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The characteristics of the input energy converter of an
electric locomotive with an induction traction electric drive
were studied. The efficiency of the 4QS converter has been
increased and the level of current harmonic distortions in
the power supply system has been reduced. The research
resulted in proposals for improving the control algorithm of
the input energy converter to improve the traction-energy
indicators of the electric drive and reduce the emission of
high-frequency harmonics into the contact network. The
results were obtained on the basis of simulation modeling
of the "traction transformer — 4QS-converter” system on
the example of the alternating current electric locomotive
DS3 (Dnipro-Simens-3).

Modeling of the operation of the 4QS-converter of
the electric locomotive was performed for the case of
the maximum load of the drive under a traction mode.
Two versions of the input converter control algorithm
were studied and compared: the basic version of the DS3
electric locomotive and the modified version proposed by
us. It was found that in the case of the basic variant of
the converter control algorithm, conditions are created at
certain time intervals when the capacitor of the constant
voltage link on the secondary winding of the traction
transformer is discharged under a traction mode. The
consequence of this is a decrease in the efficiency factor of
the converter and a deterioration of the harmonic distortion
Jfactor of the rectified voltage. In the modified algorithm,
the discharge time of the capacitor of the constant voltage
link on the secondary winding of the traction transformer is
significantly reduced and the efficiency of the 4QS converter
is increased
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1. Introduction

The induction traction electric drive is widely used
in electric rolling stock all over the world, due to its high
energy and technical and economic indicators. This type of
electric drive is used by most modern passenger and freight
electric locomotives, high-speed and super-speed electric
trains. The use of 4QS converters on AC rolling stock is due
to a number of functional capabilities necessary to improve
the technical and economic indicators of electric rolling
stock. 4QS-converters under a traction mode provide recti-
fication, increase of the rectified voltage, and its stabilization
in the constant voltage circuit (CVC).

Under the mode of regenerative braking, the converter
works as a network-driven voltage inverter. A significant
advantage of 4QS converters is the possibility of bidirec-
tional transmission of electricity between the external power
supply system and electric locomotives with a power factor
close to unity, a reduction in the level of high-frequency
harmonics and the approximation of the input current of the
traction transformer (TT) to a sinusoid; significant increase
in energy efficiency of AC electric drives. The significant ad-
vantages of 4QS converters make them an indispensable part
of a modern electric drive. Leading European manufacturers
of electric locomotives continue their work in the direction
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of improvement and creation of single and multi-system
rolling stock using 4QS converters. In the future, their num-
ber and functional purpose will expand. The main energy
performance of electric locomotives and its impact on the
power supply system largely depend on the characteristics
of 4QS converters. Therefore, studies of processes related to
the operation of 4QS converters are currently important and
necessary for improving their characteristics. Issues of im-
proving the technical and economic characteristics of 4QS
converters are considered in many works [1-16]. Technical
solutions known today, which ensure the improvement of the
energy characteristics of 4QS converters, can be condition-
ally combined into three main groups:

1) improvement of converter circuitry;

2) improvement of systems and their management algo}
rithms;

3) increasing the switching frequency of power switches.

The power and efficiency coefficients, as well as the level
of emission of high-frequency harmonics into the contact
network, largely depend on the control system.

Improving the control algorithm of 4QS converters
makes it possible to increase the efficiency and power of the
converter, reduce the harmonic distortion of the current and
voltage of the contact network, and reduce the level of volt-
age ripple in CVC.




Therefore, the research of transient switching processes
of transistor IGBT modules of 4QS converters, energy pa-
rameters and harmonic voltage distortions of 4QS convert-
ers are relevant.

2. Literature review and problem statement

The issue of using 4QS converters on modern electric
rolling stock and their further improvement are considered
in many scientific works [1-16]. One of the main tasks set in
these studies were attempts to solve the problem of compen-
sation of higher harmonics and reduction of the level of har-
monic current distortions in the power supply system of the
electric locomotive based on the improvement of converter
control methods and algorithms.

The task of improving the energy parameters of 4QS con-
verters when implementing control systems with different
types of modulation was set in articles [1, 2]. In particular,
the structure of a converter with an active four-quadrant
rectifier under the power factor correction mode is proposed
in [1] using the example of a charging station for electric
vehicles. The represented MATLAB model of the charging
station takes into account the parameters of the power grid,
the parameters of the switches of the active rectifier and its
automatic control system, and the equivalent model of the
battery compartment. In the work, the qualitative charac-
teristics of the power supply, in particular, the harmonic dis-
tortion of the voltage of the 4QS converter, remained outside
the scope of the analysis.

In [2], it is shown that the indicators of the quality of
electric power and the power loss of an electric locomotive
are significantly dependent on the control systems of 4QS
converters. At the same time, the work does not formulate
proposals for improving the quality indicators of electric
power of the contact network.

According to the authors of work [3], improvement of the
characteristics of the 4QS converter can be achieved using
the proposed method of current control without transient
processes. When setting up the control signal model of the
constant voltage link, the concept of average power control
was used. The work does not analyze ways of reducing the
emission of high-frequency harmonics into the contact net-
work.

Paper [4] discusses the use of soft switching methods
in the branches of the 4QS converter. The effect that soft
switching can have on the quality characteristics of mul-
tiport converters is shown. The paper does not analyze
the influence of soft switching in the branches of the 4QS
converter on the level of high-frequency harmonic voltage
distortions in the contact network.

Classical and industrial four-quadrant DC/DC con-
verters are compared in work [5]. The peculiarities of the
operation of the converters under the reverse and regenera-
tive braking modes are analyzed. The experimental charac-
teristics of the new four-quadrant DC/DC converter of the
second generation are presented. However, the quality char-
acteristics of the power supply, namely the power factor and
the harmonic distortion factor, are not analyzed in the work.

Works [6,7] consider active rectifiers in the power
conversion system of electric locomotives. In particular,
work [6] provides an overview and schemes of an active rec-
tifier, which, according to the authors, will make it possible
to correct the power factor and eliminate higher harmonics

of the input current. A number of requirements are given, on
the basis of which the optimal rectifier scheme of the traction
substation was chosen. However, the work does not contain
ways of implementing the considered schemes. In article [7],
a new bidirectional AC-DC multilevel converter based on
four-quadrant switches is proposed. Despite the fact that the
proposed converter works as an active rectifier, and as a grid
inverter, and as a voltage inverter, its circuit is too complex
for effective voltage control.

New or updated strategies for vector control of the rec-
tifier, in contrast to the traditional ones, are considered in
works [8, 9]. Solving the problem of voltage instability in the
power supply network of the electric drive is based on the use
of a spatial complex vector in a two-phase stationary coordi-
nate system and a direct power control scheme based on an
adaptive sliding mode observer. Both strategies are aimed at
suppressing fluctuations in the dynamic characteristic of the
voltage in the DC circuit,

In works [10, 11], the sources of distortions of electric
locomotive power supply characteristics are analyzed due to
the reverse influence of electric locomotives on the contact
network, in particular, due to pantograph switching and the
passage of contact inserts by the electric locomotive at the
border of the contact network sections. The given analysis
is very important for the development of algorithms for the
compensation of higher current harmonics in the power sup-
ply system of electric rolling stock, however, the authors do
not provide in their works a comparative quantitative anal-
ysis of the influence of these sources on the contact network
of electric locomotives.

In [12], models of scalar and vector control of the output
converter are proposed, taking into account asymmetric
modes of operation of the electric drive. The starting char-
acteristics of the traction drive for different control methods
are obtained on the model. The analysis of the study results
requires further research into algorithms for efficient con-
trol of converters due to the lack of quantitative assessment
of the impact of various control methods on the qualitative
characteristics of the voltage in the contact network of elec-
tric locomotives.

In [13], a study of power losses in an active rectifier with
PWM is reported; it is indicated that the efficiency of the
active rectifier does not exceed 76 %, which is a rather low
indicator.

In [14], the algorithm for controlling the 4QS converter
of an electric locomotive is considered, which allows improv-
ing the dynamic performance of the converter while mini-
mizing harmonics in the network. However, the authors have
not fully investigated the mutual influence of the power fac-
tor and the factor of higher harmonics of the power system.

Work [15] presents the developed methodology for deter-
mining the optimal parameters of pulse width modulation of
a single-phase 4qs converter to minimize the reactive power
of the converter. The features of the proposed method are the
separation of the PWM parameter determination process
into 2 stages. At the first stage, a pair of PWM parameter
values are determined, at which the highest power factor
of the electric locomotive drive is realized. At the second
stage, the dependences of the efficiency and the coefficient
of nonlinear distortion of the mains current on the clock
frequency of the converters are determined. The rational
value of the clock frequency (900..2000 Hz) was detere
mined, at which the efficiency of the converter reaches the
maximum value (98...95 %), and the coefficient of nonlinear



distortions will be minimal (5..12 %). It was determined
that the exclusion of the snubber link from the power circuit
can significantly reduce the total electrical losses. It was
established that the losses on the parasitic resistances of the
filters are insignificant, so they can be disregarded in the
overall balance of losses.

In [16], the algorithm for controlling the 4QS converter
of an electric locomotive is considered, which allows im-
proving the dynamic performance of the converter while
minimizing harmonics in the network.

Article [17] gives a simulation mathematical model of
the 4QS converter, which makes it possible to study the
influence of control parameters on the qualitative and quan-
titative characteristics of the converter. The presented model
needs clarification regarding the control laws (algorithms) of
the converter switching keys.

The above review of information sources on this topic
allows us to state that the possibility of improving the energy
characteristics of 4QS-converters of electric locomotives due
to the improvement of the control algorithms of pulse width
modulation parameters has not been fully used. Therefore,
there is reason to believe that there is a reserve for improving
the energy characteristics of the four-quadrant converter with
pulse-width modulation based on the modification of the con-
trol laws (algorithms) of the converter switching keys.

3. The aim and objectives of the study

The purpose of this work is to modify the switching key
control algorithms of 4QS converters to improve their ener-
gy characteristics.

To achieve the goal, the following tasks were set:

— to propose an improved control algorithm for the 4QS
converter;

— to determine the influence of the parameters of the
control algorithm on the quality indicators of the 4QS
converter.

4. The study materials and methods

The object of our research is electromagnetic pro-
cesses in the 4QS converter of an electric locomotive. As
a hypothesis of the research, the assumption about the
possibility of improving the energy characteristics of the
four-quadrant 4QS-converter due to the rational control of
the current flow in the constant voltage circuit is accepted.

The study was performed on the basis of simulation
modeling of the “traction transformer — 4QS-converter”
system of the DS3 alternating current electric locomotive.

The simulation model was made on the basis of the
Simulink MATLAB software package. The model is a
subsystem of the general control system, which includes
the PWM Generator (2-Level) unit, which forms pulses
of pulse width modulation to control the 4QS converter.

The simulation of the operation of the 4QS-converter
of the electric locomotive is carried out for the case of the
maximum load of the drive — when the electric locomotive
starts moving. Two versions of the input converter control
algorithm were studied and compared: the standard version
of the DS3 electric locomotive and the modified version that
we proposed.
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With the standard version of the control algorithm,
when the polarity of the secondary winding of the traction
transformer is changed, conditions are created for the flow of
rectified current through the closed modules of the opposite
arms of the converter from the constant voltage link to the
circuit of the secondary winding of the traction transformer.
With a modified version of the algorithm, a ban on such
overflow is created programmatically.

Classical theory of electric circuits and methods of simu-
lation modeling of converters were used. The calculation and
study of the parameters of the electromagnetic processes of
the 4QS-converter were performed on the basis of the calcu-
lation scheme of the replacement of the 4QS-converter. At
the same time, the following simplifications and assumptions
were adopted:

— transistor modules are considered as ideal key elel
ments, which in the open state short-circuit sections of elec-
tric circuits, and in the closed state break them;

— the absence of pauses between signals for turning off
and turning on transistors of one phase, to consider the
change of state of transistors VT1 and VT2 or VT3 and VT4
as simultaneous.

The Simulink visual programming software, which is an
application of the MATLAB package, was used for simula-
tion modeling of electromagnetic processes of 4QS convert-
ers and determination of their energy indicators.

The study of the parameters of the electromagnetic pro-
cesses of the 4QS converter was performed on the basis of
the calculation scheme of the replacement of the 4QS con-
verter shown in Fig. 1.

The control system of the 4QS converter using the sinu-
soidal pulse width modulation algorithm was investigated.
A sinusoidal modeling voltage U,,(¢)=sin(t+y) with a
frequency of w=2mf is compared with a triangular clock
voltage U, (¢) = 2/Tc-arcsin [sin(mt +1t/2)].

Il a

Fig. 1. Calculation scheme for replacing the 4QS converter:
VT1—=VT4 — IGBT modules; VD1—VD4 — reverse diodes of

the modules; e1, e, — electromotive forces of the windings of
the traction transformer (TT); Ry, L, — respectively, the active

resistance and dissipation inductance in the circuit of the
secondary winding of TT

In the process of modeling, the multiplicity coefficient
was used:

8:fr/fM:9r ¢))

where fr, [y are the frequencies of the clock and modeling
signals, respectively.
The modulation depth u=U,;/Ur was set to 0.8.



The state of the transistor modules VT1-V T4 is deter-
mined by the corresponding logical variables S1, 2. When
the VT1 module is turned on, S1=1, when the VT1 module
is turned off, $1=0.

The state of the single-phase module VT2, opposite to
the state of VT1, is defined as the inversion of the logic vari-
able S1. Similarly, the state of the VT3 module corresponds
to the logic variable §2, and that of the VT4 module - $2.
Taking into account the accepted notations, the switching
function of the modules will take the form:

1 at S1=1_i S52=1,

_ -1 at_e,<0;51=1 i 8§2=1, @
0 at_S1=1_i 8§2=1,
0 at S1=1_i S§2=1.

K(¢)

In this case, the instantaneous value of the voltage at
the input of the 4QS converter can be determined from the
following expression:

U, =K(0) U, 3)

The effective value of the electromotive force of the
secondary winding of the transformer in all variants of the
study was taken to be equal to e;=1300 V.

In the process of switching the modules, in accordance
with the control algorithm, the secondary winding of TT is
short-term closed and opened. In the time intervals in which
the commutation function K(¢)=0, the secondary winding of
the transformer is closed by one of the transistor modules.
The current iy in the circuit of the secondary winding of TT
increases according to a linear law, electromagnetic energy is
accumulated in the inductance L.

The equation for the circuit created after switching:

Uy+U, =e, (4)

where U;=L-di/dt — voltage drop across the inductance L.
Upon subsequent opening of the transistor module, the
electromotive force of self-induction e;=—L-di,/dt changes its
sign due to the decrease in current is.
The voltage at the input of the 4QS converter, which
opens the corresponding diodes VT1-VT4:

Us :g+g_g‘Rz' ©)

The accumulated electromagnetic energy enters CVC
with the storage capacitor Cy (Fig. 2, ). The shift angle ¢
is regulated by the phase shift of the modeling and clock
signals in the PWM system and ensures the absence of a
shift between the fundamental harmonics of TT voltage
and current.

As a result of changes in the control algorithm, there
is a lag of the first harmonic of the current relative to the
emf of the secondary winding of TT and a decrease in
the power factor. The power factor level close to unity is
provided by the decrease in the phase shift angle . The
specific value of the phase shift angle is selected for each
model in the range from —n/3.4 to +m/3.6 by trial and
error from the maximum power factor condition.

During the Uy pulse, TT current i5 decreases in abso-
lute value. If we do not take into account the voltage drop

on the diodes of the modules, the instantaneous values of the
pulses Ug are equal to the CVC voltage, i.e., Us=U,. Taking
into account the last expression, the magnitude of the cur-
rent in the circuit according to (5):

. e,+e -U,
RTTTR

©6)

Fig. 2. Vector diagrams of the 4QS converter for the traction
mode: a — when the energy is stored in the constant voltage
circuit; b — when discharging the capacitor C,

It can be seen from expression (6) that the current at
the output of the 4QS converter i;=0 when the transistor
modules of the opposite arms VT1, VT4, or VT2, VT3 are
simultaneously open occurs only when the following condi-
tion is met:

e,+e, 2U,. @)

In the intervals of time when the specified inequality is
not fulfilled, the current under a traction mode flows in the
reverse direction from CVC to the TT winding, i. e., i4<0.

This mode corresponds to the vector diagram (Fig. 2, b)
and the voltage balance equation:

e,+U,=U, +U,. ©)

Based on (8), the circuit voltage equilibrium equation, in
which i4<0, can be formulated by the following expression:

AND(e,<0; S1=1; 52=1);
IF| OR _ i, <0 | )
AND(e,20; §2=1; S1=1)

When condition (9) is fulfilled, current iy flows in the
reverse direction under the action of voltage U; through
open modules VT1, VT4 at e,<0 (Fig. 3), or through open
modules VT2, VT3 at ¢,>0.

id,
VT3
vDl [ A VD3
Cd
ud | =
VT4
vD2 [ 7 VD4

Fig. 3. Electric circuit of current jy when condition (2) is fulfilled



At the same time, the direction of the current coincides
with the direction of the emf es. The capacitor Cy is dis-
charged to the secondary winding of TT.

In order to limit the duration of the iy current flow in the
reverse direction, the module control algorithm was changed
to the standard algorithm (modified algorithm) in the form
of a software ban on turning on the VT2 or VT4 modules
depending on the polarity of the electromotive force es. At
the same time, the possibility of simultaneous closing of the
modules of the opposite arms after changing the polarity of
the electromotive force es is excluded. The modified algo-
rithm in the VT2 and VT4 module control algorithm can be
written in the form of a logical function:

AND(e,<0; S1=1);
IF| OR 0,20 |

10)
AND(e,>0; §2=1)

In accordance with expression (10), we implemented in
Simulink package a virtual model of VT2 and VT4 modules
control system (Fig. 4).

The given model is a subsystem of the general control
system, which includes the PWM Generator (2-Level)
block, which forms pulses of pulse-width modulation for con-
trolling the VT1-VT4 modules according to the standard
control algorithm.

5. Results of studying the energy characteristics of the
four-quadrant 4QS converter

5. 1. Results of using the 4QS converter control algot
rithm

The results of simulation of transient processes are repre-
sented in the form of oscillograms in Fig. 5, 6. In Fig. 5, the
current iy in the circuit of the direct current link after chang-
ing the direction ey changes its sign (negative pulses iy) and
closes through the TT winding, i.e., iy=i,.

In the considered intervals, when the impulses iy are
negative, the directions of the current iy and the electromo-
tive force e, in the TT winding coincide, that is, the second-
ary winding of TT does not transmit energy to the power
system, therefore, the capacitor Cy
discharges.

0.80

A similar situation occurs in the

second half-cycle under the condi-

@m

U2
- H-T( [VT1] [u2] <[ faxp
Uref _J‘

Switch3 tion e,>0, when modules VT2, VT3

are open at the same time.

—-([VT21] -
@_ -

In order to check the effective-
ness of using the proposed control

algorithm, a study of the models of
two similar induction electric drives
was carried out.

Switch6

PWM
Generator [U2] -~
ﬂU (-Level) T< [VT3] ]
Uref _[
Generation -~ [VT41] ~
(50 Hz) |

Fig. 4. Model of the control subsystem of IGBT-modules of the bridge VT1-VT4 with
amendments, according to condition (10)

The first model is for controlling
one converter with pulse-width
modulation according to a standard
algorithm.
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Fig. 5. Voltage and current oscillogram of the model when using the standard control algorithm of the 4QS converter



The second model is for controlling one converter with
pulse-width modulation according to the modified algorithm.

5.2. Analysis of the influence of control algorithm
parameters on the quality indicators of the 4QS converter

The oscillograms in Fig. 6 of the voltage and current for
the modified algorithm of controlling the IGBT modules of
the bridge VT1-VT4 show that the duration of the negative
pulses of the is current and the duration of the discharge of the
capacitor of the constant voltage link are significantly reduced.

Also, the discharge time of the capacitor C; on the sec-
ondary winding of the traction transformer was significantly
reduced. The discharge of the capacitor C,; is limited and
takes place only at e;>0 through open modules VT1, VT4,
and at e,<0, respectively, through - VT2, VT3.

At the same time, the magnitude of the voltage of the
electromotive force e; of the secondary winding and the
electromotive force of self-induction is not enough to open
the valves VD1, VD4, or VD2, VD3.

The research was carried out by the method of mathe-
matical modeling using the MATLAB software. A method
that takes into account all parameters of both input and out-
put currents and voltages was used to calculate the energy
indicators of the link. At the same time, the active power at
the input of TT and at the output of CVC was simultaneous-
ly calculated. At the same time, one of the Matrix Multiply
blocks calculated the product of instantaneous values at the
TT input Pi=uyiy, and the second — the product of instanta-
neous pulsations at the CVC output Py=uiy.

The non-sinusoidal nature of the voltage and current
and the phase shift and current distortion were taken into
account in the calculations.

The simulation results are given in Table 1.

In Table 1, the data in the EXP1 column refer to the
converter model with the standard control algorithm;
EXP2 — to the converter model with a modified algorithm.

The degree of difference of the signal shape from the
sinusoidal one was estimated by the coefficient of nonlin-

ear distortions — THD (Total

4000 Harmonic Distortions). THD
< was calculated as the ratio of
o 2000 the sum of the powers of the
& higher harmonics to the pow-
o 0 er signal of its first harmonic.
o Our results show that
as) .
 -2000 under a traction mode, as a
= result of changes in the con-

-4000 ! ! ! ! ! | 1 trol algorithm, the efficiency
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 and the efficiency factor of the
converter circuit increase. At

4000 | | | | | | | the same time, the coefficient

of harmonic distortion of the

current of the primary wind-

< 5000 - ] ing of the traction transformer
= increases due to the action of
) harmonics A3, h5, k7, h9, h13
S 0 and A17, which are multiples of
the main harmonic of 50 Hz.

The simulation results that are

-2000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ given in Table 1 characterize
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 the operation of a separate

time t, s 4QS converter. Four 4QS con-

Fig. 6. Oscillograms of voltage and current for the modified algorithm of controlling the IGBT
modules of the bridge VT1-VT4

To determine the efficiency, a section of the functional
circuit of the converter was selected: the primary winding of
TT, the 4QS-converter, the output circuit of CVC.

The efficiency is determined by the formula:

n=P,/B, (11)
where Py and P, are, respectively, the value of the active
power consumed by the primary winding of TT and the
power transmitted from the constant voltage link to
the autonomous voltage inverter. The value of the active
power P is obtained by calculating the arithmetic mean

value of the instantaneous value of the full power using
the Mean block:

(12)

verters are used in the traction
electric drive of the electric lo-
comotive, which are connected
in parallel, and their control
systems are synchronized. In the presence of several converters,
the compensation of higher harmonics can be ensured by the
mutual shift of the pulse-width modulation clock signals by an
angle equal to $=2/360m, where m is the number of converters
connected in parallel to the secondary winding of the traction
transformer.

At the same time, the phase shift of the clock signals
in the scheme with four input converters had the following
values: 0°, =90°, —45°, 45°. At the same time, different fre-
quency multipliers were used in the implementation of the
modified control algorithm of 4QS converters. Thus, pulse-
width modulation of the first and third 4QS converters is
carried out with a multiplicity of €=9, and of the second and
fourth — with a multiplicity of e=8. Thanks to this, there is
an additional decrease in the coefficient of harmonic distor-
tion of the current to the level of THD=2.51 %. The model-



ing signals for the first and second converters are shifted by
angles of 0° and —45°, respectively, and the modeling signals
of the third and fourth converters are shifted by 45° and
90°, respectively. At the same time, the initial phase shift
between the clock and modeling signals remains unchanged.
As a result of phase shifts, some harmonics in the current of
the primary winding of TT will be completely absent, others
will be weakened.

Table 1

Energy parameters of the 4QS-converter with the control
system according to the standard algorithm of sinusoidal pulse
width modulation and according to the modernized algorithm

Model parameters EXP1 | EXP2

Efficiency of TT-CVC winding section 0.75 | 0.88
Power factor 0.99 | 0.998

Efficiency factor 0.74 | 0.878

Clock frequency, Hz 450 450
Harmonic current distortion coefficient THD 74, % | 4.6 14.6
Harmonic voltage distortion coefficient THD uy, % | 14.3 11.1

Fourier analysis of the input current of the primary
winding of TT is shown in Fig. 7.

FFT analysis

6. Discussion of results of studying the energy
characteristics of a four-quadrant 4QS converter

Based on the results of the study, changes were made
to the control algorithm of power modules VT2 and VT4.
The changes relate to the condition of reverse current flow
in the secondary winding of the traction transformer — in
accordance with (9).

With the standard control algorithm, when the polarity
of the secondary winding of the traction transformer chang-
es, conditions are created according to algorithm (9), in
which conditions are created for the flow of rectified current
through the closed modules of the opposite arms in the re-
verse direction, from the link of constant voltage to the cir-
cuit of the secondary winding of the traction transformer. At
the same time, the share of active power transmitted to CVC
is returned to the circuit of the secondary winding of TT.

The modified control algorithm provides for a ban on
turning on the VT2 and VT4 modules after the EMF po-
larity of TT secondary winding changes in accordance with
the logical expression (10). Thanks to the changes made, the
duration of negative current pulses and the duration of dis-
charge of the CVC capacitor are significantly reduced. This
excludes the possibility of power flow from the CVC, which
contributes to increased efficien-
cy and the efficiency factor of the
converter circuit.

Mag (% of Fundamental)

0 2 4 6 8 10 12
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Fig. 7. Fourier analysis of the input current of the primary winding of a traction transformer
during operation of four 4QS-converters

Our simulation results of the 4QS converter show that
the main energy indicators are improved thanks to the use
of the modified control algorithm: efficiency, efficiency ratio.

Reducing the level of harmonic current distortions can
be implemented in the traction electric drive of an electric
locomotive using four 4QS converters, which are connected
in parallel.

Fourier analysis of the input current of the primary
winding of the traction transformer during the operation of
four 4QS converters shows that only harmonics No. 1, 3, 5, 7
have the largest amplitude. The remaining harmonics have
an amplitude that does not exceed the level of 0.5 % of the
amplitude basic harmonics.

Fundamental (50Hz) = 447.1 , THD= 2.30%

The high level of power factor
is obtained due to two factors:

—reducing the lag angle be-
tween the modeling voltage and
the voltage of the secondary wind-
ing of the traction transformer;

—attenuation and compen-
. sation of harmonic distortions
of the current by using the shift
in the phase of clock frequencies,
using different values of coef-
| ficients of multiplicity of clock
frequencies relative to modeling
ones. With the parallel opera-
tion of four synchronized 4QS
converters working with a phase
20 shift of the modulation clock
signals, there is complete com-
pensation or weakening of the
level of high-frequency harmon-
ics (Fig. 7).

The reduction of the har-
monic distortion coefficient of
the rectified voltage is obtained due to the reduction of the
share of negative pulses in the rectified current. On the
oscillogram in Fig. 6, the values of i<0 occur only in the
transition zone of the voltage of the secondary winding of
the transformer due to the zero value.

Thanks to this, an increase in efficiency and a smaller
pulsation of the rectified voltage were also obtained.

Two-channel 4QS converter control system based on
bilateral PWM is the most promising. However, its relative
disadvantage is that under the traction mode, during the
transfer of energy from the traction transformer to the DC
link, part of the energy returns and is consumed in the sec-
ondary winding of the transformer.




With the help of a modified control algorithm, the open-
ing of the modules of the opposite arms is prohibited accord-
ing to the expression of the logical function (10), and the
discharge intervals of the filter capacitor and energy loss in
the constant voltage circuit are minimized. Thanks to this,
the efficiency of the section of the TT-4QS-CVC converter
increases. The advantage of this solution is also the relatively
low switching frequency of the power switches (450 Hz).

Thanks to the use of a modified control algorithm, the
efficiency of the TT-4QS-CVC section of the converter
increases by 17 %. The algorithm with a reduced number of
switching of power switches (450 Hz) additionally reduces
dynamic losses in the switches and improves the efficiency
of the converter as a whole.

The high level of the power factor (0.998), the reduction
of the level of harmonic distortions of the current to 2.51 %
and the voltage to 11.1 % indicate that the modified algot
rithm makes it possible to obtain higher energy character-
istics in the traction electric drive of the electric locomotive
using four 4QS converters, included in parallel.

Fourier analysis (Fig.7) reveals that the range of
high-frequency harmonics is significantly reduced due to
their compensation or attenuation.

The limitations of the research are that the results ob-
tained in the study process depend on a number of external
factors and parameters of the converter. In order to obtain
positive results in each specific case, there must be an adap-
tation to the specified factors, which in practical application
is carried out by an automatic converter control system.

The shortcomings of the study include the fact that it does
not take into account possible changes in the inductance of the
primary winding of the traction transformer when the distance
between the locomotive and the traction substation changes.

The development of this direction of research is the use
of virtual models of an autonomous voltage inverter and an
induction motor when the load changes. In the future, with
the help of the developed virtual model, it is possible to study
transient processes during the operation of the electric drive
under traction and regenerative braking mode.

7. Conclusions

1. The proposed improvement of the power module cone
trol algorithm is based on a change in the reverse current

flow condition in the secondary winding of the traction
transformer, namely, a ban on turning on the power mod-
ules when the polarity of the electromotive force of the
secondary winding of the traction transformer is changed.
The difference between the improved algorithm and the
existing ones is the use of different frequency multipliers:
for the first and third 4QS-converters — with a multiplier
of €=9, and for the second and fourth — with a multiplier
of €=8. At the same time, the modeling signals for the
first and second converters are shifted by angles from 0°
to —45°, and the modeling signals of the third and fourth
converters are shifted from 45° to 90°, respectively, while
maintaining the initial phase shift between the clock and
modeling signals.

2. As a result of the analysis of the influence of the
control algorithm on the quality indicators of the 4QS
converter, it was found that the quality indicators of the
4QS converter can be significantly improved by choosing
a rational control algorithm. In particular, this allows
improving the energy performance of 4QS converters
of electric locomotives: the efficiency increases by 17 %,
the current harmonic distortion coefficient decreases
to 2.51 %. During the parallel operation of four synchror
nized 4QS converters operating with a phase shift of the
modulation clock signals and different values of the multi-
plicity coefficients, the level of high-frequency harmonics
is compensated.
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