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SIMULATION AND ANALYSIS OF THE INFLUENCE OF THYRISTOR
CONDUCTION TIME IN THREE-PHASE CONTROLLED RECTIFIERS
ON HARMONIC DISTORTIONS IN THE POWER SUPPLY NETWORK

Background. Modern technologies related to power electronics and microprocessors create new
challenges for ensuring high-quality electrical energy. The use of single-phase and three-phase rectifiers for
supplying loads often leads to current waveform distortion, which negatively affects equipment performance and
reduces the operational characteristics of energy systems. The main issue is harmonic distortion caused by load
nonlinearity, which can degrade the quality of electrical energy and affect the performance of transformers and
cable lines. Objective. The aim of the study is to analyze the changes in power quality indicators when the control
angle of thyristors in a three-phase asymmetrical controlled bridge rectifier is modified. The study is conducted
through analytical calculations and computer simulation. Methods. The research was carried out based on a
simulation model of a three-phase asymmetric bridge rectifier. MATLAB® and Simulink® environments were used
for simulating three cases: without a filter, with a filter but without considering the internal resistance of the
transformer, and with a filter, taking into account the transformer’s internal resistance. The simulation included
an analysis of parameter changes at different thyristor control angles. Results. It was found that increasing the
control angle leads to an increase in the harmonic distortion coefficient in the network, which may exceed the
permissible limits defined by IEEE 519-2022 and DSTU EN 50160:2023 standards. The study also explored the
impact of LC filters on power quality, particularly their negative effect in the form of a reduced power factor.
Conclusions. The change in the thyristor control angle affects the quality of electrical energy by increasing
harmonic distortion and reducing the power factor. The obtained results emphasize the need for careful selection
of rectifier control parameters and harmonic filtering to ensure compliance with regulatory requirements. An
important recommendation is to consider the internal resistances of transformers when designing such circuits,
as they influence the level of current and voltage distortion in the electrical network.

Keywords: harmonic distortions, thyristor rectifier, total harmonic distortion, power quality, computer
modeling

Introduction.

The development of modern household and industrial electrical equipment, closely related to the use of
technologies involving power electronics and microprocessors, presents new challenges for ensuring proper power
quality. Power electronics is a key component of power supplies for various types of equipment. Single-phase
rectifiers are used for loads up to 1 kVA, while three-phase rectifiers are used for loads over 1 kVA [1]. Due to
their functionality, these technologies improve energy efficiency and automation, finding applications in both
domestic and industrial settings. Power converters are conventionally classified by their power rating and
application area, as shown in Table 1.

During the rectification process, the current flows through semiconductor devices only for part of the cycle
of the fundamental frequency. As a result, power converters are often viewed as devices for regulating DC voltage.
If electrical energy is used in the form of alternating current but with a different frequency, the DC current obtained
from the rectifier passes through an inverter, which converts it back into alternating current with the required
frequency.
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The nonlinear characteristics of the components in rectifier circuits can lead to a deterioration in the quality
of electrical power in medium and high-voltage networks [2-4]. At the same time, the semiconductor devices
themselves are sensitive to the quality of electrical power. Harmonic distortions of voltage and current, which arise
due to the nonlinearity of end consumers, can affect the efficiency of parallel-connected power consumers. These
distortions can reach distribution transformers, which are generally not designed to handle high levels of harmonic
components.

Table 1. Classification of Power Rectifier Applications
| High power || Medium power ||
In industry for controlling the speed

Low power |

In household and entertainment

In the metallurgy industry and high-
voltage direct current power
transmission systems.

of electric motors, as well as in the
railway sector, electric welding
equipment, and electrochemical

devices: televisions, personal
computers, chargers, uninterruptible
power supplies, lighting systems,

etc.

technologies.

The nature of current distortion at the input of the rectifier largely depends on the chosen rectification
scheme, even if a pure sinusoidal voltage is supplied to the converter input. However, this assumption is only valid
under theoretical conditions, without considering the resistance of lines and transformer magnetization. Current
distortions can negatively affect parallel-connected loads and equipment in the electrical network upstream of the
energy flow through the point of common coupling [5-11]. The analysis of scientific research shows that higher
harmonic components of voltage and current, caused by the nonlinearity of loads from end users, can significantly
affect power transmission cable lines [5-6] and electrical equipment in the network [7-10], leading to a reduction
in their lifespan and deterioration of operational characteristics. Furthermore, high-frequency harmonics increase
losses due to eddy currents and hysteresis, resulting in the heating of transformers. These effects combine, creating
issues in the operation of each component of the energy system [11, 12]. Research indicates that the problem of
harmonic distortions is systemic, not local. The mutual influence of electrical equipment through the point of
common coupling is presented in the form of a schematic diagram of the power grid in Figure 1.

common impedance
(namely cables, transformers, ...)

PCC (point of common coupling)

® 0 ¢ ammmmml) [ N )
sinusoidal
voltage source
Customers
Other Other Other
customers customers customers
linear loads non-linear

loads
Figure 1 — Schematic diagram of the power supply for energy consumers

The analysis of the harmonic spectrum of the input current in single-phase and three-phase uncontrolled
rectifiers has been widely conducted and published, as noted in [13-15]. In [16], based on simulation modeling, as
well as theoretical and experimental methods, the results of studying the impact of changes in the control angle,
the harmonic spectrum of the input current in single-phase controlled rectifiers without using a filter, and the
impact of the transformer are presented. In addition, experimental evaluation and analysis of power quality in [17,
18] demonstrate significant distortion of the current waveform by certain household appliances containing single-
phase rectification circuits of different configurations.

Although the use of uncontrolled rectification circuits remains widespread, the control of the rectified
voltage is achieved through the use of thyristor circuits. Most textbooks on power electronics provide a detailed
study of harmonics at the output of controlled rectifiers, but such an analysis of the input current is lacking both
from an empirical and theoretical perspective.
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Purpose of work.

The study is focused on analyzing the changes in power quality indicators from the power source due to
the variation in the control angle of the thyristors in a three-phase asymmetric controlled bridge rectifier, using
analytical calculation methods and computer modeling.

Research material.

Voltage and current deviations from the ideal sinusoidal waveform, particularly harmonic distortions, are
important factors affecting power quality indicators. Furthermore, these phenomena are closely related to
electromagnetic compatibility, which ensures the proper functioning of electrical devices in a shared
electromagnetic environment.

Regulation of power quality requirements is carried out at the international level according to standards
developed by the Institute of Electrical and Electronics Engineers (IEEE) in the United States [19] and the
International Electrotechnical Commission (IEC) for European Union countries [20]. The main focus of these
standards is on defining the maximum allowable values of power quality indicators that must be maintained at the
points of common coupling of consumers to AC networks of different voltage classes under normal operating
conditions.

In Ukraine, power quality requirements are regulated by the DSTU EN 50160:2023 standard [20], which
sets the permissible voltage parameters at points of consumer connection. At the same time, the IEEE 519-2022
standard regulates not only voltage characteristics but also the permissible levels of current harmonic distortions
at points of consumer connection (as shown in Figure 1).

The degree of harmonic distortion in the current is characterized by the Total Harmonic Distortion (THD)
factor, which is determined by the following formula:

(h)
THD, = 1"=2.100%,

|
@
where: h — harmonic order; |,y —root mean square (RMS) value of the individual harmonic component of order

h for the current; 1) — the root mean square (RMS) value of the fundamental harmonic (first-order component)

for the current.

To study the complex impact of the nonlinearity of the rectifier circuit elements, the control angle of the
thyristors, the filter parameters, and the internal resistance of the transformer’s secondary winding on the
propagation of harmonics in the power supply network, a series of studies have been conducted. The studies also
aim to analyze the harmonic levels and determine the moment when the regulatory limits are exceeded for three
cases:

1. Without considering the filter and the internal resistance of the transformer's secondary winding.

2. Considering the filter, but without taking into account the internal resistance of the transformer's
secondary winding.

3. With the filter and taking into account the internal resistance of the transformer's secondary winding.

The studies were conducted based on a classical three-phase asymmetric controlled bridge rectifier without
a zero diode [1], whose block diagram is shown in Figure 2.

VS1 VS2 VS3

~ N K

TV

A
o—

B

C

VD1 VD2 VD3

N AN AN

Figure 2 — Three-phase asymmetric controlled bridge rectifier

It is assumed that the rectifier is powered by a symmetrical three-phase source, with its windings connected
in a star configuration, with a direct phase sequence, through a connected three-phase step-down transformer TV,
where the windings maintain a star connection at the output. In the study, it is assumed that the initial phase of the
phase voltage for phase A is 0°. A three-phase bridge rectifier with a resistor load R; is connected to the network

from the secondary winding of the transformer. The asymmetric three-phase bridge without a zero diode and filter
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consists of three controlled valves (thyristors VS1, VS2, VS3), which form the cathode valve group, and three
diodes (VD1, VD2, VD3), which form the anode valve group. Assuming an ideal transformer with leakage
inductance, at any given time, two valves are in the open state: one in the cathode group (provided that control
pulses are applied to them) and one in the anode group. In the cathode group, the valve in the open state is the one
whose anode has the highest positive potential relative to the zero point of the transformer’s secondary winding.
In the anode group, the valve in the open state is the one whose cathode has the most negative potential relative to
the zero point of the transformer's secondary winding. Thus, the current in the transformer's secondary windings
flows twice per network voltage period in different directions.

Itis assumed that u,, u,, u. represents the instantaneous values of phase voltages, and i,, i, i, represents
the instantaneous values of phase currents, and accordingly, the line currents.

Circuit modeling and process studies were performed in the MATLAB® and Simulink® environment [21].
For computer modeling, a typical circuit of a semi-controlled three-phase rectifier and filter was used for the three
research cases mentioned above.

a b c

Figure 3 — Simulation model of the rectifier in the MATLAB® and Simulink® environment:
a — without considering the filter and the internal resistance of the transformer’s secondary winding;
b — considering the filter, but without taking into account the internal resistance of the transformer's secondary
winding; ¢ — with the filter and taking into account the internal resistance of the transformer's
secondary winding.

The following values of the model parameters were used in the calculations: the amplitude of the
electromotive force (EMF) of the ideal three-phase voltage source E;, = 26,114 -2 B, the network frequency
fret =50 H, and the resistance of the resistive load Ry =4 Q. These parameters allow for obtaining the rectified
voltage Uy =36 V, which is necessary for the operation of a typical commutator electric motor used in kids quad

bikes.
For the second model, the parameters of the corresponding elements remained the same. A G-shaped LC
filter was added, where the inductor was connected in series with the parallel combination of the capacitor and

resistive load. The filter parameters were set to the following values: Ly =5 mH, Rg =25 mQ, Cg =1-10* pF.

In the third model, to enable the practical use of the rectifier with the G-shaped LC filter for a resistive load,
it was decided to add the internal resistance of the transformer with the following parameters:
L, =18,12 mH, R, =114 mQ.

The studies were conducted with the control angles of the thyristor switches varying from 0° to 90° in
intervals of 10°. It is worth noting that when the control angle of the thyristors is a =0, the rectifier is

symmetrical, considering the thyristors behaving as diodes, the ripple frequency of the rectified voltage ( f,ipp|e)
is considered to be equal to fijppe =6- fre, for other angles, the ripple frequency is different — fijpe =3- figr .

This clarification becomes important when recording the harmonic composition data.
The oscillograms (Fig. 4) in the coordinates of the input voltage (secondary winding of the transformer)

(Ug ) show the family of currents of the secondary winding of the transformer for phase A (Ig ), the family of

time diagrams of the load voltage (Ud ) , and the family of time diagrams of the load currents ( Iy ) with the control
angle (OL) varying from 0° to 90° in steps of 10°. As expected, the current signal shapes are distorted in all

considered cases. In the case of considering the internal resistances of the transformer, the phase voltage signal
undergoes distortion.
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Figure 4 — Time diagrams of the network voltage (Ug ) , network current (Ig ) load voItage(Ud ) , and load

current (1) as the control angle of the thyristors () changes:

a — without considering the filter and the internal resistance of the transformer's secondary winding;
b — with the filter, but without considering the internal resistance of the transformer's secondary winding;
¢ — with the filter and considering the internal resistance of the transformer's secondary winding.

90 ISSN 2308-7382 (Online)



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. No 1

The obtained simulation results, recorded in the MATLAB® and Simulink® environment, are presented in
the form of graphs showing the dependence on the change in the control angle, for the root mean square value of
the network phase current (Fig. 5), its total harmonic distortion (THD) normalized to a reference value (Fig. 6),
active power (Fig. 7) and reactive power of the network (Fig. 8), the change in the phase shift angle between
voltage and the first harmonic of the phase current (Fig. 9), and the power factor (PF) (Fig. 10), the value of the
zero harmonic component of the rectified current (Fig. 11), and the rectified current ripple factor (Fig. 13).
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Figure 5 — Dependence of the phase current
magnitude on the thyristor control angle
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Figure 9 — Effect of the thyristor control angle on
the phase shift between voltage and the first
harmonic of the network current.
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Figure 6 — Dependence of the phase current THD
magnitude on the thyristor control angle
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Figure 10 — Dependence of the PF value on the
thyristor control angle.
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Figure 11 — Dependence of the zero harmonic value
on the thyristor control angle. Figure 12 — Dependence of the ripple coefficient value

on the thyristor control angle.

The analysis of the obtained results shows that increasing the control angle leads to a decrease in the root
mean square value of the phase current and the value of the rectified voltage at the zero harmonic. At the boundary
points, the reduction in the phase current is approximately 1.6 times, and the rectified voltage decreases by a factor
of 1.86, with this trend being consistent for all three cases.

The ability to control the rectified voltage by changing the angle (o) introduces additional nonlinearity to
the rectifier circuit. Thus, the shorter the conduction time of the thyristors, the more harmonics are generated,
increasing the total harmonic distortion (THD) of the current. As a result, the THD of the network current (THDi)
increases, exceeding the allowable value by 3.27 times at o= 30° and by 10.365 times at o. = 90°. From the graphs
presented in Fig. 6, it is evident that the use of a filter helps reduce the harmonic components in the network current
curve by 8-15%, depending on the thyristor control angle.

Along with the increase in nonlinearity of the rectifier circuit, an increase in the control angle leads to an
increase in the phase shift angle between the phase voltage and current of the network in the fundamental harmonic

component at the input of the rectifier circuit, ranging from ¢ =0 to ¢ =32" for the case of the circuit without
a filter. The presence of the filter worsens the situation due to the increase in the phase shift angle, ranging from
¢=28" to ¢p=53,8°. This explains the decrease in the power factor and the increase in the generation of reactive
power. At the same time, from the graphs (Fig. 10), it is evident that the use of the filter leads to a reduction in the

power factor: o =30° the decrease is 3.15%, for o = 60° — 15.7%, and for a. = 90° — 31%.

The harmonic composition of each phase current waveform was analyzed using the Fast Fourier Transform
(FFT) function in MATLAB® and Simulink®. Figure 13 shows the spectral composition of the input current for
three cases when applying the control angle change.
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Figure 13 — Values of the harmonic series of the grid current as a function of the thyristor control angle,
normalized to the fundamental harmonic for three simulation cases:
a — without considering the filter and the internal resistance of the transformer’s secondary winding;
b — with the filter considered, but without the internal resistance of the transformer’s secondary winding;
C — with the filter and the internal resistance of the transformer’s secondary winding.

A detailed analysis of the amplitude-frequency characteristics of the phase currents was conducted for the
control angles o =0°;20°;30°;60%; 70°;90°. It was established that for all control angles, the harmonic

components of the grid current are observed up to the 50th harmonic. The diagrams (Fig. 13) show the amplitudes
of the harmonic components of the input current normalized to the fundamental harmonic.

Conclusions.

This study analyzes the impact of thyristor rectifiers on power quality in three-phase networks. The results
of the modeling conducted using the MATLAB®/Simulink® environment showed that asymmetric controlled
rectifiers can cause significant harmonic distortions, leading to the total harmonic distortion (THD) exceeding the
permissible limits defined by the IEEE 519-2022 and DSTU EN 50160:2023 standards.

The proposed use of LC filters to reduce the harmonic levels revealed their negative impact on the system:
a decrease in the power factor and the current magnitude in the network. This highlights the need for careful filter
design to ensure the optimal functioning of the power system.

Thus, the results of the study emphasize the importance of considering harmonic distortions during the
design and operation of thyristor rectifiers in three-phase systems, as well as the need to implement appropriate
measures to ensure proper power quality in accordance with current standards.
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"KuiBcbkuii noJitexniuanii incruryt imeni Iropst Cikopcbkoro"

MOJAEJIIOBAHHSA TA AHAJII3 BIIVIMBY YACY TPOBIJHOCTI TUPUCTOPIB
Y TPUPAZHUX KEPOBAHUX BUITPAMJIAYAX
HA TAPMOHIYHI CIIOTBOPEHHSA B MEPEXI EJIEKTPOKUBJIEHHSA

IlIpoonemamuxa. Cyyacni mexuonocii, nog’a3aHi i3 CUNOB0I elIeKMPOHIKOIO Ma MIKpOnpoyecopamu,
CMBOPIOIOMb HOBI BUKIUKU 0151 3a0e3neueHHs BUCOKOI AKocmi enekmpuyHoi enepeii. Bukopucmanna oonogasnux
ma mpuasHux URPAMAALIE 0I5l HCUBTEHHS HABAHMAICEH YACTNO NPU3EOOUMb 00 CHOMBOPEHHS YOPMU CIMPYMY,
WO He2amueHoO 6NIUBAE HA eheKMUBHICIb pOOOMU 0OIAOHAHHS MA SHUNCYE eKCNIYAMAYIiHi XapaKmepucmuKku
eHepeemuyHux cucmem. 10N08HOIW NPOOIEMOIO € 2APMOHIYHI CHOMBOPEHHs, CHPUYUHEHI HeliHIIHICmIO
HABAHMAIICEHb, AKI MOXCYMb NOZIPUWUMU AKICMb eleKmpUu4Hoi eHepii ma 8nauHymu Hd npaye30amHicme
mparncgopmamopis i kabenonux ninii. Mema docnioyncenus. Memoio 00CniOdNCeHHs: € aHANI3 3MIH NOKA3HUKIG
AKocmi enexkmpoenepeii npu 3MiHi Kyma KepysanHsa mupucmopamu 8 mpupasnomy HeCumMempuuHomy KeposaHomy
MOCOBOMY  SURPAMAAYL.  JocniOdcenHss Npoeooumvcsi 3a OONOMO2010 AHANIMUYHO20 PO3PAXYHKY MdA
Komn'tomepno2o mooeniosants. Memoouka peanizauii. Jlocniosxcents npogoounucy na 6asi imimayitinoi mooeni
mpughasHo2o MOCMOB020 HECUMEMPUUHO20 BUNPAMAAYA. [{11A Yb020 BUKOPUCIO8Y8aUCh cepedosuiye MATLAB®
ma Simulink®, de npooounu mooento8aHHs Mpbox UNAOKie: be3 Qitbmpa, 3 gitempom, ane 6e3 8paxy8aHHs
BHYMPIWHL020 ONOPY MPAHCHOPMAMopa, a MaKoxiC 3 Qinbmpom i 6pAXYBAHHAM GHYMPIUHBLO2O ONOPY
mpancghopmamopa. Modeniosanns 6KIIOYANO AHANI3 3MIH  napamempie npu  pi3HUX KYymax KepyeauHs
mupucmopamu. Pezynomamu 0ocniorycennn. Becmanosneno, wjo 30inbuientss Kyma Kepy8anus npu3gooums 00
3DOCMAaHHA KOepiyicHma 2apMOHIYHUX CNOMBOPEHb ) MepPedci, Wo Modxce nepesuuyyeamu OONYCMUMi Medxici,
susnaueni cmanoapmamu IEEE 519-2022 ma [ACTY EN 50160:2023. Takooc 0ocnioxceno eniue LC-pinompie
Ha AKICMb eleKmpOoeHepeii, 30Kpema IXHill HeeamusHUll eghekm y 6ueisiOi SMEHULeHHS KOe@IiyieHma NOMYHCHOCMI.
Bucnogku. 3mina Kyma Kepy6awHA MUpUCmopamu 6nIUGAE HA AKICMb eleKmpuuHoi enepeii, 30inbuLyrouu
2aAPMOHIYUHI CNOMBOPEHHS Mma 3HUdICYIoUU Koegiyicum nomyxcnocmi. Ompumani pe3yibmamu niOKpecaioonms
HeOOXIOHICMb pemenbH020 6UOOPY NaApaMempie KepyeaHHs GUNPAMIAYAMU Ma Qirbmpayii 2apmMoHIK OJis
3abe3neuents 8i0N0GIOHOCMI HOPMAMUBHUM 8uMo2aM. Baoiciueor pexomenoayicio € 6paxy8anus GHYMpPIUHIX
onopie mpanc@opmamopie npu NPoeKmyanHi MaKux cxem, OCKLIbKU GOHU 6NIUBAIOMb HA PiGeHb CHOMBOPEHb
cmpymy ma Hanpya2u 6 eeKmpudHini Mepeoici.

Kawu4oBi caoBa: ecapmonitini cnomeopenus, MupucmopHull GUAPAMIAY, 3d2albHUll Koegiyienm
eapmoniunux cnomeopensv (THD), axicme enekmpoenepeii, Komn'tomepre MoOeno8anHs
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