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Abstract. This article demonstrates the potential application
of orthogonal vector theory to the design and control of complex 
systems with three-phase inverters. The paper presents the 
interaction of a three-level inverter with a two-level inverter using 
two control strategies. The obtained results are presented in the 
form of simulation studies. The analyses show that the complex 
voltage inverter with a simplified control strategy allows for 
higher RMS voltage values with lower THD. 
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1. Introduction

The development of renewable energy sources and 
electromobility is currently a key factor influencing 
progress in power electronics, leading to the emergence of 
circuit solutions intended for cooperation between various 
converters and for electrical energy conditioning. These 
aspects are essential when analysing the possibilities of 
integrating RES (Renewable Energy Source) systems with 
existing power grids [1]. 
The conversion of DC into AC is one of the primary 
objectives of modern power electronics. This requirement 
is present in AC drive systems as well as in renewable 
energy applications such as smart grids. In both areas, the 
fundamental parameters to be controlled are voltage 
amplitude and frequency, although their regulation ranges 
differ significantly. A typical AC drive control system 
employs an inverter as a DC/AC converter. The widely 
used PWM (pulse-width modulation) technique results in 
an output voltage composed of rectangular pulses. 
Consequently, obtaining a sinusoidal voltage waveform 
usually requires the application of a low-pass filter capable 
of extracting the fundamental harmonic component [3].
In such systems, the inverter constitutes one of the most 
crucial elements. Reference [4] provides a comprehensive 
overview of inverter types used in different applications 
and power system configurations. In general, conventional 
voltage-source inverters are applied, generating two 
voltage levels [5]. In contrast, applications requiring higher 
power levels (e.g., on-shore power supply systems) often 
utilize multilevel inverters (MLIs). An MLI is a converter 
topology in which multiple power electronic devices are 

interconnected and supplied from DC sources to produce 
an output waveform with several voltage levels [6,7]. These 
converters are attractive due to advantages such as reduced 
switching voltage stress, lower dv/dt ratios, improved 
reliability, lower costs, reduced complexity, better THD 
performance, and high efficiency in practical applications 
[8,9]. 
Since the introduction of multilevel inverters, numerous 
structural modifications and control strategies have been 
proposed. However, these developments have led to 
increased circuit complexity, higher weight and cost, 
greater stress on switching devices, as well as 
electromagnetic compatibility (EMC) and electromagnetic 
interference (EMI) issues, and additional losses. As a result, 
system performance may deteriorate, influencing power 
quality in distribution networks. Therefore, conventional 
two-level inverters remain widely used, particularly in low-
power applications [4]. 
Various modulation techniques are employed to develop 
inverter control strategies [10,11]. A large portion of these 
methods is based on modifications of PWM schemes. 
However, PWM-based approaches typically increase 
switching losses in power electronic devices [12–14]. 
As previously noted, the application of multilevel inverters 
together with suitable control strategies enables the 
generation of multi-level output voltages. Such voltages are 
generally associated with lower total harmonic distortion 
(THD) and improved power quality [15]. Nevertheless, 
achieving these benefits requires complex inverter 
topologies and sophisticated control methods involving a 
large number of switching elements [16]. 
The design of converter systems consisting of multiple 
inverters in a three-phase configuration necessitates 
analysis of solutions that enable their integration within a 
single system. For this purpose, systems based on 
transformers, multi-winding transformers, and 
magnetically coupled reactors have been investigated and 
compared [17–18]. 
At the same time, there exist promising concepts related to 
DC/AC converters composed of two inverters, referred to 
in this work as orthogonal-vectors-controlled inverters 
(OVTs). The advantages and limitations of control methods 
based on orthogonal vectors have been discussed in 
[19,20]. The initial control approach for the auxiliary 
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inverter exhibited limited efficiency, mainly due to the use 
of a transformer transferring relatively long pulses. To 
address this drawback, a modified control concept for the 
auxiliary inverter was proposed in [21]. The approach 
presented in [21] introduces an improved OVT control 
method, resulting in a significant reduction of the 
transformer size used as a summing element. 
This paper presents a novel approach to the cooperation 
between a three-level inverter and a two-level inverter. In 
contrast to earlier solutions based solely on two-level 
inverters, the proposed system enables higher power 
transfer, reduced THD, and offers additional control 
capabilities. 
 
2. The concept of orthogonal vectors in the 

control of a set of voltage inverters 

 
The theory of orthogonal vectors was developed on the 
assumption that both inverters, i.e. the main inverter (MI) 
and the auxiliary inverter (AI), are three-phase two-level 
inverters. Therefore, each of these inverters generates the 
same number of spatial vectors, but these are phase-shifted 
by an angle of π/2 relative to one another. 
The basic block diagram of the OVT inverter is presented 
in Figure 1. The operating principle and performance 
characteristics of this inverter have been described in 
[14,21]. In this configuration, the main inverter is capable 
of generating 32 space voltage vectors of comparable 
magnitude. 

 
Fig. 1. Schematic diagram of the OVT inverter, where:  

SN – summing node, MR – main rectifier. 
 

The individual inverters are connected through a system of 
single-phase transformers and supplied from a common DC 
voltage source. A key element of the topology is the 
summing node implemented using three single-phase 
transformers. The main inverter and the load are connected 
in a star configuration, whereas the auxiliary inverter is 
connected in a delta arrangement. As a consequence, the 
phase voltage of the main inverter is influenced by the line-
to-line voltage generated by the auxiliary inverter. 
Next figure 2 determines the rule of vector creation. The 
vectors are denoted as: 
 VMIm — the main inverter voltage vector with m number 

of vectors, 
 VAIn —the auxiliary inverter voltage vector with n 

number of vectors,, 

 VOVTk — the OVT inverter voltage vector with k 
number of vectors. 

In the case of the original configuration, consisting of two 
identical three-phase and two-level voltage inverters, each 
of them allowed to generate 6 non-zero space vectors, 
which meant that m = n.  

 
Fig.2. The formation concept of vectors VOVTk. 

 
In every of six k-sectors of the stationary coordinate system 
plane (α, β) the OVT inverter generates a sequence of three 
voltage vectors: V_(OVT-), V_OVT, V_(OVT+), assigned 
to the k-th sector of the plane (α, β). The order of generation 
is described in equation (1): 
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The symbol k⊕3 denotes the modulo 6 sum of the index k 
and the number 3. Assuming that m=n=6, the number  
k = 18. Expression (1) illustrates a control method based on 
the principle of orthogonal vector summation. In the 
stationary coordinate system (α, β) the active vectors of the 
component inverters are described by expressions (2). 
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According to equations (1, 2), the output space vectors of 
the OVT orthogonal converter are given by relations (3). 
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Figure 3 shows the space vectors for the MI and AI 
inverters when both inverters are three-phase, two-level 
voltage-source inverters. In this case, all active space 
vectors are equal one to another. 
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Fig.3. The spacer vectors VMIm and VAin, when both inventers are 

three-phase, two-level voltage-source inverters. 
 
Figure 4, on the other hand, shows the space vectors of the 
MI and AI inverters in a scenario where the MI inverter is 
a three-phase, three-level voltage-source inverter and the 
AI inverter is a three-phase, two-level voltage-source 
inverter. In this case, there has been a significant change in 
the space vectors for the MI inverter. In a three-level 
inverter, a greater number of space vectors of varying 
lengths can be generated. In the new inverter configuration, 
the number of space vectors for the MI and AI inverters is 
no longer equal and satisfies the inequality m > n. The 
remainder of this paper will consider precisely this new 
configuration of three-phase voltage-source inverters with 
different numbers of levels. 

 
Fig.4. The spacer vectors VMIm and VAin when one inverter is  

a three-level and the other is a two-level voltage inverter. 
 

Figures 5 and 6 show the space vectors of both inverters 
and sample orthogonal vectors. Figures 5 and 6 also 
illustrate the vector switching sequence, from which it can 
be concluded that not all space vectors can be included in 
the control process, e.g., vectors marked MI7, MI8, MI9, 
MI10, MI11, MI12, etc., because they are not orthogonal to 
the auxiliary vector. Only the longest vectors (MI13, MI14, 
MI15, MI16, MI17, MI18) are considered in the control, 
which are also orthogonal to the auxiliary vectors, i.e., AI1, 
AI2, AI3, AI4, AI5, and AI6. Figures 5 and 6 also show 
that, for the MI inverter, shorter vectors can be 
distinguished from the longest vectors, which are ignored 
in the control. Further analysis may reveal that these can 
also be utilised, but at the current stage of work, the control 
focuses on the longest vectors, which ensure the highest 
efficiency of the OVT inverter. 

 
Fig.5. The formation concept of vectors VOVTk – step 1. 

 

 
Fig.6. The formation concept  of vectors VOVTk– step 2. 

 

Paper [22] describes a control strategy for a system 
comprising two three-phase inverters, where MI is a three-
level inverter and AI is a two-level inverter, using standard 
space vectors for three-level and two-level inverters. A 
vector map showing the states of the transistor switches in 
the MI and AI inverters for phases a and b is shown in 
Figure 7. This control strategy requires as many as 36 state 
vectors for each inverter to obtain the voltage waveforms 
shown in Figure 11. 
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Fig.7. The vector map used for the control strategy of the 

inverters system described in [22]. 
 
A simplified version of the control strategy was also 
considered, in which the three-level inverter is controlled 
in a manner similar to that of a two-level inverter.  

This control strategy (Fig. 8) significantly reduced the 
number of vectors required, while simultaneously enabling 
the inverter to produce phase and interphase output 
voltages characterized by low THD. In this case, only 18 
state vectors are considered in the control strategy. 

 
Fig.8. A vector map used for a simplified control strategy  

for the inverter system. 
 
3. Inverter system model and simulation 

studies 
 
To compare the control strategy described in [22] with its 
simplified version, a simulation model was constructed in 
PLECS, as shown in Figure 9. In the simulation model, a 
DC supply voltage of 400 V and a load of Ro= 10 Ω and 
Lo = 10 mH were assumed. For testing purposes, a voltage 
frequency of 50 Hz was assumed.
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Fig. 9.  A set of three-phase inverters, of which MI is a three-level inverter and AI is a two-level inverter. 

 
An important element of the configuration is the summing 
node, which consists of single-phase transformers shown in 
Figure 10. A star connection is used on the MI inverter and 
load sides, and a delta connection on the AI inverter side. 
This node design ensures orthogonal voltages between the 
MI and AI inverters. 

 

 
Fig.10. A summing node enabling the coordination of inverters of 

different levels. 
 

Figure 11 shows the waveforms of selected voltages 
obtained for the control strategy described by the vector 
map shown in Figure 7.  

Fig.11 The waveforms of selected voltages obtained for the 
control strategy described by the vector map shown in Figure 7. 
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Figure 12, on the other hand, shows the amplitude spectra 
of the voltage waveforms from Figure 11. The spectra were 
calculated up to the 50th harmonic, in accordance with the 
standards. The same range was maintained in the other 
amplitude spectra. 

 

Fig.12. The amplitude spectra of the voltage waveforms from 
Figure 11. 

 

Figure 13 shows the waveforms of selected voltages for the 
control strategy described by the vector map shown in 
Figure 8.  

 

Fig.13. The waveforms of selected voltages obtained for the 
control strategy described by the vector map shown in Figure 8. 

 

As before, Figure 14 shows the amplitude spectra of the 
voltage waveforms from Figure 13. 

 

Fig.14. The amplitude spectra of the voltage waveforms from 
Figure 13. 

 
In Figures 11 and 13, the comparison of the phase voltage 
waveforms UMI_a and UOVT_a and the set of phase-to-
phase voltages UMI_ba and UOVT_ba appears 
particularly interesting. Table 1 presents a summary of 
parameters such as RMS and THD for the significant 
voltages resulting from the connection of the complex 
inverter. 
 

Table I. - Summary of RMS and THD values for selected 
voltages obtained using both control strategies 

 

Parameters 
Vectors 1 (Figure 7) Vectors 2 (Figure 8) 
RMS THD RMS THD 

UMI_a 167.3 18.4 177.0 30.0 
UOVT_a 169.9 13.3 184.0 9.3 
UMI_ba 289.7 17.9 306.7 29.0 
UOVT_ba 294.3 13.8 318.7 9.4 

 
The simplification of the control strategy for the complex 
voltage inverter shows that it was a positive step towards 
increasing the efficiency of voltage conversion, as 
evidenced by the increase in the RMS value and the 
reduced THD content in the phase and interphase voltages 
generated at the output of the complex inverter. 
 
4.  Conclusion 
 
The developed control concept for a system of three-phase 
inverters forming an inverter based on orthogonal vectors 
proves to be useful in many respects. Unlike the original 
concept, which involved a system of two inverters of the 
same type, the study demonstrated that it is also applicable 
to inverters of different types, such as three-level and two-
level inverters. 
The use of a simplified control strategy has resulted in 
phase and interphase voltages with a higher RMS value 
and a lower level of higher harmonics, as represented by 
THD. The use of a three-phase three-level inverter as the 
main inverter has provided greater control capabilities – 
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this inverter allows for the generation of a larger number of 
spatial vectors. Findings from the research indicate that an 
even better effect, manifested through more effective 
utilisation of the three-level inverter’s properties, can be 
achieved by separating the intermediate circuits and 
providing a lower supply voltage for the two-level inverter 
and a higher supply voltage in the intermediate circuit for 
the three-level inverter.   
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