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Abstract: This paper presents a passive concentrator for single-phase inverters with a three-phase
output, which uses magnetically coupled reactors. Due to the development of renewable energy
systems, the proposed systems may enable the easier integration of converters in the form of inverters
with the power system. Two variants of cooperation of the concentrator with single-phase voltage
inverters were considered. The first variant proposed a system topology in which three single-phase
full-bridge inverters were connected to the concentrator, while the other variant proposed six half-
bridge inverters. A control system of the inverters that does not use PWM was developed. A common
star point was created for the supply voltages in the form of a capacitive divider covering all the
inverters. An analysis of the concentrator system was presented, taking into account the cooperation
with inverters. The overall power of the TDSλ system was defined and the relationship for its
determination was given. Simulation studies were described, presenting the obtained voltage and
current waveforms. The impact of changing the supply voltage of the inverters on the operation of
the concentrator and the shape of the output voltages was assessed. The proposed systems allow you
to connect 3 or 6 single-phase inverters. The use of magnetically coupled reactors enables the use of
a magnetic system of lower power and size. The described concentrators enable the generation of
multi-level three-phase output voltage with a low THD content.

Keywords: magnetically coupled reactors; single-phase voltage inverters; concentrator; coupling;
smart grid; isolated grid

1. Introduction

The changes in renewable energy sources and electromobility are currently the main
reasons driving development in power electronics, which are contributing to the emer-
gence of circuit solutions geared toward the cooperation of different converters with each
other and the conditioning of electricity. These aspects are particularly important when
considering the possibilities of connecting the RES (Renewable Energy Source) network to
the existing power system [1]. In renewable energy systems related to photovoltaics, the
basic group of converters are voltage inverters. The vast majority of these are single-phase
inverters [2–4].

In the cases mentioned, one of the most important components of the system is
the inverter. The paper [5] provides a comprehensive overview of the different types of
inverters currently used in various applications and variants of power systems. Generally,
a traditional voltage-fed inverter is used, where two voltage levels can be generated [6]. For
other applications, especially those requiring high power conversion (e.g., onshore power
supply systems), multi-level inverters (MLIs) are used. An MLI is a converter system in
which different types of power electronic devices are interconnected in such a way and
are fed from DC systems to provide a waveform with more levels on the output side [7,8].
MLI circuits are desirable for a variety of applications due to intrinsic benefits, for example,
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low switching voltages, low DV/DT ratio on switches, reliability, lower cost, reduced
complexity, improved THD, and exceptional performance when used in applications [9,10].

Since the use of multilevel inverters has begun, numerous layout changes have been
made to the inverters. Their control strategies have also changed. This has resulted in
increased circuit complexity, weight, and cost; stress on switches; electromagnetic compati-
bility (EMC)/electromagnetic interference (EMI) problems; and circuit losses. These effects
lead to performance degradation and affect the nature of power in network/distribution
systems. For this reason, traditional bilevel inverters are still very popular in low power
systems [5].

Various modulation schemes are available and are used to build control strategies for
inverter operations [11,12]. A significant proportion of the modulators used for inverters
are based on pulse width modulation (PWM) modifications. Modulations using PWM
mainly increase the switching losses of the electronic keys used in inverters [12–15].

As mentioned earlier, the use of multi-level inverters and appropriate control strategies
allows for multiple levels of output voltages. Multi-level voltage is usually associated with
lower THD and better power quality [16]. As it has been shown, obtaining such a voltage
requires the use of complex inverter structures and complicated control strategies based on
a large number of electronic key switches [17].

This paper describes a system that uses magnetically coupled reactors connected like
a TDS circuit and single-phase inverters with a simple control strategy to provide multiple
interfaces to low-power systems (such as photovoltaic panels) [18]. The proposed system,
which has been dubbed a concentrator, also has the property of producing a three-phase
and multi-level voltage system with the right control strategy.

The development of a concentrator with multiple inputs and outputs in the form
of a three-phase system requires the analysis of systems that allow for the integration
of multiple inverters in one system. For this purpose, systems based on transformers,
multi-winding transformers, and systems using magnetically coupled reactors were com-
pared [19–24]. The works [19,24] describe special multi-winding transformers that enable
the conversion from three phases to five phases. Transformers of this type were mainly built
to power multi-phase drives, e.g., five-phase. In these works, they were not combined with
inverters. The works [19–22] indicate various structures of multi-winding transformers
and their advantages/disadvantages. The largest advantage of this type of transformer is
galvanic separation and conversion from a certain number of phases to another number
of phases. The disadvantage of this type of transformer is the high cost in relation to the
power. Another disadvantage of this type of transformer is its size. However, in [23], it is
pointed out that it is still smaller than in the case of traditional transformers, especially
if a multi-winding transformer is compared to an appropriate number of single-phase
transformers. Magnetically coupled reactors have favorable properties when it comes to
the relationship between size, weight, and power. Due to their simplified construction, their
dimensions are much smaller than typical transformers or multi-winding transformers.
However, ensuring the possibility of conversion from several phases to several other phases
is possible by appropriately connecting reactors. The works [24,25] thoroughly analyzed
the properties of reactors that can be used in power electronic systems or for connecting
them with other systems.

According to the authors, it is important to connect inverters to each other and to
the public power system so that this process is effective and ensures the conditioning of
electricity, the result of which is maintaining high quality. In the context of the concentrator
variants described in the article, efficiency would mean the number of electricity sources,
e.g., photovoltaic strings, that can be connected to one concentrator. The more inverters
that are connected, the better the concentrator that is used. Using magnetically coupled
reactors and inverter control allows for obtaining multi-level-output voltage waveforms
characterized by a low content of higher harmonics [18].

The described concentrator is a passive system. Its main advantage is that it does not
need to be powered and is not controlled. The mentioned advantages make the concentrator
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much easier to use and more resistant to damage. The topology used to connect magnetically
coupled reactors reduces their number in the proposed concentrator variants. Reducing
the number of magnetic elements in power electronic devices is currently a desirable
measure due to material costs and the tendency to minimize the dimensions of devices. The
connection of the magnetically coupled reactors (MCRs) used is called TDSλ (three-phase
coupled reactors in the lambda connection variant) and is described in more detail in [26].
A significant advantage of the TDSλ system is that its weight and size are significantly
smaller for the same power compared to a transformer that would be designed for that
power. On the other hand, a significant disadvantage of the TDSλ system is the lack of
galvanic separation that transformers or multi-winding transformers have.

However, the most important advantage of the described solution is that by selecting
the appropriate number of turns for the adopted topology of connecting reactors at the
output of the structure, one obtains—with a simple control of single-phase inverters—three-
phase multi-level waveforms, which translate into a very low THD content (Total Harmonic
Distortion) for output voltages and currents [26].

2. A System of Magnetically Coupled Reactors as a Passive Coupling for Single-
Phase Inverters

The three-phase coupled reactor (Harmonic Canceling Reactor, Harmonic Blocking
Current Transformer) was patented in 1974 by Meier [26]. In 1989–1990, Depenbrock and
Niermann published a 12-pulse rectifier system using three-phase reactors coupled for
parallel operation of two three-phase bridge systems [27,28]. The system using magnetically
coupled reactors of the TDSλ type was also used to build 12-, 18-, or 36-plus rectifiers as
stable voltage sources for multi-level inverters in the papers [29–31]. The TDSλ structure
is optimal in terms of the number of magnetic elements used. It is characterized by
high efficiency (above 90%) and its main parameter dependent on the load is the overall
power [26].

The three-phase coupled reactors, thanks to its appropriate design, blocks certain
higher harmonics (of the orders of 5, 7, 11, 13, 17, 19, etc.) and also transforms two three-
phase systems with a given mutual phase shift into one three-phase system.

The reactors (MCR) are composed of three separate magnetic cores with an appropri-
ately selected number of turns (Nx, Ny, Nz). Thanks to the appropriately selected number
of reactors windings, their output results in two three-phase and symmetrical voltage
systems shifted in phase by an angle of π/6, but the mutual phase shift can be modified
by changing the number of windings in a wide range. This possibility was used in the
construction of multi-pole rectifiers, i.e., 18-, 24-, or 36-plus rectifiers [26]. These converters
use several TDSλ structures simultaneously.

Using Equation (1), it is possible to select, for a given angle—in our case, the angle
π/12—the number of turns Nx and Ny, because the number of turns denoted by Nz results
from relationship (2). The value of the phase angle between the spatial vectors of the output
voltages of the TDSλ system (Figure 1) directly depends on the ratio of the number of
turns (Ny/Nz) of the appropriate windings. According to [9], the dependence of the reactor
ratio p in the TDSλ system on the displacement angle α of three-phase supply voltage
systems is obtained. The ratio of the number of turns that meets the above condition for
the appropriate reactors of the TDSλ system is

p =
Nx

Ny
=

sin(α)
sin(π3 − α)

=
sin( π

12 )

sin(π3 −
π
12 )

, (1)

Nz = Nx + Ny. (2)

where p is the gear ratio resulting from the ratio of the number of turns Nx to Ny of
the appropriate reactors seen from the inverter side and from the load side, and α is the
shift angle between the voltages at the reactor input of a given phase—in the case of
a concentrator, it is an angle of π/12.
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Figure 1. Winding configuration for the coupled reactor system in the TDSλ system, where MCR1,2,3

are magnetically coupled reactors numbered 1, 2, 3, respectively; Nx, Ny, Nz—numbers of turns
for reactors in the TDSλ system; a1, a2, b1, b2, c1, c2 are inputs of TDSλ; a0, b0, c0 are connections
between reactors; a, b, c are outputs of TDSλ.

Magnetically coupled reactors play a similar role to converter transformers in this
system. However, compared with converter transformers, they are characterized by a power
several times lower but a more complex system of windings. The diagram of magnetically
coupled reactors in the TDSλ system is shown in Figure 1.

The topology of the TDSλ system presented in Figure 1 enables various configurations
of connecting single-phase inverters and then obtaining a three-phase voltage with a low
THD content at the output. The presented reactor system introduces a constant shift, which
creates three-phase voltage with a large number of levels at the reactor output.

Single-phase inverters connected to a TDSλ system require a dedicated control system.
The classic control strategy for single-phase voltage inverters requires that the electronic
keys in the inverters be switched every π, while in the proposed system, its control strategy
should also take into account shifts of the angle π/12, which are introduced by the TDSλ
system. To ensure a shift of the angle π/12 in the TDSλ system, an appropriate winding
gear of the inductive elements must be selected [12]. In the case under consideration,
these windings were selected in the following ratio: 3.72:1:2.72. For the purposes of the
developed concentrator, first, the gears that will ensure the aforementioned shift in vectors
were calculated. Then, for the assumed power, the number of windings was selected to not
lead the core to saturation. For this number of windings, the self and mutual inductances
were calculated. Further simulation studies and tests were performed for the following
number of windings: 279:75:204, which corresponds to the design of the TDSλ system for
2 kW of power.

Taking into account the presented requirements regarding the input voltages for the
TDSλ system—coming from single-phase inverters connected to reactors—two variants of
connecting the inverters to the concentrator are considered in this paper.

An important feature of the described solution is the fact that the inverter control
uses a basic on–off strategy for switching electronic keys. This strategy does not use PWM
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(Pulse-width Modulation). Thanks to this, losses resulting from switching electronic keys
are minimized and the control system is very simple [32–34].

In the first variant, three single-phase inverters in an H-bridge system were connected
to the TDSλ system (Figure 1). Figure 2 shows the topology of the concentrator with three
of this type of inverter.
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Figure 3 shows the other variant of the concentrator. In this version, six single-phase
half-bridge inverters are connected to the TDSλ system, where there are two inverters for
each reactor MCRi, where i is the reactor number with indexes from 1 to 3.

The characteristic points of the concentrator system are marked in the diagrams
presented in Figures 2 and 3. These points were used in the concentrator 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 correspond to the phases; and 0—the
reference point for the load circuit. Characteristic points in the diagrams (Figures 2 and 3)
are additionally highlighted in red. A description of the analysis is included later in
the article.

The topology of the single-phase inverter used is the main difference between the
concentrator variants.

An important element in every diagram is the capacitive 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.

Figure 4a,b show example signals controlling electronic keys for inverters responsible
for generating voltage on the reactor marked MCR1 in both the considered versions of the
concentrator. The remaining inverters in these concentrator variants are controlled based
on a similar principle, but the control signals (marked s1. . .12) are phase-shifted by 2π/3
and 4π/3 to ensure compatibility with the three-phase power system. In both the cases, the
inverters shape the phase B voltage.
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Simplifications are made for the purposes of the analysis. In the concentrator system
with single-phase inverters, it is assumed that the supply voltages of the inverters are the
same and meet the condition: Vdc1 = Vdc2 = . . . = Vdc6 = Vdc. In order to keep the analysis
readable and transparent, we focus on the cooperation of the inverters with the first MCR1
reactor and the influence of the system on the “a” phase. In selected stages of the analysis,
there also have to be references to other characteristic points of the concentrator. By making
the aforementioned assumptions, the analysis allows for taking into account the operation
of the systems presented in Figures 2 and 3.

The voltage waveforms important for the operation of the system and the magnetic
flux are illustrated in Figure 5.



Energies 2023, 16, 7343 7 of 18Energies 2023, 16, x FOR PEER REVIEW  7  of  20 
 

 

   

(a)  (b) 

Figure 4. Examples of signals controlling the  inverters connected to the MCR1 reactors  in (a) the 

first variant with full-bridge inverters and (b) the second variant with half-bridge inverters. 

Simplifications are made for the purposes of the analysis. In the concentrator system 

with single-phase inverters, it is assumed that the supply voltages of the inverters are the 

same and meet the condition: Vdc1 = Vdc2 = … = Vdc6 = Vdc. In order to keep the analysis 

readable and transparent, we focus on the cooperation of the inverters with the first MCR1 

reactor and the influence of the system on the “a” phase. In selected stages of the analysis, 

there also have to be references to other characteristic points of the concentrator. By mak-

ing the aforementioned assumptions, the analysis allows for taking into account the oper-

ation of the systems presented in Figures 2 and 3. 

The voltage waveforms important for the operation of the system and the magnetic 

flux are illustrated in Figure 5. 

Figure 4. Examples of signals controlling the inverters connected to the MCR1 reactors in (a) the first
variant with full-bridge inverters and (b) the second variant with half-bridge inverters.

Energies 2023, 16, x FOR PEER REVIEW  8  of  20 
 

 

 

Figure 5. Voltage and magnetic flux waveforms for concentrator systems from Figure 2 or Figure 

3. 

The maximum value of the magnetic flux coupled to the windings connected between 

terminals a1 and a2 is determined using the following formula: 

𝜓_௔ଵ௔ଶ ൌ ׬ 𝑢_௔ଵ௔ଶ𝑑𝑡
்

଴
,  (3) 

The voltages between points a, b, c, and d result from the following equations: 

𝑢_௔ௗ ൌ 𝑢_௔ଵௗ െ ൣ𝑁௭/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௔ଵ௔ଶ െ ൣ𝑁௬/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௖ଵ௖ଶ,  (4) 

𝑢_௕ௗ ൌ 𝑢_௕ଵௗ െ ൣ𝑁௭/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௕ଵ௕ଶ െ ൣ𝑁௬/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௔ଵ௔ଶ, (5) 

𝑢_௖ௗ ൌ 𝑢_௖ଵௗ െ ൣ𝑁௭/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௖ଵ௖ଶ െ ൣ𝑁௬/൫2𝑁௫ ൅ 𝑁௬൯൧𝑢_௕ଵ௕ଶ. (6) 

The voltage waveforms u_ad in phase a are illustrated in Figure 5. To determine the 

voltage waveforms, occurring between points a and 0, the zero-component voltage u_d0, 

between points 0 and d, must be determined. 

𝑢_ௗ଴ ൌ ሺ1/3ሻ൫𝑢_௔ௗ ൅ 𝑢_௕ௗ ൅ 𝑢_௖ௗ൯. (7) 

The voltage measured between points a, b, c, and 0 is equal to: 

𝑢_௔ ൌ 𝑢_ௗ଴ െ 𝑢_௔ௗ
𝑢_௕ ൌ 𝑢_ௗ଴ െ 𝑢_௕_ௗ
𝑢_௖ ൌ 𝑢_ௗ଴ െ 𝑢_௖ௗ

.  (8) 

The voltage waveforms u_d0 and u_a are shown  in Figure 5. The voltages u_a,b,c  thus 

have a twelve-phase waveform  in period T. The fundamental harmonic of this voltage, 

u_am, has a value of 1.318 Vdc and the higher harmonics have amplitudes equal to u_aI / (12 

k     1), k = 1, 2, 3. 

Figure 5. Voltage and magnetic flux waveforms for concentrator systems from Figure 2 or Figure 3.

The maximum value of the magnetic flux coupled to the windings connected between
terminals a1 and a2 is determined using the following formula:

ψ _a1a2 =
∫ T

0
u_a1a2dt, (3)
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The voltages between points a, b, c, and d result from the following equations:

u_ad = u_a1d −
[
Nz/

(
2Nx + Ny

)]
u_a1a2 −

[
Ny/

(
2Nx + Ny

)]
u_c1c2, (4)

u_bd = u_b1d −
[
Nz/

(
2Nx + Ny

)]
u_b1b2 −

[
Ny/

(
2Nx + Ny

)]
u_a1a2, (5)

u_cd = u_c1d −
[
Nz/

(
2Nx + Ny

)]
u_c1c2 −

[
Ny/

(
2Nx + Ny

)]
u_b1b2. (6)

The voltage waveforms u_ad in phase a are illustrated in Figure 5. To determine the
voltage waveforms, occurring between points a and 0, the zero-component voltage u_d0,
between points 0 and d, must be determined.

u_d0 = (1/3)(u_ad + u_bd + u_cd). (7)

The voltage measured between points a, b, c, and 0 is equal to:

u_a = u_d0 − u_ad
u_b = u_d0 − u_b_d
u_c = u_d0 − u_cd

. (8)

The voltage waveforms u_d0 and u_a are shown in Figure 5. The voltages u_a,b,c thus
have a twelve-phase waveform in period T. The fundamental harmonic of this voltage, u_am,
has a value of 1.318 Vdc and the higher harmonics have amplitudes equal to u_aI/(12 k ± 1),
k = 1, 2, 3.

In idle operation of the system, the amplitude of the fundamental harmonic of the
twelve-step voltage is equal to the amplitude of the supply voltage.

When designing a TDSλ choke, it is necessary to start from its dimensional power,
which can be determined by assuming that the magnetic flux of the choke is generated by
a sinusoidal voltage of the mains voltage frequency f. The dimensional power is defined
as the arithmetic average of the winding powers of the equivalent transformer (with
two windings).

We are therefore entitled to write the following equation:

ψm =
1

2ω

∫ π
∫ Um

ω

0
Umsin. (9)

The effective value of this voltage is therefore equal to

URMS =
ψmω

√
2

2
=

ψmπ
√

2
T

. (10)

where T is the period of the output voltage from the TDSλ system.
If m is the number of choke phases and IRMS is the RMS value of the current in the

windings, SG can be expressed as follows:

SG =

(
0.5·mπ

√
2

T

)
∑ ψm IRMS. (11)

The factor of 0.5 appearing in brackets on the right side of the equation results from
the fact that the choke has no secondary windings.

The final result is obtained:

STDSλ =

(
1.5π

√
2

T

)
2Nz

ψm

Nx
IRMS. (12)
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The higher harmonic currents generated by the input voltage of the chokes are at-
tenuated by the inductances of the chokes included in the power source circuit and can
therefore be neglected, which means that the effective values of the currents in the windings
of the chokes are approximately equal to the effective values of the fundamental harmonics.
The amplitude of the fundamental harmonic of a twelve-step voltage is expressed by the
following formula:

Uam =
4
3

Vdc· q
π

sin
π

q
. (13)

where q = 12 is the pulsation of this voltage for the period T. Thus, from Equation (13),
one obtains

Uam = 1.318 Vdc. (14)

Since the currents produced by the individual converters are shifted in phase with
respect to the base harmonic of the twelve-step voltage by an angle of ±π/12, the following
power equation is obtained:

P = 3·1.318 Vdc√
2

(I1,1 + I1,2 + . . . + I1,6)cos
( π

12

)
(15)

where I1,1, I1,2, . . ., and I1,6 denote the effective harmonic values of the fundamental currents
in the choke windings, derived from single-phase inverters.

The following two chapters present the results of simulation and experimental studies.

3. Simulation Studies

The simulation tests presented the basic waveforms of output voltages and currents
with a resistive–inductive load with the following values: R1 = R2 = R3 = 10 Ω and
L1 = L2 = L3 = 20 mH. Simulation tests were performed in the PLECS program. To show
the basic capabilities of the system, simulations were performed in which the operation of
the concentrator was presented when the inverters were powered with the DC voltage of
Vdci = 400 V, where I denotes the consecutive number of the inverter and takes values from
1 to 6. This work also shows a scenario in which the first inverter connecting the voltage
to the MCR1 reactors is reduced to Vdc1 = 200 V. This study aimed to illustrate how the
concentrator reacts to a change in the supply voltage, which often occurs in photovoltaic
subnets as a result of, for example, the darkening of the panel chain or damage to one
of them.

Figure 6a shows the voltage and current waveforms for phase B and RL loads in
the first and second variants. Figure 6b shows the amplitude spectra of these waveforms.
Although different inverters are used in both the variants of the concentrator, the voltage
and current waveforms at the reactor output and their spectra are the same. Therefore, the
simulation results are not separately presented for the two variants of the concentrator
in its typical operation. This distinction was made in the second stage of the simulation
research, in which the sensitivity of the concentrator variants to changes in the supply
voltage was assessed.

The operation of the TDSλ system with three or six single-phase inverters and the
Vdci inverter supply voltages of the same value allows for obtaining the same values and
shapes of the output voltages and currents. The phase voltage is multi-level and the current
is close to a sinusoidal waveform. The THD content for phase B voltage THD_ub is 15.1%,
and for the current of this phase, the THD_ib is 2%. The amplitude spectra for phase B
confirm the THD values presented above. There is a small content of 11th (9%) and 13th
(7.5%) harmonics in the output voltage spectrum. For comparison, the same harmonics for
the output current constitute 1.5% for the 11th harmonic and 1.1% for the 13th harmonic.
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concentrator in phase B (a) and the amplitude spectrum of this voltage and current (b).

On the other hand, Figures 7 and 8 show the waveforms of the output voltages and
currents for both the variants of the concentrator in a situation where, for the first inverter
(the first variant inverter with transistors T1, T2, T3, and T4, and the other variant inverter
with transistors T1 and T2), the supply voltage was reduced to half, i.e., Vdc1 = 200 V.
Reducing the supply voltage for one inverter in each of the considered concentrator variants
caused a disturbance in the form of a change in the shape of the output voltage waveforms
and a reduction in the amplitude of the currents. The resulting waveforms differ in the
intensity of changes in the two variants.
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In the first variant, the concentrator performed much worse after reducing the voltage
to 200 V on the first inverter. This reaction of the concentrator results from the fact that
in this case, a change in the supply voltage simultaneously influenced the output voltage
of the entire second phase. However, a similar change in voltage for the first inverter in
the second variant is not so significant for the concentrator and the shape and value of the
output voltages. The effect of the voltage change is also noticeable in the amplitude spectral
characteristics. In the first variant, in the voltage spectrum (Figure 7b) for phase B, the 3rd
harmonic and other odd harmonics are visible, while in the current spectrum, the influence
of the 3rd, 11th, and 13th harmonics is visible. In the case of the other variant, a change in
voltage in the current spectral characteristics (Figure 8b) is practically imperceptible, while
in the case of voltage, only the influence of the 3rd, 11th, and 13th harmonics is visible.

4. Experimental Studies

In the next stage, the adopted concept of the concentrator was verified in the first
variant with three voltage inverters for the RL load. For this study, a three-phase power
supply with a voltage of 3 × 400 V and a frequency of 50 Hz was used, which, in the DC
circuit, allowed for obtaining a voltage of 560 V. The load consisted of three resistors with
a value of 3 × 50 Ω and a three-phase reactor with a value of 3 × 50 mH.

The experimental system was built according to the diagram shown in Figure 9. When
comparing the original topology of the concentrator in this version, shown in Figure 2,
with the one used in the experimental study, a simplification was used, which involves
changing the power source of the entire structure. The simplification results from the
limited capabilities of the current laboratory station.

A test stand was adapted for the experiment, using a six-phase inverter on a single
DC bus and magnetically coupled reactors in a TDSλ arrangement. The six branches of the
inverter made it possible to create three single-phase full-bridge inverters. A photograph
of the inverters and magnetically coupled reactors is shown in Figure 10.
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Figure 10. Photo of three single-phase full-bridge inverters on a common DC bus (a) and photo of
magnetically coupled reactors in the TDSλ system (b).

A microprocessor controller was used as a control system, a TI LaunchPadTM kit with
C2000TM TMS320F28379D (LAUNCHXL-F28379D), which enabled the control of electronic
keys in the inverters.

A Tektronix MSO4104 oscilloscope and voltage and current probes were used for the
measurements. The voltage probe was a Tektronix THDP0200, 200 MHz, High-Voltage
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Differential Probe and the current probe was a Tektronix TCP0030, with ranges of 5 and
30 A, which were used to record voltage and current waveforms. Digital counts were used
to record the control signals, using a Tektronix P6516 Logic Probe 16 Channels.

The following oscillograms (Figure 11) show examples of the control signal waveforms
recorded for the electronic keys. The waveforms show the control signals for phases a, b,
and c.
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The following oscillograms (Figure 12a,b) show the control signals with the recorded
dead time, which is necessary when implementing the adopted control strategy in the
laboratory system. For the purposes of the test, the dead time was set to 2 µs.
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The following oscillograms show the voltage waveforms at the input of the magneti-
cally coupled reactors at points a1-b1 (Figure 13a) and a1-a2 (Figure 13b). These are similar
to those obtained in the simulation studies.
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The oscillogram shown in Figure 14 shows the waveforms of output voltages and
currents for two phases.
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Figure 15a,b show an oscillogram with the voltage and current spectra of one of the
phases for the 10th harmonic. As can be seen from this figure, the fundamental harmonic
is dominant.
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Figure 15. Oscillograms with the spectra of the selected voltage (a) and current (b) waveforms at the
system output.

Figure 16a,b shows, as a supplement, the spectral characteristics on the example
voltage and current for the next 40 harmonics. At higher harmonic counts, there is a clear
effect of the 11th (10%), 13th (8%), 25th (4.5%), and 25th (4%) harmonics and, to a much
lesser extent (less than 2%), the effect of the 3rd, 35th, and 37th harmonics for the output
voltages. In the case of currents, none of the higher harmonics represent more than 2%.

To compare the obtained experimental results with the simulation tests, a simulation
was performed for the system in Figure 9 and the same power supply and load values were
assumed. The examples of phase-to-phase voltage and current waveforms are shown in
Figure 17a, and their spectra are shown in Figure 17b.

The simulation studies carried out are consistent with the results obtained in the
experimental studies.
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5. Conclusions

During the time of development of various types of microgrids, which are dedicated
to ubiquitous renewable energy systems, the presented proposal of a concentrator enabling
the connection of single-phase inverters and the conversion of single-phase voltages into
a three-phase system seems to be an interesting proposal that also largely solves the problem
of energy conditioning due to the reactors used and the multi-level nature of the output
voltages. In the described concentrator variants, the single-phase inverter control strategies
do not use PWM, which reduces the number of electronic switches and, at the same time,
simplifies the control systems. The TDSλ system using magnetically coupled reactors is
passive, which does not require the additional power supply and makes it less susceptible
to damage.
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The presented concepts of a concentrator with single-phase inverters are characterized
by high flexibility, because they can be used both for simple cases with three photovoltaic
strings and with six photovoltaic strings without major changes in the structure itself.

Capacitive dividers used in concentrators also ensure the elimination of the direct
component of current in the power supply circuit.

The described variants of the concentrator with single-phase inverters are charac-
terized by similar investment costs. Both solutions require the use of the same reactor
structure and the same number of electronic keys, but the basic difference between them
concerns the number of capacitors forming the capacitive divider. In the variant with full-
bridge inverters, six capacitors must be used, and in the variant with half-bridge inverters,
twice as many capacitors should be used. On the other hand, the variant with full-bridge
inverters allows you to handle twice as many photovoltaic strings as the variant with
full-bridge inverters.

Comparing the efficiency of both variants, it can be concluded that it is similar, but the
variant with full-bridge inverters is more sensitive to changes in the supply voltage than
the variant with half-bridge inverters.

An important parameter of the structure under consideration is the dimensional power
of the reactors, which strongly depends on the load [6].

The proposed structures of concentrators based on magnetically coupled reactors
and single-phase inverters require further research. The experimental tests carried out
confirmed some of the obtained simulation results and created the possibility of further
expansion of the control system in terms of cooperation with the power grid.
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