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Method of dynamic parameters for mathematical modelling of switching processes
of valves closing of semiconductor converters

A method has been developed for mathematical modeling of valve frequency converters (VFC) based on an analysis of the nature of
the occurrence and patterns of the flow of inverse current of valves when they are locked using the dynamic parameters of valves,
which are series-connected inductance and active resistance, changing in accordance with the pattern of concentration dynamics
charges in semiconductor structures (bases, emitters and p-n junctions. Taking into account the presence of the inverse current of
semiconductor valves significantly increases the level of adequacy of mathematical modeling of VFCs of arbitrary structure and
purpose and in arbitrary modes of their operation, including asymmetric and emergency transient electromagnetic processes of
electrotechnical complexes with VFCs, not only during the time interval of switching (closing) of valves, but throughout the entire
time modeling. References 21, figures 9.
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Po3spobneno memoo mamemamuuno2o Mooeno8ants eeHmMuIbHUX nepemaoplosayie yacmomu (BII49) na niocmasi ananizy npupoou
GUHUKHEHHS [ 3AKOHOMIDHOCMEU NPOMIKAHHS [HEEPCHO20 CMPYMY 6CHMUNIE Ni0 4ac ix 3anupaHHs 3ACMOCY8AHHAM OUHAMIYHUX
napamempie eHmMuNi8, AKUMU CY2YIOMb NOCAI008HO 3 €OHAHT THOYKMUBHICMb MA AKMUSHULL ONIP, WO 3MIHIOIOMbCA 8iON0GIOHO 00
3aKOHOMIpHOCMT OUHAMIKU KOHYeHmpayii HOCiig eleKmpuyHuX 3apsaoie 6 cmpyKmypax Hanienpogionuxie (baszax, emimepax ma p-n
nepexooax). Bpaxysanus HAA6HOCMI IHEEPCHO2O CMPYMY HANIBNPOGIOHUKOBUX 8EHMUNIE ICHOMHO NIOBUWYE DiBeHb A0eKE8AMHOCMI
Mamemamuuno2o mooemosanns BIIY 0osinbhoi cmpykmypu i npusHauenHs ma 6 OO0SLIbHUX Delcumax ix pobomu 6KNOUHO 3
HecUMempu HUMU Mma agapiuHuMu nepexioHuMu eieKmpoMazHimHuMy npoyecamu elekmpomexuiynux xomnnexcie 3 BII9 ne auwe

Ha NPOMIJICKY Hacy Komymayii (3anupanis) 6eHmuais, aie i 8 npoo08AHc 6cb0o2o uacy modenosanns. biom. 21, puc. 9.
Kniouogi cnosa: BeHTHIb, KOMYTallisl, iIHBePCHUIL CTPYM, piBeHb aIeKBAaTHOCTI, MaTeMATHYHA MO/eJIb, IPOrPaMHMIl KOA.

Introduction. One of the research and practical
directions of development of Electrical Engineering,
called «Electronics», allowed to develop a number of
electronic semiconductor devices, based on which a long
list of various valve frequency converters (VFCs), which
serve as switches for regulated electric drives based on
electric [1], alternators [2], autonomous power supply
systems [3] and even in multi-winding transformers for
simultaneous connection of its secondary windings in the
power supply circuit [4]. VFCs are also used in electrical
equipment of many other types, for example, in
discharge-pulse systems of special technological
processes, in particular, the treatment of granular
conductive media [5] and so on. The use of VFC as part
of electrical equipment has made it possible to
fundamentally increase its functionality.

The creation and improvement of valve converter
technology is characterized by three main areas: the
development of circuit solutions, the definition of static
and dynamic characteristics and the study of basic energy
relationships. The first direction is characterized by the
development of hypothetical models, which are created on
the basis of analytical methods using switching functions.
A clear expression of this stage are the works [6, 7],
which relate to direct frequency converters, but this also
applies to other converters (rectifiers, inverters, frequency
converters with a DC link, etc.).

Simultaneously ~ with  the development and
implementation of VFCs, there is a need for mathematical
modelling of electromagnetic processes occurring in these
converters in order to improve both the systems they
belong to and VFCs itself. It is fundamentally important

to note that hypothetical models such as [6, 7] do not
allow to model VFC processes.

Judging by the large number of research works
aimed at solving the problem of mathematical modelling
of VFCs, it turned out to be so complex that the problem
of its solution remains relevant today, despite the fact that
significant positive results have been clearly achieved.

Today, two approaches are used in the practice of
mathematical modelling of VFCs. The first one involves
the use of «ready-made» complexes and simulation
environments. The MATLAB/Simulink software package
has become so widely used, as evidenced by its use are in
[8-11]. The same approach should include the use of
special boards, for example, in [12] a developing board
EPC9035 is used, which is a module of the half-bridge
converter, and it was developed by Power Conversion. It
is logical to include the software package MotorSolve
[13]. It is important to note that in [13] it is emphasized
that the models and algorithms embedded in the
MotorSolve software are closed to the user, which
significantly limits the ability to assess the level of
adequacy of models. The same circumstance is typical for
other software packages and simulation boards, including
MATLAB/Simulink in the context of unavailability of
comprehensive  information on the wused Dbasic
mathematical, electrical and other modelling methods,
which confirms the need to develop methods and
mathematical models of higher adequacy than in the
available for modelling of electrical systems that contain
VFCs, taking into account all the most important factors
influencing the course of processes, among which is the
switching of valves. Particular attention should be paid to
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insufficiently correct modelling in MATLAB/Simulink of
valve locking, which does not take into account the
occurrence and flow of inverse currents (currents of
opposite direction, sign) during the recovery of valve
properties for their closed state, and valves lock (in case
of natural switching) immediately at the time of decay of
their currents to zero.

The above-mentioned means of mathematical
modelling of VFCs, including MATLAB/Simulink, are
characterized by a high level of excellence in terms of
their practical use. Because here the simulation is
performed in the design mode by selecting and combining
individual structural and functional elements into a single
system, the formation of which automatically creates the
appropriate program code (machine algorithm), which is
also automatically generated using mathematical,
electrical, mechanical or any other methods. Therefore,
such modelling tools are often perceived by users as the
absolute of perfection, which a priori eliminates the need
to critically analyze and assess the level of adequacy of
the results.

The second approach is characterized by personal
development by researchers of mathematical models and
even mathematical and electrical methods and on their
basis algorithms and program codes. This requires a
thorough knowledge of the whole spectrum from
mathematical methods to physics of processes and
programming and allows to understand the essence of
modelling at the deepest level, and thus have information
about the initial assumptions and opportunities to more
accurately assess the adequacy of modelling. The position
of the author of this article coincides with the second
approach.

Based on the above, to substantiate the relevance of
the problem to be solved by the article, and to formulate
the task set in the article, we perform a brief analysis of
the literature to determine the adequacy of mathematical
modelling of VFCs in terms of abilities of mathematical
and electrical methods used, including initial assumptions
made during the development of mathematical models.

Literature analysis. From the point of view of
modeling of VFC as a structural element of an arbitrary
electrical (electrical power or electromechanical) system,
the most effective are methods of two directions, the first
of which describes eclectromagnetic processes by
differential equations of electrical state with variable
structure and constant parameters [14], and the second
one is description of electromagnetic processes by
differential equations of electrical state with constant
structure and variable parameters.

The first group includes methods in which valves are
modelled with ideal keys (S-models) [14]. A convincing
advantage of S-models is that they do not need to operate
with the parameters of the valves for the locked state, the
value of which differs from the parameters for the
conductivity state by 6-8 orders of magnitude. This avoids
the scatter of parameters and, as a consequence, the
rigidity of the system of differential equations and the
difficulty of obtaining results in general. However, these

methods have other significant drawbacks that limit the
use of S-models of valves in the practice of VFC
modelling. Thus, S-models provide a rupture of the valve
branches for the closed state of the valves, which a priori
means a change in the power circuit of the VFC, and
therefore each specific state of the valves must correspond
to its circuit power circuit and its corresponding
differential equations system (DES). And here there are
three problems. The first one is the need to form a large
number of DES of electrical state (according to the full
combination of all possible circuits of the VFC power
circuit, based on each specific state of the valves). This
problem entails a second complex problem, which is the
need to form conversion functions that establish the
connection of two adjacent in time limits of currents and
voltages of reactive elements of the valve at the time of
switching, i.e. the transition from the previous in time
power circuit of the VFC to next one [14]. The process of
formation of such functions is a separate task, which not
only significantly complicates the mathematical model of
the VFC, but also a priori reduces the level of its
adequacy. The third problem is to correctly determine the
timing of switching valves, because not for all VFCs, and
the main for their modes of operation it is possible, for
example, for dynamic and asymmetric ones.

Solving the first problem requires significant costs
even for VFCs with a simple electrical circuit and it is
very difficult to solve this problem when we discuss
modelling of transient electromagnetic processes,
especially the modelling of asymmetric emergency
modes, for which it is almost impossible to correctly
predict all valve states. The third problem is solved by
determining in advance the state of the valves, which is
correct only in the case of artificial switching and only for
symmetrical steady state.

Negative on the level of adequacy of key S-models
of valves are also affected by ignoring the presence of
reverse currents, because the concept of key models a
priori excludes the presence of the electric branch of the
valve in its closed state, and in terms of physics of process
in semiconductor electronic devices such currents (reverse
ones) are available.

Known mathematical models, which are based on
the formation of a system of differential equations of the
electrical state with a constant structure and variable
parameters, allow to avoid defects of key models at
fundamentally important points [15, 16].

Careful analysis of research literature sources, as
well as practical experience in the field of mathematical
modelling of VFCs indicates that significant theoretical
and practical results in the context of mathematical
modeling of electrical systems (ES) with valve frequency
converters (according to the concept of their modelling
using DES with constant structure and variable
parameters) is achieved by combining the idea of
modelling valves by separate active-inductive branches
[16] with the modular principle of modelling of electrical-
machine-valve systems (EMVS) [15] and inversion of
DES [17]. This combination made it possible to describe
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the electromagnetic and electromechanical processes of
arbitrary ES (with VFC of arbitrary structure and with
arbitrary control system) by a single DES of electrical and
mechanical equilibrium regardless of the state of the
valves, which, in turn, allows to take into account mutual
influences of EMVS structural elements as well as valve
switching and operation of the automatic control system
for arbitrary modes of operation of the EMVS (steady and
dynamic ones, including symmetrical and asymmetrical,
normal and emergency modes).

Let us analyze in more detail the mathematical
model of the valve, in which the valve is represented by
an active-inductive electric branch [15-17]. Therefore, the
mathematical model of the valve as a basic structural
element of VFC is developed on the basis of the following
initial assumptions:

1) in the conductive state the valve is modelled by
an active-inductive branch with small and as close as
possible to the real values of inductance and active
resistance for the conductive state of the valve;

2) in the locked state the valve is modelled by an
active-inductive electric branch with high inductance and
active resistance, which correspond as closely as possible
to the locked state of the real valve;

3) the valves are switched instantly (the valve is
opened according to the results of solving logical
equations that describe the operation of the VFC control
system), and the valves are closed at the time of transition
through zero current of the switching valve (in case of
natural switching).

The choice of the values of active resistance and
inductance, which are modelled valves, in a sense is
arbitrary, and the selection criterion is the highest possible
level of adequacy of the model. Based on this, in the
practice of VFC modeling for the conductive state we
choose such small values of inductance L (L=0.1-10"*) H
and active resistance R (R=0.1-10") Q, which most
closely correspond to the real the value of real valves in
the conducting state, and for the closed state the values of
inductance and active resistance of the valve branch are
taken as those that most accurately correspond to the
actual inductance and active resistance for the closed state
of the valve £=0.1-10° H and R=0.1-10* Q. It is critical to
note that the L/R ratio (which determines the time
constant) for both the conductive and closed states of the
valve branch should be such that it is approximately 50
times greater than the integration step and at the same
time not less than the minimum time constant of other
sections of the electric circuit, the structural element of
which is VFC [17].

At the time of transition of the valve to the locked
state together with active resistance, also inductance
increases by jump by 6-8 orders of magnitude. The
consequence of such a change in inductance is the
appearance of a rupture of the first current derivative due
to a sudden (break type) strong change in the numerical
value of the coefficient L at the current derivative in the
equation of the electrical state of the valve written
according to Kirchhoff second law

Lpi+Ri+U=0, (1)
where L, i, R, U are the inductance, current, active
resistance and voltage of the valve branch, respectively;
p = d/dt is the differentiation operator in time z.

However, after switching the valves, the integral
curves are smooth because the first derivative after
switching is continuous, which eliminates one of the
significant disadvantages of modelling valves with purely
active resistance. Maintaining the time constant for the
conductive and locked state of the valves constant ensures
the stability of the numerical integration of the DES. Due
to the sudden and large-scale change of parameters, the
currents of closed valves are significantly distorted, but
the values of these currents are small enough that at a
certain stage of development of the theory of
mathematical modeling of VFC, was considered correct to
ignore them [15, 17].

Thus, the critical advantage of mathematical
modelling of the valve by an active-inductive branch
compared to the modelling by purely active resistance is
the invariance of the valve time constant for the
conducting and locked state [15-17], which provides
numerical stability of DES integration that, in turn, is very
important in the case of integration of long-term
processes.

The necessary task of determining the time of
transition of the valve current, which is locked, through
zero at the switching step (moment of valve locking
time) is determined by a simple procedure of DES
inversion, which describes the processes
(electromagnetic, electromechanical, mechanical and
others) occurring in EMVS containing VFCs [17]. The
essence of inversion is to integrate the entire DES at the
switching step of the valve, according to its current,
which becomes an independent variable, and the
numerical value of the integration step is equal to the
value of the switching current at the beginning of the
switching step. The integration time here becomes an
integral variable that is unknown and is the result of the
solution of the DES. Therefore, the closing time of the
valve is determined by only one step of integration
during the inversion of the DES.

It should be noted that the inversion procedure is an
indispensable tool for bypassing special points of integral
variables, which are characterized by the presence of
vertical sections of integral curves, in which the
derivative is equal to infinity [17].

Despite the presence of the above rather effective
methods of mathematical modelling of VFC, the method
in which valves are modelled by active resistances is still
used [18].

In the context of the analysis of research literature
sources in general it should be noted that other known
methods are still used, such as the method of adjustment
[19] and the method of fundamental harmonics [20],
characterized for which is the adoption of too simplistic
(rough) initial assumptions with a focus on their use to
calculate symmetric steady-state currents, which a priori
does not allow to adequately model the course of
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electromagnetic processes occurring in ES with VFC in
dynamic and asymmetric modes.

Problem definition. Many years of practice of
mathematical modeling of EMVS on the basis of the
theory described above [15-17] allowed to obtain results
of a fairly high level of adequacy. But a careful analysis
of the initial assumptions indicates that there is still a
margin in terms of improving the adequacy of VFC
mathematical models.

In real operating conditions of semiconductor
frequency converters, the state of their valves (in
particular, thyristors) and the course of electrical
processes occurring in these valves is determined by the
concentrations and gradients of positive (holes) and
negative (electrons) charges in individual valve structures
— emitters, collectors and p-n junctions. It is the
concentration and gradients of charge carriers that change
over time (restoring the properties of the thyristor for the
locked state), ultimately cause a dynamic change in the
resistance of the valves during their switching (e.g.,
locking), and hence the state of each valve.

To restore the properties of the thyristor for the
locked state, it is necessary that after the passage of direct
current part of the excess charges accumulated in the
bases pass through the outer circuit by changing the
polarity of the voltage (forward and reverse) at the
thyristor electrodes under the action of which there is an
inverse (reverse) current which speeds up the process of
acquiring a thyristor locked state. Therefore, the state of
the valve during the transition from conductive to closed
ones changes under the action of reverse voltage and
inverse current over a period of time, which is
characterized by the presence of appropriate stages of
charge concentration in the deep layers of emitters, bases
and around p-n junctions which means that the valve
current during its switching (inverse current) also changes
over time according to the change in the concentration of
charge carriers.

Based on this, it is obvious that the accepted initial
assumption that the valve is locked at the time of
transition of the current valve, which switches, to zero
(instantaneous switching), is not correct enough.

The process of changing the concentration of
charges in the thyristor layers during its locking, if we
consider the thyristor as an element of an electric circuit
according to the theory of electric circuits, manifests itself
in changing (increasing) its resistance to a value
equivalent to the resistance of the insulator.

The time of decline of the reverse current in the
outer circuit to a certain fixed value does not mean
complete restoration of the locked state of the thyristor,
because in the deep layers of bases (mainly thick base)
there are still excess electrons and holes, which continue
to recombine. After the reverse current drops to a steady
state, some more pause is required for the excess charges
to disappear in the deep layers of the thick base. The total
recovery time of the thyristor properties for the locked
state ty which starts from the moment of direct voltage

drop across the thyristor to zero until the thyristor fully
acquires the properties for the locked state, is equal to

ty =ts + tp, (2)
where £ is the time of decline of the inverse current to a
fixed value; # is the time of disappearance of excess
charges (pauses) in the deep layers of the thick base.

The pause time depends on the geometric
dimensions of the thyristor layers, the lifetime of the
charge carriers, as well as the rate of decline of the
reverse voltage and the rate of increase of the next direct
voltage applied to the thyristor. Recovery time # is one of
the main catalog parameters of the thyristor, because of it
its frequency properties depend. It is considered known.

Based on the above, the goal of the article is to
develop a method of mathematical modelling of electrical
processes occurring in valves during their locking, taking
into account the restoration of their properties for the
closed state, as well as the origin and regularity of inverse
current in valves. The development of mathematical
models of VFC based on this method will significantly
increase the adequacy of mathematical models of both
VFC and EMVS, which include VFC.

Substantive provisions. The above analysis of the
processes occurring in the thyristor shows that when the
valve is closed, first under the action of negative voltage
there is an inverse current, and then due to changes in
charge concentration in the bases this current decreases,
which gives reason to interpret this as an equivalent
increase in thyristor resistance if we consider the
processes in the thyristor in terms of their external
manifestations at the level of the anode-cathode electrical
circuit part according to the laws of classical theory of
electrical circuits. Based on the latter thesis, it seems
logical and correct to consider and, accordingly, to model
the switching process that occurs in the thyristor during
its locking, based on the following provisions:

1) inductance and active resistance, which simulate
the valve branch, dynamically increase according to a
certain law, such as linear, parabolic or some other, which
provides more accurate than in [16] determination of
inverse valve current due to smooth change of inductance
and active resistance of the valve and therefore smooth
change of the first current derivative in contrast to the
rapid one, as in the basic method [16];

2) as the time of the beginning of the dynamic
increase of inductance and active resistance of the valve
branch we take the moment at which the current of the
switching valve is zero (it passes from plus to minus
through zero, i.e. there is an inverse current);

3) the DES inversion procedure is performed only to
determine the point in time that corresponds to the
reference point of the thyristor switching process
(occurrence of inverse current), and not for complete
locking of the valve;

4) the time of complete recovery of the thyristor for
the locked state is considered known and regulated by the
technical data of the thyristor;
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5) assignment of inductance and active resistance of
the valve branch to a value corresponding to the locked
state of the thyristor (its final locking) is performed at the
time of completion of the process of restoring the
properties of the valve for the locked state.

These provisions, together with those adopted in
[15-17] in parts 1) and 2) and partly 3) regarding
instantaneous valve opening and given above, form the
theoretical basis of the method of dynamic parameters of
mathematical modelling of valve frequency converters
proposed here.

The need to take into account the time of locking
valves is obvious not only in terms of patterns of
electrophysical processes occurring in valves, but also
based on the possibility of operation of a fundamentally
certain type of electrical equipment based on VFC which
is emphasized in the literature, in particular in [4, 10].

In one of variants, the idea proposed here was
implemented in [21] during mathematical modelling of
electromagnetic processes occurring in an autonomous
power supply system based on an asynchronized
generator with a contactless cascade modulator exciter
without describing the basic theoretical positions set
forth here.

The practical verification of the proposed method is
performed on the example of mathematical modelling of
Nr-phase AC rectification system (ACRS), a generalized
diagram of the power electric circuit of which is shown in
Fig. 1, where the letters A, K denote the anode
and cathode Ng-phase thyristor groups; the letter
M — Ng-phase of the AC network; the letters H, D — the
load (rectified current link) and diode, respectively, which
serve as structural elements of the ACRS. Other
designations are as follows: E, i, R, L, ¢ — electromotive
force, current, active resistance, inductance and electrical
potentials of nodes. The letters A, K, M, H, D in the lower
indices indicate that the coordinates belong to the
structural elements corresponding to the accepted
designation, and the letter T — to the thyristors. The
numbers in the lower indices indicate the ordinal numbers
of the coordinates within the structural elements, and the
numbers in the lower indices at the potentials ¢ — the
ordinal numbers of the potentials of the electrical circuit;
N — the number of phases, the maximum value of which
in the program code is limited to 24 (Np = 24).

It is important to note that in the diagram of Fig. 1
(in both the mathematical model and the corresponding
program code) provides a choice of either a bridge circuit
(when both valve groups are operating and the diode is
closed), or a star connection circuit (when the anode
group is closed and the diode is constantly in conductive
state). Permanently closed diode or valves of the anode
group functionally means the rupture of their electrical
branches, which changes the generalized circuit to the
selected one. The choice of one of these variants of the
circuit is performed only during the operation of the
program code at the level of numerical values of the state
indicators of the thyristors and the diode vector (24).
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S H 9,

Fig. 1. Diagram of power electric circuit of the Np-phase
AC rectification system

The mathematical model of the Ng-phase ACRS is
the DES of the electrical state and the system of logical
equations, which simulates the operation of the rectifier
control system.

The mathematical model of the Ng-phase system of
rectification of electric currents will be developed on the
basis of the theory of mathematical modelling of
electrical-machine-valve systems [15], according to which
mathematical models of arbitrary EMVS are developed
on a modular basis, i.e. they are built from «ready»
mathematical models of separate structural elements of
the diagram of a power electric circuit. As can be seen
from Fig. 1, here the following structural elements are:
Nr-phase electrical network, Ng-phase cathode and anode
thyristor groups, as well as active-inductive load and
diode. Consider the mathematical models of each of the
structural elements.

Mathematical model of /Np-phase electrical
network. We represent the electric network with
a 2-Ng-polar, and we describe the electric equilibrium by
the vector equation of the outer branches, which has the
following form:

PiM+tGMm @ TTM=0, (3)
where the vector of currents of external branches:
iM = (iMl""’ iMNF’ _iMl""’ _iMNF); (4)

coefficient matrix:
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Ge - Ge
Gm= , (5)
M L Ge Ge }

in which the diagonal matrix of inverse inductances of the
phases of the network:

1

. 1
G =diag(—, ...,
LMI LM

) (6)

Ng
vector of potentials of external network nodes in which
90, = Po= 0@¢G=1,..,Np:

PM = (P30 Pgoess P2 g P )3 ()

vector of free terms:
TM: (Te: _T€)3 (8)
in which

_ | im Rwvy T emy lMNF.RMNF_eMNF 9
o= yees .9

Ly, Lyty,

In (6), (9) we indicate Lmp» Ryvp impr e, are the
Mj

inductance, active resistance and instantaneous values of
current and electromotive force of the j-th phase of the
network.

Mathematical model of N~phase cathode
thyristor group. The cathode thyristor group is
represented by the Ngt+l-polar, and the electrical
equilibrium is described by the vector equation of the
outer branches, which, according to [15] and the proposed
method, has the following form:

pig +Gk ¢ +Tk =0,

where the vector of currents of external branches:

(10)

iK:(iKl, iK2,~-~,iKNF, iK0)=(—iTl, —iTz,.-.,—iTNF, iKO) ,(11)

in which
Nr
iKo:iH:ZiTj’ (12)
j=1
where it is the current of the j-th thyristor (j = 1,..., Ng);
where the coefficient matrix:
B G T1 0 cee 0 -G T1 W
> 6n o 0 O
Gk=| o 0 _ ;3 (13)
G To, G Te,
Nr
—Gr, G, Gr, 2.6t
F j:1 JJ

vector of external potentials (poles) of the cathode
thyristor group:

ok = (93, P4 K (14)

Py NE

vector of free terms:

GTI'RTl'iTl
GTZ'RTZ'I'T2
(15)

G "Rt i
Ty BT Ty

NFr
_ZG TO'RTO'Z TO
I i
The components of the matrix of coefficients Gk and
the vector of free terms Tk are: inverse inductance

GTJ-ZI/LTJ.; (16)
where L, is the inductance of the j-th thyristor;
RTj’iTj are the active resistance and current of the

Jj-th thyristor branch of the cathode valve group.

Mathematical model of Ng-phase anode thyristor
group. The electrical equilibrium equation of the anode
thyristor group is written based on similar considerations
as for the cathode.

Mathematical model of the diode. The diode
model is represented by a bipolar, and the electrical
equilibrium equations are written on the basis of similar
considerations as for thyristor groups.

Mathematical model of active-inductive loading.
The static load is represented by a bipolar, and the electric
equilibrium is described by the vector equation of the
outer branches, which is obtained similarly to the
equations of the electric network.

Nodal system of equations of electrical state
of N -phase current rectification system. The nodal
system of equations of electric state is written in the basis
of electric potentials of independent nodes of the diagram
of a power electric circuit (Fig. 1) and has the following
form:

A-p+B=0, 17)
where the coefficient matrix:
H
A=) MjGy1ls (18)
=M
vector of potentials of independent circuit nodes:
¢:(¢13 ¢2,7 ¢NF+2)! (19)
vector of free terms:
H
B=1-Tj; (20)
=M

and IT;, G;, Tj, 1‘[5 are the incidence matrices, coefficient

matrices, free terms vectors and matrices transposed to
IT; matrices for the j-th structural element of the circuit
G=M,K, A, D, H).

Logical equations of the /Np-phase rectifier
control system. The operation of the thyristor rectifier
control system will be described by logical equations,
which have the following form:
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e2y)

where Z; is the condition for opening the j-th thyristor (the
Jj-th thyristor is opened at the true value of Z)); Zy; is the

Zj=ZyNZyNZg, = true j=(1,...,2-Np),

condition of opening of thyristors on voltage
(ZUj accepts true value at positive voltage on the j-th

thyristor when UTj >0); Z. accepts true value when
J

the current angle of the j-th thyristor is in the set range
taking into account an ignition angle; Z ; accepts true

value when the j-th thyristor locked, the symbol «*»
indicates the operation of logical multiplication
(conjunction).

For a diode, the logical equation has the form

Zp=Zpy Zpyg > (22)

where 7, is the condition of opening the diode by
voltage ( Zpy has true value at positive voltage on the

diode Zpy2 0); A has true value when the diode is

locked.

The state of the diode remains constant (locked) for
the bridge circuit and conductive — for the circuit with a
star connection, when all the thyristors of the anode valve
group are locked, i.e. in the electrical circuit and the
equation system the anode thyristor group remains but is
out of operation (this applies to the program code, which
implements the mathematical model of the AC
rectification system and the algorithm for calculating
electromagnetic processes).

The second-order numerical Runge-Kutta method
was used to integrate the DES in the mathematical model
of the EMVS, which successfully combines a sufficient
level of accuracy with the optimal cost of machine time,
and the Gauss method was used to solve the linear system
of algebraic equations of electrical state (17).

Algorithm for calculating electromagnetic
processes. The input data for the calculation of
electromagnetic processes of the system (Fig. 1) is
divided into three groups. Eyi, Ly, Ry, fu, Ng — amplitude
of electromotive force, inductance and active resistance of
phase branches of the network, frequency and number of
phases of the network; Ly, Rw — inductance and active
resistance for the conducting state of thyristors and
diodes; Lz, R; — inductance and active resistance for the
closed state of thyristors and diodes; Ry, Ly — active
resistance and inductance of active-inductive load; & —
recovery time of thyristors properties for their locked
state.

The second group of input data includes the initial
conditions, which are combined into a vector of integrated
variables V and a vector Ky of the state of the valves.
These vectors have the following structure:

V= (iH’iD’iTl’."’iTZNF"iMls."’iMNF’t) s (23)
where ¢ is the integration time;
K1 = (K, Ky, Ky, K,y o KD) - (24)

The elements of the vector K7; (24) have the values:

1 — for the conductive state of the valves;

0 — for locked state in the case of controlled valves;
2 — for locked and uncontrolled valves.

The third group includes the following input data
that relate directly to the operation of program code:
t¢ — final integration time; At — step of DES integration in
non-switching time intervals; Afx —step of integration
within the time interval of restoration of thyristor
properties for their locked state.

The calculation of electromagnetic processes
occurring in the EMVS is performed in the following
sequence.

1. Based on the initial conditions: (vector V(23)), the
array of states of the valves Ky; (24) and the input data of
the first group matrices of coefficients and vectors of free
terms of the structural elements of the rectification system
according to the diagram (Fig. 1) are formed: (5), (8);
cathode thyristor group — (13), (15) and all other
structural elements.

2. On the basis of matrices of coefficients and
vectors of free terms of structural elements the matrix of
coefficients and vector of free terms of system of
equations (17) by (18), (20), accordingly, is formed.

3. The system of equations of electrical state (17)
with respect to the vector of potentials of independent
nodes ¢ (19) is solved and the integration vector pV is
formed, which is equal to the time derivative of the vector
of integrated variables 7 (23) and has the following
structure:

pV = (piH’piD’piTl""’piTZNF,’piMl""’piMNf,l) . (25)

4. Logical equations (21) are solved and the state of
thyristors is determined. If the state of the thyristors has
changed (at least one of them has opened), then the
integration vector p¥ (25) is redefined.

5. One of the explicit numerical methods is
integrating the DES with a given integration step A,
resulting in its solution (new value of the vector ' (23)) at
the current integration step.

6. A check is performed regarding the change the
value to negative current of any of the open thyristors in
the current integration step. If the current of an arbitrary
open thyristor has changed from a positive value to a
negative one, the DES is inverted, which determines the
time at which the open thyristor current is zero (passes
from zero from plus to minus). From this point in time, at
time interval #y, and until the time when the j-th thyristor
restores its properties for the closed state, the thyristor
parameters (its inverse inductance Gr, and active

resistance R, from (13), (15) for the cathode and

similarly for anode thyristor group) changes (the
resistance increases and the inverse inductance decreases)
according to a given law (linear, parabolic, exponential,
or arbitrary others). During the switching time #y, it is
reasonable to reduce the integration step Afx by at least
one or even two orders of magnitude (At=A4t/100)
compared to the set integration step At for the off-
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switching period. In the first integration step after the end
of the switching period, the thyristor parameters are
assigned a value for the locked state, the state indicator of
the thyristor K T issetto 0 (K T,= 0), and the integration

step returns a value that corresponds outside the switching
period.

7. With a certain multiplicity of integration steps, the
results of process calculations are output to information
files. These results are all the coordinates included in the
vector of integrated variables } (23) and the potentials of
independent nodes of the diagram (Fig. 1) (19) and their
difference in any combination, as well as the results of
harmonic analysis of selected coordinates.

8. At each integration step, a check is performed
regarding the current integration time ¢ outside its set final
value #¢. If the current value of the integration time ¢ is
equal to or exceeds the set final g (7 > #¢) value, the DES
integration procedure is terminated, and otherwise, when
t < tx — continues.

Based on the above mathematical model and the
corresponding  algorithm, the program code was
developed in the FORTRAN programming language for
computer modelling of electromagnetic processes
occurring in the rectification system of the Ng-phase
current (Fig. 1). To test the proposed method for the
correctness of its theoretical provisions and suitability for
practical application, with the help of the developed
software code computer simulation of electromagnetic
processes occurring in EMVS is performed (Fig. 1) on
several diagrams of the electrical power circuit (the bridge
circuit of the rectifier and the star rectifier circuit) with
the number of phases N = 1, 2, 3, 6 and 12 (of 24
possible). The following are the results of computer
simulation of electromagnetic processes for a three-phase
bridge EMVS.

The input data of the first group are selected with
such numerical values that the main coordinates, which
are rectified voltage and current iy, uy correlated with the
values of rectified current and voltage of the valve
excitation system of turbogenerators TGV series 500 and
800 MW. Therefore, the main input data of the first group
have the following numerical values: for 3-phase
electrical network Ey = 800 V, Ly = 0.1-10° H,
Ry =0.1-10° Q, f= 50 Hz — amplitude of electromotive
force, inductance and resistance of phase electric branches
of the network, as well as the frequency of its voltage and
current; for rectifier and diode: Ly = 0.1:10° H,
L; = 0.1:10° H — inductance of thyristor (and diode)
branches in conductive and closed states, respectively;
Ry = 0.001 Q, R; = 1000 Q — active resistance of
thyristor (and diode) branches in the conductive and
closed states, respectively; o, = 0° — thyristor control
angle; for load: Ly = 0.075 H, Ry=1.5 Q — inductance and
active resistance; Az = 10 ps — integration step; Afx = 0.1 ps
— integration step on the switching interval (locking) of
valves; g = 0.65 s — final integration time; ty = 50 ps —
full recovery time of the thyristor properties for the
locked state.

The task of modelling is to study the patterns of
electrical processes that occur in the thyristors of the
rectifier with an emphasis on the study of switching
processes that occur during the locking of thyristors,
taking into account the presence of inverse (reverse)
current. It is noted above that the proposed method and,
accordingly, the mathematical model provide the ability
to choose the law of change of thyristor parameters during
their switching. In this context, at the first stage of the
study we consider the linear law of change of parameters
of thyristors that switch during their locking.

Figure 2 shows the calculated dependencies of the
instantaneous phase currents of the cathode thyristor

group.

T
300 ] [/\(

200 ]
100 /I/\
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-100 +———— — :
0.00 0.02 0.04

0.06 0.08 7,8

Fig. 2. it 12 0Ty ITy — phase currents of the cathode group

It is obvious that the instantaneous currents of the
anode thyristor group have a similar character to the
currents of the cathode group, but are shifted by 180°.

An important coordinate in terms of analysis of
electromagnetic processes in the EMVS is the rectified
current, the curve of which is shown in Fig. 3.
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0.30 1,8
Fig. 3. iy — rectified current

Figure 3 shows that the curve of the rectified current
encircles the curves of the valve currents of the cathode
thyristor group in the upper circuit, which corresponds to
the physics of electromagnetic processes occurring in the
EMVS. In general, the curves of the -calculated
dependencies of the phase currents of the cathode
thyristor group and the rectified current shown in
Fig. 2, 3, reflect the course of the transient in EMVS from
zero initial conditions and provide information about the
functioning of the mathematical model and the
corresponding program code on the physics of processes
occurring in this system, and, to some extent, the level of
adequacy of the real physical system at the level of the
nature of the curves qualitatively and at the level of their
numerical values quantitatively. From Fig. 3 it is seen that
the rectified current acquires a steady-state value
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according to the time constant, the value of which is
determined by the load parameters, i.e. their ratio Ly/Ry.

From the point of view of the method declared
above, it is fundamentally important to obtain information
on the presence and regularity of changes in the inverse
current of thyristors that switch during their locking, as
well as the nature of changes in thyristor parameters at the
stage of their locking (during the restoration time of the
properties of thyristors for the locked state). Such
information is provided by the curves of current, inverse
inductance and active resistance of the thyristor, which
is locked. For thyristor No. 1 these curves are shown in
Fig. 4-6.

ir,»
1 T

0 \ I

2/
-4{\/

0.60923 0.60928 0.60933 0.60943 ¢,
Fig. 4. i, ~ inverse current of the first thyristor (linear law)

0.60938

The nature of the curve in Fig. 4 clearly indicates not
only the presence of the inverse current of the first
thyristor (transition of thyristor current to the negative
region), but also the pattern of its change, according to
which it increases to a certain maximum value (here it is
it = —4.19 A), and then — its decrease to the steady-state

value, which is equal to it = 0.2 A.

The presence of inverse current and the regularity of
its change are quite expected and are perceived as those
that generally correspond to the process of restoring the
properties of thyristors for the closed state during their
switching. Obviously, here the maximum value of the
inverse current is determined by the pattern of changes in
the parameters of the switching thyristors. We remind that
in this variant of calculations the linear law of change of
parameters of the switching thyristors is accepted.

The nature of the curves of inverse inductance
(Fig. 5) and active resistance (Fig. 6) is absolutely
obvious, because the value of these coordinates varies
according to the linear law within given limits according
to the initial assumptions and basic provisions of the
proposed method.
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Fig. 5. 1/ L, —inverse inductance of the first thyristor
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Fig. 6. Rt - active resistance of the first thyristor

(linear law)

In order to determine the effect on the laws of
change of the inverse current of thyristors during their
locking, we consider similar calculation dependencies
obtained on the basis of the parabolic law of change of
parameters of thyristors that switch. As for the linear law,
Fig. 7-9 show the calculated dependencies of the inverse
current, inverse inductance and active resistance of the
first thyristor.
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Fig. 7. i, ~ inverse current of the first thyristor (parabolic law)
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Fig. 8. 1/ Lt - inverse inductance of the first thyristor
(parabolic law)
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Fig. 9. Ry, active resistance of the first thyristor
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(parabolic law)

Figure 7 shows that in general the nature of the
current of the first thyristor is similar to the nature of the
current in Fig. 4, and the current curve in Fig. 7 differs
from the current in Fig. 4 by larger maximum value of
inverse current, which is equal to i, = -9.63 A. This
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difference is explained by the lower value of active
resistance and inductance of the thyristor at the beginning
of the recovery period of thyristor properties for the
locked state, which is clearly seen in Fig. 8, 9, in which
the corresponding curves have a parabolic shape at the
stage of changing the parameters of thyristors.

The fact that the values of the inverse current
maximum for the linear and parabolic laws of change of
parameters of the thyristor which switches are different
(which is a priori obvious) means the problem of
choosing the law variant during computer simulation. On
the one hand, the linear law on average should describe
the change of parameters quite accurately, but, on the
other hand, in real conditions such physical processes are
almost rarely linear, so there is reason to believe that we
should apply some other low — nonlinear (e.g. parabolic)
law. Just as the recovery time of thyristor properties for
the locked state is different depending on the size and
type of thyristors and their individual structures (emitters
and bases), it is logical in each case to select the law of
change of thyristor parameters. At this stage of the study
this is only about methods of accounting for inverse
current at a fundamentally higher level of adequacy, than
proposed by other currently known methods and, as a
consequence, more accurate consideration of thyristor
switching processes that occur during their locking.

Thus, the results of mathematical modeling of
EMYVS taking into account the presence of inverse current
in thyristors that switch during their locking, obtained
using the proposed method, give grounds to argue that in
principle this approach is sufficiently substantiated in
terms of accepted correct initial assumptions and
consistent real processes that occur in the thyristor at the
stage of its locking and restoration of properties for the
locked state, at the level of concentration of electric
charge carriers in real thyristors, which ultimately
manifests itself in changes in thyristor resistance and its
function as a semiconductor. The concentration of charges
in the structures of the thyristor and its resistance are
causally related, which means that if it is reasonable and
rational to choose the necessary law of change of thyristor
parameters for the recovery phase for the locked state,
such a law will correspond to real concentrations of
electric charges, which justifies their consideration.

Conclusions and prospects of research.

1.In the current large number of methods of
mathematical modelling of VFCs, too little attention is
paid to the consideration of inverse currents that occur
during closing valves and which actually exist in closed
valves and have some impact on both VFC processes and
their functioning in general. Correct consideration of
inverse currents of valves (especially during their locking)
remains an urgent problem, the solution of which would
significantly increase the level of adequacy of
mathematical modelling of VFCs.

2.In some methods, inverse valve currents are not
taken into account at all, for example, in key S-models
[14] either obtained incorrectly due to the instantaneous
switching of valves accepted in the initial assumptions

and, as a consequence, a sudden change in the first
derivative of the valve current that switches during its
locking, and therefore inverse currents are ignored
[15-17] based on the smallness of their values.

3.1t is proposed to simulate the process of locking
valves, taking into account the restoration of their
properties for the locked state, by changing (according
to the determined law) the parameters of inverse
inductance and active resistance, for a known locking
time. The final locking of the wvalves should be
performed after the time of restoration of the properties
of the valves for the locked state. This method, on the
one hand, provides a smooth change in the parameters of
the valves during their locking and, consequently, the
correct values of the inverse current, and, on the other
hand, takes into account the occurrence and dynamics of
changes in inverse current at the stage of closing the
valves during the restoration of their properties for the
closed state, which significantly increases the adequacy
of mathematical modelling of VFCs and electrical
systems containing VFCs.

4.The results of computer simulation of VFCs,
obtained using the proposed method in the mathematical
model, suggest that the presence and regularity of changes
in inverse currents corresponds to the processes occurring
in VFCs at the level of concentration of electric charge
carriers in terms of the value and the nature of the inverse
current, which, in turn, indicates an increase in the
adequacy of mathematical modelling of VFCs.

5. The subject of further research is to determine the
laws of change of dynamic parameters of valves in
accordance with the laws of change in the concentration
of charge carriers in their design and at the same time
functional structures (bases and emitters).
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