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In this paper, a new topology is introduced for capacitor-based multi-level inverters. The proposed
topology is based on combination of two Cross-Square-Switched T-Type inverters. This structure can
be generalized in two modular and cascaded modes. In the cascaded mode, higher voltage levels

are produced with low power switches. The main features of the proposed topology include the level
generation without the utilization of the H-bridge module, the low number of switching components,
alower number of DC voltage sources, and low total blocking voltage. Besides, in the proposed
topology, the number of conducting switches in the current path for each different voltage level is
low, which leads to a conduction loss decrement. The loss simulations are performed, and the results
are presented. A study provides a detailed comparison of the proposed topology in terms of various
parameters. In this paper, the nearest level modulation switching, which is low-frequency switching, is
utilized to generate voltage levels. To confirm the performance of the proposed topology, a simulation
was performed with MATLAB/Simulink software, and a laboratory sample was implemented.
Comparative results, simulation results, and implementation results indicate the appropriate
performance of the proposed structure in different steady-state and dynamic conditions.

Since interconnecting a two-level inverter to a high-voltage network is not possible, with the growing develop-
ment of renewable energy resources such as photovoltaic arrays and wind energies, the demand for the progress
of high-voltage, high-power inverters have increased. Multi-level inverters (MLIs) are a suitable solution for this
purpose, where new topologies are being developed. MLIs include power electronics switches and DC sources
that generate different voltage levels from a combination of voltage sources. The main feature of MLIs compared
to two-level inverters is generating voltage waveforms with better quality and close to the sine waves, which this
improvement in voltage waveform will reduce the total harmonic distortion. Other features of MLIs are switching
loss reduction, low voltage stress of switches, high-quality output power, less electromagnetic interference, etc.! ™.

Traditional MLIs mainly consist of three categories, which include neutral point clamped (NPC), flying
capacitor (FC), and cascading H bridge (CHB). NPC and FC MLIs utilize multiple capacitors to generate volt-
age levels, making these configurations challenging in regulating the voltage of these capacitors. Moreover,
with increasing the number of voltage levels at the output of these MLIs, the number of capacitors and power
switches increases®™. Due to the increment in the number of components, the power circuit of these MLIs will
be complicated, and it will also involve a complex control scheme. CHB MLIs consist of some H-bridge modules,
which is connected in series. These MLIs do not require clamped or flying capacitors. Additionally, CHB MLIs
have advantages such as modularity, simple control, reliability, and utilizing low-power switches'®!!. The CHB
MLIs are divided into symmetric and asymmetric topologies in terms of equal or unequal input voltage sources.
In the first category, the DC voltage sources have the same values, whereas this configuration has good modular-
ity. Nevertheless, in the second category, the DC voltage source values are different and unequal. In this type of
configuration, the number of output voltage levels rises using the number of switches equal to the symmetric
topology. Traditional MLIs have one major drawback, and that is a large number of switches, which becomes a
significant issue at higher voltage levels''2

In MLIs, the quality of the output voltage improves with an increasing number of output voltage levels'’. The
principal challenge for MLIs is the number of switches, the number of gate-drivers, and the number of circuit
components, which severely increase with the increasing output voltage levels. This increment in the number of
components will increase the volume, cost, and complexity. Accordingly, it is tried to minimize the number of
circuit components of MLIs for high voltage levels'*-%.
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The necessity for multiple DC voltage sources is also a significant challenge for MLIs. This challenge is
significant in CHBs, which have many voltage sources. In some studies, capacitors have been utilized instead
of some DC voltage sources to reduce the number of DC voltage sources in the CHB structure!*-'. In these
configurations, capacitor voltage control is complex, and the process of charging and discharging the capacitor
voltage may not be complete, and the output voltage may include unwanted harmonics. Some MLIs use only
one DC voltage source to generate multi-level voltage, known as a switched-capacitor structure. In some of
these configurations, the procedure of charging capacitors is complex and does not have a modular structure. In
these configurations, a DC voltage source provides all the power required, which may not be suitable for high
power applications. In addition, in these configurations, because the output power must be supplied by a DC
source, the DC input current is high, which increases the conduction losses of the switches and thus reduces the
efficiency of these configurations™.

In MLIs used for high power, utilizing a structure based on a single DC source is not appropriate, and to
provide high power, using some DC voltage sources is inevitable. In some topologies, a DC-DC interface circuit
is utilized to increase the number of DC voltage sources’. The DC-DC interface circuit can increase one voltage
source to several voltage sources. However, this circuit has circuit elements such as inductors, capacitors, diodes,
and switches that increase the volume of the circuit. So, this approach is not a practical solution to supply the
required number of DC sources. Furthermore, the total efficiency of the converter will be reduced simply because
of adding such a single-input multiple-output DC-DC converter.

The proposed multi-level inverter offers an improved arrangement in which the switches are designed to
maximize the number of output voltage levels with limited circuit components. This paper introduces a cross-
square-switched T-type (CSST-type) topology that is capable of operating with both equal and unequal sources.
The proposed topology in unequal configuration can be implemented in both incremental and decremental
combinations, which further increases the output voltage levels. The number of conducting switches at each
of the voltage levels is small in the proposed topology, which will reduce the conduction losses. Additionally,
the voltage stress of the proposed topology switches is low, and high output power can be achieved with low
power switches. The proposed topology reduces the number of DC voltage sources to 2 by providing the voltage
division between the capacitors and requires only 2 DC voltage sources. Moreover, the proposed topology can
be developed in series and provide a cascaded structure in which the number of output voltage levels will be
increased significantly.

“CSST-type topology” section of this paper discusses the principles of CSL-type MLI operation, including
basic cell configuration, generalized structure configuration, voltage sources reduction, cascaded structure, and
symmetric and asymmetric topologies. Power losses and efficiencies are calculated in “Loss-thermal analysis”
section. Comparative studies are presented in “Comparing the proposed MLI configuration with other con-
figurations” section. simulation results followed by laboratory results are presented in Sect. “Simulation and
laboratory results”

CSST-type topology

The proposed structure

In The CSST configuration utilizes the T-type module, which is displayed in Fig. 1. As Fig. 1 demonstrates, the
T-type module consists of N DC sources, and N — 1 bidirectional switches. The t-type module only produces
positive voltage levels and requires an H bridge to generate negative voltage levels.

The proposed CSST-type structure configuration consists of two back-to-back three-level T-type modules.
T-type modules are connected with a cross-square-switched module. The configuration of the proposed CSST-
type structure is shown in Fig. 2. The proposed CSST-type structure consists of two parts: the right part, which
is labeled R, and the left part, which is labeled L. Due to the inverse connection of the T-Type module on the left
and right, the output voltages of these two modules are added together at the output of the proposed structure,
and the number of output voltage levels increases. The proposed CSST-type structure can be used in both equal or
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Figure 1. T-type module.
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Figure 2. The proposed CSST-type structure configuration.

unequal modes. In the unequal mode, the sources can be incremental/decremental combinations, thus providing
more output levels. As the number of output voltage levels increases, the voltage THD decreases considerably.

In the proposed CSST-type structure, each T-type module utilizes two DC sources. In this case, the number
of resources is significant, and providing this number of resources is a big challenge. To reduce the number of
sources in the proposed CSST-type cell configuration, voltage division is used between capacitors. With this
approach, the number of structure resources is declined to 2. Figure 3 presents the proposed CSST-type cell
configuration by reducing the number of sources by voltage division method.

In the DC source reduction configuration, the capacitor is used to divide the voltage of the DC sources, and
the voltage of the capacitors is equal to:

|47

VCI,L = VCz,L = 7 (1)
Vr

VCI,R = VCz,R = 7 (2)

The proposed CSST-type structure does not require a side circuit (one-input multi-output DC-DC converter)
to balance the voltage of the capacitors by reducing the number of DC sources and using capacitors. In other
words, the proposed structure can automatically adjust the voltage of the capacitors. The proposed CSST-type
structure consists of 2 sources that can be designed in equal and unequal modes. In equal topology, the proposed
structure can produce nine voltage levels. In the equal topology, the proposed CSST-type structure can generate
voltage levels only as an incremental combination of capacitor voltages. In other words, in generating different
output voltage levels, it is only possible to add the voltage of the capacitors together. In this topology, the V and
V. voltage sources are equal to V¢, and different modes of generating voltage levels are presented in Table 1.

As Table 1 displays, the (S}, S,), (S5, S,), and (Ss, Sg) switch pairs act as complementary and never turn on
together. Besides, the number of switching modes of the CSST-type structure in generating 0, + 1, 2, + 3 voltage
levels has more than one switching, which is a helpful feature in space vector modulation. In space vector modula-
tion, the switching state is selected to have the most minor change in switching states to reduce switching losses?.

The total blocking voltage (TBV) of the Multi-level structure is calculated from the maximum blocking
voltage (MBV) of the switches. The maximum voltage across the switch in the off mode determines the voltage
stress of the switches. The maximum blocking voltage of the proposed CSST-type switches is given by the fol-
lowing equations:

Vai=Ve =V, (3)
]
\ /
ST
1 al 1
el s:”:i {2"53 C, .
g\ A
R 7)\ ASS t s 4
v CRP— =
t TT TeT Vi
L R
p— S S4 _L
CZ,L _2”:} + — - {:“_ _62 R
S ’
A
=

Figure 3. The proposed CSST-type structure configuration with reduced resources.
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Switching state (1=ON, 0=OFF)
Level |S; |S, |S: [Sq [S5 [Ss |S; |Ss |Sk |St
+4 1 0 1 0 0 1 0 0 0 0
+3 0 0 1 0 0 1 0 0 0 1
1 0 0 0 0 1 0 0 1 0
+2 0 0 0 0 0 1 0 0 1 1
0 1 1 0 0 1 0 0 0 0
1 0 0 1 0 1 0 0 0 0
+1 0 1 0 0 0 1 0 0 1 0
0 0 1 0 0 0 0 1 0 1
1 0 0 0 0 0 1 0 1 0
0 0 0 1 0 1 0 0 0 1
0 1 0 0 1 0 0 1 0 0 0
1 0 1 0 1 0 0 0 0 0
0 1 0 1 0 1 0 0 0 0
0 1 1 0 0 0 0 1 0 0
-1 0 0 1 0 1 0 0 0 0 1
0 1 0 0 0 0 0 1 1 0
0 0 0 1 0 0 1 0 0 1
1 0 0 0 1 0 0 0 1 0
-2 0 1 1 0 1 0 0 0 0 0
1 0 0 1 1 0 0 0 0 0
0 0 0 0 1 0 0 0 1 1
-3 0 1 0 0 1 0 0 0 1 0
0 0 0 1 1 0 0 0 0 1
-4 0 1 0 1 1 0 0 0 0 0

Table 1. Different switching modes of CSST-type structure.

Vss = Voa = Vi (4)
Vs =V, (5)

Vsr = Vr (6)

Vss = Vsg = VL + Vr (7)
Vs7 = Vsg = VL + VR ®)

In the equal topology, since the size of the V; and V| voltage sources is equal to V), the proposed TBV of
the proposed CSST-type cell is obtained as follows:

TBVEQ = Vs1 + Vsa + Vs3 + Vsa + Vs + Vs + V7 + Vs + Vs + Ver = 14Vpe 9)

In the unequal topology, the ratio of the size of the left and right voltage sources of the proposed CSST-type
structure is 1:5. In other words, the V; voltage source is equal to Vi, and Vi is equal to 5V; =5V In an unequal
topology, the combination of voltage sources is incremental/decremental. In other words, in the different output
voltage level generation, in addition to the possibility of adding the voltage of the capacitors together, it is also
possible to subtract the voltage of the capacitors from each other. This leads to a significant increase in the num-
ber of output voltage levels, and the unequal topology of the proposed structure can produce 25 levels. Figure 4
displays the different modes of positive voltage level generation. This figure illustrates the current path and light
switches in red. The negative voltage levels are obtained in the same way.

The maximum blocking voltage of the proposed CSST-type structure switches is obtained by Eq. (3)-(8),
which for an unequal topology, the TBV value is equal to:

TBVugq = Vs1 + Vsa + Vs3 + Vsa + Vs + Vs + V7 + Vg + Vs + Vsr = 42Vpe (10)

The value of TBV in both equal and unequal modes is low due to the number of voltage levels produced,
indicating that the voltage range of the switches is low.
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Figure 4. Positive output voltage levels of the proposed CSST-type structure.

The proposed modular structure

The proposed CSST-type structure can be generalized in both modular and cascading methods. The configura-
tion of the modular CSST-type structure is presented in Fig. 5. In this configuration, T-type cells are generalized
modularly, for which bidirectional switches are added to T-type cells.

The modular CSST-type configuration has several distinctive features that are mentioned. (1) To extend the
output levels to higher levels, only one bidirectional switch is added to the structure. Each bidirectional switch
requires only one driver. Thus, the number of drivers in this configuration will be low at high voltage levels. (2)
The number of DC voltage sources in this configuration is only two. (3) This configuration can be designed with
both equal and unequal sources. (4) The number of active switches and current conductors at different voltage
levels is only three switches, which will reduce the conduction losses.

The number of switches (Ng), number of gate drivers (Ngp), number of capacitors (N), and number of sources
(Npe) of the modular CSST-type configuration are as follows:

Ns = 2(N + M) + 10 (11)
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Figure 5. The proposed modular CSST-type structure.
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Np=(N+M)+38 (12)
Ne=N+M+2 (13)
Npc =2 (14)

N and M are the numbers of bidirectional switches on the left and right of the modular CSST-type configura-
tion. In the equal topology, the voltage source ratio of the modular CSST-type configuration is 1:1. In the unequal
topology of the modular structure, the number of source voltages can be selected based on the following:

Vi = Vbpc (15)

VR=Q2N+3)Vp = (2N +3)Vpc (16)

The CSST-type cascade configuration consists of the Z number of the basic CSST-type structure shown in
Fig. 6. The purpose of providing cascade configuration is to achieve high voltage levels using low voltage and
power switches.

The number of switches (Ns), number of gate drivers (Ngp), number of capacitors (N), and number of sources
(Npc) in the cascading CSST-type configuration are as follows:

Ns =147 (17)
Np = 10Z (18)
Nc =4Z (19)
Npc =22 (20)

To determine the size of voltage sources of cells, many algorithms can be used. Table 2 presents some examples
of possible algorithms. In this table, Vo, is the output voltage level peak of the Zth cell. In the third algorithm,
the number of levels increases sharply. With two CSST-type cells, it is possible to generate 625 voltage levels at
the output.

Loss-thermal analysis

The power semiconductor devices, such as DC-DC converters, rectifiers, matrix converters, and two-level or
multi-level inverters, generally have two types of loss, which are: conduction loss (P,) and switching loss (P,,). The
conduction loss is due to the internal resistance and voltage drop in the ON state of the semiconductor devices.
This loss consists of the conduction loss of IGBT or MOSFET, and its anti-parallel diode, denoted by (P,,) and
(P, 4), respectively. These losses are calculated by the following Equations:

Pcs = [Vs + Rsif (1)]i(1) (21)

Pcp = [Vp + Rpi(t)]i(t) (22)

where V oy and V, oy are the voltage drop when the switch or its anti-parallel diode is turned on. The resist-
ances R, R, are the internal resistance of the switch or its anti-parallel diode, and a is a constant coefficient that
depends on the specifications of the switch. These parameters are prepared in the datasheet of the switches by
the manufacturer. The following Equation is used to calculate the average conduction loss of all switches and
their anti-parallel diodes in an output period:

N, 2 Ny 2
_ 1 1
P = ; P 0/ [Vsoni(t) + R (1)]d(t) + ]:21 - O/ [Vaoni(t) + Ri?()]d(t) (23)

Another part of the semiconductor power loss is switching loss. The switching loss is due to the non-ideal
performance of power semiconductor devices. In order to calculate the switching loss, it is assumed that the
voltage and current of the switch change linearly when it is turned on and off. Therefore:

Ns
Py = [Z (ts0NEs,ON + t5,0FF Es OFF )}fs 29

x=1

where t, oy and £, o are the time intervals required to turn a switch on and off, E ,y and E, o are the energy
dissipation of the switch at the moments of turning on and turning off, and f; represents the switching frequency.
So, the total loss of a switch (Py) is the sum of the conduction loss of the switches and their anti-parallel diodes,
as well as the switching loss, presented in Eq. (25).

Pr =Pcr+ Pst (25)

Also, the efficiency of the converter is calculated according to (25):
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Figure 6. CSST-type cascade configuration.

Proposed algorithm | The magnitude of DC voltage sources N
1st algorith Vi =Vip = = Vi = Voe 8Z+1
stalgorithm VR, = Vi, = . = Vi, = Ve
2nd algorith Vi = Vi = = Vig = Vi 247 41
nd algorithm VR, = Vg, = ... = Vg, =5Vpc
VL, = Vpc, VR, =5Vpe
3rd algorithm Vi, =25Vpe, Vi, =125Vpe 257
Vi, = @(Vo, + Vo, + ..+ Vo, ) + DVpc, Vi, = 5V1,

Table 2. CSST-type cascade configuration cells voltage source size determination algorithms.
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POutput

n=_o-—"—"5_ 2
Poutput + Pr (26)

The switching and conduction loss considering the thermal model of power electronics components is simu-
lated in MATLAB/Simulink software. The performance of the proposed CSST-type structure is investigated
in both symmetric and asymmetric topologies at pure resistance load, where the peak voltage of the load is
considered to be 400 V. The parameters of the IGBT IKFW60N60DH3E switch is used for this simulation. The
simulation is conducted based on Pulse Width Modulation (PWM) switching pattern. The efficiency of the pro-
posed CSST-type structure for both symmetric and asymmetric topologies in terms of output power from light
load to full load is shown in Fig. 7. The total loss, the output power, and the efficiency of the proposed CSST-type
structure in symmetric topology for two different output loads (Z, =10 Q +25mH), (Z,=5 Q +25 mH) are dem-
onstrated in Fig. 8a. In addition, the loss and temperature of the switches are demonstrated separately in Fig. 8b,c.

Comparing the proposed MLI configuration with other configurations

In this section, a comparison is made to demonstrate the advantages of the proposed CSST-type configuration.
The comparison is based on the number of components in the proposed configuration compared to the clas-
sic multi-level inverter topologies and new reduced components. In this section, the output voltage levels of
inverters (N;) are compared to the number of switches (Ng,,;,.;,), number of gate drivers (Ngp), number of DC
sources (Np¢), number of capacitors (N¢), and TBV of the switches. Table 3 compares the proposed CSST-type
structure with other new structures. In this table, in addition to the mentioned parameters, the number of active
switches (Nys), the number of diodes (Np), the demand for an H-bridge to generate negative polarity, the need
for a DC-DC interface circuit to reduce the number of DC sources, number of switches to the number of output
levels (Ng,in/Nyp), and DC voltage ratio (V. ratio) are also presented.

Switches are a critical element in the structure of multi-level inverters, which increase the output voltage levels,
and the number of switches. As the number of switches and circuits of multi-level inverters grows, the cost, com-
plexity, and size of the circuit increases. Figure 9 compares the number of proposed CSST-type structure switches
with the number of output levels in the unequal mode. Figure 9 demonstrates that the CSST-type topology has
a smaller number of switches than other similar structures, decreasing the cost and complexity of the circuit.

A large number of drivers in multi-level inverters increases the cost. Each switch requires a gate driver to be
turned on and turned off, which boosting the gate pulses of the micro-controller is the gate driver’s duty. Bidirec-
tional switches will need only one driver if designed as a common-emitter. In a modular CSST-type configuration,
a bidirectional switch is required to generate two additional voltage levels. Therefore, the number of drivers in
the proposed CSST-type configuration is low. Figure 10a compares the number of proposed CSST-type structure
drivers with other topologies. The number of drives used in the proposed CSST-type structure is lower than other
topologies. TBV of the proposed CSST-type structure is compared with other topologies in Fig. 10b. It can be seen
from Fig. 10b that the TBV value of the proposed CSST-type modular structure is lower than other structures.

The number of independent voltage sources in multi-level inverters is one of the significant challenges. Pro-
viding a large number of sources in multi-level inverters is a huge problem. Figure 11 displays the number of
independent voltage sources of the proposed CSST-type structure with other topologies. Based on this figure,
the number of independent voltage sources of the proposed topology is very low. The number of sources of the
proposed structures in'>'®1? is equal to the proposed topology. However, in these structures, the interface circuit
is used to balance the voltage of the capacitors. The interface circuit consists of circuit elements such as switches,
diodes, inductors, and capacitors, which increase the complexity of the whole system and decrease its efficiency.
Besides, the number of switches, drivers, and TBV of the structures presented in'>'®!° are high.

Simulation and laboratory results
In this section, simulation and laboratory results are presented to confirm and validate the proposed CSST-
type structure. The simulated and implemented version of the proposed CSST-type structure is controlled and

switched by the nearest surface modulation (NLM) method. The results of the proposed CSST-type structure
are presented for both equal and unequal modes, and information on circuit parameters is presented in Table 4.
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Figure 7. The efficiency of the proposed CSST-type structure in terms of output power.
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Figure 8. (a) Output power, tola loss, and efficiency of proposed MLI, (b) Conduction and switching loss of the
power electronics components, (c) Temperature of the switches for the ambient temperature of 25 °C.

Figure 12 displays the control method in the laboratory sample. As this figure shows, the range of pulses gener-
ated by the Arduino microcontroller is 5 V, and to drive the MOSFETSs, a pulse signal with an approximate range
of 15V is required, which is done by the driver circuit with the help of TLP250 Optocoupler. Figure 13 presents
a laboratory sample of the proposed CSST-type structure.

Figure 14 demonstrates the voltage and current waveforms of the capacitors in the equal mode and the
harmonic voltage spectrum. Figure 14a displays the simulation and implementation results of the proposed
CSST-type structure at a purely resistive load (Z=30 Q); Fig. 14b displays similar results in the resistive-inductive
output load (Z=60 Q2+ 100mH), and Fig. 14c demonstrates the harmonic voltage spectrum of the load. The nine-
level voltage THD of the load in the equal mode is 9.29%, and all harmonic degrees are less than 3%. Figure 15
displays the voltage and current waveform of a load in the equal mode under dynamic conditions and exchange
for an instantaneous change in the size of the output resistive-inductive impedance (Z=53 Q+80 mH) to a
pure resistive load (Z=18 Q). According to this figure, the proposed structure can feed the variable output load
correctly in the dynamic conditions of instantaneous change of output load size.

Figure 16 displays the reverse voltage of the switches of the proposed CSST-type structure. Based on these
figures, the maximum blocking voltage of each switch and the total blocking voltage of the converter can be
evaluated. Based on this figure, the correctness of Egs. (3)-(8) are available.
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Mode | N, |Ngn |Neo |Npc | Ne | TBV(*Vy) |Nis | Np | Newiwi/Ny | H-bridge | Vpcratio | DC-DC
cHB EQ |9 |16 16 (4 |0 |16 8 |o |78 Yes 11 No
UEQ |27 |12 2 |3 Jo [s2 6 |0 o045 Yes 1:3 No
1 UEQ |17 |10 10 |2 |6 |38 5 |6 059 No 1:3 Yes
- EQ THES 10 |2 |4 |34 4 |2 |1 No 11 Yes
UEQ 19 11 10 2 4 50 4 2 0.58 No 1:2 Yes
. EQ |11 |12 10 |4 Jo |22 4 Jo |09 No 111 No
UEQ |17 |12 10 (4 Jo |40 4 Jo o7 No 1:3 No
. EQ |7 |10 9 3 o |14 4 Jo |143 No 1:1 No
UEQ |15 |10 9 3 |o |34 4 Jo |oe7 No 1:3 No
. EQ 1n |12 0 |2 |6 |22 4 |3 |09 No 1:1 Yes
UEQ |17 |12 10 |2 |6 |40 4 |3 Jo7 No 1:3 Yes
9 UEQ 31 14 10 6 0 72 5 0 0.45 No 1:4 No
B EQ |7 |12 9 |3 o |18 4 Jo |17 No 1:1 No
UEQ |11 |12 9 3 |o |26 4 Jo |1L09 No 12 No
2 UEQ |25 |18 12 |7 Jo |78 3 o |o72 No 12 No
N EQ |9 |10 8 |4 |o |18 3 o |11 No 111 No
UEQ |17 |10 8 |4 |o |36 3 o |os9 No 1:3 No
N EQ |7 s 8 3 o |12 3 |o |14 No 1:1 No
UEQ |11 |8 8 3 |o |26 3 o o7 No 12 No
2 UEQ |11 |8 7 3 |o |2 3 o o7 No 12 No
2 UEQ |13 |10 s |4 Jo [32 3 |o |o77 No 12 No
- EQ 7 10 10 3 0 20 5 0 1.43 Yes 1:1 No
UEQ |11 |10 10 [3 Jo |34 5 o |o9 Yes 12 No
v UEQ |17 |12 9 |4 |o |40 3 o |o7 No 1:3 No
28 EQ 13 12 11 1 4 26 6 4 0.92 No 1:1 No
B EQ |9 |10 10 |2 |2 w0 4 |8 |1n No 111 No
UEQ |25 |10 10 |2 |2 60 4 |8 Joa No 1:5 No
30 UEQ 49 12 12 2 2 128 6 0 0.24 No 1.7 No
3 UEQ |17 |12 12 |2 |4 J40 4 Jo o7 No 1:3 No
proposed EQ |9 |14 10 |2 |4 |14 3 o |15 No 1:1 No
UEQ |25 |14 10 |2 |4 |4 3 o |ose No 1:5 No

Table 3. Comparison of the proposed CSST-type structure with recently reduced component topologies.
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Figure 9. Comparison of the number of switches in the proposed CSST-type structure with other structures.
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Figure 10. (a) Comparison of the number of gate-driver, (b) comparing TBV.
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Figure 11. Comparing the number of DC voltage sources of the proposed CSST-type structure and similar
ones.

Figure 17 displays the voltage and current waveform of the load and the voltage of the capacitors, and the
harmonic voltage spectrum for unequal topology according to the values in Table 4. Figure 17a presents the
simulation and implementation results of the proposed CSST-type structure in pure resistive load with Z=36 Q,
Fig. 17b shows the same results in resistive-inductive load with Z=60 Q+ 90 mH, and Fig. 17¢ displays the
harmonic voltage spectrum for unequal topology. In this case, the number of load voltage levels with the same
number of circuit components has increased to 25 levels, and the output voltage THD has decreased by 3.25%.
The THD value of the load voltage in unequal topology can meet the IEEE std. 519-2014 standard. According to
this standard, the maximum allowable distortion of a certain harmonic in a low-voltage network (V<1KkV) is 5%,
and in a medium voltage network (1 kV < V<69 kV) is 3%. Moreover, the maximum allowable total harmonic
distortion in a low-voltage network can be equal to 8%, and in a medium-voltage network can be equal to 5%.
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Equal Unequal
Vin V,=Vg=36 V V=12V, V=60 V
Vo 72V 72V
N, 9 25
f 50 Hz
Controller Arduino Mega 2560
Optocoupler | TLP 250
Switch MOSFET IRFP 460
C 1000 pm

Table 4. Circuit parameters of the proposed CSST-type cell.

Table

T
|
=

Figure 12. Control block in a laboratory sample.

|

Figure 13. Prototype of the proposed CSST-type structure.

In such cases, the volume and frequency of the output filter are significantly reduced and can lead to a reduction
in the cost of the output filter of the multi-level inverter.

Figure 18 displays the voltage and current waveform of unequal topology for dynamic conditions in exchange
for instantaneous change of the modulation index. Based on this figure, the proposed structure executes the
dynamic conditions of modulation index change well and produces the appropriate output voltage in these
dynamic conditions.

Figure 19 shows the output voltage and current waveform in the unequal mode under dynamic load change
conditions (Z=53 0 +80 mH to Z=18 Q). According to the dynamic test results (change in output load and
modulation index) validate the real-time operation of the proposed MLI.

Comparing simulation results and laboratory results reveal that the resulting waveforms are well matched.
The proposed structure correctly generates the required multi-level voltage under dynamic conditions such as

Scientific Reports |

(2024) 14:3166 | https://doi.org/10.1038/s41598-024-53568-1 nature portfolio



www.nature.com/scientificreports/

Voltage & Current

Voltage & Current

251
-50
<75

-25
-50

-75 1

75
50
25

Voltage (V)

- = —=VellL

10*Current (A)

0.08 0.08
Time (sec)

0.04

0.1 0.12

75 1
50

25

- = =VelL(V)

Voltage (V)
10*Current (A)

Vel R (V)

0.06 0.08
Time (sec)

0.04

0.1 0.12

(b)

Fundamental (50Hz) = 72.67 , THD= 9.29%

Mag (% of Fundamental)

1000

2000

3000

Frequency (Hz)

(c)

4000

Figure 14. Voltage and current waveform of the load and voltage of the capacitors in equal mode: (a) pure
resistive output load, (b) resistive-inductive output load, (c) load voltage THD.
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Figure 15. Load voltage and current waveform in the equal mode under dynamic conditions of output load
change.
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Figure 16. The reverse voltage of the switches of the proposed CSST-type structure.

changing the size, type of output load, and the modulation index. The voltage of the capacitors of the structure
is well balanced without the necessity for a side circuit.

Conclusion

In this paper, a new capacitor-based multi-level inverter (MLI) topology is introduced to reduce components,
including the number of switches and independent voltage sources. The proposed topology is derived from a
combination of two Cross-Square-Switched T-Type (CSST-type). The proposed inverter topology can be utilized
for both equal and unequal sources. This topology can also be generalized in two modular and cascading modes,
in which higher voltage levels can be achieved using switches with a low voltage/power range in cascading mode.
The advantages of the proposed topology include positive and negative level generation without the H bridge, the
low number of switching devices, the lower number of DC sources, and the acceptable blocking voltage. Besides,
in the proposed structure, there are a small number of current-conducting switches at different voltage levels,
which increases the efficiency of the converter. The efficiency of the proposed topology at the output power of
10 kW is about 98%, and the loss-temperature analysis of each switch indicates the uniform temperature dis-
tribution of each of the switches of the proposed structure. Additionally, in the unequal THD mode, the output
voltage is only 3.25% which can pass the IEEE standard. To confirm the performance of the proposed topology,
simulation and laboratory results are presented in different load modes, dynamic load change, and modulation
index change modes, and the correct performance of the proposed structure is illustrated.
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Figure 17. Voltage and current waveform of the load and voltage of capacitors in unequal mode: (a) pure
resistive impedance, (b) resistive-inductive impedance, (c) load voltage THD.
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modulation index (a) from 0 to 0.5 and (b) from 0.5 to 1.
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