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Fig. 10. (a) Conduction loss. (b) Switching loss. (c) Efficiency vs load curve.

PCL PAC k (16)

ka

B. Switching Losses

Transition in the state of switch is the main cause of switching losses.
That may be found by averaging the power loss that occurs when
the switch is turned on (T,,) and off (T ). The switching losses (Pg,,)
of the conducting switches are expressed in (17).

T

vititdt
0 0

To

ff
Psun % vititdt (17)

where f is the switching frequency, T, and T are the on and off
times of the switch, respectively. v(t) and i(t) are the blocking voltage
and current during turn-on and turn-off, respectively.

C. Voltage Ripple Loss of Capacitors
Voltage ripple loss of the capacitor is another source of loss, which can
be computed from (18), where f_,: switching frequency, C: capaci-

tance of the nth capacitor, AV, .: ripple voltage of the nth capacitor.

3
PRL fSW Cn
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Vripple n ( 1 8)

The mathematical representation of total power loss (P;,) is expressed
in (19)

PTL PSWL PCL PRL (19)

where, P, = Switching Loss, P = Conduction Loss and P, = Ripple
Loss.

The efficiency (n) is determined in (20)

Output Power
Output Power Losses

100 (20)

Power losses of the suggested architecture are analyzed by thermal
modeling using PLECS software. The IKY75N120CH3 thermal model
of the switch is taken for the loss calculations. Switching, conduc-
tion, and ripple voltage losses of the capacitor have been included
for the efficiency calculation. The distribution of efficiency, switch-
ing losses, and conduction losses in the suggested topology is
illustrated in Fig. 10. The highest contribution to conduction loss
is made by S,, as illustrated in Fig. 10(a), while the lowest contri-
bution is made by S, and S,. Likewise, among the eight switches,
S, contributes the most to switching losses, while D, contributes
the least, as shown in Fig. 10(b). Under various loading conditions,
Fig. 10(c) shows a plot of the efficiency of the suggested architec-
ture. The suggested architecture achieves a maximum efficiency of
97.99%.

IV. RELIABILITY ANALYSIS

Instrument reliability is the degree of consistency and dependabil-
ity that an instrument exhibits. It denotes the probability that an
instrument will carry out its intended function for a specified period
of time and under various circumstances. Various methods are avail-
able in the literature for reliability analysis; mean time to failure
(MTTF) is one of the methods [28-31]. Inadvertence rate (IR) of vari-
ous components is used to find out the reliability, and it is denoted
by A Reliability function R(t) defined in (21).

MTTF t

Rt e 21)
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TABLE IV. INADVERTENCE RATE OF SWITCH AND ITS ASSOCIATED PARAMETERS

Switches S, s, s, S, S, S, s, S, S,
Total power loss (W) 2472 2.503 0.356 1.406 1.244 1483 0.763 0.756 0333
Junction temperature (°C) 2547 2572 25.08 25.57 252 25.56 2512 2523 25.09
Temperature factor () 1.011 1.017 1.002 1.014 1.005 1.013 1.003 1.005 1.002
Power rating factor (.. 1.398 1.404 0.6821 1.134 1.084 1.157 0.905 0.902 0.666
Voltage stress factor () 0.058 0.058 0.075 0.075 0.075 0.075 0.126 0.126 0.126
Inadvertence rate of switch (\g) x 10~ 427 431 267 449 4.26 4.58 5.95 5.94 437
failures/10° hours
The IR of various components like switches, diodes and capacitors A, =0.00074; 11, =0.7; iyes = 1; Mg =1

is derived using the military handbook for reliability prediction MIL-

HDBK-217F [31]. B. Diode Inadvertence Rate

The IR of a diode (A,) is computed in (26)
A. Switch Inadvertence Rate
The IR of a semiconductor switch (A,J) is derived in (22).
(eng) (22) Migp = hop X Tep X Tecpp X Tespp X Tgrp X Tgrp (26)

Mirs = hos X Trrs X Taps X Topges X Tyss X Togrs X Tgrs (22)
where Ay, Tres, T Togesr Tysess Torsr Tees FePresent the base IR, tem-
perature factor, application factor, power rating factor, voltage stress
factor, quality factor, and environmental factor of the switch, respec-
tively. The temperature factor of the switch () is defined in (23).

B 114[T'+12737$)
Trrs =€ ! (23)
where T, is the junction temperature of the switch, which is com-
puted using PLECS software. Now, with the help of (23), the tempera-
ture factor of different switches is computed as displayed in Table IV.
The power rating factor (1) is defined in (24).

0.37
TlpRFs = (Tj) (24)
Now, the voltage stress factor (m,q.) is defined in (25).
Toyses = 0,045 (25)

where V. is the ratio of voltage stress across the switch and the maxi-
mum voltage it can bear. Military handbook (MIL-HDBK-217F) is used
to evaluate all parameters for checking the reliability of the switches.

TABLEV. INADVERTENCE RATE OF DIODE AND ITS ASSOCIATED PARAMETERS

Switches D, D, D,

Total power loss (W) 2.249 1.133 0.755
Junction temperature (°C) 2557 2532 25.82
Temperature factor (1) 1.019 1.011 1.028
Electrical stress factor (M) 0.0024 0.0024 0.0693
Inadvertence rate of diode 730 724 2138

Failures/10° hours

where A, e, Terp Teror Toror Terp FEPresent the base IR, temperature
factor, construction factor, electrical stress factor, quality factor, and
environmental factor of the diode, respectively. The temperature fac-
tor (m;p) Of the diode is defined in (27)

73091[T +]273721§]
! (27)

Trep =€
whereT;is the junction temperature of the diode, which is calculated
using PLECS software. Now, with the help of (27), the temperature
factor of diodes can be calculated as shown in Table V. Now, the elec-
trical stress factor for diode (n.,,) is defined in (28).

(28)

243
Tesep = V5

where V. is the ratio of voltage stress across the diode and the maxi-
mum voltage it can bear. Military handbook (MIL-HDBK-217F) is used
to evaluate all parameters for checking the reliability of the diodes.

Np=0.003; Ty =1, Toep=1; Mg =1

C. Capacitor Inadvertence Rate

The IR of a capacitor (A, is computed in (29).
Mrc = Moc X Tpre X Tigp X Tyspe X Tigre X Terc (29)
where A, Tee, Tep Tygeer Torer Tere FePresent the base IR, temperature
factor, capacitance factor, voltage stress factor, quality factor, and

environmental factor of the capacitor, respectively. The basic IR (A,)
is calculated in (30).

Ta+273Y
sy ) [
Apc =0.00254| | — | +1]e
0.5

(30)

Here, T, represents the ambient temperature, and S represents the
ratio of the voltage during operation to the nominal voltage. The
value of A, was calculated as 0.1077 using (30).

The temperature factor for the capacitor () is defined in (31).
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-0.15 ( 1 1 ]
5| Tj+273 298
—e861710°\7 (31

TrFC

where T, is the junction temperature of the capacitor, which is cal-
culated using PLECS software. Now with the help of (31), calculated
value of temperature factor of capacitoris 2.72. Now, the capacitance
factor (n ) is defined by (32)
T =0.34C%18 (32)

where C is the capacitance value in pF. So, mi.; for C,, C,, and C; are
1.224,1.310, and 1.347, respectively.

Voltage stress factor (m,) for the capacitor is given in (33)

(33)

Here, V represents the ratio of the applied voltage to the rated volt-
age. So, m for C,, C,, and C, are 13.86, 1.402, and 1.012, respec-
tively. Military handbook (MIL-HDBK-217F) is used to evaluate all
parameters for checking the reliability of the capacitors.

Tarc=10; Meec =1

After incorporating all the parameters listed above and using (29),
the IR of capacitors is calculated as:

(Apd);=0.1077 X 2.72 X 1.224 X 13.86 X 10 X 1
=49.70 failures/10° hours

(Agd),=0.1077 x 2.72 x 1.310 X 1.402 X 10 X 1

= 5.38 failures/10° hours

0.996 -

0.992 -

0.988 -

Reliability R(t)

0.984 -

0.98

0.2

0.4 0.6
Time (Hours*10°)

0.8

Fig. 11. Reliability R(t) vs time (hours x 10°) curve.

(Ard);=0.1077 X 2.72 X 1.347 x 1.012x 10 X 1

= 3.99 failures/10° hours

Total IR (A;) is determined in (34)

Ar=2 MrRs 5o T )y MeRp 05 T 2z MeRercs

=40.84 x 10°+228.34 x 1075+ 59.07

=59.071 failures/10° hours

The MTTF of the power circuit can be determined by using (35).

mrrF="t -1
Ar

=0.0169
59.071

(35)

TABLE VI. COMPARISON OF THE SUGGESTED NINE-LEVEL COMMON GROUND SWITCHED CAPACITOR MULTILEVEL INVERTER WITH SIMILAR SINGLE-SOURCE

NINE-LEVEL ARCHITECTURES

Ref. A B C D E F G H I J K L M

[9] 9 9 4 4 6 3 27 17 Yes 522 8.56 97.35% at 1 kW 2021
[10] 14 12 4 1 7 4 32 19 Yes 6.22 10.22 97.15% at 1 kW 2021
[11] 11 10 3 2 5 6 32 16 Yes 5.56 9.78 96.08% at 1 kW 2022
[13] 10 9 3 3 5 8 35 16 Yes 572 10.5 98.69% at 1 kW 2023
[15] 13 10 2 0 6 4 25 15 Yes 5.06 83 96.5% at 500 W 2023
[16] 9 9 3 2 4 4 24 14 Yes 4.56 7.7 97.58% at 1 kW 2024
[17] 11 11 3 2 5 2 23 16 Yes 494 7.7 95.64% at 170.24 kW 2024
[19] 13 10 3 0 8 4 32 16 Yes 578 9.8 96.6% at 500 W 2024
[20] 12 11 3 1 6 4 23 16 Yes 5.17 8.2 98.4% at 400 W 2025
[21] 9 9 3 2 6 4 24 14 Yes 478 79 98.2% at 1 kW 2025
[22] 12 12 3 1 8 2 19 16 Yes 517 7.5 96% at 1 kW 2025
[23] 10 10 3 3 5 2 24 16 Yes 4.88 777 95.6% at 500 W 2025
[P] 9 9 3 3 5 4 28 15 Yes 50 86 97.05% at 500 W -

A, switches; B, gate drivers; C, capacitors; D, diodes; E, most possible conduction switches at any given moment; F, maximum blocking voltage; G, total voltage stress; H,
total number of components; |, common ground; J, cost factor with y=0.5; K, cost factor with y=1.5; L, efficiency; M, year of publication; NA, not available; [P], proposed.
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Reliability function R(t) given in (21) can be calculated as R(t) = e=001%

The deterioration of reliability in a power electronics network over
time is shown in Fig. 11, which shows the relationship between reli-
ability and time (hours x 10°9).

V. RESULTS AND DISCUSSION

A. Comparison With Other Multilevel Inverter Structures

In this section, the recent nine-level CG inverter topologies compiled
in Table VI are taken into consideration for fair comparison. Various
aspects are employed for comparison, including the number of
switches (A), gate drivers (B), capacitors (C), and diodes (D). Other
factors for comparison are most possible conduction switches at any
given moment (E), maximum blocking voltage (MBV) (F), total volt-
age stress (G), total number of components (H), CG configuration (1),
cost factor with a=0.5 (J), cost factor with a=1.5 (K), and efficiency
(L). In the suggested topology and in [9], [16], and [21], the number

of switches required is equal to 9 compared to other reference topol-
ogies. However, the work in [9], [21] has a higher number of con-
ducting switches at any given instant. The number of capacitors
required in the suggested topology is also less than or equal to other
topologies except [15], on the verge of a large number of conduct-
ing switches at any instant. The converter’s efficiency is improved
by mitigating the number of capacitors, and less charging current
is pulled from the source [25]. The number of switches in conduc-
tion and MBV are other vital parameters for deciding the efficiency
of the system. The total number of switches in conduction affects the
conduction losses, while MBV affects the switching losses [18]. The
maximum switches in conduction at any instant in the suggested
topology and in [11], [13], [17], and [23] are 5, except [16]. Maximum
blocking voltage of the suggested topology and in [10], [15, 16],
and [19-21] has the least value except [9], [17], and [22, 23] on the
verge of a higher number of components. The total voltage stress
is a crucial design parameter that significantly impacts the deter-
mination of the power rating for switches. Despite the topologies
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Fig. 12. Simulation results. (@) R=50 Q. (b) Z=50 Q+ 120 mH. (c) Load change. (d) Change in MI. (e) Capacitor voltage and current for C,. (f)
Capacitor voltage and current for C.. (g) capacitor voltage and current for C.. (h) frequency change.
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Fig. 13. Experimental setup.

presented in [9], [15-17], [20-23] have a lower voltage stress but
[15] suffers from lower efficiency and high cost factor, [9], [17], [20],
and [22, 23] suffers from large number of components and higher
cost factor while [9], [15], [20-22] have more number of conducting
switches at any instant. It is important to recognize that attaining a
better total standing voltage requires the incorporation of additional
parameters, as outlined in Table VI. The suggested topology, along
with all referenced topologies, exhibits a CG feature. Ground leak-
age currents are eliminated via this CG (I) connection, improving the
system’s overall reliability and efficiency. An additional evaluation
of multilevel converter topologies has been conducted utilizing the
cost function, calculated in (36), where y is a constant. The suggested
topology exhibits a cost factor (J) of 5.0 and a cost factor (K) of 8.6 for
y=0.5and y=1.5, respectively.

A+B+C+D+E F+G
CF:( +B+C+ N+ +7(F+G)) 6
L

The data presented in Table VI indicates that the suggested architec-
ture demonstrates comparability with other referenced topologies
regarding the cost function, and it outperforms the topologies cited
in references [9-11], [13], [15], and [19, 20]. The suggested architec-
ture is a formidable rival, according to an analysis of the efficiency
statistics (L) for the topologies referenced in Table VI. The aforemen-
tioned study indicates that, when compared to its competitors, the
suggested inverter topology is an appealing option.

B. Simulation Outcomes and Perspectives

The suggested nine-level multilevel inverter architecture is modeled
and simulated using MATLAB/SIMULINK. The suggested SCMLI archi-
tecture has undergone simulation across various fixed and dynamic
conditions to assess its performance metrics. The suggested design
offers a quadruple voltage gain with a 100 V input voltage source.
The nine-level output voltage reaches a maximum of 400 V with a
100 V step voltage. The output voltage, load current, and capacitor
voltage (V.,, V., and V_,) waveforms of the suggested nine-level CG
inverter architecture using the LSPWM switching approach are dis-
played in Fig. 12 under various load circumstances ranging from 50
Q to 50 Q+120 mH. The voltage and current are in phase when the
load is constant at 50 €, as displayed in Fig. 12(a). Upon altering the
load to 50 Q+ 120 mH, the waveform of the load current exhibits a

sinusoidal characteristic, as illustrated in Fig. 12(b). This is due to a
simultaneous phase shift between the voltage and current wave-
forms brought on by the load’s inductive nature. Additionally, the
suggested architecture has been evaluated for dynamic load condi-
tions. Initially, the load is totally resistive, Z, = 50 Q, then after 0.06
seconds, the load changes to Z,= 100 Q), and then after 0.12 seconds,
the load changes to Z,= 50 Q+ 120 mH. The current magnitude has
changed while load changes from Z, to Z, to Z,, indicating that the
circuit operated effectively under varying load conditions as illus-
trated in Fig. 12(c). The suggested architecture is also tested under
varying modulation index (MI) conditions, illustrated in Fig. 12(d).
The nine-level output voltage waveform resembles having a peak
magnitude of 397.4 V when MI=1.0. The Ml value is now altered to
0.7 at time 0.06 seconds, the output voltage peak reaches to 299 V
while reducing the number of levels from nine to seven. Once more,
at 0.12 seconds, the Ml is changed to 0.5, lowering the output volt-
age peak to 199.6 V while reduces the number of levels from seven
to five. These results show that the suggested circuit is capable of
working in a wide range of conditions. Capacitor voltages V,, V.,
and V, are maintained at 100V, 200V, and 400V, respectively, under

TABLE VII. COMPONENTS AND THEIR SPECIFICATION FOR SIMULATION
AND EXPERIMENTAL SETUP

Components Simulation Parameters Experimental Parameters

Source voltage 100V (DQC) 30V (DC)

Capacitors: C,,C,,C, 1232 uF, 1800 uF, 2100 uF 2200 pF (CD110), 200V

Load (R-L) 50Q,100Q, 120 mH 0-200 Q, 90 mH
Switches (IGBT) IGBT 25A, 1200V
(KGF25N120KDA)
Diode (6A4MIC) - 6 A, 400V
Driver (TLP-250) - 10-35V/£1.5A
Controller - TMS320F28379D

DC, direct current.
IGBT, Insulated Gear Bipolar Transistor
RL, Resistive-Inductive
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all circumstances as seen in Fig. 12(e—g). Fig. 12(h) displays the volt-
age and current waveform when the frequency changes from 50 Hz
to 25 Hz.

C. Hardware Outcomes and Perspectives

In order to validate the effectiveness of the suggested inverter archi-
tecture, an experimental prototype is developed as displayed in
Fig. 13. The parameters and components used in the development
of the experimental prototype are listed in Table VII. Fig. 14(a) por-
trays the nine-level output voltage and current waveform for a resis-
tive load of the suggested 9L CG SCMLI topology. For the DC source
voltage of 30V, the output voltage reaches 120V DC, resembling the
quadruple boosting feature as shown in Fig. 14(a-c). Fig. 14(b) dis-
plays the nine-level output voltage and current waveform for the RL
load, featuring a nine-level output voltage and a sinusoidal current
waveform. Fig. 14(c) shows that when the load changes from R to
RL, the voltage stays the same and all nine levels are formed, but
the current undergoes a sinusoidal transformation from a staircase
waveform. Variations in the Ml from 1 to 0.7 to 0.5 cause a drop in the
output voltage level from 9 to 7 to 5 levels as displayed in Fig. 14(d).
Fig. 14(e-q) displays the voltage and current waveforms of capaci-
tors C,, C,, and C,, respectively. The capacitor voltages are constant
and self-balanced while the system is in steady state. Capacitors C,,
C,, and G, are charged to 30V, 60 V, and 120V, respectively, through
the input voltage. If the frequency goes down from 50 Hz to 25 Hz,
the voltage and current waveforms vary as seen in Fig. 14(h). In all
the Fig. 14(a-h), the top waveform shows the voltage, and the bot-
tom waveform shows the current.

VI. CONCLUSION

This article presents a single-phase 9L CG SCMLI architecture utiliz-
ing only nine switches, three capacitors, and three diodes, offering
quadruple voltage boosting. The common grounding phenomenon
makes the leakage current almost zero. Additionally, external sen-
sors are no longer necessary because of the SCs' self-regulating volt-
age capacity. The significant feature of this work is that it requires
switches with ratings equal to or below the output voltage, which
guarantees reliability and longevity in comparison to recent nine-
level topologies. Along with this feature, the suggested topology
has a lesser number of components and comparable voltage stress,
which reduces overall cost. Furthermore, simulation results have
shown that the LC filter and soft-charging circuit are employed to
regulate the input inrush current and the charging current of the
capacitor. Recent nine-level topologies and the suggested 9L CG
SCMLI were evaluated based on structure and economically as well.
The MATLAB/Simulink platform is used to analyze the performance
of the suggested topology. The PLECS software is used to find the
losses and efficiency, which has a peak value of 97.99%. The invert-
er's operational hours are determined by doing a reliability study to
ascertain the component IRs. Performance of the suggested archi-
tecture is demonstrated under different loading and changing Ml
conditions. The experimental results validated the topology’s feasi-
bility and reliability under different circumstances.

The majority of power electronics system failures are caused by
semiconductor components; hence fault detection approach can be
expanded in the near future with low computational requirements
and minimum hardware.
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