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Abstract- Itis very important to drive loads and control the electrical devices with changing electrical energy
levels and change voltage form. While DC-DC converters change the value level of direct current (DC)
electrical energy, inverters change its form such as alternating voltage. Unlike these studies in the
literature, for the first time, DC-DC converters are used as a new device structure to convert DC electrical
energy into alternating current (AC) electrical energy. They can also change the amplitude of the multi-level
voltage. So, the paper presents a multi-level inverter with a reverse-connected dual DC-to-DC converter.
Firstly, the circuit structure and the signals that control the circuit are given and the operating logic is
explained. Then, the proposed circuit is gradually modeled in MATLAB Simulink. After that, the circuit is
operated in MATLAB Simulink and its performance is measured. According to the results obtained,
the new circuit structure gives highly successful results.

Keywords- Reverse connected; dual DC to DC converter; new circuit structure; voltage form;
multi-level inverter.

1. INTRODUCTION

DC-DC converters are used to drive a load and control performance depending on the character
of the load by changing the level of the direct-current voltage on the load [1-4]. These converters can
be multi-level and multi-output but have been used to change the DC voltage level so far [5-7]. They
have never been used as an inverter. Inverters have been used for loads that require alternating energy
by converting the DC voltage to alternating voltage [8-10]. These inverters have been involved in many
studies as multi-level and none-level inverters. Z source inverters [11-13] can generate an output
voltage higher than the input voltage on the load, while multi-level inverters convert the input voltage
into alternating voltage in steps on the load [14-17]. Multilevel inverters cannot generate an alternating
voltage higher than the input voltage on the load. Therefore, for the first time in this study, dc-dc
converters are used for multilevel inverter design. In this proposed circuit structure, two DC-DC
converters connected to the load create a much higher voltage than the source voltage as a second step
voltage on the load. The voltage that creates a high level can be adjusted by changing the working rate
of the switch of the DC-DC converter. Thus, a multi-level voltage can be generated by adjusting the
high level of the multi-level voltage. In the first section, the inverter circuit with a double DC-DC
converter is given via four different circuit models for four different runtimes. Different timed PWMs
allow these four different circuit models to be created. Circuit operating logic and mathematical
equations are created according to the operating conditions of these PWMs. In the second part, the
proposed circuit structure is gradually modeled by creating subsystems in MATLAB Simulink, and a
multi-level inverter structure is introduced. After that, a simulation of the proposed circuit is done in
MATLAB Simulink according to the circuit structure and operating logic. At the application stage, a
multi-level alternating voltage is produced on the resistive (R) load.
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While the first step on the load occurs at the voltage input source levels, the voltage forming the
second step is a much higher voltage than the input voltage created by the dc-dc converter. The results
obtained show that for the first time in the literature, with the inverter structure with dc-dc converter,
higher multi-level voltages than the input source are created on the load. A multi-level voltage of
the inverter can be obtained by changing the operating rates of the switches of the converters of current
and voltage on load are measured in different modulation indexes and presented in graphics. The
converter and inverter structures in the circuit are modeled with subsystems and application is made for
RL load. In the application made for RL load, the load is driven with the proposed inverter for
different frequencies and different modulation indexes. The current and voltage formed at this load are
measured and the harmonic distortion of the current measured and voltage is given. When the
distortion values obtained are analyzed, the distortion value of the current is below 4%, which is the
distortion rate of international standards. Looking at the results obtained, new multi-level inverter
hardware is presented, which can generate second and third-level voltages on the load depending on the
operating rates of the converter switches after creating the first-level voltage on the load at the source
level. This situation is quite different from the studies presented in [18-21] up to this day and it is new.
The circuit proposed for each modulation index has more voltage gain than conventional converters
ever made [22-25].

Il. CIRCUIT STRUCTURE AND CONTROL SIGNALS

Figure 1 shows the multi-level inverter circuit with the reverse connected double dc-dc converter.
There are six switches in this inverter circuit. These power switches range from switch 0 to switch 5.
There are two equal DC voltage sources. These DC voltage sources are V and V1. There are four ideal
diodes. These ideal Diodes rank from diode to Diode 3. There are two equal capacitors. These capacitors
are C1 and C2. As a load, there is an RL load formed by connecting the resistive (R) and inductive (L)
elements in series. Figure 2 shows the pulse width modulation (PWM) signals that control the inverter
circuit.

The four stages of PWM create four different circuits for four different times. While the first two stages
of PWM con- statute the positive part of the alternating voltage, the third and fourth stages of PWM
constitute the negative part of the alternating voltage. Figure 3 demonstrates the four stages of PWM creating
four different circuits for four different times. To better show the working logic of the circuit, the active
elements of the circuit are given in black. Inactive ones are made transparent. When stage 1 PWM is
initially running the circuit, the first stage circuit model occurs. Switch 0 of the circuit in Figure 3a is
active to generate the first step

Fig. 1. The multi-level inverter circuit with the reverse connected double dc-dc converter.
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Fig. 2. Shows the pulse width modulation (PWM) signals controlling the inverter circuit
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Fig 3. Four different circuits for four different times, a) stage 1, b) stage 2, c) stage 3, d) stage 4.

the voltage of the positive cycle of alternating voltage. Switch 2 and switch 1 of the converter circuits
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are active with switching times of 0.01 ms. The converter circuits store voltage in capacitors C1 and C2
for the second stage of alternating voltage.

When stage 2 PWM operates the circuit in Figure 1, the circuit model in Figure 3b occurs. Switch 3
is active for generating the second step voltage of the alternating voltage. Switch 3 activates the
converter voltage which will form the high level of the positive side of the alternating voltage from
capacitor C1 to the RL load. The converter voltage, which will constitute the second step of the negative
side of the alternating voltage via switch 1, continues to be stored on the capacitor C2. In this phase,
switch 0, switch 4, and switch 5 are not active.

After stage 3 PWM is running the circuit, the third stage circuit model in Figure 3c occurs. Switch 5
of the circuit in Figure 3c is active to generate the first step voltage of the negative side of the alternating
voltage. Switch 2 and switch 1 of the converter circuits are active with switching times of 0.01 Ms. The
converter circuits store voltage in capacitors C1 and C2 for the second stage of alternating voltage.
When stage 4 PWM operates the circuit in Figure 1, the circuit model in Figure 3d occurs. Switch 5 is
active for generating the second step voltage of the alternating voltage. Switch 5 activates the converter
voltage which will form the high level of the negative side of the alternating voltage from capacitor C2
to the RL load. The converter voltage, which will constitute the second step of the positive side of the
alternating voltage via switch 2, continues to be stored on the capacitor C1. In this phase, switch 0, switch
3, and switch 5 are not active.

V=1s V1, Vand VI are V. V'is the converter source. D is the duty ratio of converter switches. V¢ is the
converter output voltage. Vc is calculated as in Equation (1).

T —

(1—D)

w is the angular frequency. The first step voltage is dc source voltage V. The second step voltage is the
converter output voltage and is added to the first step voltage value. Thus, the maximum value of the
alternating voltage (Vm) to be produced can be expressed as in Equation (2).

1%
Vi = {m + V] Sinwt

Equality (2) can be arranged as follows:

. |V+V(1-D) Sinwot
m = 1-D) inw

(I+ (1@ -D))] ..
Vi = W} VSinwt

(2-D)
i {u D)

] VSinwt
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T is the period of alternating voltage. The average value of this voltage Va can be expressed as in

Conventional Proposed Conventional Proposed
Ml circuit circuit MI circuit circuit
04 1.66 2.66 0.65 2.85 3.85
045 1.81 2.81 0.7 3.33 4.33
0.5 2 3 0.75 4 5
0.55 2.22 3.22 0.8 5 6.25
0.6 2.5 3.5 0.85 6.66 7.66

Equation 6

v, = j {%} Vsinwtdt

Frequency f is the alternating voltage repetition. The angular frequency is in Equation (7).

o =2xf
The frequency f is in Equation (8).

Equality (6) for average voltage (\Va) can be arranged as follows:

o= |22 vn

(2—D) 27 27 T/2
V,= |——|V(—— —t1
[(1—1)) (= eos Tt

V, =

d=n

7 |(1-D)

In conventional circuit converters and the inverters whose converter in [23-25] is connected to the
input, the voltage gain (Cy) is as in Equation12 while the proposed circuit gain (PCy) is in Equation3.

Table 1. Voltage gains of circuits in different modulation
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As shown at the calculation, the voltage gain in the proposed circuit is 2.66, while the voltage gain of
conventional DC-DC converters is 1.66. Voltage gains of circuits in different modulation indexes (MI)
are given in Table 1. According to the values obtained in Table 1, the voltage gain of the circuit that is
operated with a 0.5 modulation index is 3 while the gain in conventional circuits is 2. In a high modulation
index of 0.85, the voltage gain of the proposed circuit is 7.66 while the voltage gain of traditional circuits is
0.66.

The circuit proposed in the calculation for each modulation index appears to have more voltage gain
than conventional converters ever made.

I11. APPLICATION AND PERFORMANCE OF THE CIRCUIT

The multi-level inverter with reverse connected dual dc-dc converter for simulation is in Figure 4. Six
IGBT switches are used for the implementation of the circuit. There are four ideal diodes.

There are two equal capacitors and two equal induce- tors in the converter circuit; 0.1 ms are the
switching times of the switches in the converter circuits. In the application of the circuit, 80 Hz
alternating voltage and A voltage that is 160% higher than the input source voltage is obtained on the
load. When the converter switches are operated in the 0.4 and 0.7 modulation indexes, the alternating
voltage on the load can be seen in Figure 6.
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Figure 4. Multi-level inverter with reverse connected dual dc-dc converter for simulation.
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Fig 6. Alternating voltage for the 0.4 and 0.7 modulation indexes.

multilevel alternating voltage on the load. While the modulation index decreases to 0.4, it creates 260 V on
the load after 0.075 seconds. When the converter circuits in the inverters work with different modulation
indexes, the voltages on the load can be seen in Figure 7.
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Figure 7. Voltages on load for modulation index.

350 V, while the load voltage on the 0.7 modulation index is 433 V. The voltage gains are 250% and
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333%, respectively. A multi-level alternating voltage of 600 V is generated on the load from the 100 V
input source for the 0.8 modulation index. Conventional circuit voltage on load is 198 V at 0.5 of
modulation index while it is 500 V at 0.5 of modulation index.

When the converter circuits in the inverter work with different modulation indices, the current values
on the load can be seen in Figure 8.An alternating current of 5.2 A for in the proposed circuit is generated
on the load for the 0.4 modulation index. The alternating current on the load for the 0.6 modulation
index is 7 A, while the load current on the

0.7 modulation index is 8.66 A. The multi-level alternating voltage of 600 V is generated on the
load from the 100 V input source for the 0.8 of modulation index. Conventional circuit current on load
is 4 A at 0.5 of modulation index while it is 10 A at 0.5 of modulation index.

Ampere
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|

\

0.4 of MI 0.5 of MI 0.6 of MI 0.7 of MI 0.8 of MI
==@==Proposed circuit == Conventional circuit

Fig 8. Currents on load for modulation index.

While the converter circuits in the inverter work with different modulation indices, the power values
on the load can be seen in Figure 9.

The power generated on the load in the modulation index of 0.4 is 1352 W for the proposed circuit. The
power generated in the 0.5 modulation index is 1800 W. When the 0.8 modulation index controls the
switches in the converter circuit, the power on the load is 7200 W. As the modulation index increases,
the growth rate of the power on the load increases. While the power gen- erated by the conventional
converter on the load is 531 W in the 0.4 Modulation index, the power it pro- vides to the load when
working with the 0.8 modulation index is 500 W. As a result of the work done and comparisons, the
proposed circuit has a higher perfor- mance than traditional and known circuits [24,25].

The voltage and current obtained on RL load in simulation for different modulation indexes are as given
in figure 12. R =0.2Q, L = SmH. Input voltage is
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Fig 9. Powers on load for modulation index

100 V of DC voltage. In order to drive RL loads, when the subsystem is created for the converter circuits
in the proposed circuit, the circuit in Figure 9 is created. When the subsystem is created for the multi-
level inverter in the proposed circuit at the MATLAB Simulink, the circuit in Figure 11 is created.

Up to 0.075 seconds, the load current in Figure 12a is 280 A while converter circuits run with a 0.7
modulation index. When the modulation index of the converters decreases by 0.5, the current on the load is
234 A after 0.075 sec. Until 0.075 seconds, the load current in figure 12b is 200 A while converter circuits
run with 0.5 modulation index. When the modulation index of the converters decreases by 0.9, the current
on the load is 370 A after 0.075 seconds. The voltage and current obtained on RL load for different
frequencies are as given in Figure 13.

Up to 0.075 seconds, the load current is 280 A while converter circuits run with 80 Hz of alternating
voltage. When the frequency of alternating voltage increases to 160 Hz after 0.075 sec, the current is 140
A. According to the results obtained. Up to 0.066 seconds, the load current is 180 A while converter circuits
run with 60 Hz of alter- nating voltage. When the frequency of alternating voltage increases to 120 Hz
after 0.066 sec, the current is 320

A. According to the results obtained. The proposed circuit performs successfully both in modulation index

changes and frequency changes. Total Harmonic Distortions (THD) of the current and voltage formed
on the RL load can be seen in Figures 14 and 15.

The distortion of the 514 V alternating voltage cre- ated at 80 Hz at the RL load is 18.43% as in Figure
14. If
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Figure 11. The subsystem created for multilevel inverter in the proposed circuit at the Matlab
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Figure 12. The voltage and current on RL load a) for 0.7 and 0.5 modulation indexes b) for 0.7 and 0.5 modulation
indexes.

a normal PWM inverter is used instead of the recommended circuit or if the converter is disabled, the
dis-portion value will be close to 100%. Therefore, the proposed method has performed better than
conven- tional inverters. The disturbance of the alternating current of 204.4 A generated at 80 Hz at RL
load is 3.53% as in Figure 15. According to international IEEE standards, the acceptable distortion
value in the current is below 4%. Therefore, the performance of the proposed method is acceptable.
Total Harmonic Distortions (THD) of the currents formed on the RL load in different modulation
indexes are given in Figure 16.

When the converter circuits are working with a 0.4 modulation index, the current disruption on the RL
load is 3%. With a 0.6 modulation index, the converter creates voltage steps on the RL load while THD
is 3.8%.
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Figure 13. The voltage and current on RL load: a) for 80 Hz and 160 Hz b) for 120 and 160 Hz.
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Figure 14. Alternating voltage and THD.

In the 0.8 modulation index, the distortion of the current on the load decreases by 2.8%. Total Harmonic
Distortions (THD) of the currents formed on the RL load in different frequencies are given in Figure
17.

When the converter circuits are working with 60 Hz of frequency, the current disruption on the RL load
is 4, 2%. With an 80 Hz of frequency, the converter creates voltage steps on the RL load while THD is
3.5%. In 80 Hz of frequency, the distortion of the current on the load decreases by 4.2%. The multi-
level inverter circuit tested in different modulation indices and at different frequencies is at acceptable
values for the distortion of the currents it creates on the load. Thus, unlike the inverter circuits studied in
[22,26] so far, an inverter circuit model with a dc-dc converter structure has been successfully pre-
sented. One hundred and twenty degrees of phases
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Figure 16. Total Harmonic Distortions of the currents formed on the RL load in different modulation indexes.

different voltages are obtained as in Figures 18 and 19 when the load values are replaced by 0.1 ohms for
Rand 5 mH for L.

Figure 18 shows the alternating currents at 80 hz when the converter units are working with the
modulation index of 0.8 and 0.5. For the 0.8 modulation index, alternating currents of 500 A with 120
degree of phase difference occur on the load, for the 0.5 modulation index, alternating currents of 300
A with 120-degree phase different occur on the load.

Figure 19 shows the alternating currents for 80 Hz and 160 Hz when the converter units are working
with the modulation index of 0.8 for the 160 Hz of frequency, alternating currents of 500 A with 120
degree phase differences occur on the load, for the 80 Hz of frequency, alternating currents of 150 A
with 120 degree phase different occur on the load.

IVV. CONCLUSIONS

This paper presented a new multi-level inverter with reverse reverse-connected dual dc to dc
converter. Firstly, signals controlling the circuit structure, and the operation algorithm of the circuit were
given. Thecircuit’s logic of operating was explained and the mathematical equations of the circuit were
created in line with this logic. In the application of the circuit for 50 Q of resistive load, 80 Hz alternating
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voltage and current are created. These voltages and currents are created for different modulation indices.
A multi-level alternating voltage of 300 V was generated on the load from the 100 V input source for
the 0.5 of modulation index. A voltage gain of 200% occurred. The multi-level alternating voltage on
the load for the 0.6 modulation index was 350 V, while the load voltage on the 0.7 modulation
index was

THD(%)

4 \_____/

()]

W

)

0
60 Hz 80 Hz 120 Hz 160 Hz

@7

Figure 17. Total Harmonic Distortions of the currents formed on the RL load in different frequencies
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Fig 18. The alternating currents at 80 Hz when the converter units work with the modulation index of
0.8 and 0.5.
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Fig 19. The alternating currents for 80 Hz and 160 Hz when the converter units work with the
modulation index of 0.8. 433 V. The voltage gains were 250% and 333%, respectively. A multi-level
alternating voltage of 600 V was generated on the load from the 100 V input source for the 0.8
modulation index. After that, the voltage and current were obtained on RL load in simulation for
different modulation indexes. Up to 0.075 seconds, the load current was 280 A while converter circuits
operated with 0.7 modulation index. When the modulation index of the converters decreased by 0.5, the
current on the load was 200 A after 0.075 sec. The voltage and current were obtained on the RL load
for different frequencies. Up to 0.075 seconds, the load current was 280 A while converter circuits
operated with 80 Hz of alternating voltage. When the frequency of alternating voltage increased to 160
Hz after 0.075 sec, the current was 140 A. According to the results obtained, the proposed circuit
performed successfully both in modulation index changes and frequency changes. Total Harmonic
Distortions (THD) of the current and voltage formed on the RL load were analyzed. The distortion of
the 514 V alternating voltage created at 80 Hz at the RL load was 18.43%. If a normal PWM inverter
was used instead of the recommended circuit or if the converter was disabled, the distortion value would
be close to 100%. The disturbance of the alternating current of 204.4 A generated at 80 Hz at RL load
was 3.53%. According to international IEEE standards, the accept-table distortion value in the current
is below 4%. By considering the results obtained, the proposed method is quite successful and
acceptable.
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