while charging the capacitors [36].
This can cause harmful current stress on the components. In
[37], the quasi-resonant inductor overcomes the instant inrush
currents in the series-connected capacitors. Depending on the
desired number of output voltage levels, the different number
of capacitors is applied to generate multiple outputs by only
one dc source. In [22], the capacitors stay in a charge state
in every switching cycle and they are not discharged com-
pletely. It leads to less severe inrush currents without adding
an inductor. Thus, these unwanted currents are not mitigated
completely.

The modified topology can solve this vital challenge. The
modified MLI consists of fourteen power switches, four ca-
pacitors, four diodes, and two inductors. It should be noted
four switches of modified topology are bidirectional one. In
this case, all of the utilized capacitors will be charged to
desired values and will be discharged periodically. It should
be noted that these charging and discharging operation modes
will be done by utilizing any complex modulation strategy and
close loop control system.

Using the modified multilevel inverter, the performance of
the presented grid-tied system is improved due to the inherent
voltage boosting ability and unipolar PWM strategy. In this
presented structure, by applying the modified SC units, the
boost factor is provided. In this presented grid-connected sys-
tem, the DC-DC flyback converter is applied to generate two
independent DC voltages with a single input DC source.

Furthermore, to control both injected active and reactive
powers to the grid and generated thoroughly sinusoidal in-
jected current to the local grid, a peak current control (PCC)
method is applied [17]. Therefore, the presented system can
support reactive power. The performance of the modified
SC-based MLI is validated by experimental and comparison
results when the presented system is connected to the grid.
The rest of article can be organized as:

The modified grid-tied system is described in Section III.
Section IV presents the operation modes of the modified
seven-level inverter. The operation and switching state of the
dual output DC-DC converter are described in Section IV.
Section V provides the extended version of the modified
inverter. Further, design considerations for circuit compo-
nents are expressed in Section VI. The power loss analysis
is considered in Section VII. In order to show the bene-
fits and differences of the modified inverter compared with
other recent topologies, a comprehensive comparison is done
in Section VIII. To prove the feasibility and accurate per-
formance of the modified inverter, simulation results are
provided in Section IX. Finally, to verify the advantages and
operation of the modified inverter, the experimental prototype
is built at 770 W output power and the obtained results are
presented in Section X.
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FIGURE 1. Modified grid-tied system.

Il. PRESENTED GRID-TIED SYSTEM

Fig. 1 shows the presented grid-tied system which consists
of a modified SC-based 17-level inverter and a single-input
two-output DC-DC flyback converter. Considering Fig. 1, the
modified inverter consists of ten unidirectional switches, four
bidirectional switches, and four power diodes. Considering
Fig. 1, the aim of using a DC-DC flyback converter is to
produce two isolated DC sources with the same values for
supplying the modified SC-based inverter. Therefore, a sym-
metric structure is made that can produce 17-level of the
output voltage (even and odd levels).

Capacitor current spike is a major problem in SC-based
MLIs. In this topology to reduce the spike current of ca-
pacitors during charging modes, two units which consist of
inductors (L) and (Lp) and power diodes (d;) and (d>) are
used. It should be noted that, in each of the utilized units
inductor and diode will be in parallel positions. According to
Fig. 1, when the capacitors Cjy and Cpy are in charging mode,
diode d; is in off-state and the capacitor charging current of
the mentioned capacitors pass through inductor L;. Therefore,
with the passage of capacitor charging current of capacitors
Cu and Cyy through inductor Ly, the charging current spike
of mentioned capacitors will be decreased.

Also, when the capacitors C;p and Cyp are in charging
mode, diode d; is in off-state and the capacitor charging
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TABLE 1 Switching States of the Modified SC-Based Inverter

Capacitor’s Mode

Levels Involved switches Vout
Cip Cxnp Cuwy Cyy
S4D’ KJ S]U: SID: SﬁU l T T T
1(P) Vie
Ssp, K, Sav, Sip, Ssu 1 T 1 !
2m(p) Sep, K, Siv, Sip, Ssu 1 1 1 1 2
Ssp, K, Ssu, Sip, Ssu
K,
39(P) , Sen, S2v, Sip, Seu 1 1 1 I 3V,
Ssu, K, Sap, Sip, Ssu ! T 1 1
4°(P) Sep, K, Ssu, Sip, Seu ) ) 1 1 4Vye
Sep, K, Ssv, S3p, Ssu ! T 1 1
th
O TS K S Sms |+ | 1 | - T
Sep, K, Ssu, Sap, Ssu l l 1 1
6™"(P) 6Vie
Sep, K, Ssu, Sip, Ssu T T l !
Sop, K, Ssu Ssp, Ssu ! - ! )
Jhp 6D 30, S3p, Ssu 7V
®) Son, K, Srv, Sap, Ssu ! l - ) “
8"(P) Sep, K, S3u, Sap, Ssu | | ) l 8V

Ssp, K, Siv, Sip, Ssu

zero 1 T 1 T 0
SﬁD;M S]U; S]D, S()U

SZU,M S6D, SID, S6U

_,
—
—
—

15(N) Vi
Ssu, M, Sap, Sip, Ssu T | 1 1
2M(N) Ssp, M, Ssv;, Sip, Seu ' 1 1 1 2V
S(?D;M S]U) S]D, SﬁU
Ssp, M, Sxu, Sip, S, 1 il ) i
3N 5D, 20 Sip, Seu 3V
™) Sip, M, S16,81p, Ssu 1 I 1 1 :
4"(N) Ssp, M, S11,81p, Ssu 1 T T 1 “AVac
Ssp, M, S15,81p, S. T T l -
SN 5D, 16S1p, Seu 5V,
) S, M, S1v, Sop, Ssu ! 1 1 1 !
6°(N) Ssp, M, S, Sap, Ssu ! | 1 1 Vs
S5D; M S]U; SID; S5U T T l ‘L
Siv, M, Sz, Ssv, Sap ! | I U
7th -7V
N S M S S S | L | L [ L | | ‘
8(N) Ssp, M, Si1v, Sap, Ssu ! l ! ! -8V

current of the mentioned capacitors pass through inductor L.
Therefore, with the passage of capacitor charging current of
capacitors Cjy and Cyy through inductor L, the charging
current spike of mentioned capacitors will be decreased. Due
to the standing voltage on the four power switches S>y, Sqv,
S3p, and Syp containing both positive and negative half-cycle,
using the bidirectional power switches is necessary.

1Il. OPERATION MODES OF THE MODIFIED 17-LEVEL
SC-BASED INVERTER
The switching Table and utilized capacitor’s states of the mod-
ified 17-level SC-based MLI are listed in Table 1. As seen,
to produce any voltage level at the output, only five power
switches should be turned on. In Table 1, the terms of "4",
"and "-" refer to charging mode, discharging mode, and
un-connected mode of each capacitor during each level of the
output voltage waveform.
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It should be noted that each of the capacitors (C; and C»)
in the output of the flyback converter is adjusted to 2V
(100 V). In this section, different operation modes of the
17-1evel inverter are described. Since the operation modes of
the modified inverter during the negative half cycle are similar
to the positive half cycle, the negative half cycle details are not
presented in this section.

A. ZERO OPERATION MODE

The zero-operation mode of the modified SC-based inverter is
indicated by the zero level (zero) in Table 1. Considering this
table, during this operation mode, the power switches Ssp,
K, Siu, Sip, and Sgy are in ON-state. So that, the amplitude
of the generated inverter’s output voltage is equal to zero. In
addition, in this mode, all of the utilized capacitors (Ciy, Cau,
Cip, and Cyp) are in charging mode.

B. FIRST OPERATION MODE

The First operation mode of the modified inverter is shown by
1st(P) in Table 1. As seen, here, the switches Syp, K, S;u, Sip,
and Ssy are in ON-state. During this mode, the voltage of the
capacitor Cyp is transferred to the output and this makes the
output voltage the same as the voltage of capacitor C; (Vout
= Vcip = Vo). So that, the first level of the positive half-
cycle of the output voltage waveform is generated. It should
be noted that in this mode all of the switched capacitors (Cyy,
Cou, Cip, and Cpp) are in charging mode.

C. SECOND OPERATION MODE

Considering Table 1, the second operation mode of the mod-
ified inverter during the positive half cycle is indicated by
2nd(P). As seen, here, the switches S¢p, K, Siuy, Sip, and
Seu are in ON-state. During this mode, the stored voltage
of the capacitor C; (output capacitor of flyback converter) is
transferred to the output voltage and this makes the output
voltage the same as the voltage of capacitor C; (Vour = Vi
= 2Vqc). Other utilized switched capacitors are in charging
mode.

D. THIRD OPERATION MODE
The switching states of power switches and capacitor’s modes
of modified inverter during third operation mode in the pos-
itive half cycle (3rd(P)) are presented in Table 1. Here, the
power switches Sgp, K, Sou, Sip, and Sgu are in ON-state. So
that, the capacitor C; is connected in series to the capacitor
Cyy. Therefore, the sum of the voltage of these capacitors is
transferred to output of the inverter.

Therefore, the output voltage of the inverter is equal to
3Vg4c. The related equations of this mode can be written as:

= Vour = 3Vdc’ (1)

Vour = Ve + Veou
Ver =2Vde, VCU2 =V,
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E. FORTH OPERATION MODE
This operation mode is depicted in Table 1 by 4th(P). In this
mode, to generate the output voltage equal to (+4Vq), the
switches S¢p, K, S3u Sip, and Sgu are in ON-state.

Here, the output voltage is equal to the sum of voltages of
capacitors C; and C and can be calculated as follows:

Vour = Ver +Vea = 4Vye, ()

It should be noted that, during this operation mode all of
the switched capacitors are in charging mode. These charging
modes of capacitors are happened by turning on of the power
switches Sy and Sjp.

F. FIFTH OPERATION MODE

Table 1 indicate the fifth operation mode of the 17-level in-
verter by 5th(P) in which the switches S¢p, K, S3p, S3p, and
Seu are in ON-state in a way that the output voltage becomes
equal to the sum of the voltages across the capacitors C;p, Cj,
and C;. The amplitude of the output voltage of the inverter
during this operation mode can be written as:

Vour = Vcip + Vo1 + V2 = SVye, 3)

G. THIRD OPERATION MODE

Table 1 presents the sixth operation mode of the modified
multilevel inverter by 6th(P). In this mode, the output voltage
with the value of (6Vq.) is aimed to be obtained. As seen, the
switches Sgp, K, S3uy, Sip, and Ss;; are in ON-state. So, the
desired output voltage is obtained as the sum of the voltages
of the capacitors Cy, C2, C;p, and Czp. So, the output voltage
of the inverter can be obtained as:

Vour = Ve1 + Vea + Veip + Veap = 6Vye, 4

H. SEVENTH OPERATION MODE

The switching states of involved switches and capacitor’s
modes of the inverter during the seventh level of the positive
half cycle are presented in Table 1 by 7th(P). Here, to produce
(7V4c) at the output, the switches Sgp, K, Soy, Sip, and S5y
are turned on. As seen, the output voltage is equal to the sum
of the voltages across the capacitors Cy, Co, Cip, Cap, and
Coy. So, the output voltage of the inverter can be obtained as:

Vour = V1 + Vo +Veip +Veop +Veow = TVie,  (5)

I. EIGHTH OPERATION MODE

The switching states and capacitor’s modes of the eighth oper-
ational mode are indicated in Table 1 by 8th(P). In this mode,
the output voltage of (8Vqc) is obtained. Here, the switches
Seps K, S3u, Sop and Sey are turned on leading to a voltage
equal to the sum of the voltages of the capacitors Cy, C,, Cyy,
Caou, Cip, and Cyp at the output. Therefore, the output voltage
of the inverter can be obtained as:

Vour = V1 + Vea + Vew + Veav + Veip + Veap = 8Vae,
(6)
In addition, the value of the duty cycle during different
operation modes of modified MLI is obtained as follows.

VOLUME 4, 2023



IEEE Open Journal of

4x Power Electronics

P PR 7

H H i
TG T2 | T2y T2ty T/2
T2ty T2t T2

FIGURE 2. The output voltage waveform of the inverter, grid voltage, and
eight operation zones of the modified inverter.

Fig. 2 indicates the output voltage waveform of the inverter
during the positive half-cycle and a voltage waveform of the
local grid with eight operation zones (zonel~zone8) of the
inverter. Considering this figure, the control strategy of the
modified inverter can be designed. The maximum switching
frequency of the inverter is f5s, also, the sampling frequency is
fsa. It is noteworthy that, the maximum switching frequency
is half of the sampling frequency (fs = 0.5fs4). By applying
the inductor volt-second balanced (IVSB) law to the voltage
across of the inductor filter during a full switching operation
period (Ty), the switching duty cycle of the inverter during
each mentioned zone is calculated in (9) to (32). It should be
mentioned that, in all of the provided equations Vo and Vg
respectively refer to the output voltages of the inverter and
grid. The waveforms of grid voltage and grid current are si-
nusoidal waveforms with peak values of Vg max and Ig max and
the equations of these waveforms can be written as follows:

Vg = Vo max sin(et), 7

ig = Ig max sin(@t — @), ®)

Where ¢ denotes the phase difference between the grid
voltage and the injected current.

Zone 1:

Regarding Fig. 2, during this zone, the output voltage of the
inverter is between 0 and V4.

By applying the inductor volt-second balanced (IVSB)
principle for the voltage across the output inductor during
zone 1 for the sampling period, the switching duty cycle of
the inverter (D;) can be obtained as (9)—(11).

Dy Ts Ty
/ Vot — vo)dt + / (—vp)di =0, (9)
0 D\.Ts

Vg
VOL[T '
By placing (7) in (10) and considering that the peak value

of the output voltage of the inverter during zonel is equal to
V¢, the duty cycle of zone 1 can be written as (11).

Di(t) =

(10)

\%
Di(t) = 222 0<t<t,

(1)

.sin(wt);
dc
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Zone 2:

Concerning Fig. 2, it can be seen that during zone 2 the out-
put voltage of inverter is between V. and 2V g4.. By applying
the IVSB rule for the voltage across the inductor filter during
zone 2 for the sampling period, the switching duty cycle of the
inverter (D;) can be calculated as (12)—(14).

Dy.Tg Tg
[ (Ve —ve)dt + f
0

D;.Tg

(Vae—vp)dt =0; 1) <t <b,

12)

v \%
Dyt)= -2 —1=2Gin(wr)—1; 11 <t <t, (13)
Vdc dc
With respect to (11), the duty cycle of zone2 can be ob-
tained in terms of D1 (t) as follows:

Dy(t)=Di(t)—1; 1 =t <n, (14

Zone 3:
Based on Fig. 2, during this operation zone, the output
voltage of the inverter is between 2V . and 3V .

v \%

Di(t) = % —2= 2 in(wt) —2; n <t <t (15)
Vdc Vdc

Due to the (13), the duty cycle of zone3 can be calculated
in terms of D, (t) as follow:

D3(t) =Dy(t)—1; 1 <t<t, (16)

Zone 4:

Considering Fig. 2, during operation zone 4, the output
voltage of the inverter is between 3Vy. and 4V .

By applying the IVSB rule for the voltage across the induc-
tor filter during this zone for the sampling period, (17) can be

written.
Dy.Ts Ts

/ (4Vge—vg)dt ~|—/ BVae—vg)dt =0; 13 <t <1y,

0 Dy.T

(17)

the switching duty cycle of the inverter (D) can be calculated
as (18)—(20).

Vg, max

Dyt) = =% —3 =
Vdc dc

Considering (15), the (18) can be rewritten as follows.

Dy(t) = Ds3(t) — 1;

.sin(wt) —3; 13 <t <ty, (18)

13 <t <y, (19)

Zone 5:

In this operation zone, the output voltage of the inverter
is between 4Vq. and 5Vq.. By applying the IVSB rule for
the voltage across the inductor filter during zone 5 for the
sampling period, the switching duty cycle of the inverter (Ds)
can be calculated as (20)—(22).

Ds.Tg Ts
/ (5Vdc—vg)dt+/ WWae—vg) =0; 14 <1t <ts,
0 Ds.Ts
(20)
Vg Vemax .
Ds(t)= —% —4 = sin(wr) —4; 1<t <t (21)
Vdc dc
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With respect to (18), the duty cycle of zone5 can be written
in terms of Dy(t) as:

Ds(t) =D4(t) — 15 14 <t <5, (22)

Zone 6:

As seen in Fig. 2, during zone 6 the output voltage of
inverter is between 5V 4. and 6V 4. By applying the IVSB rule
for the voltage across the inductor filter during zone 6 for the
sampling period, the switching duty cycle of the inverter (D)
can be calculated as (23)—(25).

D¢.Ts Ts
f (Ve — vo)dr + f (5Vae — ve)dt = 0;
0 Dg¢.Ts

Is =1 <lIe, 23)

v,
De(t) = —& — 5= Z8MX Ghwr) —5: 15 <t <fg
Vdc Vdc
(24)

Considering (21), the duty cycle of zone6 can be written in
terms of Ds(t) as:

Dg(t) = Ds(t) —1; ts5 <t <, (25)

Zone 7:

Concerning Fig. 2, it can be seen that during zone 7 the out-
put voltage of inverter is between 6Vq. and 7Vy.. By applying
the IVSB rule for the voltage across the inductor filter during
zone 7 for the sampling period, the switching duty cycle of the
inverter (D7) can be calculated as (26)—(28).

D7.Tg Ts
/ (TVae — vg)dt ~|—/
0 D7.Ts

e <t <t7,

(6Vye — vg)dt = 0;

(26)
Ve g Vemax
Vie Ve

Due to the (25), the duty cycle of zone7 can be calculated
in terms of Dg(1) as follow:

D7(t) = Dg(2) — 1;

Dy(t) = .sin(wt) —6; te <t <t7, (27)

e <t <ty, (28)

Zone 8:

With regard to Fig. 2, it can be seen that during zone 8
the output voltage of inverter is between 7V4. and 8Vg4.. By
applying the IVSB rule for the voltage across the inductor
filter during zone 8 for the sampling period, the switch-

ing duty cycle of the inverter (Dg) can be calculated as
(29)-(31).

D;.Tg Ts
/ (8Vje — vo)dt + / (TVge — vo)dt = 0;
0 D7.Tg

T
t7§l<5—t7, (29)
v,
Dg(t) = —% — 7 = Z8M% G wr) — 7;
Vdc Vdc
T
nst<z-n, (30)
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With regard to (27), the (30) can be rewritten as follows.

T
Ds)=D1t) - 1; 1 <t < - -1, €2V

Considering Fig. 2, the equation of #;~¢7 can be calculated

as:

1 V

i = Loin-! ( e ) , (32)
w Vg max
1 2V

ftr = —sin~! < de ) , (33)
w Vg,max

3V,

3 = —sin~! < de ) . (34)
@ Vg,max
1 4V,

t4 = —sin~! ( de ) , (35)
w Vg,max

ts = —sin~! ( Ve ) , (36)

5
@ Vg,max

(Y%

te = —sin~! < de ) . (37)
@ g.max
1 Ve

t7 = —sin~! <—d£ ) , (38)
@ Vg,max

Considering Fig. 1, the blocked voltage of each switch in
the modified SC-based inverter can be obtained in terms of
input dc voltage as follows. It should be noted that the ampli-
tude the of input dc source of the modified SC-based inverter
is 2Vge (Vin = 2Vyqc). The total standing voltage (TSV) of
the modified SC-based inverter is equal to the sum of voltage
stress of each switch and can be obtained as (39). The per-unit
value of TSV (TSVpy) in terms of input dc voltage source
(Vin) can be obtained as (40).

The logic circuit of the PWM switching gate pulses is illus-
trated in Fig. 3. Based on Fig. 3, the modified topology has
eight operation zones during the positive half cycle (Z;-Zg)
and negative half cycle (NZ;-NZ7). It should be noted that
N denotes negative. Fig. 3(a) shows each zone during the
positive and negative half cycle. Also, Fig. 3(b) illustrates the
generated output voltage levels during positive (Li-Lg) and
negative half-cycles (NL;-NLg) and zero level (Lg). Finally,
based on Table 1, the switching gate pulses of each switch of
the modified inverter are obtained and illustrated in Fig. 4.

VM = VK = 4'Vm = Vout
Vsiv = 2Vin

Vsou = 1.5V,

Vssu = 2Vin

Vsav = 0.5Vin

Vssu = Vin (39)
Vseu = Vin

Vsip = Vsop = Vin
Vsap = 0.5Vin

Vsap = 1.5Vjy

Vssp = Vsep = 2Vin
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FIGURE 3. (a) Operation zones of modified inverter during positive and
negative half-cycles, (b) voltage levels of the output voltage waveform
during the positive and negative half cycle.
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TSV=Vsiu+ ...+ Vsev+ Vsip+ ... Vsep +Vu+ Vk =24V;,
(40)

24V,
Vin

TSVpy = =24 (41)

IV. OPERATION AND SWITCHING STATES OF THE
DUAL-OUTPUT FLYBACK CONVERTER

As mentioned, to generate two isolated DC sources with the
same values for supplying the seventeen-level inverter, the
dual-output flyback converter is used in the proposed system.
In order to obtain to this aim, the switching states of the
flyback converter is illustrated in Fig. 5. Based on Fig. 5, the
switches Sgp, and Sg; (see Fig. 1) are turned on together. Also,
diodes Dy, and Dg» are turned on simultaneously. In addition,
when the switches Sgj, and Sg, are turned on, the secondary
and tertiary diodes of flyback (dny, and dnp) start to conduct.
In DC-DC flyback converter, the function of diodes Dpy, and
Dp; is to transfer the energy stored in leakage inductor of
transformer, which is turned to the input source.

Note that, the leakage inductance in a transformer is an
inductive component that results from the imperfect magnetic
linking of one winding to another. It should be mentioned that
the absence of diodes Dgj, and D> causes a sharp spike on
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FIGURE 5. Switching states of the dual output flyback converter. (Note
that, D and T; are the duty cycle and switching period of the flyback
converter.)

the switches Sgi, and Sgy. So, the power losses of switches
Sk1, and Sg; increase.

The existence of these diodes means that there is no need
for snubber for Sgj, and Sg> to reduce their power losses.
In the modified grid-tied system, by adjusting the turns
ratio of the used transformer and also the duty cycle of
the isolated DC- converter, it is possible to provide flexible
voltage boosting performance. In fact, to provide this feature,
there are two degrees of freedom such as duty cycle and
transformer turn ratio.

As it obvious the flyback converter is used in low power
applications. In order to use the modified multilevel inverter in
high-power applications the flyback converter can be replaced
with another isolated dc-dc converter such as full-bridge iso-
lated dc-dc converter as it is indicated in Fig. 6.

To approach to a high power and use minimum numbers of
semiconductors, full-bridge converter, as indicated in Fig. 6,
is recommended. Since in high power application the DC-DC
flyback in forward converters encounter limitation, it is better
to use full-bridge dc-dc converter as shown in Fig. 6 [38].

V. THE EXTENDED OF THE MODIFIED INVERTER
The extended structure of the modified Sc-based inverter can
be obtained by integrating more numbers of the SC cells into
a packed unit, as illustrated in Fig. 7.

Considering this concept, the number of generated output
levels can be enhanced. Considering Fig. 7, the required count
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FIGURE 6. Modified grid-tied system for high power applications.

of different circuit elements for proper connection for n num-
bers of modified SC-based inverter and extended version of
modified inverter can be written as follows:

Nsw = Nprive = 12n + 4 (42)
NCapitor = 6n (43)
Npiode = 61 (44)

Where, Nsw, Ncapacitors and Npjode denote number of
switches, number of capacitors, and number of diodes, respec-
tively. In this case, in the medium voltage applications, each
used bidirectional switch can be made by using a back-to-back
connection of two ordinary switches, two IGBTs for each
of them are required. Therefore, the total number of needed
IGBTs (NiggT) for the extended version of modified inverter
can be expressed as follows:

Nipgpr = 16n +4 (45)

Further, if the amplitude of the single input DC source
of modified system is assumed as 2Vq. (Vin = 2Vq.), the
maximum value of generated output voltage waveform can be

expressed as:
Vout,max = 8&nVy, (46)

Also, the number of generated output voltage levels can be
expressed as:

Niever = 16n + 1 47)

In addition, the per unit value of TSV in terms of input dc
voltage source (Vi) for the utilized switches in the extended
version of modified inverter can be obtained as:

TSVpy = 24n (48)
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VI. CALCULATION OF OUTPUT FILTER INDUCTOR,
INDUCTORS L;, AND L, AND UTILIZED CAPACITORS
Concerning Fig. 1, the output filter of the modified grid-tied
MLI consists of an inductor with the inductance value of L.
The voltage across the output filter can be denoted by V.
It should be mentioned that, if the power factor is unity and
the value of injected grid current is maximum (¢t = 7/4), the
maximum current ripple value of the output inductor filter
happens. At this moment (t = 7/4), the output voltage is within
zone 8 which is equal to 8V4. (Vou = 8Vy.). The current
equation of the inductor iz ¢(¢) in a full period of switching
can be calculated as follows:

1 [ T
ipf = L_f/o v pdt +ip p(0); 17 <t < 0} —t7, (49)

(8Vdc -
Lf.fg

vg).Dg

)

AIL]‘ = iLf(t = Dg.Ty) — lLf(O) =
T
17 St<5_t7s (50)
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Therefore, using (49), the final value of L¢ can be calculated
as:

1 , VZiax
Ly= Ao [15vg,mx. sin(wt)— %.gm%wz)—sa/dc] ,

(5D

The inductance value of the output filter (L¢) for the maxi-

mum value of the inductor current ripple could be obtained as
follows:

2
g, max

Le— 1
f AILf,max'fS

As mentioned, an inductor is used to limit the peak of the
charging current. The suggested analysis about the inductor
size is presented in this section. In the following, the detailed
equations are presented. The equivalent circuit of the charging
loop of capacitors Ciy, and Cyy can be illustrated in Fig. 8.
Based on Fig. 8, Req1, denotes the equivalent resistance of the
charging path of capacitors Cy, and Cay.

Also, Ceq1 tepresents the equivalent capacitance value of
capacitors Cyy, and Coy. Considering Fig. 8, by applying the

[15\/&,’maX - — 56Vdc:| . (52)

dc
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FIGURE 8. The equivalent circuit of capacitors C;y and Cyy charging loop.

KVL law in the charging loop of capacitors Ciy and Coy, the
following equations can be obtained:

dzi Reql dic (53)

dr? + Ly L'Ceql =

{Reql o+ LG+ g [Ie()dr =0

By solving the above-mentioned equations, the resonance
frequency (w,) and damping factor («) can be obtained as:

_ Reql
@ =7,
W, = L

L 'Ceql

(54)

In order to design the optimal size of the inductor L which
is used to reduce the capacitor charging current spike, the
value of the damping index should be smaller than the res-
onance frequency, so it can be written as follows:

1
Reql -

o< wr >
' 2Ll Ll ' Ceql

(55)

By squaring both sides of (1) and simplifying it, the desired
inductance of inductor L is obtained as follows:

(Reql )2 -Ceql

L
| > 2

(56)

To design the optimal inductance value of the inductor L,
in order to limit the spike of the capacitor charging current
in the charging loop of capacitors Cip and Cjp, it should be
analyzed as the same as inductor L. Therefore, the inductance
value of L, can be obtained as follows:

2
e
(R q2) Ceg2

) (57)

Ly >
Where, Req denotes the equivalent resistance of the charg-
ing path of capacitors Cy, and Cpy. Also, Reg represents the
equivalent resistance of capacitor charging path of capacitors
Cip, and Cyp. The both mentioned resistances (Req1, and
Req2) can be calculated as follows:

Reqt = Rqu + 3rpsr.c + o1 + Rps (58)

Req2 = Rap + 3resr,c + r2 + Rps
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In addition, the charging current of the capacitors Cy, and
Cyu can be calculated as follows:

) Wae = Vew —Vew et
lc1(t) = de > x e 2L !
Ly _ R@ql
Ceql 4
2
. 1 R,
X sin — eqz t 59)
LiCepy 4L1

Where, Ceq1 represent the equivalent capacitance value of
capacitors Cyy, and C,y and can be obtained as:

Cor = G252 i
vtCu = C,,1 = 60
{CIU =Cuw «l 2 (©0)

Also, the charging current of the capacitors Cip, and Cyp
can be calculated as follows:

. 2Vye —Veip —Veop | Fea2,
ica(t) = < 5 xe 2
L2 _ Rqu
Ceg2 4
2
1 Req2

X sin t 61)

LoCop 412

Where, Ceq represent the equivalent capacitance value of
capacitors Cp, and Cop and can be obtained as:

Ceq2 = gIIDDJrCsz% Cip
{CID _ C2D eql ) ( )

During the time intervals of t,; and t, the currentic(t) and
ic2(t) reach to their maximum value obtained by the below
equation:

Ip1 = —
2x e _Reqzl
1%eql 4L
_ x : (63)
Ip2 = 5
2% 1 _Rqu
LICqu 4L%

Now, the maximum values (peaks) of the charging currents
during time intervals t,; and t,> can be obtained as:

Reqlxn
2Wye — VeV, T
. dc — YClU-YC2U LiCeq1 412
ICl,maleCI(tpl)Z = xe “ !
L Reql
Cog1 7
(64)
Req2><”
2V, — Veip-Vi T
. dc — YC1D-VYC2D LoCeqn 412
ICZ,max=lC2(tp2)= = X e “ 2
Ly _ Rqu
Cog2 2

(65)
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Based on the above equations, it can be able to compromise
between inductor size, magnitude of charging current and
charging speed.

Supposing the limiting inductor is not present, the charg-
ing current of the capacitors were only limited by parasitic
resistance of the charging path. The maximum value of the
charging current of the capacitors Cy, and Couy (I'c1.max)
and Cp, and Cyp I'¢2 max Without using the inductor in the
charging loop can be calculated as:

2Vye — Vew — Veou

66
Reql (06)

/
1 Cl,max —

2Vqe = Ve — Vew
Reql
Therefore, by using (64) and (66) the percentage of reduc-

tion in inrush current of the capacitors Cjy and Coy can be
figured up by the following equation:

I/CZ,max = (67)

_ Req1 X7
LR
Ici Regl x| Lt =
I X 100 = ———— x ¢ et (%)
I'c1,max L Ry
Cot 4
(68)

Hence, by using (65) and (67) the percentage of reduction
in inrush current of the capacitors C|p and C;p can be figured
up by the following equation.

B quzxrr
2
Ic2,max Regl 2 chleqz - 4722
SR 100 = ——— x e J 2 (%)
I C2,max L qul
Ceg2 T4

(69)

It is worth mentioning that using inductor not only lim-
its the inrush current of the capacitors but also it prevents
extra power loss which arises from impulsive current charg-
ing of the parallel capacitors. This power loss is thoroughly
described in [39] however, in order not to make this work
copious and tiresome is it not repeated here.

Also, the sizes of the capacitors Ciy, Coy, Cip and Cyp are
calculated. In the following, Iy max and ¢ denote the amplitude
of the injected current and the phase difference between the
grid voltage and the injected current. Note that the output
voltage is considered as a staircase waveform. Thus, the max-
imum discharging value of each capacitor can be expressed in
a half-cycle as follow:

(0.5T—1;)
Oci = / Iomax. sin(et — @), i =1U,2U, 1D, 2D,

1
k (70)
Here, Igmax, T, and @ denote the maximum value of the
injected grid current, the periodic time of the grid voltage,
and the fundamental angular frequency of the output voltage,
respectively. Furthermore, [#;, 0.5T — #;] is the time interval
related to the longest discharging cycle (LDC) of each capaci-
tor. This time interval will vary for C;y, Coy, Cip and Cop in
the modified SC-based MLI. According to Table 1, the LDC
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FIGURE 9. The typical output voltage waveform of the modified MLI
inverter during positive half-cycle.

for Cyy, Cou, Cip and Cyp is illustrated in Fig. 9. Thus, by
considering the kV;, as the maximum allowable voltage ripple,
the size of the capacitors can be calculated by using (70).
i=1U,2U, 1D, 2D,

Og,
Copt,i = W? (71)

in

VIl. POWER LOSS ANALYSIS

In this section, the power losses analysis of the modified 17-
level inverter is done. The power losses analysis includes two
parts: Switching losses (Psw) and conduction losses (Pcop). It
should be noted that, other components such as the capacitors
only have conduction losses.

A. SWITCHING LOSSES

In this subsection, the switching losses of the power switches
are calculated. During the ON and OFF period of the switch-
ing state, the switching losses of the switches can be analyzed.
To facilitate the analysis process, a linear approximation be-
tween the across voltage and the passing current of the power
switches is assumed. Therefore, the switching losses of the
utilized power switches can be obtained as follow:

()a

1 [(Jn .
PsWign(on) = FS/(; Vonk (1)i(t)dt

on,k

_ Ton Ib Vv
- (i) (G

13
=%mmmx

1 loff
Ts Jo

fooe ,
_ fs/ 1 <_ I’y (t —toff)) (V_
0 loff

t .
= Déf (fsViiock k1),

Where, Iy and I’y refer to the passing current through the
kth power electronic switch after turning ON-state and be-
fore turning OFF-state, respectively. Furthermore, fg and Tg
denote the switching frequency of the inverter and periodic

(72)

Py tof ) = Vsrand 1 ()i(t)dt

(73)
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time of switching frequency of the inverter, respectively. To
calculate the overall power losses of the modified 17-level
inverter, the (72) and (73) should be summed together. In this
case, the overall power switching losses can be formulated as
follows:

14 [ No Noys
Psw.ioral = Z ZPSW,ON,Z‘ i+ Z Psw.orr,ij |» (74)
i=1 j=1 j=1

B. CONDUCTION LOSSES

Conduction losses are emerged by the ON-state resistance of
the utilized power switches (Rpg) and power diodes (Rp), for-
ward drop voltage of power diodes (V,,p) and the equivalent
series resistance of the utilized capacitor (Regp). In this case,
the conduction losses of power switches (Pop,sw) and power
diodes (Pcon,g) can be obtained as (75)—(78).

o[, .
Peon,sw = l;_n |:/0 RDSla—Hd(wt) s (75)

a7 o o
Pcan,d = / Rpi“(t).d(wt) +/ von,Dl(t)'d(wt)i| 5
27 [ 0 0
(76)

In the (49) and (50), p(t), q(t) and r(t) present the number
of power switches and diodes in the current path. So that, the
overall conduction losses of the modified MLI can be obtained
as follows:

Pcon,total = Pcon,sw + Pcon,da (77)

Therefore, by using (48) and (51) the total power losses of
the modified MLI can be calculated as:

(78)

Ploss,total = Psw,total + Pcon,totalv

Fig. 10(a) illustrates the pie chart of the inverter switches’
power losses distribution. Based on Fig. 10(a), the loss share
of each switch from the total switches’ power losses is shown
in different colors. For example, the share of loss of switch
Sui from the total switches power losses is equal to 8%.
Further, the pie chart of total switches’ power losses, diodes,
capacitors, and inductors distributions are shown in Fig. 10(b).
From this figure, it can be understood that the share of the
switches’ total losses from the total power losses of the in-
verter is equal to 18%. Considering Fig. 10(b), it can be seen
that the loss share of capacitor Cip from the total power loss
of the inverter is equal to 6%.

The calculation and experimental efficiency curves of the
modified inverter versus output power can be illustrated in
Fig. 11. Concerning this figure, it can be seen that at output
powers of 400 W, the maximum values of experimental ef-
ficiency are around 95.5%. Also, at 750 W the experimental
efficiency is 94.3%. Also, based on Fig. 11, it can be seen
that the experimental efficiency is lower than the calculation
efficiency. This is because all of the used components in the
topology for the calculation (theoretical) efficiency are as-
sumed ideal. Therefore, the experimental efficiency is always
slightly less than the calculation efficiency.
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FIGURE 11. The calculation and experimental efficiency curves of the
modified inverter versus output power.

VIIl. COMPARISON RESULTS

In this part, the modified multilevel inverter is compared with
previously presented state-of-the-art multilevel inverters in
terms of the number of circuit components, generated output
levels, limitation of capacitor spike current, leakage current
elimination capability, reactive power support, voltage gain
(V.G), total volume (mm?), power density, cost ($), cost/Pqy;,
negative half cycle generation based on H-Bridge and also
voltage boosting capability. Note that, the power density of
the modified topology and other compared topologies are cal-
culated as follows:

Pout (W)
Total volume (mm3)

Power density (W/mm?®) = (79)
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TABLE 2 Comparison Between Different Inverters Including the Modified One
NPT ez QiR Generated | Limitation of R aRasy Reactive Total Power .
components N . current N Cost/P,,| H-bridge | Voltage
Topology output capacitor spike| .. " power V.G|Pou(W) | volume density | Cost ($) .
elimination . 3 3 (P.U.) | based |boosting
Nsw | Np |Cap [ Npc | voltage levels current o supporting (mm’) (W/mm?)
capability

[27] 10 | 2 2 2 17 No No No 2 348 132149.7 | 2.6x107> | 1432 0.41 No Yes
[31] 100(4]2]2 17 No No No 2 250 58285.8 |42x107 | 58.68 0.23 Yes Yes
[32] 10712212 17 No No Yes 2 513 132149.7 | 3.8x107> | 143.5 0.28 No Yes
[40] 10 | 1 1|2 15 No No Yes 1.75| 250 | 2519813 | 099x107 | 93.89 0.38 No Yes
[41] 201]3]2 17 No No Yes 1.6 | 500 [2110876.5|023x107 | 159.6 0.32 No Yes
[42] 18 2] 6|2 17 No No Yes 4 260 | 1140977.1 | 0.23x107° | 2954 1.14 No Yes
[43] 121213 1 17 17 No No 4 600 | 1168032.5| 0.51x107> | 188.74 | 032 No Yes
[44] 18] 0| 21 17 No No No 2 500 | 356849.8 |1.4x107> | 2529 0.50 No Yes
[45] 910|013 15 No No No 1 | 113.75 23400 | 4.8x107 117 1.03 Yes No
M[a‘é](’f 241 4 | 4| 4 17 No No No 4 500 | 696934.6 |0.72x10"] 372.6 0.75 Yes Yes
[47] 1410 4] 4 17 No No No 2 [1330.08|1182639.9 | 1.1x107> | 402.71 | 0.31 No Yes
Modified | 14 | 4 | 4 | 1 17 Yes Yes Yes 2 777 62055.6 | 12x107 156.3 0.20 No Yes

Where, Pout and total volume denote the output power and
total volume of each topology. To calculate the total volume of
each topology, the volume of each of the energy storage com-
ponents, such as the capacitors and inductors (inductor core),
the volume of the used power switches and power diodes,
according to the information contained in the datasheet of
the mentioned components, have been obtained and added
together numerically.

The result of this comparison is presented in Table 2. Con-
sidering this table, the modified multilevel inverter uses a
flyback converter so, the desired 17-level output voltage wave-
form can be generated. It should be noted that the modified
inverter is the superior one compared to most of the compared
17-levels output voltage with fewer circuit elements and input
dc sources. According to Table 2, compared to most of the
structures listed in Table 2, the modified structure offers a
voltage boosting feature inherently with voltage gain of 2.
Therefore, the introduced inverter is a better choice for indus-
trial applications (such as photovoltaic applications).

Compared to other structures listed in Table 2, the capa-
bility of limiting the capacitive charging current spike can be
highlighted. According to this table, it can be seen that none
of the presented structures can provide this important feature.
In addition, all of the given topologies haven’t the ability of
power reactive supporting except topologies [32], [40], [41]
and [37].

Based on Table 2, the modified inverter can control both
injected active and reactive powers to the grid. However, [45]
cannot provide the voltage boosting ability. Therefore, the
proposed structure has a higher power density and lower cost
ratio (Cost/Poy;) than the [43], which is economically viable.

Also, the structure presented in [43], unlike the modified
structure, cannot limit the capacitor spike current and also the
cannot support reactive power.
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Compared with previously presented state-of-the-art mul-
tilevel inverters, the modified inverter can provide flexible
voltage boosting performance by adjusting the turns ratio of
the used transformer and also the duty cycle of the isolated
DC-DC converter. Furthermore, Since the Modified topology
uses an isolated dc-dc converter, it provides a galvanic isola-
tion between the load or grid and dc source.

This can be a beneficial feature to block leakage current
in many applications such as grid-connected PV applications.
According to Table 2, the rest of the compared structures are
not able to eliminate the leakage current. This is one the most
important advantages of the modified PV system compared
to the other presented PV inverters in Table 2. Considering
Table 2, it can be seen that the modified SC-based MLI has
the maximum value of the power density between all of the
compared topologies.

This means that the modified MLI can transfer more
power than other structures to its output. Also, the per-
unit value cost (Cost/Pyy) of the modified MLI is less than
other compared topologies. Therefore, it can be concluded
from Table 2 that the modified MLI is in good condition
in terms of cost, power density, voltage boosting capability,
capacitor spike current limiting capability, as well as reactive
power capability, and is superior to most of the compared
structures.

IX. SIMULATION RESULTS

To verify the limitation capacitor charging current feature
of the modified inverter, the simulation results are presented
and studied in this section. Also, the voltage stress and cur-
rent stress of the power switches of inverter are studied. The
modified structure is simulated at 777 W output power in a
Simulink MATLAB environment. The used circuit elements
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FIGURE 12. Simulation results: the current waveform of capacitor C;y: (a) without inductor, (b) with an inductor, the current waveform of capacitor C,y:

(c) without inductor, (d) with an inductor.

TABLE 3 Specifications Used in the SIMULINK Model

Component Specifications

Output power 77TW
Input voltage 100V

C, C 1000uF

CIU, C2U C]D & CzD 3300]J.F
Lf, L 1 & Lg 1mH

Switching frequency 20 kHz
Grid frequency 50Hz
Sampling time 50us

TABLE 4 Specifications Used in the Experiment Prototype

Element Type Value
Input dc source dc-source Vin=2Va=100V
San SZU, SSU: S4U, S5U7 SéU7 SID7
S»p, Suo. San, Ssp. Sep M & K C3M0065090D 900V/36A
Sk1 & Sk IRFP260N 200V/50A
Gate Driver TLP 250 IC
dy, dp, di, da, dr1 & dr> RURP3060 600V/30A
Current Transducer LASSP Hall effect
Microcontroller Beagle Bone ARM
Black
Switching frequency 20 kHz -
Grid frequency 50Hz -
Sampling time 50us -
C, G, 1000puF 150V
Ciu, Cu Cip & Cp 3300uF 75V
L, L, &L, Ferrite Core 1mH

of the modified inverter in the Simulink model are listed in
Table 3.

A. SIMULATION RESULTS FOR VALIDATION OF THE
LIMITATION OF CAPACITOR CHARGING CURRENT SPIKE
As mentioned, the modified inverter can solve one of the most
important problems of the switched capacitor, i.e., the occur-
rence of the inrush currents during charging capacitors by
using a circuit unit that consists of an inductor with a parallel
power diode in the capacitive charging current path. To prove
the performance of the presented structure, comprehensive
simulation results are presented in this section.

Fig. 12(a) and (b) indicate the capacitor charging current
waveform of capacitor C;yy without and with using an induc-
tor. Based on Fig. 12(a), the maximum value of the capacitor
charging current spike of capacitor C;yy without using induc-
tor L is around 24 A. Considering Fig. 12(b), it can be seen
that the peak value of capacitor charging current spike of
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capacitor Cjy using inductor L is around 7.3 A or less than
two times the peak value of injected current to the grid.

Fig. 12(c) and (d) show the capacitor current waveform
of capacitor Cpy without and with using inductor L, re-
spectively. Considering Fig. 12(c)—(d), it can be seen that
the maximum value of the capacitor charging current spike
of capacitor Cpyy without using and with using inductor L;
is around 24 A and 7.3 A, respectively. Fig. 13(a) and (b)
show the capacitor current waveform of capacitor C;p with-
out and with using inductor L, respectively. Concerning this
figure, the amplitude of the capacitor charging current spike
of capacitor C;p without inductor and with using inductor L,
are around 24 A and 7.3 A, respectively. Also, the capacitor
charging current waveform of capacitor Cop without and with
using inductor L; are illustrated in Fig. 13(c)—(d), respectively.

Regarding this figure, it can be seen that the amplitude
of capacitor charging current spike of capacitor Cop with-
out and with using inductor L, is around 24 A and 7.3 A,
respectively. Therefore, it can be concluded from the obtained
results that the presence of the inductors L; and L, in the
capacitor charging paths have drastically limited the capacitor
charging current spike. Therefore, it can be concluded from
the obtained results that the presence of the inductors L; and
L, in the capacitor charging paths have drastically limited the
capacitor charging current spike. Considering that the load
current is 5 A, and taking into account that with and without
the inrush current limiting inductors (L; and L) the charging
current of the capacitors are all 7.3 A, and 24 A respectively,
it is understood that these inductors can effectively limit the
inrush current by 35%.

B. COMPARE THE CAPACITORS’ VOLTAGE RIPPLE, AND
OUTPUT VOLTAGE THD WITH AND WITHOUT THE
DIODE-INDUCTOR CIRCUITS USING SIMULATION RESULTS
In order to show the effect of the diode-inductor circuits on
the capacitors’ voltage ripple, and output THD, the simula-
tion results without and with using diode-inductor circuits are
presented in this section. Fig. 14(a), and (b) illustrates the
voltage ripple of capacitor Cjy without using and with using
diode-inductor (d; &L1) circuit in the capacitor charging loop,
respectively.

By comparing Fig. 14(a) and (b), it can be seen that the
voltage ripple of capacitor Cy without using diode-inductor
circuit is a little bit less than the voltage ripple with us-
ing diode-inductor circuit in the capacitor charging loop.

VOLUME 4, 2023



IEEE Open Journal of

4x Power Electronics

Ieip (A) lcip (A)

e (A) le (A)

Ue' e ')

WU

0.03 0.04 0.05

Time (s)

(a)

0.06 0.07 0.08  0.02 0.03 0.04 0.05 0.06

Time (s)

(b)

0.07

0.08

0.02 0.03 0.04 0.05

Time (s)

(d

0.03 0.04 0.05 0.06 0.07 0.08

Time (s)

©

0.06 0.07 0.08

FIGURE 13. Simulation results: the current waveform of capacitor C;p: (a) without inductor, (b) with an inductor, the current waveform of capacitor Cp:

(a) without inductor, (b) with an inductor.
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FIGURE 14. Simulation results: capacitors’ voltage ripple: (a) capacitor C;y without using diode-inductor circuit, (b) capacitor C;y with using
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FIGURE 15. Simulation results: capacitors’ voltage ripple: (a) capacitor C;p without using diode-inductor circuit, (b) capacitor C;p with using
diode-inductor circuit, (c) capacitor C;p without using diode-inductor circuit, (d) capacitor C;p with using diode-inductor circuit.

Meanwhile, regarding Fig. 14, in the case of using the diode-
inductor circuit, the capacitor Cjy is charged to a greater value
than when it is not used.

The voltage ripple of capacitor Coy without and with using
the diode-inductor circuit in the charging path of capacitors
are indicated in Fig. 14(c), and (d), respectively. Considering
this figure, the voltage ripple of capacitor Coy without using
diode-inductor circuit is a little bit less than the with using this
circuit. However, the capacitor Cpy with using diode-inductor
can be charged more than state without using diode-inductor
circuit.

Fig. 15(a)~(d) show the voltage ripple of capacitor Cip
and Cpp without and with using the diode-inductor circuits
in the charging path of capacitors, respectively. By comparing
these figures, it can be concluded that although the voltage
ripple of the capacitors increases slightly with the use of
diode-inductor circuits, the capacitors can be charged to a
greater amount than without the use of the diode-inductor
circuits.

The THD of output voltage waveform without and with
using diode-inductor circuits are illustrated in Fig. 16(a), and
(b), respectively. Based on Fig. 16, the THD value of output
voltage is a little bit improved by using diode-inductor circuit.
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C. VOLTAGE AND CURRENT STRESS OF THE SWITCHES OF
MODIFIED INVERTER
The simulation results of the voltage and current stress of
inverter’s switches are provided here. The voltage stress of
switches Sjy~Seyu are illustrated in Fig. 17(a)—(f), respec-
tively. Fig. 17(a) shows the voltage stress of switch S;y.
considering this figure, the maximum blocked voltage of
switch Syy is 200 V or 2Vj,. regarding Fig. 17(b), the max-
imum blocked voltage of switch Sy is 150 V or 1.5 Vj,.
Considering Fig. 17(c), the maximum blocked voltage of
switch S3y is 200 V or 2 Vj,. Also, it can be seen that from
Fig. 17(d), the maximum blocked voltage of switch S4y is 50
V or 0.5 Vin. Regarding this figure, the voltage waveform
of switch S4y includes both positive and negative cycles.
Therefore, for the correct operation of the modified inverter,
switch S4y is selected as a bidirectional type. The voltage
stress of switch Ssy and Sey are illustrated in Fig. 17(e)—(f),
respectively. With respect to this figure, it can be seen that the
maximum blocked voltage of switch Ssy and Sey are 100 V
or Vi,. Fig. 18(a), and (b) shows the voltage stress of switches
K and M, respectively.

Regarding this figure, the maximum blocked voltage of
switches K and M are equal to 400 V or 2 Vin, respectively.
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FIGURE 16. Simulation results: output voltage THD: (a) without using diode-inductor circuits, (b) with using diode-inductor circuits.
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FIGURE 20. Simulation results: current stress of switches: (a) switch Sy, (b) switch S,y, (c) switch Sz, (d) switch Sy, (€) switch Ssy.

Further, the voltage stress of switches Sip~Sgp are illus-
trated in Fig. 19(a)—(f), respectively. The voltage stress of
switches Sp, and Syp are shown in Fig. 19(a), and (b), respec-
tively. Regarding this figure, the maximum blocked voltage of
switches Sip, and Syp are equal to 100 V or Vj,. The voltage
stress of switch S3p is indicated in Fig. 19(c).

Based on this figure, the maximum blocked voltage is 50
V or 0.5 Vj,. Also, the voltage stress of switch S4p is shown
in Fig. 19(d). Considering this figure, the maximum blocked
voltage of switch Sap is 150 V or 1.5 Vj,. The voltage stress
of switches Ssp, and Sgp are shown in Fig. 19(e)—(f), respec-
tively. Regarding this figure, the maximum blocked voltage of
switches Ssp, and Sgp are 200 V. In addition, the current stress
of inverter’s switches Sjy~Ssy are illustrated in Fig. 20(a)—
(e), respectively. Based on Fig. 20(a), the maximum value of
current stress of switch Sy is almost equal to 4.2 A. Also, the
current stress of switch Sy is shown in Fig. 20(b).
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Based on this figure, the maximum value of passing current
through the switch Syy is almost equal to 2.2 A. Fig. 20(c)
illustrates the current stress of switch S3y. Regarding this
figure, the maximum value of current stress of switch Sy is
almost equal to 4.2 A. Also, Fig. 20(d) shows the current stress
of switch S4u with the maximum value of 3.2 A. The current
stress of switch Ssy with maximum value of 4.2 A is shown
in Fig. 20(e).

Fig. 21(a), and (b) show the current stress of switches K,
and M, respectively. Considering Fig. 21, the maximum value
of passing current through switches K, and M are almost equal
to 4.2 A. In addition, the current stress of switches Sop~Sgp
are indicated in Fig. 22(a)—(e), respectively. Based on this fig-
ure, it can be seen that the maximum value of passing current
through the mentioned switches are almost equal to 4.2 A.
As mentioned before, in the modified inverter, by installing
an inductor in parallel with a diode in the capacitor charging
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path, the spike of the capacitor charging current is reduced and
the capacitors are charged smoothly.

By reducing the spike of the capacitor charging current, the
spike amplitude of the current passing through the switches
involved (S¢u, and Sip) in the capacitor charging loops is
reduced and the current passing through them is softened.
In order to verify this issue, the simulation results related
to current stress of switches Sgy, and Sip are presented in
Figs. 23, and 24, respectively. Fig. 23(a) illustrates the cur-
rent stress of switch Sgu without using inductor L; in the
charging loop. Regarding this figure, the spike amplitude of
passing current through the switch Sey is almost equal to
24 A. Fig. 23(b) shows the waveform of passing current
trough the switch Sgy with using inductor L in the charging
loop.

Considering Fig. 23(b), it can be seen that the maximum
value of current stress of switch Sgu is almost equal to 7.3 A.
By comparing Fig. 23(a), and (b), it can be understood that
by using the inductor L; in the capacitor charging loop, the

596

amplitude spike of passing current passing through the switch
Seu which is located in the capacitator charging loop is re-
duced. The reduction percentage is almost equal to 35%.

Fig. 24(a) illustrates the waveform of passing current
through the switch S|p with using inductor L, in the capacitor
charging loop. Regarding Fig. 24(a), the spike magnitude of
passing current through the switch Sip is almost equal to
24 A. Also, the waveform of passing current though the switch
Sip with using inductor L, in the charging loop is shown
in Fig. 24(b). Based on this figure, the maximum value of
passing current though the switch Sp is almost equal to 7.3 A.
By comparing Fig. 24(a), and (b), it can be seen that by using
the inductor L, charging pass of capacitors, the amplitude
spike of passing current passing through the switch S1p which
is located in the capacitator charging loop is reduced. The
reduction percentage is almost equal to 35%. Regarding the
provided simulation results, it can be concluded that the modi-
fied topology has good a feasibility by providing the limitation
of capacitor charging spike.
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FIGURE 25. Schematic of control system applied for (a) modified SC-based
MLI (b) fly back based DC-DC converter.
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1. Oscilloscope, 2. Auto transformer for power supply, 3.
Microcontroller board, 4. Inductor output filter L, 5. Inductor L,, 6.
Inductor L,, 7. Isolated transformer for gate driver circuit of inverter,
8. Capacitors C; & C, 9. Capacitors C;y, Caoy, Cip and Cap, 10.
Parallel diodes d; & d,, 11. Switches S;u, Ssv, Ssv, Sev, Sip, 12.
Switches Sap, Ssp and Sgp, 13. Switches S>y & Sy, 14. Switches K &
M, 15. Switches S3p & Syp, 16. Gate driver board of flyback converter,
17. LEM current sensors, 18. Power circuit of flyback converter, 19.
Heatsink, 20. Driver board of current sensors, 21. Bridge diode.

FIGURE 26. Photo of the experimental prototype of the modified topology.

X. EXPERIMENTAL RESULTS
In this section, in order to verify the accurate performance
of the SC-based 17-level inverter, some experimental results
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have been obtained at 770W output power in the grid-tied
mode of operation. In this case study, to drive the power
switches of the inverter, a peak current control (PCC) strategy
is applied. By applying this technique, both active and reactive
injected powers to the grid are controlled [22], [48], [49], [50].

Fig. 11, illustrates the control system of the modified
SC-based MLI and applied flyback-based DC-DC converter.
Considering Fig. 25(a), to detect the desired phase and ampli-
tude of the local grid, a phased locked loop (PLL) is applied
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[22]. Considering the reference values of active and reac-
tive injected powers, the amplitude and phase of the injected
current to the grid (iref) can be obtained. Then, to generate
the gate pulses of the utilized switches of the inverter, this ob-
tained reference value (iref) is delivered to the current control
unit. Fig. 25(b) shows the control system of the applied DC-
DC converter. Based on this figure, to generate the gate pulse
of Sg1 and Sg; the PI controller is used. Fig. 26 illustrates the
photo of the experimental prototype of the modified inverter.
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The used circuit elements of the modified grid-tied inverter
are listed in Table 3. A 17-level output voltage waveform
of the inverter with a magnitude of 400 V is illustrated in
Fig. 27(a). Voltage boosting feature of the modified inverter
can be verified based on this figure. Concerning this figure,
the injected grid current is a sinusoidal waveform with the
amplitude of 5 A and unity power factor (PF). With respect
to Fig. 27(b), the grid voltage and the inverter output voltage
are presented. Based on the results, the desirable performance
of the modified MLI along with the presented control method
is validated. Also, it can be concluded that the modified in-
verter is suitable for numerous modern applications where
high-quality power is needed to be injected into the grid.

In Fig. 27(b), the maximum values of the inverter output
voltage waveform and the grid voltage waveform are equal to
400 Vand 311 V, respectively. Considering these results, both
the modified MLI and the applied PCC strategy have proper
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performances. Fig. 28(a)—(d) respectively show the voltages
across the capacitors C1, Cz, Cjy and Cpy. Based on this
figure, it can be seen that the voltage across of capacitors
Cy and C;, (output flyback capacitors) which are successfully
charged to 100 V. Therefore, it is verified that the applied
flyback converter could be generated two isolated voltages
with the same values to supply modified MLI.

Also, Fig. 28(c) and (d) show that the voltage across capac-
itors Cjy and Cyy are successfully charged to 50 V. Therefore,
the performance of the self-balancing the capacitors voltages
of SC-based MLI is proved. To verify the supporting active
and reactive injected powers feature of the modified MLI,
the injected current and grid voltage under three different
conditions, i.e., leading, unity, and lagging PF, are illustrated
in Fig. 29(a), (b) and (c), respectively. As seen, the ampli-
tude of the injected current to the grid is about 5 A. Hence,
the injected power to the grid is 0.77 kW. In Fig. 16, the
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experimental results of the modified grid-tied system by
applying a step-change in reference current amplitude are
shown. In Fig. 30(a), the voltage of the capacitor Cy; and
the current of the grid are shown. Fig. 30(b) shows the output
voltage of the inverter and injected currents to the grid.

As seen, by changing the amplitude of the injected current
into the grid from 4 A to 5 A, the output power increases from
622 W to 777 W.

XI. CONCLUSION

In this article, a new 17-levels SC-based MLI is modified by
employing the flyback converter which in turn leads to need
power elements with lower ratings. This inverter provides the
voltage boosting feature with the gain factor of 2. Also, it
can pass the reverse current for inductive loads through the
exiting power switches. The DC-DC flyback converter is used
to generate two independent DC voltages from the single input
power supply which is an important economic advantage. The
modified inverter uses two circuits, an inductor, and a paral-
lel diode to limit the spike current of capacitors during the
capacitor charging mode. This is one of the most important
advantages of the modified inverter. Besides, by using the
PCC method, the modified inverter can control the amount
of the active and reactive injected into the grid. Based on the
performed comparison, the modified topology has a lower cost
and maximum power density than other topologies. Further,
in order to verify the accurate performance of the modified
inverter and prove the advantages of this topology such limi-
tation the capacitors charging current spike, simulation results
have been presented. Based on the experimental results per-
formed for the modified inverter in grid-connected condition,
this SC-based MLI has a desirable performance.
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