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Abstract. The paper presents the operation of a three-phase voltage converter with configurable DC inputs and multilevel AC 
output, which has been adapted to cooperate with photovoltaic systems. The developed converter uses a magnetically coupled 
choke system, which allows conversion from a 3-phase system to a 6-phase system or vice versa and shows filtering properties, 
which can be improved by adding capacitances in parallel and using inductances resulting from the choke system. The chokes 
and capacitances form a low-pass LC filter. This possibility has been demonstrated in simulation studies.
Keywords: inverter, magnetically coupled chokes, PV, photovoltaics, composite converter
Streszczenie. W  artykule przedstawiono działanie trójfazowego przekształtnika napięcia z  konfigurowalnymi wejściami DC 
i wielopoziomowym wyjściem AC, który przystosowano do współpracy z systemami fotowoltaicznymi. Opracowany przekształtnik 
wykorzystuje system dławików sprzężonych magnetycznie, który umożliwia konwersję z  układu 3-fazowego na 6-fazowy lub 
odwrotnie i  wykazuje właściwości filtracyjne, które można poprawić przez dodanie równolegle pojemności i  wykorzystanie 
indukcyjności wynikających z systemu dławików. Dławiki i pojemności tworzą dolnoprzepustowy filtr LC. Możliwość taka została 
wykazana w badaniach symulacyjnych.
Słowa kluczowe: falownik, dławiki sprzężone magnetycznie, PV, fotowoltaika, przekształtnik złożony

Introduction
Rapid development in renewable energy technol-

ogies significantly impacts power electronics, stimu-
lating the emergence of advanced converter solutions 
[1,2]. Integration and efficient conditioning of energy 
from renewable sources into power systems is a criti-
cal challenge [2,3]. Voltage inverters dominate the key 
power electronic components extensively utilized in 
renewable energy systems (RES) [4].

Traditional two-level voltage-fed inverters remain 
widely used in low-power systems due to simplic-
ity [4,5], whereas multi-level inverters (MLIs) have 
become essential in higher-power applications [6,7]. 
MLIs offer several advantages over conventional de-
signs, including lower switching voltage stresses, re-
duced dV/dt, increased reliability, decreased complexi-
ty, and improved total harmonic distortion (THD) [8,9].

Despite these benefits, existing multi-level invert-
er systems frequently involve complex structures and 
intricate control strategies, often requiring numerous 
electronic switches and additional filtering compo-

nents [10–12]. Consequently, research into simpler, 
more robust configurations with fewer components re-
mains highly relevant.

This paper proposes a new converter configuration 
that leverages magnetically coupled reactors arranged 
in a TDSλ topology (Three-phase Delta-Star Lambda), 
enabling simple yet effective interfacing of multiple 
DC inputs, such as photovoltaic arrays, with multi-level 
AC outputs suitable for off-grid systems. Magnetically 
coupled chokes provide significant benefits, including 
reduced dimensions, weight, and costs compared to tra-
ditional and multi-winding transformers [13–16].

The work describes the possibility of controlling 
a  similar system using a more or less complex mod-
ulation method. The results obtained are promising 
[17,18].

The study’s main objective is to validate the pro-
posed converter structure through experimental and 
simulation analyses, emphasizing its performance in 
renewable energy integration and power quality im-
provement. The results demonstrate the effectiveness 



PRZEGLĄD ELEKTROTECHNICZNY, R. 101 NR 11/2025 187

of the proposed configuration, highlighting its poten-
tial application in off-grid renewable energy installa-
tions. In particular, the focus is on the filtering prop-
erties of the magnetically coupled choke systems and 
the LC low-pass filter system they create after adding 
additional capacitance.

Converter Structure and Analysis
The proposed converter architecture integrates six 

single-phase half-bridge inverters with a passive mag-
netic coupling network configured in TDSλ topolo-
gy. This arrangement facilitates the transformation of 
multiple DC inputs into a three-phase, multi-level AC 
output, making it particularly suitable for off-grid re-
newable energy applications.

Figure 1 shows the basic converter circuit. In this ver-
sion, six single-phase half-bridge inverters are connect-
ed to the TDSλ system, where there are two inverters for 
each reactor MCRi (Magnetically Coupled Reactors), 
where i is the reactor number with indexes from 1 to 3.

An important element in the diagram is the capac-
itive voltage divider (created by capacitors marked 
Cd1 = Cd2 = … = Cd12), which creates a  common 
star point for all voltages in the intermediate circuits of 
single-phase inverters. The purpose of the capacitive 
divider is to create a  connection for the alternating-
current components in the power supply circuit while 
eliminating the direct components.

Central to the converter’s design, there are three 
magnetically coupled reactors (MCRs), each compris-
ing two windings: a primary winding connected to the 
inverter output and a secondary winding arranged in 
a delta-star configuration. This setup enables the syn-
thesis of two sets of three-phase voltages with a spe-
cific phase shift, effectively creating a multi-level volt-
age waveform at the output. The magnetic coupling 
not only aids in phase shifting but also contributes to 
harmonic attenuation, reducing the Total Harmonic 
Distortion (THD) in the output voltage.

The MCRs are designed with specific turn ratios to 
achieve the desired phase shift and voltage levels. For 
instance, in a prototype designed for a 15 kW power 
rating, the windings were configured with 108 turns 
on the primary side (Nz), 29 turns on the secondary 
side (Ny), and 79 turns on the tertiary side (Nx), re-
sulting in a  turn ratio of approximately 2.72:1:3.72. 
This configuration ensures a phase shift of π/12 be-
tween the output voltage vectors, which is critical for 
generating a  12-pulse waveform with reduced har-
monic content.

A capacitive voltage divider is employed to stabi-
lize the neutral point and eliminate the DC component 
from the output voltage. This configuration ensures 
that the AC output remains centered around zero volts, 
which is crucial for the proper functioning of connect-
ed loads and for maintaining power quality standards.

Each inverter operates independently, generating 
square-wave voltages that, when combined through 
the magnetic coupling network, result in a multi-level 
staircase waveform approximating a sinusoidal shape. 
This method simplifies the control scheme and reduc-
es the computational burden on the control hardware.

The converter’s design offers several benefits:
•	 Reduced Component Count: By utilizing magneti-

cally coupled reactors instead of traditional trans-
formers, the system achieves a more compact and 
lightweight design.

•	 Enhanced Power Quality: The multi-level output 
waveform exhibits lower THD, improving com-
patibility with sensitive loads.

•	 Scalability: The modular nature of the converter 
allows for easy scaling to accommodate different 
power levels and system requirements.
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Fig. 1. The main topology of a converter in a system with six single-
phase inverters [19]

The characteristic points of the converter system are 
marked in the diagram presented in Figure 1 [19]. These 
points were used in the converter analysis to determine 
voltages important for the operation of the system: d–
the star point of the capacitive voltage divider; a1, a2, 
b1, b2, c1, and c2 – the inputs of the TDSλ system; a, b, 
and c–the outputs of the TDSλ circuit, which also corre-
spond to the phases; and 0 – the reference point for the 
load circuit. Characteristic points in the diagram (Fig-
ure 1) are additionally highlighted in red. A description 
of the analysis is included later in the article.
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Prototype testing and simulation studies have dem-
onstrated the converter’s effectiveness in deliver-
ing high-quality power output. Measurements indi-
cate a  significant reduction in THD and confirm the 
system’s ability to efficiently integrate multiple DC 
sources.

In summary, the proposed converter architecture, 
with its innovative use of magnetically coupled chokes 
and simplified control strategy, presents a viable solu-
tion for off-grid renewable energy systems requiring 
high-quality, multi-level AC power output [19].

Experimental research
The main concept of the converter was validated 

through experimental research. In this study, a three-
phase power supply with a voltage of 3 × 400 V and 
a frequency of 50 Hz was utilized, resulting in a DC 
voltage of 560 V in the converter’s DC circuit. The 
load configuration comprised three resistors, each 
rated at 50 Ω, and a three-phase reactor with an in-
ductance of 50 mH per phase. This setup facilitated 
the assessment of the converter’s performance un-
der controlled conditions, providing insights into 
its operational characteristics and efficiency. A  test 
stand was prepared for the experimental verification 
of the converter concept. The setup utilized a  six-
phase inverter connected to a single DC bus, inter-
faced with magnetically coupled reactors configured 
in the TDSλ topology. This configuration was chosen 
to align with the current capabilities of the laboratory 
infrastructure.

Figure 2 presents a  photograph of the assembled 
inverters and the magnetically coupled reactors. Fig-
ure 3 displays an oscillogram illustrating the output 
voltage and current waveforms for two of the three 
phases, providing insight into the converter›s opera-
tional performance.

For further analysis conducted in the form of simu-
lation studies, it was necessary to measure the actual 
inductances of the used magnetically coupled chokes. 
A laboratory impedance bridge was used in the meas-
urements. The following inductance values ​​were ob-
tained as a result of the measurements, i.e. Lx = 31.1 
mH, Ly = 4.5 mH, Ly = 62 mH. The choke with the 
number of turns Ny, which is treated as a  second-
ary winding for the considered system, will have the 
greatest influence on the filtration properties of the 
TDS system. It is also a choke directly connected to 
the load of the off-grid system.

Fig. 2. The photo of the six-phase inverter (a) and magnetically coupled 
reactors in the TDSλ system (b)

Fig. 3. The oscillograms with the voltage and current waveforms for 
two phases

Simulation studies
Figure 4 shows a  topology of the off-grid system 

with various inverters and a control algorithm that were 
connected to a  distributed PV (photovoltaic) system. 
The presented topology of the off-grid system is based 
on a system with TDSλ magnetically coupled chokes. 
The TDSλ system is an interface to which you can con-
nect various inverters, the number of which depends 
on the inverter type. Figure 4 shows the connection of 
three different types of inverters. In the final version of 
the system, it is best to use inverters of the same type, 
e.g. two 3-phase inverters, or three single-phase full-
bridge inverters, or six single-phase half-bridge invert-
ers. The system also uses DC/DC converters to increase 
the voltage, e.g. DAB (Dual Active Bridge). Their pur-
pose is to adjust the voltage from the PV to the voltage 
level supplying the inverters. The voltages from PV, 
after matching, should be the same to prevent voltage 
asymmetry in the TDSλ system. This paper presents 
the results of simulation studies for the case where the 
load is resistive (Ra = Rb = Rc = 20 Ω) in order to bet-
ter indicate the filtering properties that the choke sys-
tem in the TDSλ circuit does or does not exhibit.

Simulation studies were performed in the PLECS 
program. In the simulation studies, currents and volt-
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Fig. 4. The off-grid system model used in the simulation studies, along with a description of the most important blocks

Fig. 5. Waveforms of selected voltages and currents without the use of additional capacitances and THDVb** = THDIb** = 15.2%
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ages were recorded at the output of the TDSλ system 
and before the load Ra, b, c. The voltages and currents 
recorded at the output of the TDSλ system were in-
dexed Va, b, c* and Ia, b, c* and before the load: Va, b, c** 
and Ia, b, c**.

For the purpose of testing the filtering properties 
of the TDS system and parallel connected capacitors, 
a  simplified control system for the inverter unit was 
used (Figure 4).

Figure 6 shows the voltage and current waveforms 
recorded between the choke system and the load. 
These results are consistent with the experimental re-
sults shown in Figure 3.

This shape of voltages results from the properties 
of the control system and TDSλ chokes. The use of 
chokes alone allows for obtaining THDu, i = 15% for 
output voltages and currents, which is already a good 
result.

Figure 6 shows the spectrum of output voltages 
and currents. The choke system filters higher harmon-

Fig. 6. Output voltage and current spectra with 49 harmonics from 
Figure 5

Fig. 7. Waveforms of selected voltages and currents with the use of additional capacitances and THDVb** = THDIb** = 2.6%
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ics, but harmonics with numbers 11 and 13 and their 
multiples still remain. Their values ​​are significant and 
constitute about 11%.

Figure 4 shows schematically the possibility of 
adding capacitance Ca,b,c, which in combination with 
the inductance of the chokes seen from the load side 
and marked Lya,b,c creates a low-pass LC filter.

The inductance Lya,b,c can be estimated by measure-
ment, e.g. with an impedance bridge and in the consid-
ered case it amounted to Lya,b,c = 4.5 mH. However, the 

selection of capacitance requires the use of a different 
procedure. For the needs of a short analysis, a typical 
formula for an LC filter was used, in the form given 
by formula (1), where fc is the filter cut-off frequency.

(1)	 �

After transforming formula (1) for C, it can be 
used to estimate the capacitance Ca, b, c of the network 
filter. Assuming fc = 11h (11th harmonic), the val-
ue Ca,b,c = 18.6 pF was obtained, and for fc = 11h/2, 
Ca,b,c = 90.1 pF was obtained, for which value the sim-
ulation study was performed.

The simulation results are presented in Figures 7 
and 8 confirming the good filtration properties of the 
LC filter.

Conclusion
The article demonstrates, without complicated 

analyses, that magnetically coupled chokes with par-
allel connected capacitances create a low-pass LC fil-
ter. The filter parameters can be easily estimated based 
on the analysis of the current and voltage spectra and 
a simple design formula. The operation of the system 
with PWM or other modulations requires further anal-
ysis. The research presented in the article will be used 
to build an on-grid.

Received: 05.10.2025, Accepted: 04.11.2025, Published: 24.11.2025

REFERENCES

[1]	 Bose, B.K. Power Electronics, Smart Grid, and Renewable 
Energy Systems. Proc. IEEE 2017, 105, 2011–2018.

[2]	  Gandoman, F.H.; Ahmadi, A.; Sharaf, A.M.; Siano, P.; 
Pou, J.; Hredzak, B.; Agelidis, V.G. Review of FACTS 
technologies and applications for power quality in smart 
grids with renewable energy systems. Renew. Sustain. En-
ergy Rev. 2018, 82, 502–514.

[3]	  Lamnatou, C.; Chemisana, D.; Cristofari, C. Smart grids 
and smart technologies in relation to photovoltaics, storage 
systems, buildings and the environment. Renew. Energy 
2022, 185, 1376–1391.

[4]	  Eswar, K.N.D.V.S.; Doss, M.A.N.; Vishnuram, P.; Selim, 
A.; Bajaj, M.; Kotb, H.; Kamel, S. Comprehensive Study 
on Reduced DC Source Count: Multilevel Inverters and Its 
Design Topologies. Energies 2023, 16, 18.

[5]	  Kumar, G.G.; Krishna, M.V.S.; Kumaravel, S.; Babaei, E. 
Multi-Stage DC-DC Converter Using Active LC2D Net-
work With Minimum Component. IEEE Trans. Circuits 
Syst. II: Express Briefs 2021, 68, pp. 943–947.

[6]	  Raju, K.N.; Rao, M.V.G.; Raamoorthy, M. Hybrid modu-
lation technique for neutral point clamped inverter to elim-
inate neutral point shift with minimum switching loss. 
TENCON 2015–IEEE Region 10 Conference, 2015.

[7]	  Xu, Z.; Zheng, X.; Lin, T.; Yao, J.; Ioinvici, A. Switched-ca-
pacitor multilevel inverter with equal distribution of the ca-
pacitors discharging phases. J. Electr. Eng. 2020, 6, 42–52.

[8]	  Yadav, A.K.; Gopakumar, K.; Umanand, L.; Bhattacha-
rya, S.; Jarzyna, W. A Hybrid 7-Level Inverter Using Low-
Voltage Devices and Operation With Single DC-Link. 
IEEE Trans. Power Electron. 2019, 34, 9844–9853.

[9]	  Dorn-Gomba, L.; Guo, J.; Emadi, A. Multi-Source In-
verter for Power-Split Hybrid Electric Powertrains. IEEE 
Trans. Veh. Technol. 2019, 68, 6481–6494.

[10]	Lee, S.S.; Chu, B.; Idris, N.R.N.; Goh, H.H.; Heng, Y.E. 
Switched-Battery Boost-Multilevel Inverter with GA Opti-
mized SHEPWM for Standalone Application. IEEE Trans. 
Ind. Electron. 2016, 63, 2133–2142.

[11]	Sarker, R.; Datta, A.; Debnath, S. A Modified PWM Tech-
nique to Reduce Harmonic Content of Multilevel NPC 
Topology 769 for Medium Voltage Electric Vehicle (EV) 
Applications. In Proceedings of the Michael Faraday IET 
International Summit 2020 (MFIIS 2020), Online, 3–4 Oc-
tober 2020, Volume 770, pp. 19–22.

[12]	Por, T.R.; Rathd, A.A.; Patil, S.K. Performance Analysis of 
Cascaded H-Bridge Multilevel Inverter with Variable Fre-
quency ISPWM Technique. In Proceedings of the 2019 In-

Fig. 8. Output voltage and current spectra with 49 harmonics from Fig-
ure 7



PRZEGLĄD ELEKTROTECHNICZNY, R. 101 NR 11/2025192

novations in Power and Advanced Computing Technolo-
gies (i-PACT), Vellore, India, 22–23 March 2019.

[13]	Jyothi, B.; Pandian, A.; Bhavana, P. Fabrication and exper-
imental analysis of multiple-winding transformers for mul-
tiphase supply. Meas. Control. 2020, 53, 662–678. https://
doi.org/10.1177/0020294019897086.

[14]	 Zhang, W.; Sandberg, J.; Marneris, I. Multiphase Trans-
former Effect and Harmonic Response Analysis of Accel-
erator Power System. IEEE Trans. Appl. Supercond. 2008, 
18, 1406–1410.

[15]	Munteanu, A.; Simion, A.; Hagianu, D.A.; Livadaru, L.; 
Bidei, D. Special three-phase to multiple different poly-
phase systems electric transformer. In Proceedings of the 
2014 International Conference and Exposition on Electri-
cal and Power Engineering (EPE), Iasi, Romania, 16–18 
October 2014; IEEE: New York, NY, USA.

[16]	Abdel-Khalik, A.S.; Elserougi, A.; Shafik, Z.; Ahmed, S.; 
Massoud, A. A Scott connection-based three-phase to five-
phase power transformer. In Proceedings of the 39th An-

nual Conference of the IEEE Industrial Electronics Society 
(IECON’2013), Vienna, Austria, 10–13 November 2013; 
IEEE: New York, NY, USA.

[17]	Szwarc, K.J.; Szczepankowski, P.; Nieznański, J.; Swi-
narski, C.; Usoltsev, A.; Strzelecki, R. Hybrid Modulation 
for Modular Voltage Source Inverters with Coupled Re-
actors. Energies 2020, 13, 4450. https://doi.org/10.3390/
en13174450

[18]	Muc, A.; Kasprowicz, A.; Mysiak, P. The Concentrator 
for Single-Phase Inverters with Three-Phase Output Using 
Magnetically Coupled Reactors. Energies 2023, 16, 7343. 
https://doi.org/10.3390/en16217343

[19]	 Muc A., „The Three-Phase Converter with Configurable 
DC Input and Multilevel AC Output, ” 2024 IEEE 18th 
International Conference on Compatibility, Power Elec-
tronics and Power Engineering (CPE-POWERENG), 
Gdynia, Poland, 2024, pp. 1‒6, doi: 10.1109/CPE-POW-
ERENG60842.2024.10604391


