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Abstract- This paper proposed single phase-controlled Grid-connected hybrid inverter for higher power
applications. The circuit is comprised of the series arrangement of T type three level inverter with active
power filter of five level cascaded converter module. The level shift Pulse width modulation strategy is
applied with low level complexity. The capacitor’s voltages in cascaded converter module are balanced.
Theoretically, the circuit is analyzed and gain Total harmonic distortion of 2.48%. The number of
components used is less than as compared with the existing topologies. Moreover, the circuit complexity
is reduced, the efficiency is increased by reducing stresses of voltages and current across the switches.

Keywords—Inverters, Hybrid Inverters, HMLI, HMLI-7.

. INTRODUCTION

Renewable-energy-sources are getting attention due increase in demand of energy. The conventional
energy sources have bad impact on the environment like air pollution due to diesel and coal generators,
water pollution because of nuclear wastes. Renewable energy sources are environmentally friendly and
available in abundance [1-4]. Solar energy is the most famous in renewable because sunlight is available
in most places on earth. Perovskite based solar panels getting more attention due to cost effect and more
efficient [5].

To harness the solar energy, first it should be converted from DC to AC, for which an inverter is
needed. Conventional inverters have been used for decades and still used in the industry nowadays. Single
phase inverters have two types half bridge and full bridge which gives +Vdc/2 and +Vdc. The
conventional inverters are having less components used, therefore less energy loss across the components
which make it more efficient. However, due to the high rate of changing current (di/dt) and rate of change
changing voltage (dv/dt) generates the harmonics which leads to have heating effects, iron loss increases
and decrease efficiency. The output of the inverter is having all the harmonics in which third harmonics is
predominant. Moreover, the size of the inverter is increased because of bulky inductors. The Total
Harmonics Distortion (THD) can be reduced by using Pulse Width Modulation (PWM) technique and the
size of the inductors can be reduced which make it cost effective. The usage of the inverters is limited to
the low and medium voltage range because for high voltage range, it requires high voltage and high
current rating of switches which are very costly or either not available. Additionally, the voltage stresses
on each switch are very high [6-9].
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To deal with all these problems associated with conventional PWM inverters, Multi-Level Inverters
(MLIs) got more attention. The heat losses in the MLIs are greater as the number of switches increases
but overall, the THD of the inverter is highly reduce. The major plus point of the MLIs over two or three
level inverters is that it gives a high-quality output at low switching frequency. The higher the number of
levels, the output waveform will be more sinusoidal and moreover, the higher will be the quality of the
output and reduces the output inductor size. Additionally, the voltage stresses on the switches are also
reduced. However, the control topology and the circuitry of the MLIs are getting more complex and cost
and size is also increased [10].

Three basic MLI topologies which are used in industry are: Neutral Point Clamped (NPCMLI) or
Diode Clamped (DCMLI), Flying Capacitor (FCMLI) and Cascaded H-Bridge (CHBMLI). The FCMLI
and CHBMLI are introduced in the late 1960s and DCMLI has been initiated in 1970s. however, these
MLIs are used for low power applications. In 1980s, the DCMLI and CHBMLI were evolved for medium
voltage applications and in 1990 the DCMLI were made capable to handle medium range voltages [11].
Furthermore, in some topologies like FC and NPC, DC-link capacitors are added to provide different
levels that are connected to switches which operate in a systematic manner to deliver the power to the
load. However, the number of switches increases with as increase in levels due to achieve high voltages
but the increasing number of switches leads to the losses in switching and also increase the complexity of
the circuit which adversely affect the efficiency and reliability. All these MLIs requires isolated DC
sources which is made up from PV panels, batteries or by using isolated transformers and then rectify the
AC to DC. On the other hand, applying any of the above suggestions, the inverter will get bulky in size
and also get costly. Additionally, the number of levels increased in MLIs, the imbalance of voltage across
DC-Link capacitors also increased [12].

In this paper Hybrid Multi-Level Inverter 7 (HMLI-7) is proposed which is the combination of two
cascaded converters namely T-Type and five level Cascaded Converter module (CCM-5). The HMLI-7
which is using less components and offers high quality output with increased efficiency. The topology is
operated on lower frequency. The modulation technique which is used here in CCM-5 is Phase-
Opposition-Disposition Pulse-width- modulation (PODPWM) technique.

Il. PROPOSED SYSTEM
A. HMLI-7 Technique and Working

The proposed circuit of single phase voltage source inverter (VSI) Hybrid Multi-Level Inverter (HMLI)
is based on the series configuration of three-level T-Type converter (TTC-3) and a five-level cascaded
converter module (CCM-5). TTC-3 is composed of 4 switches (S1,S2,5S3,S4) and two isolated sources each
having E voltage across it. The CCM-5 consists of six switches (SxSx,SySy,S:S;) and two isolated sources
having voltage E1 = E» = E across it as shown in figure 1.1. The DC sources are present in figure 1.1 is
only for better understanding the working of the circuit, later on, the sources will be replaced with
capacitors.

P N O N
S, 5! S,
. ﬂ_ T T T ST
o o5 o db B gL a
S S - ¥ i
E il L
- sk 5, L 5, L S.1 R
N o Ceor——

Fig. 2.1. Hybrid Muti-Level Inverter seven level topology diagram
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The output of the TTC-3 is =E and zero and operated at fundamental frequency which is 50Hz. The TTC-
3 is shown in figure 1.2 where Sz and Sz are connected with o and b. The “0” is common point while b is
the output of the converter. S; and Sz can be connected either in common collecter configuration or in
common emmiter configuration. The common emmiter aquire additional isolated drive which sums upto
three isolated drive voltage supply to operate the TTC-3. That is why, common collector configuration is
used here. Switches S1,S2 and S3,Ss4 are complemantory switches which are operating in opposite. To
understand the operation of the TTC-3, the output of the converter will be +E when S; is switched on and
-E when S4 is switched on. The voltage stresses on S; and S4 are maximum upto +2E. The output voltage
will be zero when S; and Sz are switched on and the voltage stress on these two switches are +E. The
switching states are given in Table 1.1.

Table. 2.1. T Type three level converter switching states

STATE | S, S S3 Sy Vout
P ON ON OFF | OFF +E
0 OFF | ON ON | OFF
N OFF | OFF ON ON -E

The CCM-5 is the combination of two DC sources and six switches as shown in figure 2.2. The voltages
of the dc sources are E1 = E» = V. Table show the different output voltages of the given figure 2.2. The
voltages that are generated by the CCM-5 is 0, £V, £2V and will be quasi square wave. The Source
voltages of the DC sources that is feed to the CCM-5 will be the half of the voltage of the DC sources of
the TTC-3. The number switches are increased with respect to the number of switches that are used in
TTC-3, so, the voltage stress on each switch will be divided and the net voltage stress on each switch be
less as compare to that of the TTC-3 and the heat dissipation will be minimum.

Table. 2.2. Cascaded Converter Module five level switching states

STATES S, 5, S, Via
1 ON OFF OFF 0
2 ON OFF ON 0
3 ON ON OFF -V
4 ON ON ON +V
5 OFF OFF OFF R
6 OFF OFF ON +V
7 OFF ON OFF 2V
8 OFF ON ON +2V
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Fig. 2.2. SW|tch|ng and conductlng paths of CCM-5.

The output of the TTC-3, CCM-5 and HMLI-7 shown in figure 2.3 (a), (b) and (c). As given in the
figure2.3 (c), the quasi-square wave is generated which consist of seven levels and having £3E, £2E, +E
and 0 voltages. The more output voltage levels, the less will be the dv/dt and di/dt. So, the output of the
HMLI-7 is getting more sinusoidal and filters that are used on the output will be of less value and the size
will also be reduced. The switching states of the HMLI-7 is show in table. Switches Sx, Sy and S; are
operating in complementary of Sy, Sy, S..

Table. 2.3.  All possible switching states of CMM-5 table

STATES 5, S; S Sy S, S, S, Vi
1 OFF ON ON OFF ON ON ON 0
2 ON OFF OFF OFF ON ON ON +E
3 OFF OFF OFF ON OFF OFF OFF -E
4 ON OFF OFF OFF ON ON OFF +2E
5 OFF OFF OFF ON OFF OFF ON -2E
6 ON OFF OFF OFF OFF ON OFF +3E
7 OFF OFF OFF ON ON OFF ON -3E

B. HMLI-7 implementation

The efficiency of the circuit is dependant on the number of component used in the circuit. If the number
of the component is increased, the efficiency will be decreased and vice versa. Similarly, the efficiency of
the HMLI topologies or any other converter topologies can be improved by reducing the number of
component used so that the switching losses is reduced. In HMLI-7, the switches of the TTC-3 is under
high voltage stress. Moreover, if the swtiching frequency is increased, the TTC-3 losses will also increase
and reduce the overall efficiency of the circuit. To reduce the switching loss, TTC-3 is operating at
fundamental frequency which 50Hz. The high harmonics will be produced by the reducing the switching
frequency which is mitigated by using active power filter (CCM-5). The proposed topology as shown in
figure 2.4 is using four DC sources. Two sources are operating the H-bridge and other two are using in
CCM-5.

The proposed topology is the series combination of three- level TTC-3 and five level cascaded
converter module to make seven-level converter as depicted in figure 2.4. Five level converter is made of
six switches and two DC-Linked capacitors C1 and C». These capacitors are at first charged up to Ec1 =
Ec2 = E. The fundamental frequency which is 50Hz is generated by TTC-3 converter having output of £E
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and 0. The CCM-5 act as a series active filter and generates five level output which are +2E, £E and 0.
The combined operation of the TTC-3 and CCM-5 will generate voltage of seven level output.

The cascaded converter module in the HMLI-7 topology plays important role in the proposed topology
as it assures of giving seven level output with minimum harmonic distortions. When the voltage of the
DC-Link capacitors is balanced according to its reference, the five level output by the CCM-5 will be
ensured by eight different switching states as shown in figure 2.2. In cascaded converter module, £E and
0 has redundant switching states while for £2E, the switching states are unique. The change in current
only determines the change in +2E.

The effect of the different states on the capacitors are shown in Tables 2.4 and 2.5. Table 2.4 is
applicable when the current is flowing from “a” to “o0”. The different states are shown in figure 2.4 where
DC sources were changed with capacitor as in CCM-5. In States 1 and 2, there is no effect on the
capacitors however, in state 3, the capacitor Ci is charging. Similarly, in state 4, C is discharging and
same is applied on the other states.

+2E

2E

+3E

+2E

+2E

+3E (©)
Fig. 2.3. Output Voltages waveforms (a) three level TTC-3 voltage output (b) Five level CCM-5 output voltages (c) Seven
level HMLI-7 output voltages
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Fig. 2.4. Hybrid Muti-Level Inverter seven level topology diagram

(1Pt

Table 2.5 when the current is moving from “0” to “a”, the current is now moving in opposite direction,
so, the effect of charging and discharging of the capacitors are also reversed.

Table. 2.4. Effect of the Capacitors when current i, is from ato o
STATES C, C,

STATE 3 CHARGE BYPASS

STATE 4 DISCHARGE BYPASS

STATE 5 BYPASS CHARGE
STATE 6 BYPASS DISCHARGE
STATE 7 CHARGE CHARGE

STATE 8 DISCHARGE | DISCHARGE

Table. 2.5. Effect of the Capacitors when current i, is from o to a
STATES C, C,

STATE 3 DISCHARGE BYPASS

STATE 4 CHARGE BYPASS
STATE 5 BYPASS DISCHARGE
STATE 6 BYPASS CHARGE

STATE 7 DISCHARGE | DISCHARGE

STATE 8 CHARGE CHARGE

1. MODULATION SCHEME AND CONTROL STRATEGY

A. Modulation scheme

The modulation scheme for the HMLI-7 is base on two different stratagies. The first one is made for
the TTC-3 which Pulse Width Modulation (PWM) based as shown in figure 3.1. Additionally, more
precise the technique is vertical phase shift PWM. In this technique, the reference sine wave and two
carrier waves (Cwi, Cwy). These two carrier waves are shifted vertically to modulate the sine reference.
The technique is well suited for cascaded ML.Is.

The modulation technique for cascaded converter module is based on four carrier waveforms that is
shifted vertically and is know as phase opposition disposition technique (PODT). In PODT, the signals
are inverted or in other words, shifted by 180° degrees. The signal through which modulation occurs is
the difference of the output of the TTC-3 and fundamental sine wave which is shown in figure 3.2.
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Fig. 3.1. TTC-3 waveforms

-Cw, -Cw, -Cw; -Cwy -V

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Fig. 3.2. Feed signal to CCM-5 with source vertical phase shift PWM.

B. Grid-Connected Mode Configuration & Controll

The grid connected HMLI-7 is shown in figure 3.3 with associated controller. Moreover, the current ij is
the current injected to grid from the inverter. The controller here is used to control the voltage magnitude
and phase-shift of current ii which in result delivers the active power to the grid while exchanging
reactive power by HMLI-7.

The phase-Lock-Loop (PLL) is used to take the angle from the alternating current source Vsource and
measure it. The angle is then added to the grid voltage of the desired phase shift which is denoted by the
symbol 8*. Moreover, the angle 6* is used to take reactive from the grid and exchange it with active
power generated by the inverter. Thus, 6* is responsible for making the power factor 0 and 1. For unity
power factor, the angle 6* should be 0 to ensure that the current is synchronized with vsource. TO €xchange
reactive power, the power factor should be less than 1. For example, if the desired power factor is 0.5 then
the angle 6* = 60°. Then, the reference angle is feed to the sine block to produce a unit sine wave of
desired phase shift. The unit sine is then multiplied by the maximum reference current Imax. Imax is the
current which control the amount of power injected to the grid. The product is shown by ii" as reference
current that is generated by the inverter. The unit current ii" is then compared with the actual current ii, the
error signal is feed to the proportional integral to minimize the steady state error. The reference voltage
Vref that is generated by the P1 controller is then fed to the switches for modulation. The control strategy is
used in [13]. The inductor L is used to smooth and control the current that is injected into the grid.
Moreover, the inductor is also contributed in voltage regulation to make sure, the invertor output voltage
is matched with the grid requirements.
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Fig. 3.3.
The proposed topology simulation is simulated in MATLAB 2021b. The HMLI-7 topology is observed in
both stand alone and as well as grid-connected modes. The parameters are shown in table 3.1.

Table. 3.1. HMLI-7 Parameters

STATES Values

DC-Link Capacitor 5000uF

CCM-5 carrier frequency

5KHz

Capacitor Voltage

160V

DC-bus Voltage

160V

Load

44ohm, 2.4mH

The gate signals that are given to the switches/IGBTs of the TTC-3 are given in figure 3.1. The three
level signals will generate three levels +E, 0 and -E. The +E is from 0.001 to 0.009 and -E from 0.011 to

0.019. The OV is in 0-0.001, 0.009-0.011 and 0.019-0.02.

The gate signals of the cascaded converter module are show in figure 3.2. The output waveforms for
the TTC-3, CCM-5 and overall output is shown in figure 3.3. The output of figure 3.3(a) shows the output
of the TTC-3 at frequency 5KHz, the inductance of the grid linked capacitor is 15mH, the initial voltage
value for the capacitor is 160V and the sources that are connected to the TTC is having voltages of 160V
each. The five-level generated by CCM-5 is depicted in figure 3.3(b)

0.012

0.016

0.018  0.02

0 0.002

0,004

Fig. 3.1.

0.006

0.008

0.010

0.014

Gate Signals for TTC-3 for switches S1,54
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Fig. 3.2. Gate signals for CCM-5 switches S,,Syand S;

where the maximum voltage that is generated is 320V. The overall output of the HMLI-7 is shown in
figure 3.3(c). The quasi-square wave of the output voltage is having maximum voltage of 480V.
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Fig. 3.3.  Output waveforms without filters (a) TTC-3 (b) CCM-5 (c) HMLI-7

The output of the CCM-5 is generated according to the signal feed as shown in figure 3.2. To mitigate
the harmonics that are present in the output of the TTC-3, CCM-5 act as an active power filter which
generate negative of the harmonics. The negative voltage.

0.01 0.02 0.03 0.04 0.05 0.06 007 008 0w a1

(b)
Fig. 3.4. Output waveforms after adding filters Grid connected (a) Current (b) Voltage
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FFT window: 10 of 10 cycles of selected signal
a A 7 3

Time (s)

(a)

Fundamental (50Hz) = 4.368 , THD= 2.48%

Mag (% of Fundames

(b)
Fig. 3.5. THD of HMLI-7 when modulation index is 1.0

The output of the proposed HMLI-7 inverter is shown in figure 3.4 after filtration. In figure 3.5(a), the
output current is analyzed, figure 3.5 (b) the Total Harmonic Distortion (THD) is 2.48% when the load is
44Q and inductance is 2.4mH. In [17] seven level H bridge is being analyzed. The simulated THD of the
seven-level H-bridge is 4.46%.

The THD on different modulation indexes are shown in table 3.2. The THD at modulation index at 0.9
is 4.45% and on modulation index 1.1 is 2.27%.

Table 3.2. THD at different modulation indexes.

Modulation THD LOAD
Index
0.9 4.5% 440hm, 2.4mH
1.0 2.48% 44ohm, 2.4mH
1.1 2.27% 440hm, 2.4mH

c. Comparison based on components count of the proposed HMLI-7 with existing topologies

In Table 2.6, proposed methodology is compared with another topologies of having same levels based
on components count. As per table, the proposed converter is using less components and have low level
complexity. The proposed topology is straight forward and less complicated. The capacitor used in the
proposed technique is two and no diode is used.
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Table. 3.1. Analysis based on comparison of number of components count with existing topologies.

DC |Capac- Clamp- Active | Total Control
e -ed : Parts |Compl-
Sources| -itors Diode Switchs combs, | exity

Inverter Type

[14] Cascaded H Bridge 3 0 0 12 15 | Low

[15] Single phase seven level Grid
connected inverter for PV system 1 3 8 6 18  Medium|

[16] Hybrid 7 level inverter using
low voltage devices & operation 2 3 0 12 17 Medium|
with single DC-link

Proposed HMLI-7 Topology 2 2 0 10 14 Low

IV. CONCLUSION

This paper presents the circuit configuration, control strategy and simulation for the proposed HMLI-7
topology. The topology is based on the series combination of special type of Neutral Point clamped
topology named three level T-Type converter with series active filter of five level cascaded converter
module. The simulation shows that the topology has several benefits like reducing switching losses, better
efficiency, a smaller number of components counts and improved THD. The vertical shifted PWM based
control strategy is very popular and suitable for the proposed topology. Proposed single phase HMLI-7
topology performance and effectiveness shows that the hybrid topology is validated through using
simulation. The result of this paper shows that the new hybrid topology has been successfully simulated
having high efficiency and lower THD at specific load when compared with existing topologies.
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