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 A three-phase four-leg bidirectional power converter used as an input stage of 

an energy storage system using the inductance (L), capacitance (C), and 

inductance (L) or LCL filter on the grid side is considered. The article 

provides a variant of the three-phase four-leg bidirectional converter control 

system implementation based on 3D space vector pulse-width modulation and 

per-phase voltage control. A brief analysis of the applied control algorithms 

of the three-phase four-leg bidirectional converter in inverter and rectifier 

modes is given. A computer model has been built to investigate the operating 

modes of the converters of the designated class with both balanced and 

unbalanced load. Studies were carried out by computer modeling methods in 

order to optimize the parameters of the LCL filter on the grid side with 

bidirectional energy exchange. Optimal LCL filter parameters and modulation 

frequencies are determined for the developed converter, providing acceptable 

quality indicators when operating in bidirectional mode. 
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1. INTRODUCTION 

At present, there is an active development of alternative energy based on photovoltaic plants, and 

wind generators, as part of microgrid or distributed generation grids [1]–[4]. Studies [5], [6] show that for the 

sustainable operation of microgrid based on renewable energy sources, where energy storage system must be 

a necessary element of the control system, which according to [5] solves at least the following main functions: 

i) Increasing the limits of static and dynamic stability by compensating for sudden voltage drops caused by the 

use of renewable energy sources; ii) Suppression of fluctuations in the active and reactive components of load 

power; and iii) Ensuring of uninterrupted power supply (UPS) to own needs and especially essential consumers. 

Comparative analysis of batteries is a separate direction of modern research [7]–[10], as well as structures of 

energy storage systems and energy exchange control systems [11]–[13]. 

This paper discusses an UPS that can provide power to both single-phase and three-phase consumers. 

The general diagram of the UPS shown in Figure 1(a), close to that given in [14], [15], is considered. The 

converter under investigation Figure 1(b) consists of the following main elements: battery, isolated 

bidirectional DC-DC converter, for example in [16]–[18] bidirectional AC-DC converter, inductance (L), 

capacitance (C), and inductance (L) or LCL-filter providing electromagnetic compatibility of UPS with the 

grid and load. 

https://creativecommons.org/licenses/by-sa/4.0/
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(a) (b) 

 

Figure 1. Electrical diagram of (a) power part and (b) UPS 

 

 

A distinctive feature of the UPS in paper is the usage of a three-phase four-leg converter (3F4LC) as 

a bidirectional AC-DC converter, which provides both power to single-phase/three-phase consumers when the 

battery is discharging and constant voltage stabilization at the input of the DC-DC converter when it is 

charging. The subject of the article is a 3F4LC when operating in both inverter and rectifier modes. This 

element of the UPS has an important functional purpose and in addition, provides many quality indicators, for 

example: low voltage total harmonic distortion (THD) when operating in inverter mode, high power factor and 

low level of DC voltage pulsations in rectifier mode [15]. To date, a number of studies of such bidirectional 

converters are known for use in various applications, for example, as a shunt active power filter [19] including 

for operation as part of UPS. One of the most in-depth studies can be called [20], where on the basis of more 

than 400 sources different versions of structures, algorithms of space-vector pulse-width modulation 

(SVPWM), control and application of these converters are presented. Based on the analysis given in [20] and 

the power of the converter under investigation (up to 20 kW), it is proposed to investigate control algorithms 

on the example of the simplest two-level structure. 

From the point of view of controlling a 3F4LC, the vast majority of publications are devoted to control 

in inverter mode, when the converter must provide power to a three-phase unbalanced and/or non-linear load 

when operating in autonomous mode. For example, [21] provides a number of works in which different 

coordinate systems are used for the designated class of converters for control to represent voltages and currents 

and accordingly, different types of current and voltage loop control: hysteresis control, finite-dimensional 

control with predictive model, control in sliding mode, proportional-integral, and proportional-resonance 

regulators. The closest to the control system developed in the model are algorithms with per-phase control of 

the converter [22], [23]. When the 3F4LC operates in rectifier mode, there is significantly less work. For 

example, publications [24], [25] are known. At the same time algorithms of control of three-phase three-leg 

active voltage rectifiers are developed quite well. Thus, algorithms with voltage vector orientation are most 

known [26] and direct power control [27]. The work proposes to develop a control algorithm based on a vector 

algorithm with voltage vector orientation, used in three-phase three-leg converters, taking into account 

adaptation to a four-leg structure. 

The work is dedicated to the parametric study using computer modeling of the behavior of the 3F4LC 

when varying the parameters of the LCL filter and modulation frequency in order to optimize the mass and 

size characteristics of the converter while maintaining high power quality. Although there are relatively 

formalized methods for calculating the parameters of the LCL filter in both three-phase three-wire [28], [29], 

and four-wire systems [30], their application is somewhat heuristic. In many studies, the choice of parameters 

is primarily based on the requirements for filtering current and voltage, i.e., separating the frequency of the 

main harmonic of the generated voltage and the frequencies modulated by SVPWM, sometimes minimizing 

the pulsations of the DC link voltages and the battery charging current. However, the LCL filter provides not 

only filtering properties but also the potential for power factor correction and voltage control in rectifier mode 

due to energy storage in inductance. It should be taken into account that these same parameters determine the 

settings of the control system regulators and their achievable speed of response. Thus, it turns out that setting 

the parameters of the LCL filter is a task of multiparametric optimization, possessing significant complexity 

for analytical study. Therefore, the work presents a procedure for parametric modeling, taking into account the 

simplest control algorithms in different operating modes of the 3F4LC: inverter mode with symmetric and 

asymmetric load; and rectifier mode with balanced and unbalanced grid. The presented procedure allowed for 

the selection of optimal values of LCL filter parameters under conditions allowing variation of modulation 

frequency. 
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Thus, section 2 provides a mathematical description and models of a 3F4LC, as well as implemented 

computer models of control algorithms. In order to implement converter control algorithms when operating in 

inverter and rectifier modes, the algorithm of 3D SVPWM is also considered. In section 3, the effect of LCL 

filter parameters on the quality indicators of the 3F4LC is investigated when operating in inverter mode (THD 

of the generated current) and in rectifier mode (THD of the current consumed from the grid). Based on the 

results of mathematical modeling, conclusions are drawn about optimal values of LCL filter parameters 

providing bidirectional energy exchange. 

 

 

2. THREE-PHASE FOUR-LEG CONVERTER CONTROL SYSTEM MODEL 

The article discusses the control issues of 3F4LC operating in two different modes. The electrical 

diagram for the analysis of the inverter mode is shown in Figure 2(a), for the rectifier mode is shown 

in Figure 2(b). Both the load and the grid can generally may be unbalanced. In the electrical circuit of the power 

part of the converter, the following designations are introduced: VT1-VT8–power transistors, the state of which 

can be described by switching functions (if Sx=0, where x{a,b,c,n}, the transistor of the odd group of the 

corresponding phase is in the conducting state, and even in the non-conducting state, and vice versa at Sx=1); 

rLf1, Lf1, rLf2, and Lf2 are the active and inductive resistance of the LCL filter choke on the converter and the grid 

side, respectively; rCf – current limiting resistance of capacitor; Cf – capacitance of LCL filter capacitor; rn and 

Ln are the active and inductive resistance of the choke in the neutral; Va, Vb, Vc, and Vn – potentials of middle 

points of the corresponding half-bridges of inverter; VA, VB, VC, and VN – voltage potentials at load; iabc, iABC, 

and iCabc – three-phase currents through the choke (ia, ib, and ic), load currents (iA, iB, and iC) and capacitor 

currents (iCa, iCb, and iCc) of the LCL filter; in – neutral current; Vdc – DC voltage source; Cdc – DC link 

capacitance; uA, uB, and uC are the three-phase grid voltages that can be both symmetrical and unsymmetric; 

Z – unbalanced three-phase load; and ZL is the load of the rectifier. 

 

 

 
(a) 

 
(b) 

 

Figure 2. Electrical diagram of power part of 3F4LC during operation in two modes: 

(a) inverter and (b) rectifier 

 

 

2.1. Forming 3D PWM in αβγ coordinates 

For independent generation of voltage of separate phases of 3F4LC during operation in inverter mode 

for unbalanced load (at unbalanced grid during operation in rectifier mode) 3D SVPWM is used, which has been 

developed and investigated in many works [31]–[35]. In the case of a 3F4LC, the balance conditions  

−VAN +VBN +VCN = 0 may be disturbed. In this case, it is also possible to perform a transformation to an orthogonal 

fixed coordinate system, but no longer two, but three-phase in space αβγ, defined in this case by Clarke 

transformation. For the 3F4LC shown in Figure 2, depending on the state of the power transistors VT1-VT8 

determined by the switching function Sx, 16 basic voltage vectors shown in Figure 3(a) in αβγ space using Clarke 

transformation; Figure 3(b) projections of vectors on plane αβ and AB, respectively; and Figure 3(c) in ABC 

space. In addition, Table 1 [31] shows the correspondence of the states of the power transistors described by the 

generalized switching function (in Sa Sb Sc Sn format), vectors and voltage values in relative units obtained by 

dividing by voltage Vdc. 
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(a) (b) (c) 

 

Figure 3. Position of 16 basic voltage vectors in space: (a) in space αβγ; (b) projections of vectors on plane 

αβ and AB, respectively; and (c) in ABC space 
 

 

Table 1. Correspondence of states/vectors and voltages of 3F4LC 

States (SaSbScSn) Vectors Va, pu Vb, pu Vc, pu Vα, pu Vβ, pu Vγ, pu 

0000 V0 0 0 0 0 0 0 

0001 V1 −1 −1 −1 0 0 −1 

0010 V2 0  1 −1/3 −√3/3 1/3 

0011 V3 −1 −1 0 −1/3 −√3/3 −2/3 

0100 V4 0 1 0 −1/3 √3/3 1/3 

0101 V5 −1 0 −1 −1/3 √3/3 −2/3 

0110 V6 0 1 1 −2/3 0 2/3 

0111 V7 −1 0 0 −2/3 0 −1/3 

1000 V8 1 0 0 2/3 0 1/3 

1001 V9 0 −1 −1 2/3 0 −2/3 

1010 V10 1 0 1 1/3 −√3/3 2/3 

1011 V11 0 −1 0 1/3 −√3/3 −1/3 

1100 V12 1 1 0 1/3 √3/3 2/3 

1101 V13 0 0 −1 1/3 √3/3 −1/3 

1110 V14 1 1 1 0 0 1 

1111 V15 0 0 0 0 0 0 

 

 

When considering the basic voltage vectors in space αβγ their projection onto the αβ plane is a regular 

hexagon divided into six sectors, as in the case of a three-phase three-leg converter. However, the procedure of 

forming 3D SVPWM is a more laborious process because each sector shown on the αβ plane in space defines a 

triangular prism containing four tetrahedrons whose faces are formed by space vectors in the prism. In the case 

of a 3F4LC, there are 24 combinations of three non-zero and one/two zero vectors. In general, the 3D SVPWM 

generation process consists of the following main steps: i) Converting a given vector from ABC to αβγ using the 

Clarke transform; ii) Determining a prism and a tetrahedron within which a predetermined transformed voltage 

vector is located; and iii) Determining the transistor switching sequence and the on time of each vector defining 

the vertices of the selected tetrahedron. 

The procedure for selecting the desired tetrahedron in the αβγ space is intensive and poorly 

formalized. At the same time, [31] shows that the selection of vectors defining tetrahedrons in ABC space can 

be carried out quite simply on the basis of comparison of setting voltages instantaneous values for individual 

phases, as shown in Table 2 [31]–[36]. The set of vectors required to form a reference vector does not depend 

on the selection of the coordinate system. According to [36], with a known tetrahedron, the relative start times 

of each non-zero state is defined as (1). 
 

[𝑑1 𝑑2 𝑑3]
𝑇 = 𝑇𝑑 𝑉𝑑𝑐⁄ [𝑉𝛼

𝑟𝑒𝑓
 𝑉𝛽
𝑟𝑒𝑓
 𝑉𝛾
𝑟𝑒𝑓
]
𝑇

 (1) 

 

Where d1, d2, and d3 are relative inclusion times of non-zero vectors corresponding to tetrahedron 

faces; Td is a transformation matrix individual for each tetrahedron and defined in Table 2; Vα
ref, Vβ

ref, and Vγ
ref 

are projections of a reference voltage vector on the axis of a three-phase orthogonal αβγ coordinate system. 

The relative inclusion time of the zero vectors d0 is determined considering as (1) as d0 = 1− d1 −d2 − d3. When 

implementing the 3D SVPWM algorithm, a symmetric sequence of inclusion of vectors within one SVPWM 

period is used in the computer model. 
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Table 2. Determination of a tetrahedron by the ratio of specified voltages 
Tetrahedron Condition Td Tetrahedron Condition Td 

T(V1, V3, V7) 0 ≥ Vс ≥ Vb ≥ Va 

[

1/2 √3/2 −1

0 −√3 0

−3/2 √3/2 0

] 

T(V4, V5, V7) Vb ≥ 0 ≥ Vc ≥ Va 

[

−1/2 √3/2 1

1/2 √3/2 −1

−3/2 −√3/2 0

] 

T(V1, V3, V11) 0 ≥ Vс ≥ Va ≥ Vb 

[

1/2 √3/2 −1

−3/2 −√3/2 0

3/2 −√3/2 0

] 

T(V4, V5, V13) Vb ≥ 0 ≥ Va ≥ Vc 

[
−1/2 √3/2 1
−1 0 −1

3/2 √3/2 0

] 

T(V1, V5, V7) 0 ≥ Vb ≥ Vc ≥ Va 

[

1/2 −√3/2 −1

0 √3 0

−3/2 −√3/2 0

] 

T(V4, V6, V7) Vb ≥ Vc ≥ 0 ≥ Va 

[
0 √3 0

−1/2 −√3/2 1
−1 0 −1

] 

T(V1, V5, V13) 0 ≥ Vb ≥ Va ≥ Vc 

[

1/2 −√3/2 −1

−3/2 √3/2 0

3/2 √3/2 0

] 

T(V4, V6, V14) Vb ≥ Vc ≥ Va ≥ 0 

[
0 √3 0

−3/2 −√3/2 0
1 0 1

] 

T(V1, V9, V11) 0 ≥ Va ≥ Vc ≥ Vb 

[

−1 0 −1

3/2 √3/2 0

0 −√3 0

] 

T(V4, V12, V13) Vb ≥ Va ≥ 0 ≥ Vc 

[
−3/2 √3/2 0
1 0 1

1/2 √3/2 −1

] 

T(V1, V9, V13) 0 ≥ Va ≥ Vb ≥ Vc 

[

−1 0 −1

3/2 −√3/2 0

0 √3 0

] 

T(V4, V12, V14) Vb ≥ Va ≥ Vc ≥ 0 

[

−3/2 √3/2 0

3/2 √3/2 0

−1/2 −√3/2 1

] 

T(V2, V3, V7) Vc ≥ 0 ≥ Vb ≥ Va 

[

−1/2 −√3/2 1

1/2 −√3/2 −1

−3/2 √3/2 0

] 

T(V8, V9, V11) Va ≥ 0 ≥ Vc ≥ Vb 

[

1 0 1

1/2 √3/2 −1

0 −√3 0

] 

T(V2, V3, V11) Vc ≥ 0 ≥ Va ≥ Vb 

[
−1/2 −√3/2 1
−1 0 −1

3/2 −√3/2 0

] 

T(V8, V9, V13) Va ≥ 0 ≥ Vb ≥ Vc 

[

1 0 1

1/2 √3/2 −1

0 √3 0

] 

T(V2, V6, V7) Vc ≥ Vb ≥ 0 ≥ Va 

[
0 −√3 0

−1/2 √3/2 1
−1 0 −1

] 

T(V8, V10, V11) Va ≥ Vc ≥ 0 ≥ Vb 

[

3/2 √3/2 0

−1/2 −√3/2 1

1/2 −√3/2 −1

] 

T(V2, V6, V14) Vc ≥ Vb ≥ Va ≥ 0 

[
0 −√3 0

−3/2 √3/2 0
1 0 1

] 

T(V8, V10, V14) Va ≥ Vc ≥ Vb ≥ 0 

[

3/2 √3/2 0

0 −√3 0

−1/2 √3/2 1

] 

T(V2, V10, V11) Vc ≥ Va ≥ 0 ≥ Vb 

[
−3/2 −√3/2 0
1 0 1

1/2 −√3/2 −1

] 

T(V8, V12, V13) Va ≥ Vb ≥ 0 ≥ Vc 

[

3/2 −√3/2 0

−1/2 √3/2 1

1/2 √3/2 −1

] 

 

 

2.2. General description of per-phase voltage control system of three-phase four-leg voltage source 

inverter 

To obtain a mathematical model of a three-phase four-leg voltage source inverter (3F4L VSI),  

Figure 4 shows a diagram of one phase of its output circuit and we assume that rLf2 and Lf2 are included in the 

ZA load to simplify calculations. The voltage balance equation written for one phase using Kirchhoff's voltage 

law can be represented by (2). 

 

𝑢𝑎𝑛 = 𝑟𝐿𝑓𝑖𝑎 + 𝐿𝑓
𝑑𝑖𝑎

𝑑𝑡
+ 𝑢𝐴𝑁 − 𝑟𝑛𝑖𝑛 − 𝐿𝑛

𝑑𝑖𝑛

𝑑𝑡
 (2) 

 

Where 𝑢𝑎𝑛 = 𝑉𝑎 − 𝑉𝑛–potential difference of middle point of phase A half-bridge of 3F4L VSI and half-bridge 

of neutral-forming conductor; 𝑢𝐿𝑓 = 𝑟𝐿𝑓𝑖𝑎 + 𝐿𝑓(𝑑𝑖𝑎 𝑑𝑡⁄ )–voltage drop across the filter choke LCL from the 

inverter side; 𝑢𝐴𝑁 – voltage drop at one load phase (including 𝑢𝐿𝑓2 = 𝑟𝐿𝑓2𝑖𝑎 + 𝐿𝑓2(𝑑𝑖𝑎 𝑑𝑡⁄ ));  𝑢𝐿𝑛 = 𝑟𝑛𝑖𝑛 +

𝐿𝑛(𝑑𝑖𝑛 𝑑𝑡⁄ ) – voltage drop at the neutral current limiting choke. Using Kirchhoff's law of currents, you can 

also write (3). 

 

𝑖𝐶𝑎 = 𝑖𝑎 − 𝑖𝐴  ⇒  𝐶𝑓
𝑑𝑢𝐶𝐴

𝑑𝑡
= 𝑖𝑎 − 𝑖𝐴 (3) 

 

Where 𝑢𝐶𝐴 is the voltage drop across the filter capacitor LCL similar to (2) and (3), a general mathematical 

description of a 3F4L VSI can be made taking into account the active resistance of the filter capacitor LCL. 
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Figure 4. Electrical diagram of one phase of 3F4L VSI 
 

 

Thus, the mathematical model of the 3F4L VSI in terms of control theory is a multi-coupled multiple 

input and multiple output (MIMO) system. The system that shown in (4) can be represented by a system of 

differential equations of six independent state variables, as which it is convenient to take three-phase systems of 

currents through the choke and voltages on the LCL filter capacitor. In this case, the purpose of the control is to 

stabilize voltages at individual load phases under conditions of uncertainty of nature (active and/or active-reactive, 

single-phase and/or three-phase, and linear and/or non-linear) and load values within the available power. Since 

the regulation of an interconnected MIMO system is of considerable complexity, approaches to transforming the 

mathematical description in such a way as to proceed to the consideration of three independent single-input  

single-output (SISO) systems are considered. Next, consider the option of switching to a SISO system in  

order to implement per-phase load voltage control of the 3F4L VSI. To switch to the isolated mathematical  

model of the 3F4L VSI according to [21], a description in state space is drawn up, provided that the  
𝐿𝑛 = 𝐿𝑓1 2⁄ = 𝐿 2⁄ , 𝑟𝐶𝑓 = 𝑟𝐿𝑓 = 𝑟𝑛 = 𝑅, of the type. 

 

{
 
 

 
 [

𝑢𝑎𝑛
𝑢𝑏𝑛
𝑢𝑐𝑛

] = [

𝑢𝐴𝐺
𝑢𝐵𝐺
𝑢𝐶𝐺

] + 𝑟𝐿𝑓 [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + 𝐿𝑓
𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] − 𝑟𝑛 [
𝑖𝑛
𝑖𝑛
𝑖𝑛

] + 𝐿𝑛
𝑑

𝑑𝑡
[
𝑖𝑛
𝑖𝑛
𝑖𝑛

]

𝐶𝑓
𝑑

𝑑𝑡
[

𝑢𝐶𝐴
𝑢𝐶𝐵
𝑢𝐶𝐶

] = [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] − [
𝑖𝐴
𝑖𝐵
𝑖𝐶

] 

 (4) 

 

Where 𝐱 = [𝑖𝑎 𝑢𝐶𝐴 𝑖𝑏 𝑢𝐶𝐵 𝑖𝑐 𝑢𝐶𝐶]
𝑇 ∈ 𝑅6 is a vector of variables of a state as which the three-

phase currents through a choke and voltage on the LCL filter capacitor, i.e. are accepted 𝐮 =
[𝑢𝑎𝑛 𝑢𝑏𝑛 𝑢𝑐𝑛]𝑇 ∈ 𝑅3 is the input vector represented by the potential difference between the mid-points of 

the half-bridges of the 3F4L VSI and the mid-point of the neutral half-bridge; w = [𝑖𝐴 𝑖𝐵 𝑖𝐶]
𝑇 ∈ 𝑅3 is a 

vector of disturbances represented by load currents. In [21], it is proposed to proceed to the consideration of 

three SISO systems by compensating for cross-links between phases. As can be seen from the system in (5), 

each derivative of the phase choke current of the 3F4L VSI depends only on this current itself and the voltages 

on all three capacitors of the LCL filter. 

 

ẋ =

[
 
 
 
 
 
 
 
 
 
−2𝑅

𝐿

−4

5𝐿
0

1

5𝐿
0

1

5𝐿
1

𝐶𝑓
0 0 0 0 0

0
1

5𝐿

−2𝑅

𝐿

−4

5𝐿
0

1

5𝐿

0 0
1

𝐶𝑓
0 0 0

0
1

5𝐿
0

1

5𝐿

−2𝑅

𝐿

−4

5𝐿

0 0 0 0
1

𝐶𝑓
0
]
 
 
 
 
 
 
 
 
 

x +

[
 
 
 
 
 
 
4

5𝐿

−1

5𝐿

−1

5𝐿

0 0 0
−1

5𝐿

4

5𝐿

−1

5𝐿

0 0 0
−1

5𝐿

−1

5𝐿

4

5𝐿

0 0 0 ]
 
 
 
 
 
 

u +

[
 
 
 
 
 
 
 
 
 
4𝑅

5𝐿

−1𝑅

5𝐿

−1𝑅

5𝐿
−1

𝐶𝑓
0 0

−𝑅

5𝐿

4𝑅

5𝐿

−𝑅

5𝐿

0
−1

𝐶𝑓
0

−𝑅

5𝐿

−𝑅

5𝐿

4𝑅

5𝐿

0 0
−1

𝐶𝑓 ]
 
 
 
 
 
 
 
 
 

w (5) 

 

[

𝑢𝑎𝑛
𝑢𝑏𝑛
𝑢𝑐𝑛

] =  [

𝑢𝑎𝑛
𝑟𝑒𝑓

+ 𝑘1𝑢𝐶𝐵 + 𝑘2𝑢𝐶𝐶

𝑢𝑏𝑛
𝑟𝑒𝑓

+ 𝑘3𝑢𝐶𝐴 + 𝑘4𝑢𝐶𝐶

𝑢𝑐𝑛
𝑟𝑒𝑓

+ 𝑘5𝑢𝐶𝐴 + 𝑘6𝑢𝐶𝐵

]  

 

At the same time derivative of choke current of any phase does not depend on currents of other phases. 

Under these conditions, it is proposed to generate a control effect u so as to compensate for the voltages of the 

LCL filter capacitors in other phases. Where 𝑘1 = 𝑘2 = 𝑘3 = 𝑘4 = 𝑘5 = 𝑘6 = −1 3⁄  – coefficients that 

provide compensation for cross-links between phases; 𝑢𝑎𝑛
𝑟𝑒𝑓

, 𝑢𝑏𝑛
𝑟𝑒𝑓

, and 𝑢𝑐𝑛
𝑟𝑒𝑓

 – reference values of inverter output 
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voltages ensuring stabilization of load voltages. Based on the mathematical description [21], the control system 

given in Figure 5 is proposed, where the following designations are introduced: voltage sensor (VS); proportional-

integral (PI) regulator; proportional (P) regulator; αβ → dq and dq → αβ – coordinate transformations; 𝜔𝑡𝑘 – 

instantaneous phase value of capacitor voltage of corresponding phase k (k ∈ {A, B, C}); 𝑢𝑘𝑑, 𝑢𝑘𝑞, and 𝑢𝑘𝛼, 

𝑢𝑘𝛽– an analogue of the projection of the voltage vector for the corresponding phase on the axis of the rotating 

and fixed coordinate system, respectively. 

 

 

 
 

Figure 5. Functional diagram of 3F4L VSI control system 

 

 

The control system [23] has a feature that is that the single-phase voltage control circuit is made in 

the rotating dq coordinate system. To obtain phase voltage projections on the axis of this coordinate system, a 

known Park transform applied to three-phase voltage systems is generally used. In this case, Park 

transformation allows to convert the initial system of three-phase signals changing according to harmonic law 

to the system of two constant signals for which there are developed methods of synthesis of control algorithms 

and adjustment of their parameters. Since the control system under consideration is built separately for each 

phase, it is not possible to use the Park transformation directly to obtain 𝑢𝛼 and 𝑢𝛽. It is proposed to obtain 

these components artificially using one of the modifications of the second-order generalized integrator with 

phase-locked loop (SOGI-PLL). The use of SOGI-PLL makes it possible to generate a signal shifted from the 

input by 90 electronic degrees, the same amplitude and frequency. Output voltage is controlled by means of 

PI-regulator by obtained phase voltages in projections on axis of rotating dq coordinate system. PI controllers 

in the rotating coordinate system ensure the equality of 𝑢𝑘𝑑  and 𝑢𝑘𝑞 components, given 𝑢𝑑
𝑟𝑒𝑓
 and 𝑢𝑞

𝑟𝑒𝑓
 values, 

which can be obtained by applying the Park transformation directly to the desired 𝑢𝐴𝐵𝐶 voltage system. In this 

case, the 𝑢𝑑
𝑟𝑒𝑓
 will correspond to the amplitude value of the generated voltage, and the 𝑢𝑞

𝑟𝑒𝑓
 will be zero. 

Output of PI-regulator will be used as setting action for P-regulator of current in fixed coordinate 

system of αβ. A voltage setting signal of a separate phase is generated at the output of the P-current regulator. 

At the same time, a signal is additionally added to the output of the P-regulator, which allows to compensate 

for the presence of cross-links. The article conducted a study of the operability of the given algorithm at 

balanced and unbalanced load. Values of parameters of control system regulators and simulation diagrams are 

given in Table 3. The results of modeling are given in Figure 6(a) without control system and in  
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Figure 6(b) with control system. In the initial state, the inverter operates on a three-phase balanced load with a 

nominal phase voltage of 220 V at 50 Hz and active power of 10 kW. Then, at a time of 0.5 s, a single-phase 

load of 10 kW of active power is added parallel to phase A, and at 0.6 s, a load with an active (20 kW) and 

reactive (10 kVAR) power is added to phase C. 
 

 

Table 3. Parameters of control system and simulation circuit by 3F4L VSI 
Regulator Parameters Value 

SOGI Proportional component 0.8  

SOGI-PLL Proportional/integral component 10 30 

Voltage PI-regulator Proportional/integral component 0.2 30 

Saturation of integral component ± 350  

Current P-regulator Proportional component 1  

LCL-filter Inductive resistance of the inverter/grid side choke, L 400 uH 

Active resistance of the inverter/grid side choke, R 10 mOhm 

Capacitance of capacitor, C 10 uF 

Active resistance of capacitor, R 10 Ohm 

Battery Nominal voltage, V 550 V 

 

 

  
(a) (b) 

 

Figure 6. Comparison of operation of 3F4L VSI (a) without control system and (b) with control system 
 

 

2.3. Description of three-phase four-leg rectifier 

When compiling a computer model, a classic three-phase three-leg converter control system described, 

for example, in [37] is used as a basic structure. In order to adapt it to the four-leg scheme, it is necessary to draw 

up a mathematical description in a natural coordinate system according to a method similar to that used in 

subsection 2.2, after which the Park transformation is carried out to an orthogonal rotating coordinate system. 

However, unlike [37], where the mathematical model of the three-phase active rectifier is reduced to fa two-phase 

orthogonal coordinate system, in the investigated case four-leg rectifier model is reduced to a three-phase rotating 

orthogonal system dq0, where the projection on the 0 axis is not equal to zero. In this case, it is proposed to use, 

by analogy with [25], an additional independent current circuit with a regulator, the purpose of which is to 

minimize the 𝑖0 → 0 current component. Figure 7 shows the functional diagram of the modified three-phase four-

leg active voltage rectifier (3F4L AVR) control system taking into account the current control circuit of the 

projection on the zero axis, where the following designations are introduced: ABC → dq0 and dq0 → ABC – 

direct and reverse conversion of state variables from the natural coordinate system to the rotating and back; PIv – 

proportional-integrating voltage regulator; and proportional-integrating current (PIc) regulator. 

Control system of 3F4L AVR is built according to subordinate control principle and has current and 

voltage circuit. Internal current circuit sets dynamics of transient processes of 𝑖𝑑, 𝑖𝑞, and 𝑖0 and limits maximum 

value of current consumed from grid. The external voltage circuit stabilizes the level of the output rectified 

voltage. Setting up these regulators is not subject to article consideration. Parameters of 3F4L AVR control 

system are given in Table 4. The results of modeling are given in Figure 8(a) with control system  

and in Figure 8(b) without control system. Both models are studied in two modes: when operating with a 

balanced grid (in two different mode in case with control: 500 V and 550 V in the DC link); operating with 

unbalanced grid. 
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Figure 7. Functional diagram of the control system of the 3F4L AVR 
 

 

  
(a) (b) 

 

Figure 8. Comparison of operation of 3F4L AVR (a) with control system and (b) without control system 
 

 

Table 4. Control system parameters and 3F4L AVR modeling diagrams 
Regulator Parameters Value 

Voltage PI-regulator Proportional/integral component 0.0019 0.0088 

Current PI-regulator Proportional/integral component 0.000564 0.000883 

Saturation of integral component ± 1000 

DC-link Active load resistance 25 Ohm 

DC link filter capacity 120 uF 
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3. RESULTS AND DISCUSSION 

As a result of computer modeling for the studied control algorithms, an empirical dependence was 

revealed on the influence of the LCL filter parameters and modulation frequency on the performance quality 

of the 3F4LC in various operating modes. In rectifier mode, changes in the modulation frequency and the 

capacitance value of the LCL filter have an insignificant impact on the quality of consumed electric power, 

whereas changing the inductances has the opposite effect. It should be noted that reducing the inductances to 

a certain threshold value allows for the improvement of the consumed current quality, while increasing them 

in some cases leads to a loss of stability of the control algorithm. Taking into account the need to ensure quality 

during bidirectional energy conversion, it appears that in inverter mode, one can affect the modulation 

frequency and LCL filter capacitance without significant loss of quality in rectifier mode, as confirmed by the 

results of the modeling. The results of computer simulation with the given parameters of the LCL filter are 

presented in Figure 9. With this combination of parameters, it was possible to achieve a current THD of 6.5% 

when operating in rectifier mode and 6% in inverter mode. 

 

 

 
 

Figure 9. 3F4LC operation in bidirectional mode 

 

 

Figure 10 shows the results of a study of the current THD on the grid side (consumed in rectifier mode 

(blue surface) and generated in inverter mode (red surface)) in the form of a series of surfaces at 4 fixed 

capacitance values: 30 nF; 300 nF; 3 µF and 30 µF, 4 fixed values of converter modulation frequencies: 5 kHz, 

10 kHz, 20 kHz, and 40 kHz and with inductance variations on both the grid and the converter side in the range 

from 100 to 800 μH. Thus, Figure 10 shows the results for the following fixed parameter values; Figure 10(a): 

C = 30 nF, fPWM = 5 kHz, Figure 10(b): C = 300 nF, fPWM = 5 kHz, Figure 10(c): C = 3 µF, fPWM = 5 kHz, Figure 

10(d): C = 30 µF, fPWM = 5 kHz, Figure 10(e): C = 30 nF, fPWM = 10 kHz, Figure 10(f): C = 300 nF, fPWM = 10 

kHz, Figure 10(g): C = 3 µF, fPWM = 10 kHz, Figure 10(h): C = 30 µF, fPWM = 10 kHz, Figure 10(i): C = 30 nF, 

fPWM = 20 kHz, Figure 10(j): C = 300 nF, fPWM = 20 kHz, Figure 10(k): C = 3 µF, fPWM = 20 kHz, Figure 10(l): 

C = 30 µF, fPWM = 20 kHz, Figure 10(m): C = 30 nF, fPWM = 40 kHz, Figure 10(n): C = 300 nF, fPWM = 40 kHz, 

Figure 10(o): C = 3 µF, fPWM = 40 kHz, and Figure 10(p): C = 30 µF, fPWM = 40 kHz. 

The ranges of values of capacitance, inductance and switching frequency are selected in order to 

minimize the weight and size indicators of the LCL filter when developing the UPS with a rated power of 10 

kW while maintaining filtering properties. In this case, a value of less than 8% is taken as a satisfactory current 

THD. Analysis of the given graphs indicates that at a frequency of 20 kHz, show in Figures 10(i)-(l) it is 

possible not only to achieve the declared current quality, but also to minimize the weight and size indicators of 

the LCL filter. At high switching frequencies, shown in Figures 10(m)-10(p) in inverter mode, a THD limit of 

2-3% is reached. It is obvious that the reduction in THD is affected by both the switching frequency and the 

capacitance value, but only in inverter mode, and in rectifier mode these two parameters, especially 

capacitance, make virtually no significant changes. For the developed UPS with a power of 10 kW, it is 

proposed to choose an inductance of 375 μH, which falls within the range of optimal values (300 μH-400 μH), 

a capacitance of 3.3 μF at a switching frequency of 20 kHz. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 
(j) 

 
(k) 

 
(l) 

 
(m) 

 
(n) 

 
(o) 

 
(p) 

 

Figure 10. Analysis of current quality with variable parameters of the LCL filter: (a) C = 30 nF, fPWM = 5 

kHz; (b) C = 300 nF; fPWM = 5 kHz; (c) C = 3 µF, fPWM = 5 kHz; (d) C = 30 µF, fPWM = 5 kHz; 

(e) C = 30 nF, fPWM = 10 kHz; (f) C = 300 nF, fPWM = 10 kHz, (g) C = 3 µF, fPWM = 10 kHz; 

(h) C = 30 µF, fPWM = 10 kHz; (i) C = 30 nF, fPWM = 20 kHz; (j) C = 300 nF, fPWM = 20 kHz; 

(k) C = 3 µF, fPWM = 20 kHz; (l) C = 30 µF, fPWM = 20 kHz; (m) C = 30 nF, fPWM = 40 kHz; 

(n) C = 300 nF, fPWM = 40 kHz; (o) C = 3 µF, fPWM = 40 kHz; and (p) C = 30 µF, fPWM = 40 kHz 

 

 

4. CONCLUSION 

In this study, control algorithms for a 3F4LC operating in both inverter and rectifier modes using 3D 

PWM were investigated and implemented in the form of computer models. A significant challenge in 

calculating the parameters of control systems using known methods was the inclusion of an LCL filter, whose 

elements perform different functions in various modes. Therefore, this study initially conducted a preliminary 

assessment of the LCL filter parameters. Subsequently, using the developed computer model, a comprehensive 

analysis was performed to examine the impact of the LCL filter parameters and modulation frequency on the 

quality metrics (total harmonic distortion of the grid/load current) of the 3F4LC's operation in both inverter 

and rectifier modes. The aim was to identify optimal parameter values that ensure acceptable quality during 

bidirectional energy exchange. The research findings were applied to design a physical prototype of a 10 kW 

grid UPS. 

Further development of research is aimed at a more in-depth study of the parallel operation modes of 

similar electrical energy storage devices with their own bidirectional converters, installed at a considerable 

distance from each other and included in a smart grid without additional switching equipment, as well as 

analytical and numerical studying the influence of LCL filter parameters on the processes of synchronization 
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and power distribution loads, as well as minimizing weight and dimensions while maintaining both system 

stability and power quality indicators. 
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