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Abstract

Using the developed models in the “Simulink” visual programming environment of the “Matlab” application
package using the “SimPowerSystem” and “Simscape Electrical” libraries, a comparative analysis of methods and
techniques for limiting switching overvoltages in power converters, which are controlled by unlocking two-operation
thyristors, was performed. The choice of a specific means of limitation is individual for each converter and depends
on many factors - the power of the converter, the current-voltage characteristics of thyristors, the parameters of the
power supply, and so on. Studies have shown that the most effective protection against voltage pulses with short
duration and significant amplitude is the use of “Transient VVoltage Suppressors” limiting diodes, the action of which
is based on the use of avalanche breakdown during the time of thyristor unlocking.
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1. Introduction

The application of intelligent technologies in the power supply (transition to Smart Grid technology) in order to
increase the reliability, efficiency, environmental friendliness and safety of electricity supply systems requires the
implementation of energy and information flow management. In the Smart Grid concept, the problem of regulating
the flow of electric power is supposed to be solved by means of power electronics and, first of all, by means of
converters based on fully controlled power thyristors and transistors [1].

Modernization of devices with elements of power electronics by replacing outdated single-operation thyristors
with modern two-operating thyristors allows operating them in modes with a wide range of adjustment of shear
angles of the main harmonic of current, i.e. in modes of both consumption from a network and generation in a
network using thyristor opening modes of electric circuits [2]-[4]. The operation of rectifiers, inverters, AC regulators
for various purposes, etc. in such modes is a resource for the organization of virtual reactive power sources, as an
effective tool available to the operator of the power distribution system to address dynamic reactive power
compensation and high-speed reactive power balances, which is important for the increase in the stability of the load
nodes, maintaining appropriate voltage levels in the network and ensuring quality and reliable supply of electricity to
consumers.

The operation of power-controlled static converters in normal operating modes is accompanied by switching
transients associated with changes in energy reserves in the elements of the network and electrical installations, as a
result of periodic changes in the conductivity of semiconductor valves. One of the important consequences of the use
of GTO (Gate Turn-Off) thyristors is the possibility of switching overvoltages in the control modes of power
converters by unlocking the thyristors with control pulses. Due to the inductive nature of the resistance of the power
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supply or load during the time of closing the valves, voltage pulses occur, usually of significant multiplicity and short
duration, which are called inductive voltage emissions
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where L is the inductance of the circuit break iy,.

Due to the significant energy efficiency of fully controlled thyristors in power converters for flexible AC
transmission systems, direct thyristor control of shunt capacitor banks or rectifiers of technological installations with
improved power factor, due to the use of switching modes in thyristor switching modes is especially relevant.

2. Review of existing solutions

Power voltage converters, for example, especially popular today voltage inverters, as the main type of converter
for intelligent networks, are equipped with fully controlled power semiconductor valves with reverse diodes, which,
in fact, perform the function of limiting overvoltages in multiple switching times of each valve formation of one
period of output voltage.

In power converters with fully controlled power valve modules, reverse diodes are not used, so for damping of
internal switching overvoltages in single modes of their unlocking at each period of alternating voltage the grid
should use known means of transient energy control. Inductive emissions of switching overvoltages, as a result of
rigid switching of electrical circuits, accompany the operation of contactless (semiconductor) electrical devices. In [5]
the analysis of processes, methods of calculation of switching overvoltages and recommendations on their limitation
are given.

In the general case, the principle of protection of electrical equipment from impulse overvoltages is based on the
use of snubs - damping links for dissipation or withdrawal from the electrical network of electromagnetic pulses of
external or internal origin, which generate overvoltages. The below can be used as snubs:

1) non-linear surge arresters (metal oxide varistors, MOV), the use of which is mandatory according to PUE [6];
2) protective RC or RCD links;
3) voltage limiters with sharply nonlinear | — V characteristics: varistors, Zener diodes and suppressors.

MOVs in electrical networks are the main means of protecting electrical equipment of power supply systems
from lightning and switching internal overvoltages. The design and characteristics of industrial arresters are focused
on the ability to absorb and scatter significant amounts of energy during electromagnetic transients in the transmission
and distribution networks [7]. To protect surge-sensitive equipment, semiconductor converters are not efficient
enough due to insufficient speed, low sensitivity and instability of characteristics.

Snubber links are built on the principle of reducing the rate of voltage rise by capacitors, closing the transient
current, unload the semiconductor devices from the switching power and eliminate or reduce the switching pulse
electrical overvoltages. Limiting of switching overvoltages by means of snub links with capacitors with a capacity of
several microfarads and resistors with a resistance of several tens of ohms is most effective for low-power converters
[8]. As the power increases, the losses in the snub resistors, which should be equipped with each power valve module
of the converter, become significant.

Modern two-operational semiconductor devices are resistant to voltage rise rates on them, so it is especially
important to limit the amplitude of the voltage emission. Semiconductor limiting transient-voltage-suppression (TVS)
diodes, or suppressors, the limiting section of the | — V characteristics of which is formed on the basis of the use of
the avalanche breakdown phenomenon of a weakly doped semiconductor structure [9], cope with this task most
effectively. Limiting silicon Zener diodes, the limiting section of the | — V characteristics which is formed on the
basis of the use of the tunnel breakdown phenomenon in a strongly doped semiconductor structure, are designed to
regulate low voltage and are not designed for high pulses. Modern metal oxide varistors are also able to protect
electrical equipment from surges, but they are of lower quality in terms of stability and reliability [10]-[13].

As shown in [14], the most effective is a combined protection against switching overvoltages with a
combination of several methods and technical means of limitation.
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3. Main part

From a technical point of view, the available industrial resources are sufficient to limit the switching
overvoltages during the unlocking of fully controlled semiconductor devices and, accordingly, to ensure
electromagnetic compatibility of power converters with improved energy performance. The choice of a specific
design of snobbery units depends on the power and duration of overvoltage pulses, which, in turn, are determined by
the type and power of the converter, the characteristics of power semiconductor elements, power supply and load
parameters, and so on. This means that the task of limiting impulse overvoltages is to select protective equipment
according to certain characteristics and properties for each converter in particular. The aim of this study is to develop
models and illustrate the ability and effectiveness of limiting switching overvoltages in current converters, which are
controlled by the method of closing two-operation thyristors, including rectifiers, dependent inverters, thyristor-
controlled shunt capacitors, voltage regulators and more.

As a basic and universal way to limit internal switching overvoltages for converters with fully controlled
thyristors, the use of limiting diodes and varistors. To prove their effectiveness, a number of models have been
created in the Simulink visual programming environment of the Matlab software package using the SimPowerSystem
and Simscape Electrical libraries.

The input data for an approximate estimate of the multiplicity of overvoltages in the shutdown mode of a fully
controlled thyristor are the time characteristic of the shutdown mode and the parameters of the interrupt circuit. Fig. 1
shows the current-time characteristic of the shutdown mode of a fully controlled thyristor, approximated by two
characteristic segments, which is implemented in the matlab model of a two-operation thyristor GTO [15].

iy 1 Se—

Fig.1. Time diagram of the mode of shutdown of the two-operation thyristor:
t; — duration of main switching phase; t, — duration of the last switching phase.

Approximately, the main stage of unlocking the thyristor with a control pulse lasts for a period of time to reduce
the current to 10% of the current value at the beginning of the switching process (Fig. 1). With this in mind, the
expected value of the internal peak inductive overvoltage can reach the value
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where E,, is the amplitude of the electromotive force (EMF) of the power supply in the circuit; 1, is current value at
the time of thyristor shutdown.

According to (2), the limitation of the overvoltage level in the thyristor unlocking mode can be achieved by
slower unlocking, i.e. by increasing the time t;, but this contradicts the current trend of development of the element
base of power electronics. The use of dual-operation thyristors in the power converters for which they are
manufactured requires the fastest switching and closing operations. The quality of the conversion function in the
voltage converters is higher, the higher the switching frequency and the shorter the process of switching off the
thyristor. This is what technical progress in the development of the element base of modern power conversion
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technology is aimed at. Unlike voltage converters, thyristors in power converters operate on the mains frequency,
which allows you to increase the time of the thyristor shutdown process. But this option is not optimal, because dual-
operation thyristors with slower unlocking, which belong to the older generation of thyristors, have increased
switching and control losses.

If it is impossible to influence the level of switching overvoltages, it is necessary to consider the effectiveness of
reducing their impact with limiters with sharply nonlinear volt-ampere characteristics. Such characteristics are
characteristic of nonlinear resistors (metal oxide varistors, MOV), which appeared to replace varistors based on
silicon carbide (Fig.2), as well as for limiting diodes TVS, the external characteristics of which contain the avalanche
breakdown of the diode (Fig.3).
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Fig.2. Volt-ampere characteristics of a varistor based
on zinc oxide and silicon carbide.

Fig.3. Volt-ampere characteristic of a
bidirectional TVS diode.

Volt-ampere characteristics of surge arresters are described by the equation

u

‘Z'O[uj*

where i, u are instantaneous values of current and voltage; U, is voltage threshold; I, is the magnitude of the current
of the device, at a voltage threshold; a is the exponent that determines the nonlinearity of the device, usually in the
range from 0 to 50.
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Fig. 4. The scheme of the surge arrester model.

»
>

Series RLC
Branch

The structure of the model of the surge arrester based on SimPowerSystems blocks is shown in Fig.4. The input

of the model is a voltage signal proportional to the voltage on the device, and the output is a signal proportional to the
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current of the device. Between the output of the voltage meter and the input of the current source included Simulink-
model, which implements the nonlinear characteristic (3) [15].

We will show the principle of limitation on the example of the simplest converter - single-phase one-and-a-half-
period rectifier, and to illustrate processes we will consider two characteristic types of converters made on fully
controlled thyristors: single-phase bridge controlled rectifier with improved energy characteristics, which in the
technology of intelligent networks can organize a virtual source of reactive power (Fig.6).

Simulink model based on the resources of the SimPowerSystem library to study the effectiveness of limiting
switching overvoltages using a metal oxide varistor MOV, connected in parallel to the power inputs of a single-phase
bridge rectifier, is shown in Fig.7.
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Fig.5. Equivalent circuit of a single-phase Fig.6. Equivalent circuit of one phase
bridge rectifier. of the AC regulator.
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Fig.7. Simulink model for studying the modes of operation of a single-phase bridge rectifier.

Figure 8 shows the time diagram of the voltage on the thyristors GTO-1 of the rectifier (Fig.7) in the absence of
means of limiting the pulse overvoltages for the mode of operation with natural angles of thyristors (0,=0°), and
closing them ahead (a,=120° electr. deg) relative to the natural closing times. The diagrams are obtained by the
following parameters of the circuit: E;=1000 V the amplitude value of the sinusoidal voltage of the power supply,
Ls=10 mH the inductance of the power supply, R&=100 Q, L4=0 the load, and the duration of the main phase of the
shutdown of thyristors t;=20 ps. With this method of controlling the rectifier at the time of closing the thyristors by
the control current due to the presence of inductance in the circuit of the current cutout there are 8.3 times the pulse
overvoltage (U=8300 V).
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Fig.8. Time diagram of the voltage on the thyristor of a single-phase bridge rectifier without surge arrester.

Switching on the MOV varistor modeled according to Fig.4 of parameters U,s=1000 V, |

0=500 A, a=50° in

parallel to the inputs of the AC voltage of the bridge rectifier allows you to limit the overvoltage pulses on the
thyristors of the rectifier to the level of the amplitude of the AC voltage of the power supply (1000 V).
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Fig. 9. Time diagram of the voltage on the thyristor of a single-phase bridge rectifier
for limiting overvoltages by means of a varistor.

Simulink model based on the resources of the Simscape Electrical library, developed to study the effectiveness
of limiting switching overvoltages in a voltage regulator with fully controlled thyristors using limiting diodes TVS, is

shown in Fig.10.
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Fig.10. Simulink model for studying the modes of operation of a single-phase voltage regulator with GTO thyristors.
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Fig.11. Time diagram of the voltage on the counter-parallel switched GTO thyristors
of voltage regulator without means of limiting switching overvoltages.

Figure 11 shows the timing diagrams of the voltage on the thyristors of the regulator in the control mode ahead
of the closing times of the thyristors (0,=0°, 0,=120°) without means of limiting switching overvoltages for the
parameters of the circuit, and. E;=1000 V, L=20 mH and R=100 Q. At the time of closing the thyristors there are
switching overvoltages with a peak value of 4800 V, which is 4.8 times the voltage of the power supply.

To limit them, a symmetrical TVS diode is connected in parallel to the thyristors. The principle of operation of
the protective diode is based on the phenomenon of reverse breakdown. If a voltage with the amplitude greater than a
certain level of VBR (breakdown voltage) is applied to the TVS, a breakdown will begin with an avalanche-like
increase in current carriers. The current flowing through the diode increases almost indefinitely, and the voltage
hardly changes. As a result, the input voltage is limited, i.e. the TVS diode can be in one of two states: off or in limit
mode.
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Fig.12. Time diagram of voltage on the thyristors of the regulator with a symmetrical limiting diode.

Fig. 12 shows the timing diagrams of the voltage on the thyristors of the regulator with the limitation of
switching overvoltages at the time of closing the thyristors using TVS diodes with limiting voltage U,,s=1000 V. As
can be seen from the voltage diagram, the symmetrical limiting diode in the studied circuit limits the overvoltage
pulses to a value of 1000 V.

4. Conclusion

A sharp drop in current due to the inductance of the power supply network due to the closing of the thyristors by
the control pulse can lead to pulse overvoltages on the elements of power semiconductor current converters made
using fully controlled thyristors.

To protect electrical equipment from switching overvoltages in current converters with fully controlled
semiconductor valves (rectifiers, dependent inverters, thyristor-controlled shunt capacitor banks, voltage regulators,
etc.), the use of semiconductor limiters was proposed — metal oxide varistors and power limiting diodes, which should
be connected in parallel to the power supply network or to the terminals of dual-operation thyristors.

Developed models in the visual programming environment Simulink Matlab application package using the
libraries SimPowerSystem and Simscape Electrical and conducted studies of electromagnetic processes in the rectifier
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and voltage regulator, built on fully controlled thyristors, confirmed the effectiveness of both switching voltage
options.
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3axmcT Big KOMyTALIHHUX NEePEeHANPYT CHJIOBHUX MEPETBOPIOBAYIB CTPyMY 3
BHUMHKAIOYUMH THPUCTOPAMHM

€pren ®eni, Onpra CiBakoBa, Bnagucnas Jlucsk, Muxaiino Kopuak

Hayionanvuuii ynieepcumem «Jlvgiscoxa nonimexuixay, eyi. Cmenana banoepu, 12, Jlveis, 79013, Yrpaina

AHoOTAaNis

3a J0mOMOror po3pobieHHX MoIeneldl B CepeloBHIN Bi3yambHOro mporpamysanas “Simulink” makery
npukiIagHux mporpam “Matlab” 3 Bukopucrannsim 6i6miorex “SimPowerSystem” ta “Simscape Electrical” 3aificueno
MOPIBHSUIBHUM aHaNi3 CIOCO0IB Ta TEXHIYHMX 3ac00iB Ui OOMEXKEHHs KOMYTALIHUX HepeHanpyr B CHIIOBHX
MepeTBOPIOBaYax CTPyMy, sSIKi KepOBaHI BiIMHKAHHAM [BOOMEpAIifHNX THPHUCTOpiB. BuOip KOHKpEeTHOro 3acoly
0OMEXEHHS € IHIUBIAYaJbHUM JUIS KOXXHOTO HEpeTBOPIOBAdYA 1 3aJICKUTHh BiA 0araThbox (hakTOpiB — HMOTYKHOCTI
NepeTBOpIOBaYa, BOJIbT-aMIIEPHUX XapaKTEPUCTHK THPHCTOPIB, IApaMETPiB MepeXi *KUBJIEHHS TOIIOo. JlociikeHHS
MOKa3aiy, M0 HaWOUThII e(eKTHBHUM 3aXHCTOM BiJl IMIYJNbCIB HAIpyrd 3 MajiOI0 TPUBANICTIO Ta 3HAYHOIO
aMIUTITYIOI0 € 3aCTOCYBaHHS OOMEXyBalbHHUX aiofiB “Transient Voltage Suppressors”, mis SIKMX TPYHTYEThCsS Ha
BUKOPHCTAHHI SBUINA JJABUHHOTO NTPOo0O0I0 Ha NPOMIXKKY Hacy pexHMy BiIMUKaHHS THPUCTOPA.

Kuro4doBi cioBa: KoMmyTamiiiHI IMEpeHANPYTH; CHIOBHI MEPETBOPIOBAY CTPYMY; THPHCTOP; OOMEXKYBAIbHUI
JIiOJT; BAPUCTOP.



