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Hocaiosceno pexcumu po6omu 00nodasnozo 4qs-nepemeopio-
8aua 3 WUPOMHO-IMNYTLCHOIO MOOYLAUIEID 8 CKAAOL eJleKmpopy-
X0M020 cKAaly 3minnozo cmpymy. Pospooneno memody eusna-
uenns napamempis IIIIM, npu axux peanizyemocs onmumanbHul
3a Kpumepiem MiHIMI3AULT BeTUMUHU PeaKMUBHOT NOMYHCHOCMI 8
cucmemi <JI0KOMOMUE — MA208A MepexNcas> Pexicum podomu nepe-
meopiosaua.

Ocobausocmamu 3anponoHoeanoi memoou € po3oiieHns npo-
uecy eusnavenns onmumanvnux napamempis IIIIM na 2 emanu,
w0 00360.13€ GuUOAIUMU 3 IMIMAUiliHOi MoOeJli HenompioHi Ha dano-
My emani 610ku ma 3meHwumu cymapruii wac mooemosanns. Ha
nepwiomy emani 6UHA4AIOMbCA 3HAUEHHS KOeDiyieHmy nomydic-
HOCML ma cmpymy JIaHKU NOCMITH020 CMPYMY 6 YCboMY Olana3omi
Koeiuicnmie MoOyaAsAuii ma 3cyey Midc MepescesuM Cmpymom
ma onopnum cunycoioanshum cuenanom. Jani, 3 ompumanozo
Macuey danux eudinaomvCs napu snavens napamempis IIIM, za
SAKUX Peati3yemovCs HaUSUWIU KoeiuieHm nomyx*cHOCMmi cucmemu
<eJIeKMPO603 — MA206A Mepexca s>, MA 3AHOCAMBCA 00 MAOTUMHOIO
cucmemu 3asoanns napamempie IIIIM. Ha opyzomy emani eusna-
UAEMBCSA 3aNeHCHOCMI eNleKmpuUHUX empam, a, onvice, i KK/[, ma
Koeiuienmy neninitiHux CnomeoproBams Mepeiceo20 Cmpymy 6io
maxmoeoi uacmomu nepemeoprogai. Busnauenns enexmpuunux
empam TpyHmMyemvCa Ha o0uMuUCTeHHi eHepeii, wo Oyaa posciana
npomsizom 1 ¢ na IGBT-mpansucmopi ma cuabepromy pesucmopi
8 3a71eXHCHOCMI 610 MUMMEBUX 3HAMEHD CMPYMY Mepe3 HUX.

s 3naxooxncenns napamempis IIIIM 3a nasedernoro memo-
0010 po3pobaeno imimauiiiny modenv 4qs-nepemeoprosaua, npo-
eedeno idenmudixayiro napamempie IIIIM nepemeoproeaua enex-
mpoeo3y 0 mecmoeoi zadaui. Buznaueno, wio enepzemuuni
NOKA3HUKU Nepemeoprosana 3aneicamv HeJIHIlHO 610 mpbox
Kepyrouux eenuuun, wo € napamempamu IIIM: roedivicumy
MOOYAAYT, 3CYBY MINC MEPEIHCEEUM CIPYMOM MA ONOPHUM CUNHY -
coidanvhum cuznaiom, ma maxmoeoro wacmomu IIIM.

Busnaueno, wo nepemeoprosau 3 ioenwmuixosanumu napame-
mpamu IIIIM 3a6e3neuye odunuunuil xoediuicum nomymxcnocmi
ms2060i Mepedci npu nasanmancenni Ginvue 10 % 6i0 Hominan,-
HO20 8 pescuMax mseu ma peKynepamuenozo 2aibMy6aHHs..

Ompumano 3anexncHicmo ereKMPUUHUX GMPAMm NePemeopio-
saua ma xoeiuicHmy HeaHIUHUX CNOMBOPEHb 8 MAZ0BIU Mepeici
6i0 maxmoeoi wacmomu IIIM. Busnaueno, wo pauionanvie 3na-
YeHHs maxkmoeoi uwacmomu aexcumo 68 inmepegani 900...2000 I'y,
npu uyvomy KK nepemeoprosaua docseae 98...95 %, xoeiui-
enm Heniniunux cnomeopens cknadae 12...5 %. Busnaueno, wio
BUKIIOUEHHA 3 CUTL0B020 KOJIA CHAGEPHOT NAHKU MOJCe Cymme-
80 3MeHwUmU cymapui enexmpuuni empamu. Bcmanosneno, wo
empamu Ha NApasumHux onopax Qinempié HesHauHi, momy ix
MOJCHA He 6PAX08YEaAMU 8 3A2ANLHOMY Dananci empam

Kntouoei cnosa: 4qs-nepemeoprosau, enexmpopyxomui
ckaao, xoeiyicnm nomyscnocmi, IIIM, imimauiiine modenio-
BaHM S, eleKMPUUHi 6mpamu
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1. Introduction

Current trends in the development of electric rolling stock
require the creation of modern energy-saving technologies in
traction electric drives [1].

The increase of power efficiency of electrified railroads is
achieved through various measures. One of the main is the
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use of traction drives based on promising types of traction
motors, such as asynchronous [2, 3], jet [4] and others. Also,
power efficiency of the rolling stock is affected by the efficien-
cy of using traction and regenerative braking modes [5, 6],
design and element base of power circuits, and so on.

A large number of goods are transported by the AC rolling
stock, in which the implementation of traction and regeneration




modes is complicated by the need to maintain not only a certain
level of consumed or applied voltage, but also a certain phase
shift between the current and voltage of the traction network.
It is also desirable to ensure, if possible, low total harmonic cur-
rent distortion of the traction network. The most widespread in
the AC rolling stock were input traction transducers with zone-
phase regulation. Due to their peculiarities, such transducers
produce a large amount of reactive power and higher current
harmonics, which negatively affects the power factor and elec-
tromagnetic compatibility of the rolling stock. Therefore, the
work aimed at researching traction transducers with a reduced
level of the reactive component and higher current harmonics
of the network is considered relevant.

2. Literature review and problem statement

To ensure high power efficiency of the modern AC rolling
stock, various technical means providing optimum values of
all three above-stated parameters are used. Such means are
systems with active bootstraps [7, 8], four-quadrant transduc-
ers [9, 10], reactive power compensators [11,12]. The most
widespread is the use of four-quadrant transducers (4qs trans-
ducers), as those that do not require additional transducers and
have high power characteristics.

The detailed design and operating principles of 4qs trans-
ducers are given in [9, 10, 13—17]. In [9, 13], theoretical prin-
ciples of construction are considered, calculation schemes and
mathematical description of processes in the transducer are
given, and the test simulation of the transducer in the traction
and regenerative braking mode is performed. It is determined
that the operating modes of the transducer are set by the value
of the shift between the network current and the reference sine-
wave signal, as well as the modulation depth of the reference
signal. However, in these works, the dependence of the energy
parameters of the transducer on the control quantities is not
determined, only recommendations for the construction of
controllers are given.

In [10], the simulation of the motion of several locomotives
along the section of the AC electrified road is performed, power
loss in 4qs transducers in the traction mode is determined, and
the comparison of the calculated results with the experimental
results is made.

n [14], the mathematical model of a single-phase bridge
transducer with the discharge diode as a part of the AC electric
rolling stock with commutator traction motors is developed.
The values of modulation frequency and depth, providing the
power factor greater than 0.9 and the total harmonic distor-
tion in the power network are determined. Electromagnetic
processes at three values of modulation frequency (900, 1,200,
1,800 Hz) are investigated.

In [15], the mathematical description of the transducer and
the structure of the control system of the modulation depth
and phase shift between the network current and the reference
signal is given. As a result of the test simulation, the efficiency
of the proposed control system is confirmed, however, such
a system is characterized by complexity and low accuracy of
maintaining the power factor, and requires a large number of
calculations in real time. Also, no methodology for determining
the coefficients of the PI controllers of the control system is
given in the work.

In [16], the control algorithm of the active input rectifier of
the IGBT-based electric locomotive is given, simulation of the
“traction substation — traction network — electric locomotive”

system is carried out. It is determined that when using the
proposed transistor rectifier, the power factor is higher than
when using a thyristor rectifier and is at least 0.95. However,
the secondary current and voltage of the traction transformer
are essentially non-sine-wave, which leads to the generation of
higher current harmonics in the traction network.

In [17], the active rectifier control system, the individual
circuits of which maintain the traction motor current and the
traction network power factor, is proposed. It is determined
that the control system is capable of maintaining the power fac-
tor equal to one at currents larger than a certain value; at lower
currents, the power factor maintenance circuit is disabled.
Problems of synchronization of the reference sine-wave signal
with the traction network current are considered.

The literature review allows concluding that the use of the
transistor active rectifier or 4qs transducer greatly improves
the power factor of the traction network compared to the tradi-
tional thyristor rectifier. However, in the literature, except [14],
there is no determination of the effect of clock frequency on the
transducer efficiency and total harmonic distortion. The prob-
lem of direct maintenance of the power factor at the level of one
is solved in [17], but the question of maintaining the maximum
possible factor at low currents is not considered. In the litera-
ture, the traction mode is mainly considered, the regenerative
braking mode is considered insufficiently, which does not allow
using the obtained results for the construction of a complete
control system of the input transducer.

3. The aim and objectives of the study

The aim of the work is to develop a method for determin-
ing the parameters of pulse-width modulation, which set the
operating modes of the 4qs transducer, which ensure high
power efficiency in the traction and regenerative braking modes
throughout the range of operating currents.

To achieve the aim, the following objectives were accom-
plished:

— to develop a method of identification of the PWM param-
eters of the 4qs transducer, which ensures high power efficiency
in the traction and regenerative braking modes throughout the
range of operating currents;

— to develop a simulation model of the 4gs transducer in the
AC electric locomotive;

— to determine optimum values of the coefficients of mod-
ulation and shifts between the network current and the refer-
ence sine-wave PWM signal for the entire range of currents
in the traction and regenerative braking modes of the electric
locomotive;

— to investigate the dependence of power loss in the trans-
ducer elements and total harmonic distortion on the transducer
clock frequency and to select its rational value.

4. Basic provisions of the developed method of
identification of optimum parameters and rational clock
frequency of PWM of the transducer

As a power part of the 4qs transducer, a two-tier design,
the equivalent circuit of which is shown in Fig. 1 is the most
commonly used in practice.

A table system of setting the pulse-width modulation
parameters, shown in Fig. 2, is proposed. Such a system uses
pre-calculated values of the coefficients of modulation Ky,



and shifts between the network current and the reference sine-
wave signal K for the entire range of currents in the DC link.

The proposed method consists of the following steps:

Step 1. Simulation of the transducer at different coeffi-
cients of modulation and shift between the network current
and the reference sine-wave signal. According to the sim-
ulation results, the dependences of the power factor in the
traction network on the coefficients of modulation K, and
shift between the network current and the reference sine
wave signal Kg, with K); varying within (0...1), K5 — in the
range of (0...1) for the regenerative braking (—1...0) and trac-
tion mode were obtained. At this step, part of the model that
determines power loss in the transducer elements is disabled.

Step 2. Based on the results of step 1, determination of
the modulation and shift coefficients, providing the maxi-
mum power factor in the traction network at different cur-
rents of the DC link. Entering the obtained pairs of values
in the table of the control system of the electric locomotive
transducer.
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Fig. 1. Equivalent circuit of the 4gs transducer
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Fig. 2. PWM parameters of the transducer. The figures are:
1 — sawtooth clock signal, 2 — traction network current,
3 — reference sine-wave signal
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Step 3. Determination of power loss in the transducer
elements and total harmonic distortion of the network
current at different values of the clock frequency. Selec-
tion of the rational value of clock frequency. At this step,
the table of modulation and shear coefficients obtained in

ste 2 is used, part of the model defining their
optimum values is disabled.

RN 3. Description of the developed simulation
N model of the 4qs transducer in the AC
EN UN electric locomotive
.

To identify the PWM parameters, the sim-
ulation model of the input traction 4qs trans-
ducer is developed in Matlab-Simulink, its
general structure is shown in Fig. 3
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Fig. 3. General structure of the simulation model of the 4qgs transducer



The model uses the method of
generating control signals of IGBT
transistors described in [9]. The
comparison of the sawtooth clock
signal with the reference sine-wave
signal for controlling the transis-
tors of one rack, and with the re-
verse reference sine-wave signal
for controlling the transistors of
another rack is used. Fig. 4 shows
the diagrams of generating control
signals with the modulation coeffi-
cient equal to 1.
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Fig. 4. Generation of control signals of IGBT transistors.

1 — sawtooth clock signal, 2 — reference sine-wave signal,

3 — reverse reference sine-wave signal, T1...T4 — control
signals of the corresponding transistors

The generation unit of PWM signals of the transducer
is implemented with the help of the Control block block,

the input parameters of which are
the sawtooth clock signal, the shift
between the network current and
the reference sine-wave signal, and
the modulation coefficient. The
output parameters are signals for
the opening of IGBT transistors
and transducer mode (traction or
regenerative braking). The output
signals are generated by the method
described in [9], the general view of
the block is shown in Fig. 5.

To display the power char-
acteristics of the transducer, ob-
tained as a result of the simulation,
the Measurement_block block is
designed (Fig. 6).

The voltage and current of the
DC link Ud, Id are transferred to
the Votage filter and Current filter,
respectively, which allocate a con-
stant component from the signal
and give to the U_DC_Link, IDC _
Link indicator. The product of the
constant components is equal to
the power in the DC link and is dis-
played on the DC_Power indicator.

The secondary voltage and current of the transformer UN,
IN are transferred to the UN_filter, IN_filter filters, which al-
locate the first harmonic amplitude and angle from the signal
on the vector diagram. The RMS values of the first harmonic
amplitudes are displayed on the RMS UN, RMS 1IN indi-
cators. The THD block measures the total harmonic current
distortion of the traction network, which quantitatively char-
acterizes the anharmonicity of current caused by the pulse
nature of the transducer. The value of the determined THD
in percent is displayed on the THD % indicator.

The difference between the absolute values of angles on
the vector diagram of the secondary current and voltage of the
transformer is equal to the angle of shift between the voltage
and current of the traction network, the cosine of which is de-
termined by the cos_fi block. By multiplying the RMS values
of the secondary voltage and current of the transformer, the
power factor obtained in the cos_fi block and the Set_mode
coefficient taking into account the operating mode of the
transducer, we obtain the active power consumed or given to
the network by the 4qs transducer. The best fi I DC link
oscilloscope displays the obtained DC links and the power
factor in the traction network at given PWM parameters: the
shift between the network current and the reference sine-wave
signal and the modulation coefficient.
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Fig. 6. Measuring and display system of the 4qgs transducer characteristics



Power loss in the transducer elements is calculated by
the Powerloss_block block, shown in Fig. 7. This block
allows determining the loss of the IGBT transistors of the
transducer and parasitic resistance of the filter elements. In
order to reduce the simulation time, the loss only of one of
the four transducer transistors is calculated, the total loss is
determined as loss of one transistor multiplied by 4.

Power loss of the IGBT transistor consists of the tran-
sistor and freewheeling diode conduction loss, transistor
switching loss, freewheeling reverse recovery loss diode and
snubber loss, if present. The block of determination of IGBT
transistor loss is shown in Fig. 8.

Loss determination is based on the calculation of the
energy dissipated within 1 s on the IGBT transistor and the
snubber resistor. The calculation of the energy dissipated on
the transistor is carried out in accordance with instanta-
neous currents through the transistor or freewheeling diode
by the method given in [18].

Reference dependences are provided in the graphical
form, quadratic or cubic regressions obtained as a result of
the approximation of graphically displayed functions are
used in the simulation. The transistor crystal temperature
during the simulation is assumed to be constant and equal
to 100 °C.

For the calculation of static loss of the transistor and
freewheeling diode, the IGBT CONDUCTION_ LOSS-
ES and DIODE_CONDUCTION_ LOSSES blocks, re-
spectively, are used, their arrangement is shown in Fig. 9.
The reference dependence of direct voltage drops of the
diode and collector-emitter junction in the on-state state
on current is given in the voltage drop block.

Dynamic loss of the transistor is calculated in the
IGBT_SWON_SWOFF_LOSS block, as shown in
Fig. 10. Dynamic loss of the freewheeling diode is calcu-
lated in the DIODE_REEVERSE_RECOVERY_LOSS
block, shown in Fig. 11.
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Reference dependences of the en-
ergies of switching on and off the cur-
rent transistor are given in the Eswon,
Eswoff blocks, the dependence of the
reverse recovery energy of the diode on
the current through it is given in the
Err block.

Fig. 12 shows the SNUBBER_RE-
SISTOR_LOSS block, which imple-
ments the calculation of loss on the
snubber resistor of the fixing dissipative
snubber, the parameters and loss calcula-
tion method of which are chosen accord-
ing to [19].

For the calculation of the filter par-
asitic resistance loss, the Filter parasit-
ic_resistance_loss block, shown in Fig.
13 is used. Due to the fact that the filters
are connected directly to the DC link,
the loss in them is determined by simple
multiplication of voltage by the current
through them.
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6. Identification of optimum values of
the PWM parameters for the test problem

To determine the PWM parameters for the optimum
power factor in terms of minimizing the reactive power in
the “locomotive — traction network” system, test simula-
tion of the 4qs transducer is carried out according to the
above-mentioned method. Basic parameters of the power cir-
cuit of the AC passenger electric locomotive, used in solving
the test problem, are given in Table 1.

The simulation results are shown in Fig. 14. The value of
the power factor for the regenerative braking mode and the
shift coefficient for the traction mode are given for illustra-
tive purposes.

Using the obtained data, the pair of values (Ky;, Kgs), in
which the power factor is maximum for the traction mode and
minimum for the regenerative braking mode at different cur-
rents of the DC link was chosen, the obtained dependences are
shown in Fig. 15. The figures are: 1 — shift between the network
current and the reference sine-wave signal, 2 — modulation co-
efficient, and 3 — power factor (cos @) of the traction network.

Table 1
Basic parameters of the power circuit of the 4-gs electric
locomotive transducer

Parameter Value
Secondary voltage of the traction transformer, V 1,310
Reduced inductive resistance of the traction transformer, H | 4-10-3
Reduced active resistance of the traction transformer, Ohm 0.01
Filter condenser capacity, F 0.01
Filter capacitor parasitic resistance, Ohm 1103
Second harmonic filter condenser capacity, F 6.6:103
Second harmonic filter inductance, H 0.38-103
Second harmonic filter parasitic resistance, Ohm 21073
Reduced EMF of the traction motor, V 2,400
Reduced inductance of the traction motor, H 11073
Reduced resistance of the traction motor, Ohm 0.05

The obtained dependences were the basis of the system of
generation of control signals of transistors, thus the modified
model realizes the optimum power factor over the entire range
of operating currents.



Fig. 16 shows graphs of currents, voltages and power fac-
tor of the traction network obtained during the operation of
the modified transducer with the load of 80 % in the traction
and regenerative braking modes. The figures are: 1 — voltage
of the traction network, 2 — current of the traction network,
3 — DC link current, 4 — DC link voltage, 5 — power factor
multiplied by 1,000.
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Fig. 14. Transducer simulation results, Ky — modulation
coefficient, Ks— shift between the network current and the
reference sine-wave signal: a — in the traction mode,

b — in the regenerative braking mode
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Fig. 15. Dependence of the PWM parameters on the DC link
current: @ — in the traction mode; b — in the regenerative
braking mode
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Fig. 16. Currents, voltages and power factor obtained during
the transducer simulation: @ — in the traction mode;
b — in the regenerative braking mode

7. Determination of the dependence of transducer power
loss and total harmonic distortion on the transducer clock
frequency

As a result of the simulation, the dependences of the
loss and total harmonic distortion on the transducer clock
frequency are obtained. Fig. 17 presents the specified depen-
dences in the traction and regenerative braking modes at the
rated power of the transducer.
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Fig. 17. Parameters of the transducer at the rated power: a —
transducer power loss; b — total harmonic distortion

In the simulation of the transducer with the clock fre-
quency of 900 Hz, the dependences of efficiency on the DC
link current (Fig. 18) and the distribution of power loss in
the elements are obtained (Fig. 19).

The dependence of the transducer power loss on the type
of IGBT transistors used and clock frequency is determined.
The dependence of the total harmonic phase current distor-



tion on clock frequency is determined. It is found that the
rational clock frequency lies within 900...2,000 Hz. At such
clock speed, the transducer efficiency is 98...95 %, total har-
monic distortion is 12...5 % in the load range of 10...100 % of
the rated one. With the load of less than 10 %, the efficiency
decreases due to the occurrence of the reactive component of
the network current and the relative loss increase in power
switches. It is determined that for such a transducer, the
exclusion of the snubber from the design can significantly re-
duce power loss. It is found that the filter parasitic resistance
loss is insignificant, so they can be ignored in the simulation
of such transducers.
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Fig. 18. Efficiency of the transducer at the clock frequency
of 900 Hz
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Fig. 19. Loss distribution at the rated power: 1 — static loss
of the IGBT transistor and freewheeling diode, 2 — dynamic
loss of the IGBT transistor and freewheeling diode,

3 — snubber resistor loss, 4 — filter parasitic resistance loss

8. Discussion of the results of the study of the 4qs
transducer

The developed method of identification of the PWM
parameters of the 4gs- transducer has the following features:

— maintenance of the maximum possible power factor of
the traction network throughout the range of electric loco-
motive currents in both traction and regenerative braking
modes;

— determination of the influence of clock frequency on
the transducer efficiency and total harmonic distortion;

—accounting of nonlinear characteristics of the IGBT
transistors of the transducer.

As can be seen from Fig. 15, 18, a sharp decrease in the
transducer power factor and efficiency occurs at the load of
0..10 %. The effect of deterioration of power parameters at
small currents on the integrated value is insignificant, so it is

considered inappropriate to use additional systems that im-
prove the power performance of these modes, such as active
filters or bootstraps.

As can be seen from Fig. 14, a rather high power factor is
maintained under a small variation of the PWM parameters
Ky and Ky in the zone of near optimum values. This can be
explained by a rather small deviation of the power factor in the
vicinity of the optimum point, that is, with a small discrepancy
between the current PWM parameters with the optimum ones.

Thus, the transducer with the table system of setting the
PWM parameters can provide a relatively small value of the
reactive power component in the traction network.

Features of the proposed transducer require a traction
transformer with a significant value of leakage inductance
used as the operating inductance of the transducer. Such an
approach can limit the use of traction transformers of the AC
rolling stock with the zone-phase control method.

The given model of the traction transducer does not
consider possible variations of frequency and voltage in
the traction network, as well as variation of the specified
parameters of the traction motor when the load is changed.
The development of the control system that implements the
optimum PWM parameters obtained by the proposed meth-
od and takes into account the above-mentioned factors is
considered the subject for further research.

9. Conclusions

1. The method of identification of the PWM parameters
of the 4gs transducer, which ensures high power efficiency
in the traction and regenerative braking modes in the whole
range of operating currents is developed. The method con-
sists of the following steps:

— simulation of the transducer at various values of the
modulation coefficient and coefficient of shift between the
network current and the reference sine-wave signal,

—according to the results of stage 1, determination of
modulation and shift coefficients, providing the maximum
power factor in the traction network; entering the obtained
values in the table of the control system of the electric loco-
motive transducer;

— determination of power loss in the transducer elements
and the value of total harmonic distortion of the network
current at different values of clock frequency; selection of the
rational value of clock frequency.

The feature of the method is the calculation of the de-
pendences of the power factor of the traction network on the
PWM parameters, carried out in the first step, only once
and with a rather large sampling step. Due to this approach
and rather small influence of variation of the PWM param-
eters near the optimum values on the power factor of the
4qs transducer, it is possible to obtain a well-working table
control system over a short period of time.

According to the proposed method, the identification of
the optimum values of the PWM parameters of the AC elec-
tric locomotive transducer for the test problem is carried out.

2. The simulation model of the 4gs transducer in the AC
electric locomotive is created. The peculiarity of the model is
the determination of the power factors of the traction network
and current in the DC link at all values of the input PWM
parameters on the first step, after which the optimum vectors
of the input PWM parameters in terms of the minimum reac-
tive power of the traction network are entered in the table of



the control system of the IGBT transistors of the transducer.
In the second step, power loss in the optimized transducer is
determined using the parameters of real IGBT transistors and
taking into account the variation of parameters depending on
the current and voltage on them. The process of determining
the PIM parameters is divided into 2 steps, which allows re-
moving unnecessary blocks from the simulation model. Also,
due to division, simplification of the model and reduction of
the simulation time of each of them are achieved.

3. For the given example, the dependence of the coeffi-
cients of modulation and shift between the network current
and the reference sine-wave signal on the DC link current,
which provide the maximum power factor for the entire
range of currents in the traction and regenerative braking
modes of the electric locomotive is found. It is determined

that the developed system is able to provide the maximum
power factor in the load range of 10...100 % of the rated one.
In the load range of 0...10 % of the rated one, the power factor
is reduced, which is due to the features of the 4gs transducer.
It is determined that provision of the near optimum power
factor of the “electric locomotive network” system is possible
with the help of a simple table system of setting the PWM
parameters. It is considered promising to use a simple PWM
controller, in which rather large errors will be compensated
by a predetermined operating range of output values.

4. Tt is determined that for the given example, the rational
clock frequency of the transducer lies within 900...2,000 Hz.
At such clock speed, the transducer efficiency is 98...95 %,
total harmonic distortion is 12..5 % in the load range of
10...100 % of the rated one.
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