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1. Introduction

The share of alternative power sources in the overall 
energy sector is growing every year. According to the UN, 
in 2008, $190 billion was invested in alternative power proj-

ects worldwide, while $110 billion was invested in coal and 
oil production [1, 2].

In 2018, global investments in clean energy totaled 
$332.1 billion, the bulk of which falls on solar, wind, geo-
thermal and bioenergy (Fig. 1) [3, 4].
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An analysis of the method for ensuring 
the sinusoidality of the output voltage in 
power generation systems with self-commu-
tated voltage inverters under the require-
ments of the international standard IEEE-519 
is presented.

In a number of programs, especially 
low-power generation systems, a low-cost 
solution is needed to provide the sinusoidal 
waveform of the output voltage with the total 
harmonic distortion of 5 %. This solution is 
to use two-level voltage inverters with an 
output sine LC filter. However, the feature 
of the sine filter with the frequency converter 
is that the PWM frequency affects the spec-
trum of higher harmonics of the output volt-
age. In addition, there is the starting current 
of the filter capacitor, which can disable the 
power switches of the voltage inverter.

The developed method for calculating the 
values of the LC filter with the two-level volt-
age inverter in the PWM mode is presented 
meeting the requirements of the internation-
al standard IEEE-519, taking into account 
the modulation frequency and limitation of 
the starting current of the filter capacitor.

To confirm the required quality of 
the output voltage of the two-level volt-
age inverter with the sine filter, an appro-
priate simulation model was created in 
the Matlab/Simulink computer simulation 
environment. The oscillograms and har-
monic analysis of the input and output volt-
ages of the sine filter, which showed the 
total harmonic distortion of 1.88 %, are 
presented.

A physical prototype of the investigat-
ed system was created on the basis of a 
5.5 kW OVEN PChV203-5K5-V frequency 
converter (Ukraine). Using the SIGLENT 
SDS1104X-E oscilloscope (China), the real 
waveform and the results of the harmon-
ic analysis of the sine filter output voltage, 
confirming the implementation of the nec-
essary sinusoidality criteria, were obtained
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According to the British Petroleum (BP) transnational 
oil and gas company, in 2019 the share of alternative renew-
able energy sources (excluding large hydropower plants) was 
10.4 % in global power generation, surpassing nuclear energy 
for the first time. In primary energy (total energy balance), 
the share of alternative energy increased to 5 %, rising from 
4.5 % in 2018 and also bypassing nuclear energy [5, 6].

As of 2017, alternative energy sources generated 9.6 % of 
electricity in the United States, including 6.3 % from wind 
and 1.3 % from solar power plants. Taking into account large 
hydropower plants, the contribution of renewable energy 
sources amounted to 17.1 % of electricity produced in the 
United States [7].

In the first half of 2020, renewable 
energy sources in Germany produced a re-
cord 56 % of electricity. Of these, 4 % were 
generated by traditional hydroelectric 
power and 52 % by alternative sources. 
Wind ranked first among power sources, 
generating 30.6 % of electricity, and the 
sun gave 11.4 %.

Self-commutated voltage inverters are 
among the most widely used in the indus-
try, as well as in the transport of semi-
conductor power converters [8]. In cases 
where self-commutated voltage inverters 
are used in power supply and control sys-
tems for asynchronous and synchronous 
electric drives, the quality, namely har-
monic composition, of the output voltage 
is not critical. That is why the engine 
torque is provided by the sinusoidal wave-
form of the output current [9, 10]. At the 
same time, in a number of technical pro-
grams, the quality of the output voltage 
of self-commutated voltage inverters is a 
critical parameter. Examples of self-com-
mutated voltage inverters are converters 
in renewable and alternative power gen-
eration systems. An example of such a 
system is shown in Fig. 2 [11].

The task of power semiconductor con-
verters operating with alternative energy 
sources is to generate power to the general 
industrial network or to create an auton-
omous power supply system. The basic 
requirements for the quality of power gen-
erated by voltage inverters are regulated 
by international standards.

Requirements for the allowable volt-
age total harmonic distortion THDU in 
general industrial electrical networks un-
der the international standard IEEE-519 
are given in Table 1.

THDU is defined according to the ex-
pression [12]:
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The most common circuit implementing DC-to-AC con-
version is a two-level self-commutated voltage inverter. 
The value of the total harmonic distortion of the output 

voltage of the two-level voltage inverter is 65…70 %, which 
does not meet the voltage quality requirements under the 
international standard IEEE-519. Therefore, special tech-
nical solutions are used to ensure the high quality of the 
inverter output voltage, such as various multilevel voltage 
inverter circuits. So, cascaded multilevel inverters, modular 
multilevel inverters, diode-clamped multilevel inverters, 
flying-capacitor multilevel inverters and other circuits are 
used [13, 14]. It should be noted that there are problems in 
ensuring electromagnetic compatibility in the mode of power 
generation in the general industrial network and in the mode 
of creating an autonomous power source.

Table 1

Voltage harmonic distortion limits 

Voltage Ub (%) THDU (%)

U<69 kV 3.0 5.0

69 kV≤U<161 kV 1.5 2.5

U≥161 kV 1.0 1.5

Fig. 1. Investments in renewable energy from 2006 to 2018

Fig. 2. Block diagram of the integrated “wind turbine – solar panel – general 
industrial network” system
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2. Literature review and problem statement as to forming 
the sinusoidal waveform of the output voltage of self�

commutated inverters

The typical waveform of the output voltage of various 
types of multilevel inverters is common (Fig. 3). The number 
of levels in the output voltage and, accordingly, waveform 
sinusoidality depend on the number of levels in the power 
circuit of multilevel voltage inverters and the number of 
power elements of the circuit, and hence the cost.

The dependence of the total harmonic distortion THDU 
of multilevel inverters on the number of levels Nl obtained 
during the study is given in Fig. 4.

As can be seen from Fig. 4, to ensure the total harmonic 
distortion of the output voltage of the multilevel inverter 
below 5 %, the number of levels in the multilevel inverter 
must exceed 20.

In [15, 16], studies of the output voltage quality of 
cascaded multilevel voltage inverters are given. The 
disadvantage of cascaded voltage inverters is the need 
for a large number of galvanically isolated DC sources. 
In addition, the implementation of this circuit requires 
an increased number of power transistors [17, 18], which 
increases the cost of this system.

In [19, 20], the research of the output voltage 
quality of modular multilevel voltage inverters is 
given. The disadvantage of modular voltage invert-
ers is the need for a fairly complex algorithm for 
voltage stabilization on cell capacitors. In addition, 
the implementation of this circuit requires an in-
creased number of power transistors and high-ca-
pacity capacitors [21, 22], which also increases the 
cost of this system.

In [23, 24], diode-clamped inverter circuits are con-
sidered, which require an increased number of power tran-
sistors, capacitors and diodes, which leads to a significant 
increase in the cost of this circuit solution.

In addition to circuit solutions related to the implemen-
tation of a high number of output voltage levels of invert-
ers [25, 26], there are algorithmic methods to improve the 
sinusoidality of the output voltage. One such method is the 
implementation of the overmodulation [27] and waveform 
optimum [28] mode.

In [29], the study of improving the quality of the output 
voltage in two-level self-commutated voltage inverters in 
the overmodulation mode is presented. The study showed 
that the overmodulation mode for the two-level inverter can 
reduce the total harmonic distortion of the output voltage 
of the two-level inverter from 68 % to 32 % (Fig. 5). The ad-
vantage of this solution is a fairly significant improvement in 

the waveform of the output voltage in 
multi-level inverters. Despite a signif-
icant improvement in the sinusoidali-
ty of the output voltage of the SCVI 
in the overmodulation mode, its THD 
remains unsatisfactory to the require-
ments of the IEEE-519 standard.

It is possible to ensure high-qual-
ity output voltage of two-level in-
verters by using output sine filters. 
The advantage of this solution is 
the ability to ensure high-quality 
output voltage with minimum eco-
nomic costs. At the same time, the 
disadvantage of this solution is the 
starting current mode of sine filters, 
which can cause breakdowns of the 
inverter power switches, or in the 
presence of hardware protection, it 
can enter the protection mode.

In [30, 31], the study of improv-
ing the output voltage waveform 
of two-level voltage inverters us-
ing output sine filters is presented. 
However, the works do not provide 
a study of sinusoidality of the out-
put voltage of the inverter with the 

sine filter, do not define the method of calculating the 
components taking into account the requirements for en-
suring the total harmonic distortion of 5 %. In addition, 
no study of the starting currents of the sine filter is given.

In [32], the mathematical model of the attitude matrix 
of the sine filter with the frequency converter is given. The 
disadvantage of the study is the lack of methods for deter-
mining the filter parameters, as well as the lack of a study of 
the starting current of the filter capacitor.

Fig. 3. Typical waveform of the output voltage of the multilevel inverter in the single-
modulation mode

Fig. 4. Dependence of total harmonic distortion on the number of levels

Fig. 5. Dependence of total harmonic distortion THDU on modulation 
coefficient km
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In [33], the research of the LCL filter of the self-commu-
tated voltage inverter and active voltage rectifier is given. 
The disadvantage of the study is the lack of methods for de-
termining the filter parameters, the lack of analysis of voltage 
sinusoidality, as well as the lack of a study of the filter capacitor 
starting current.

In [34], the method of designing three-phase frequency 
converter LC filters is given. The disadvantage is the lack of 
research on the sinusoidality of the LC filter output voltage. 
In addition, no study of the starting currents of the sine filter 
capacitors is given.

Thus, from this review we can conclude that the issue of 
creating a method for calculating the values of sine filters of 
self-commutated voltage inverters taking into account the pulse-
width modulation frequency of the inverter and the require-
ment of starting current limitation is unresolved. In this case, 
the requirements of voltage sinusoidality THDU<5 % should 
be met under the international standard IEEE-519.

3. The aim and objectives of the study

The aim of the study is to create a method for calcu-
lating the values of the sine filter of the self-commutated 
voltage inverter, which takes into account the pulse-
width modulation frequency of the inverter and allows 
the limitation of the filter capacitor starting current.

To achieve the aim, the following objectives were set:
– to create analytical dependences of the values 

of the sine filter with the two-level voltage inverter 
taking into account the PWM frequency of the in-
verter to ensure the quality requirements of the out-
put voltage according to the international standard 
IEEE-519 taking into account the limitations of filter values 
by the criterion of the maximum inverter starting current;

– to confirm the reliability of the created analytical depen-
dences by computer simulation of the three-phase two-level 
voltage inverter with the developed output sine filter in the 
Matlab 2017b software environment, as well as to study the 
output voltage of the sine filter;

– to confirm the reliability of the created analytical depen-
dences of sine filter values to ensure the sinusoidal waveform of 
the sine filter output voltage on the physical stand based on the 
PChV203-5K5-V frequency converter, as well as to study the 
harmonic spectrum of the sine filter output voltage.

4. Materials and methods of the study

The study was carried out using the basic laws of electrical 
engineering, computer simulation of semiconductor power con-
verters, mathematical apparatus of fast Fourier transform and 
physical prototyping of the studied system.

The results were confirmed by computer experiments on 
simulation models and physical experiments on the developed 
bench.

5. Analytical dependences of the values of the sine filter 
with two�level voltage inverter

Generation of sinusoidal voltage requires a clear under-
standing of the magnitude and order of harmonics that need 
to be reduced, namely, voltage inverter harmonics [35, 36].

Fig. 6 shows the diagram of the two-level three-phase 
self-commutated voltage inverter with the sine filter.

The typical waveform and harmonic spectrum of the output 
phase voltage of the three-phase PWM voltage inverter are 
given in Fig. 7, which shows the total harmonic distortion of 
the output voltage of the two-level voltage inverter of 57.33 %.

Fig. 7 shows that the harmonics of the output voltage 
of the two-level inverter have higher harmonic frequencies 
multiple of the modulation frequency. The harmonic with 
the PWM frequency has the largest amplitude in the output 
voltage waveform, 32 % of the amplitude of the first harmon-
ic of the output voltage. It should be noted that the relative 
value of the amplitudes of higher harmonics relative to the 
value of the first harmonic does not depend on the modula-
tion frequency of the inverter [37, 38].

The LC filter is a second-order filter, the typical ampli-
tude-frequency response (AFR) of which is shown in Fig. 8.

The resonant frequency of the LC filter is related to the 
filter values according to the expression:

Fig. 6. Diagram of the two-level three-phase self-commutated 
voltage inverter with the sine filter

Fig. 7. Waveform and harmonic spectrum of the output 
voltage of the three-phase inverter
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To meet the requirements for the total harmonic distor-
tion of the sine filter output voltage less than 5 %, the am-
plitudes of higher harmonics from the voltage inverter must 
be suppressed [39, 40]. The resonant frequency of the filter 
must be related to the modulation frequency of the inverter 
in two orders of magnitude:

,
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C

F
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where fC is the cutoff frequency of the LC filter, FPWM is the 
PWM frequency in the self-commutated voltage inverter.

Thus, the parameters of the LC filter taking into account 
the PWM frequency can be calculated from the expression:
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1
.
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F
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The study on the computer model has 
shown that at the moment of starting the 
self-commutated voltage inverter with the 
sine filter, when the filter capacitors are dis-
charged, a transient process occurs. During 
this process, there is a significant increase in 
the current amplitude of the filter capacitors.

The amplitude of the starting current can 
be found through the value of the character-
istic resistance of the filter, determined from 
the expression:

.x

L
R

C
=  (5)

The amplitude of the starting current of 
the LC filter capacitor with the SCVI can be 
calculated from the expression:

startC .
2,7

DC

x

U
I

R
=

⋅
 (6)

The magnitude of capacitor starting current is a signifi-
cant limitation of the system, as it can lead to a failure of in-
verter power transistors. Therefore, when designing the sine 
filter, the value of the allowable inverter current Іmax and the 
value of the current margin factor of power switches K1 must 
be taken into account. The starting current margin factor of 
the filter capacitor relative to the maximum inverter current 
is determined by:

max
1

startC

.
I

K
I

=  (7)

Thus, taking into account the modulation frequency of 
the voltage inverter, the requirements for limiting the al-
lowable value of the filter capacitor starting current and the 
requirement to ensure the total harmonic distortion under 
the IEEE-519 standard, the inductance and capacitance of 
the sine filter can be determined by:
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We express the inductance and capacitance of the sine 
filter through equations (8), (9):
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where UDC is the inverter DC voltage, Imax is the maximum 
allowable inverter current, K1 is the set current margin fac-
tor, FPWM is the inverter PWM frequency.

6. Simulation of the three�phase two�level voltage 
inverter with the developed output sine filter

To confirm the generation of the sinusoidal waveform 
of the output voltage of the sine filter with THDU<5 % and 
limitation of the starting current of the filter capacitors, a 
simulation model was developed in the Matlab/Simulink 
software environment. The developed simulation model for 
the studied system is shown in Fig. 9.

The parameters of the simulation model are given in 
Table 2.

Table 2

Simulation model parameters

Parameter Value

Active load resistance, Ohms 40

Load inductance, mH 5

DC voltage, V 310

Sine filter inductance, mH 8; 4; 2; 1

Sine filter capacitance, uF 10; 20; 40; 80

Fig. 10 shows the waveform of the starting current of the 
sine filter capacitor at a filter inductance of 2 mH and capac-
itance of 40 µF.

Fig. 8. Typical amplitude-frequency response of the LC filter (FС – maximum 
peak resonant frequency)
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Table 3 shows the capacitor starting current at 310 V DC 
voltage for different filter parameters.

Table 3

Starting current for different filter parameters

Filter characteristic 
impedance Rx, 

Ohms

Filter 
inductance 

L, mH

Filter 
capacitance 

С, uF

Starting current peak 
amplitude by the 

simulation results Is, А

28,284 8 10 4

14,142 4 20 8

7,071 2 40 18

3,536 1 80 38

Fig. 11 shows the results of simulation of the frequency 
converter with the developed sine filter.

As can be seen from Fig. 11, the output voltage of the sine 
filter after the transient has an almost sinusoidal waveform.

The results of the harmonic analysis of the waveform of 
the sine filter output voltage are shown in Fig. 12.

As shown in Fig. 12, the output voltage of the sine filter 
has an almost sinusoidal waveform, and the total harmonic 
distortion is 1.88 %, which provides quality requirements for 
this waveform.

The reliability of the Matlab simulation results is con-
firmed using the method of solving ordinary differential 
equations ode23tb – the implicit Runge-Kutta method, 

Fig. 9. Simulation model of the test bench

Fig. 10. Waveform of the starting current of the sine filter capacitor
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which uses second-order backward differentiation formu-
las. The simulation used a variable calculation step – a 
maximum sampling step of 1 µs and a minimum sampling 
step in time of 1 ns. The set value of the maximum allowable 
relative simulation error was 0.1 %.

7. Study of the frequency converter sine filter operation 
on the physical bench

In order to confirm the generation of the sinusoidal 
waveform of the output voltage of the sine filter that filters 

the harmonics of the self-commutated voltage inverter, a 
physical bench was developed, which follows the diagram in-
vestigated on the simulation model in the Matlab/Simulink 
software environment. The diagram of the developed bench 
is given in Fig. 13.

The developed bench (Fig. 14) 
used the PChV203-5K5-V frequen-
cy converter with a nominal power 
of 5.5 kW manufactured by OVEN, 
containing a three-phase diode rec-
tifier, a DC link with an LC filter 
and a three-phase self-commutat-
ed voltage inverter. The frequency 
converter is set to a PWM fre-
quency of 16 kHz. The sine filter 
uses JYUR phase-shifting capac-
itors with a capacity of 40 µF±5 
and RMT-016-A power inductors 
with an inductance of 2.3 mH and 
RMT-004-A with an inductance of 
0.46 mH manufactured by OVEN. 
During the study, two options for 
the bench load were tested:

1) 2A480V6PAU3 three-phase 
induction motor with a capacity 
of 1.5 kW, manufactured by LLC 
“Dniproresurs” (Ukraine), which in 
the low torque mode causes a load 
current of 0.7–0.8 A (Fig. 13, a);

2) three wye-connected rheo-
stats with a resistance of 40 Ohms 
each (Fig. 13, b).

The waveform and harmonic composition of the output 
linear voltage of the three-phase inverter were investigated 
using a SIGLENTSDS1104X-E oscilloscope, manufactured 
in China. The oscilloscope allows a harmonic analysis of 
the output voltage waveform, but does not determine the 
integral value of total harmonic distortion. The basic oscil-
loscope parameters are given in Table 4.

Table 4

Basic parameters of the SIGLENTSDS1104X-E oscilloscope

Parameter Value

Bandwidth 100 MHz

Sampling rate 1 GHz

Oscillogram capture rate 400,000 osc/sec

Vertical permissible measurement error 500 µV/division

The amplitude-frequency response of the oscilloscope 
measuring channel is shown in Fig. 15. 

According to the amplitude-frequency response of the 
input channel, the cutoff frequency is 18 MHz.

The oscillograms of the output linear voltage of the frequen-
cy converter without filtering and its spectral analysis – the 
results of fast Fourier transform – are shown in Fig. 16.

As can be seen from Fig. 16, the output voltage spectrum 
contains harmonics multiple of the PWM frequency, i.e. 
16 kHz, 32 kHz, 48 kHz, etc.

The studies show that the type of load (resistive-induc-
tive or resistive) does not significantly affect the sinusoidal-
ity of the sine filter output voltage waveform. The waveform 
of the output voltage of the sine filter and its spectral analy-
sis (fast Fourier transform) are shown in Fig. 17.

Fig. 11. Results of simulation: а – waveform of the output phase voltage of the sine 
filter; b – waveform of the output phase voltage of the sine filter

а

b

Fig. 12. Results of harmonic analysis of the sine filter output 
voltage



Energy-saving technologies and equipment

13

As can be seen from Fig. 17, the filtering of the output 
voltage of the frequency converter proved to be quite ef-
fective and provides the generated voltage of the sinusoidal 
waveform. In this case, the higher harmonics of the output 
voltage of the frequency converter associated with the 
switching frequency are quite small and lie within 1–2 V.

The starting current modes of the PChV203-5K5-V fre-
quency converter for different configurations of filter induc-

tance were also investigated on the developed bench. During 
the experiment, RMT-004-A power inductors with an induc-
tance of 0.4 mH and a capacitance of 40 µF (Rx=3.162 Ohm, 
Istart=36 A) were used. The frequency converter entered the 
protection mode at a maximum current of 20 A and turned off 
at startup. To ensure the normal functional mode of the bench, 
a series connection of two RMT-016-A inductors with a total 
inductance of 4.6 mH and a capacity of 40 µF (Rx=10.7 Ohm, 

Fig. 13. Power circuit of the developed bench: а – bench load is a three-phase induction motor; b – bench load is three wye-
connected rheostats 

а

b

Fig. 14. Photo of the developed bench of the frequency converter and sine filter: а – bench load is a three-phase induction motor; 
b – bench load is three wye-connected rheostats 

ba

Fig. 15. Amplitude-frequency response of the bandwidth of the SIGLENTSDS1104X-E oscilloscope measuring channel
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Istart=10.7 A) was used, after which the starting current did 
not exceed the PChV203-5K5-V protection current of 20 A.

Comparison of the results of simulation and physical 
experiment is given in Table 5.

Table 5

Comparison of simulation and physical experiment results

Parameter Simulation results
Physical experiment 

results

Harmonic frequencies 
in the output voltage 
spectrum of the self-
commutated inverter

16 kHz, 32 kHz, 
48 kHz, …

16 kHz, 32 kHz, 
48 kHz, …

Waveform and THD 
of the output voltage 

of the self-commutated 
voltage inverter

Pulse waveform, 
THD=57.33 %

Pulse waveform, 
THD=59.72 %

Waveform and THD 
of the output voltage 

of the sine filter

Sinusoidal 
waveform, 

THD=1.88 %

Sinusoidal 
waveform, 

THD=2.56 %

Checking the starting 
current limitation 
of the sine filter 

capacitor by (6)–(11)

Performed by 
the criterion of 
obtaining the 

capacitor starting 
current oscillogram

Performed by 
the criterion of 

switching off the 
frequency converter 
at maximum current

As can be seen from Table 5, the results of the simula-
tion and physical experiment generally coincide, but the 
physical experiment revealed an increased value of higher 
harmonics, so the THD values of the voltage inverter and 
the sine filter are slightly higher. This can be justified by 
the fact that in real conditions there are induction of the 
measuring channel, harmonics from the mains and error 

of the measuring channel. Despite this, the obtained value 
of the total harmonic distortion of the output voltage of 

the developed sine filter does not 
exceed 5 % and meets the volt-
age quality requirements under the 
international standard IEEE-519.

8. Discussion of the results of the 
study of improving the output 

voltage quality of two�level self�
commutated voltage inverters 

with sine filters

The developed method of cal-
culating the parameters of the sine 
filter of the two-level voltage invert-
er in the PWM mode is presented. 
A feature of the method – equa-
tions (8), (9) – is the determination 
of the filter parameters that provide 
the sinusoidality of the output volt-
age THDU<5 %, taking into account 
the PWM frequency of the voltage 
inverter and the requirements of 
limiting the starting current of the 
filter capacitor.

In the Matlab/Simulink com-
puter simulation system, the pro-
cess of increasing the sinusoidal-
ity of the output voltage of the 
frequency converter with the 

developed sine filter was investigated (Fig. 9–12). The 
studies confirmed the provision of the desired sinusoi-
dality of the filter output voltage with the total harmon-
ic distortion of 1.88 % (Fig. 12) and the dependence of 
the starting current on the filter parameters (Table 3).

A physical prototype of the investigated system was de-
veloped based on the 5.5 kW OVEN PChV203-5K5-V fre-
quency converter, 40 µF phase-shifting capacitors, 2.3 mH 
RMT-016-A inductors and 0.46 mH RMT-004-A. As the 
bench load, in the first case, a 2A480V6PAU3 three-phase 
induction motor was used (Fig. 13, a), in the second case – 
three wye-connected rheostats (Fig. 13, b). On the devel-
oped bench, the process of increasing the sinusoidality of the 
output voltage by spectral analysis was studied (Fig. 16, 17), 
as well as the limitation of the start of the frequency convert-
er by the maximum starting current.

The limitation of the study is that the developed simula-
tion model works adequately only in operating modes, and 
emergency modes, in which the voltage and current values 
exceed the rated values, will be reflected inadequately.

The disadvantage of the proposed solution to provide the 
sinusoidal voltage of the two-level voltage inverter with the 
LC filter is a significant voltage drop across the filter induc-
tor, which causes the non-use of DC link voltage.

A possible direction for further development of the 
research is the study of filters of other topologies in order 
to reduce the voltage drop across the filter, as well as the 
creation of multi-level inverters with a reduced number of 
power transistors.

The developed method of calculating the values of the 
sine filter of the frequency converter is used in the design 
office of LLC “VO OVEN” (Ukraine).

Fig. 16. Oscillograms of the output linear voltage of the frequency converter before 
filtering and its spectral analysis (fast Fourier transform): а – the load is a three-phase 

induction motor; b – the load is three wye-connected rheostats

ba

Fig. 17. Waveform of the output phase voltage of the frequency converter and its 
spectral analysis (fast Fourier transform): а – the load is a three-phase induction motor; 

b – the load is three wye-connected rheostats 

a b
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9. Conclusions

1. Analytical dependences of the values of the sine 
filter of the two-level voltage inverter in the PWM mode, 
which provides, firstly, the sinusoidality of the output 
voltage under the international standard IEEE-519 tak-
ing into account the PWM frequency of the voltage in-
verter, and, secondly, limitation of the starting current to 
the required value, were developed.

2. In the Matlab 2017b software environment, the 
simulation model of the frequency converter with the sine 
filter was developed. The studies confirmed the limitation 
of the starting current of the sine filter capacitor. In addi-
tion, the studies showed the total harmonic distortion of 
the output phase voltage of 1.88 % after filtration, which 

meets the power quality requirements of international 
standards.

3. The physical model of the studied system was de-
veloped. The physical prototype based on the 5.5 kW 
PChV203-5K5-V three-phase frequency converter, set to 
a PWM frequency of 16 kHz, the sine filter and the filter 
load – the 2A480V6PAU3 three-phase induction motor 
or three wye-connected rheostats was developed. Oscil-
lograms of the output voltages of the frequency converter 
and the sine filter were obtained. A harmonic Fourier 
analysis of the obtained oscillograms was performed. The 
proposed method of calculating the parameters of the sine 
filter that implements the sinusoidal waveform of the out-
put voltage was confirmed on the simulation model and 
the physical bench.
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