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ACTIVE SINGLE-PHASE FOUR-QUADRANT RECTIFIER
WITH IMPROVED HYSTERESIS MODULATION ALGORITHM

Purpose. Improvement of the hysteresis control system which, thanks to the advanced switching power switch algorithm, al-
lows reducing dynamic losses in comparison with known hysteresis control systems.
Methodology. Simulation of an active four-quadrant converter in the Matlab/Simulink program. Mathematical analysis of the

Fourier spectrum of the input current.

Findings. Simulation modeling proves the effectiveness of the proposed modulation algorithm by reducing the number of
switching power switches. In addition, during the implementation of the proposed switching algorithm, an improvement in the
harmonic composition of the input current is observed, namely, the decrease in the amplitudes of the higher harmonics of the
input current and the reduction of the resulting harmonic distortion coefficient.

Originality. It is established that the proposed improved hysteresis control system of the active four-quadrant converter by
means of short-circuited states of power switches allows reducing the total number of times of switching power switches, and ac-
cordingly, dynamic losses in the active converter, which allows increasing the efficiency of the input transducer of the electric

rolling stock.

Practical value. The proposed improved hysteresis control system, thanks to the advanced switching power switch algorithm,

reduces dynamic losses to 33 %.

Keywords: active four-quadrant converter, 4QS-converter, hysteresis modulation, dynamic losses, energy efficiency, power quality

Introduction. Existing diode and thyristor rectifiers used in
traction drives of the electric rolling stock are obsolete and re-
quire modernization [1].

At present, the use of active four-quadrant voltage rectifi-
ers is promising. Their advantages include the possibility of
implementing a power factor close to one, the possibility of
forming an input current close to the sinusoid, and also real-
izing the mode of energy recovery to the power supply [2, 3].
Hysteresis control system of these converters have become
quite widespread. However, the disadvantage of hysteresis
modulation in active rectifiers is the need for the implementa-
tion of a variable and a fairly high switching frequency in pow-
er switches: from units to tens of kilohertz [4, 5].

Literature review. The diode and thyristor four-arc rectifi-
ers used on alternating current of the electric rolling stock
cause a significant emission of higher harmonics of current
and implement a rather low power factor ranging from 0.65 to
0.85, which significantly reduces the energy efficiency of the
electric rolling stock and the whole traction power system [6].
In turn, the presence of a significant reactive power compo-
nent in the traction network leads to the need to use rather
expensive reactive power compensators produced according to
the passive or active topology [7].

Promising is the application of active four-quadrant recti-
fiers of the electric rolling stock with the correction of the
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power factor known as 4QS-converters [8]. Unlike traditional
thyristor rectifiers, 4QS-converters have a number of signifi-
cant advantages [9] since they:

- provide the shape of the consumed current, close to the
sinusoid;

- realize a power factor close to one;

- provide low emission of higher harmonics of the con-
sumed current to the power supply (the harmonic distortion
factor can be provided below 5 %);

- realize bilateral transmission of electric energy;

- provide regulation and stabilization of the voltage in the
circuit of direct current.

The power scheme of the traction electric drive of the elec-
tric rolling stock of an alternating current with a 4QS-convert-
er, which feeds the voltage source inverter (VSI) and a traction
asynchronous motor (AD), is shown in Fig. 1.

In Fig. 1 the active four-quadrant rectifier consists of a L/
choke, which acts as a buffer reactor to increase the output
voltage, IGBT-transistors VT'1 + VT4, capacitive filter C/ de-
signed to reduce the output voltage pulsation amplitude and
the C2—L2 rejector filter used to suppress the output voltage
harmonic 100 Hz.

Most commonly used in 4QS-converters were control sys-
tems built on the basis of pulse-width and hysteresis modula-
tion [10, 11]. Each of these systems has its advantages and dis-
advantages.

The advantage of control systems built on the basis of
pulse-width modulation (PWM) is the possibility of setting a

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2019, N° 5 93


https://doi.org/10.29202/nvngu/2019-5/16
mailto:a.plakhtiy1989@gmail.com
mailto:NVP9@i.ua
mailto:vitaliykavun2014@gmail.com
mailto:vitaliykavun2014@gmail.com
mailto:Hordiienko@i.ua

VTSL’% va@ va@

L2

L M1
T VY| VTSJ@ vno”;ﬂg

Fig. 1. Power circuit of the electric rolling stock of an alternating
current with a 4QS-converter

constant modulation frequency. However, there are draw-
backs, namely the reduction of the range of regulation of the
output voltage and deterioration of the quality of electric en-
ergy [12]. The advantage of hysteresis control systems is their
relative simplicity and the ability to implement rather high
quality electrical energy performance indicators. The disad-
vantage of existing hysteresis control system is the presence of
sufficiently high and variable switching power switches, which
results in high dynamic losses in the converter [13, 14]. In this
case, the switching frequency of a 4QS-converter with a hys-
teresis control system depends on many factors: the value of
the input inductance of the converter, the load current and the
value of the hysteresis setting [15].

Purpose. The purpose of the study is to develop a switch-
ing algorithm for power switches of the 4QS-converter,
which implements the formation of an input current close to
the sinusoid, with a reduced number of switching power
switches and, accordingly, with reduced dynamic losses and
improved efficiency. Confirmation of reliability of reduction
of dynamic losses is carried out by simulation in Matlab
program.

Basic hysteresis control system. The structure diagram of
the basic hysteresis control system is shown in Fig. 2, in which
the following notations are adopted: u;, — the instantaneous
value of the input voltage; u,,, — the mean square value of the
output voltage; i;,, — instantaneous significance of the input
current; i, — a signal for setting the instantaneous value of the
input current; u,,, ,, — a signal of output voltage setting; & —
the control coefficient of the control system; i,,, — the mean-
square value of the output current; Syr;, Sy, Syrs, Syry — con-
trol signals of the corresponding transistors [16].

The principle of formation of the sinusoidal input current
of the 4QS-converter with the base (known) hysteresis con-
trol system (Fig. 3) consists in comparing the input signal i,
obtained as the instantaneous value of the scaling using the
control coefficient & of the input voltage u,,, with the instan-
taneous value of the input current i;, and the error signal Ai.
Next, in the block of the hysteresis modulator, the compari-
son of the error signal Ai with the given hysteresis setting 4 is
realized. Given Ai > h, that is, when the instantaneous value
of the current exceeds its signal of the task by the value of 4,
then the control system provides the activation signals for a
pair of power transistors V71 and VT4, which causes the
switching of the input current with a decrease in its instanta-
neous value. And then, provided Ai < —A, that is, the value of
the instantaneous value of the input current in relation to its
reference signal by the value of /4, the control system provides
the activation signals for a pair of power transistors V72 and
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Fig. 2. The structure diagram of the basic hysteresis control
system
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Fig. 3. Sinewall input current of a 4QS-converter with base hys-
teresis control system

VT3, which causes an increase in the instantaneous value of
i, Thus, it is achieved to create a sinusoidal current corridor
[17].

If the pair of transistors V71 and VT4 is switched on to the
input choke from the side of the active converter, the voltage of
the DC circuit + uout is applied, which is higher than the am-
plitude value of the input voltage, which facilitates the succes-
sion of the instantaneous value of the input current. Converse-
ly, turning on the pair of transistors V72 and V73 contributes
to an increase in the instantaneous value of the input current.
Thus, in the case of each switching of the input current, all
four power switches are switched, which, given the rather high
switching frequency, causes quite significant dynamic losses in
the converter.

Improved hysteresis control system. An improved hysteresis
modulation algorithm is synthesized in an active four-quad-
rant converter, which allows reducing the number of times of
switching power switches and, thus, reducing the dynamic
losses in the converter. The switching states of the simultane-
ous activation of a pair of transistors V77 and V73 and a pair
of VT2 and VT4 are suggested in the sequence of switching of
power switches, which, due to the positive input voltage polar-
ity, contribute to the growth of the instantaneous value of the
input current, and in the case of negative polarity, they facili-
tate its recession. This allows for a positive half-wave of the
input voltage to switch from the switching position VT 1—VT4
to the state VT 1—VT3. In this case, the instantaneous value of
the input current varies from declining to rising, but unlike the
basic switching algorithm, in this case, only two power switch-
es are switched. In the case of negative polarity uin it is also
possible to use short-circuited positions: switching from the
switching position VT2—VT3to VTI-VT3.

The proposed enhanced switching algorithm for power
switches consists of six switching positions as shown in Table 1,
where the gray color depicts the stages of the switching of the
input current in which there is no switching of the correspond-
ing power switches.

The principle of formation of the sinusoidal input current
of the 4QS-converter with the proposed hysteresis control sys-
tem is shown in Fig. 4.

It should be noted that the advantage of the proposed algo-
rithm is that all four switches of the modulation algorithm
have the same dynamic losses.

As can be seen from Fig. 4, the proposed switching algo-
rithm makes it possible to reduce the number of switches,
which reduces the overall dynamic losses in the switches of the
4QS-converter with a hysteresis control system up to 33 %,
which increases its efficiency coefficient.

Determination of power losses in power switches. To deter-
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Table 1

Switching sequence of power IGBT-transistors with improved hysteresis modulation

Power Switching position of power IGBT-transistors with positive Switching position of power IGBT-transistors with negative
switch polarity of input voltage polarity of input voltage
VT1 0 1 1 1 0 1 1 0 1 0 0 0
VT2 1 0 0 0 1 0 0 1 0 1 1 1
VT3 1 0 1 0 0 0 0 1 1 1 0 1
VT4 0 1 0 1 1 1 1 0 0 0 1 0
iiy(0) grow fall grow fall grow fall fall grow fall grow fall grow
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Fig. 4. Sinewall input current of a 4QS-converter with the pro-
posed hysteresis control system

mine the energy-saving effect from the implementation of the
improved hysteresis modulation algorithm, the calculation of
power losses in the active four-quadrant converter at its output
voltage of 3000 V is carried out.

The calculation is made using power IGBT-switches with
nominal voltage of 4500 V type CM1200HG-90G [18].

The basic parameters of the transistor CM1200HG-90G
are shown in Table 2.

The oscillograms of the switching current and voltage are
shown in Fig. 5, a. Fig. 5, b shows power dissipation of a pow-
er IGBT-transistor during switching.

In calculations, total power losses in power transistors are
divided into two components: static and dynamic losses [19].

of'the transistor; /, is the collector current of the transistor; a is
the fill factor at modulation.

Dynamic power losses of Py in power IGBT-transistors
are determined according to the expression

Psw=(Eon+ Eop) -1, )

where E,, is the energy dissipated in the transistor when it is
switched on; E,;is the energy dissipated in the transistor when
switched off; fis the switching frequency of power switches.

Based on the calculations, the basic power characteristics
of the power transistor were constructed. Fig. 6 shows the volt-
age dependence between the collector and the emitter on the
load current. In Fig. 7 the dependence of the switching energy
of the transistor on the load current is shown.

Table 3
P=Ppc+ Pgy, (1) . .
) . ] . ) Parameters of the simulation model
where P is the static losses in I[GBT-transistors; PSW is the
dynamic losses in IGBT-transistors. Parameter Value
Static power losses of Pp in power IGBT-transistors are D  tion of the caleulation & Fthe simala ’
determined according to the expression iscretization of the calculation time of the simulation
model, ps
Tuble 2 Permissible error of modeling, % 0.1
The parameters of the transistor CM 1200HG-90G Amplitude value of the input voltage of the active 600
four-quadrant converter, V
Parameter Value The value of the adjustment coefficient & 2.5
Voltage between collector and emitter, V 4500 Input inductance, mH 0.8
Voltage gate-emitter, V +20 Active resistance of the input inductance, mQ 15
Acceptable constant load current, A 1200 Capacity of the filter in DC circuit, mF 3
Permissible pulsed current, A 2400 Rated voltage in DC circuit, V 1500
Voltage of isolation, V 10 200 The mean square load current of the active converter, A 590
Permissible temperature of the transistor, °C =50+ 150 Traction motor parameters by type CTA1200
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Fig. 7. Dependence of the energy of switching the transistor on
the load current

The results of the calculation of power losses for classical
hysteresis modulation and improved hysteresis modulation are
given in Table 4.

powergui

Discrete,
Ts=2e-065.
2
]

Table 4
Results of simulation modeling

Basic | Improved
Parameter control | control
system system

Average switching frequency of the power 14.21 10.22
switches for the power supply period, kHz
Coeflicient of harmonic distortions of the 1.90 1.86
input current, %
Power factor, % 99.96 99.98
Average switching frequency of power 2520 1250
switches on period, Hz
Loss of power in one transistor, W 11.9 7.65
Coefficient power factor, % 93 95

The performed calculations show that the use of the pro-
posed switching of power switches allows reducing power loss-
es in power switches.

Simulation modeling. In order to confirm the proposed
theoretical principles, reduce the dynamic losses and compare
the realized quality energy parameters in an active four-quad-
rant converter with basic and improved hysteresis modula-
tions, an imitation model of the 4QS-AIN-AD electrome-
chanical system was developed in Matlab (Fig. 8).

In the simulation model, basic and improved hysteresis
control systems with an active four-quadrant converter are
implemented. The basic parameters of the simulation model
are given in Table 3.

In order to estimate the dynamic losses in the power tran-
sistors of the active four-quadrant converter, a counter of the
signals of switching on and off the power switches is inserted
into the model [20].

It should be noted that the use of the proposed switching
power switch for the implementation of hysteresis modulation
leads to a decrease in the amplitudes of higher harmonics of
the input current and the simultaneous expansion of its spec-
trum. The results of imitation modeling of the traction electric
drive system are shown in Fig. 9.

The simulation parameters are shown in Table 4.

The obtained results of imitation modeling have confirmed
the reduction of the number of times of switching of power
switches, and accordingly, the reduction of dynamic losses.
Due to the fact that the switching frequency of the power
switches is variable, its evaluation was performed at the aver-
age value of the supply voltage.

In the case of classical hysteresis, the average switching
frequency of power switches for the period of power supply
voltage was 14.2 kHz, and for improved hysteresis control sys-
tem — 10.22 kHz.

Conclusions. The proposed improved hysteresis control
system of the active four-quadrant converter through the use
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Fig. 8. The simulation model of the 40S-AIN-AD electromechanical system
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Fig. 9. Simulation of the traction electric drive system:
a — Fourier analysis of the input current of the active rectifier with
the base hysteresis control system; b — Fourier analysis of the active
current rectifier with an improved hysteresis control system

of short-circuited states of power switches allows reducing the
total number of times of switching of power switches, and, ac-
cordingly, reducing dynamic losses in the active converter,
which allows increasing the efficiency of the input converter of
the electric rolling stock significantly.

The results of the simulation model confirmed the effec-
tiveness of the proposed modulation algorithm, namely the
reduction of the number of times of switching power switches
by 28.07 %. In addition, during the implementation of the
proposed switching algorithm, a slight improvement of the
harmonic composition of the input current is observed, name-
ly, the decrease in the amplitudes of the higher harmonics of
the input current and the reduction of the resulting coefficient
of harmonic distortion.
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Merta. [TokpaleHHs ricTepe3rcHOI CUCTeMU KepPyBaHHS,
1110, 3aBISKU YIOCKOHAJIEHOMY aJIFOPUTMY KOMYTALIil CUJIO-
BUX KJIIOUiB, JA€ 3MOTY 3HU3UTU AMHAMIiYHi BTpaTH B ITOPIiB-
HSTHHI 3 BiTOMUMU TiCTePE3VCHUMU CUCTEMaMU KepyBaHHSI.

Metoauka. MopentoBaHHs y nporpaMi Matlab/Simulink
aKTUBHOTO YOTHPUKBAIPAHTHOTO TiepeTBOploBada. Marema-
TUYHMI anapar aHaiizy @yp’e crieKTpa BXiZHOTO CTPYMY.

Pesyabratu. ImiTaluiiiHe MonenOBaHHSI MiOTBEPIKYE
e(DeKTUBHICTb 3alpPONOHOBAHOIO AJTOPUTMY MOIYJISILIT 3a
pPaxXyHOK 3HIDKCHHS 4ucja TepeMUKaHb CHJIOBUX KITIOUiB.
Kpim Toro, mig yac peanizailii 3arporioHOBaHOTO aJrOPUTMY
KOMYTallil CITIOCTepIiraeThbcsl TMOKpAIIeHHsSI TapMOHIYHOTO
CKJIay BXiIHOTO CTPYyMY, a caMe 3HMKEHHST aMILTITy Il BULLIUX
TapMOHIK BXiTHOTO CTPYMY Ta 3HIKEHHS Pe3YJIbTYIOUOTO KO-
edillieHTa rapMOHIYHUX CIIOTBOPEHb.

HaykoBa HoBM3HA. BcTaHOB/IEHO, 11O 3alpOTIOHOBaHA
MoKpalleHa TicTepe3rcHa CUCTeMa KepyBaHHSI aKTMBHOIO
YOTUPHUKBAIPAHTHOTO IIEPETBOPIOBAaYa, 3a PaXyHOK BUKO-
PUCTaHHSI KOPOTKO3aMKHEHUX CTaHiB CUJIOBUX KJIIOUiB, a€
3MOTY 3HM3UTH 3aTrajibHY KiJTbKiCTh KOMYTaIliil CUJIOBUX KJTIO-
yiB, a, BIAIMOBIIHO, I AMHAMIYHI BTpaTH B aKTUBHOMY Iepe-
TBOpIoBayi, 1o nae 3mory 30itbimnT KKJI BXigHOTO mepe-
tBopioBaya EPC.

IIpakTiHyHa 3HAYMMICTD. 3aITPOTNIOHOBAHA MMOKpAIIeHA Tic-
Tepe3rcHa CUCTeMM KepyBaHHsI, 3aBISIK BIOCKOHAIEHOMY
QJITOPUTMY KOMYTallil CUJIOBUX KJIIOYiB, 3HUXKYE TMHAMIUHI
BTpatu 110 33 %.

KimouoBi ciioBa: axkmueruii vomupuxkeadpaHmHuil nepemeo-
prosau, 4QS-nepemeoprogau, eicmepesucHa mooyaayis, OuHa-
MIYHI 6mpamu, eHepeoeheKmueHicms, AKiCmb eaeKkmpoeHepeii

AKTHBHBI 01HOG(A3HbIA YeTHIPEXKBAIPAHTHBII
BBINPSIMUTE/Ib C YJIYYHIEHHBIM AJITOPUTMOM
TUCTEPE3UCHOI MOAYJISAIUN

A. A. naxmuii', B. I1. Hepy6ayxuii', B. E. Kagyn',
1. A. Topouenko?

1 — YkpauHCKUi TOCYIapCTBEHHBIN YHUBEPCUTET XKEJIe3HO-
IIOPOXKHOTO TpaHCIIOpTa, T. XapbKOB, YKpauHa, e-mail:
a.plakhtiy1989@gmail.com; NVP9@i.ua; vitalivkavun2014@
gmail.com

2 — YAO ,BJIAKCY, .
D. Hordiienko@i.ua

XapbKoB, YKpauHa, e-mail:

Iens. YiydlieHue TMCTEPE3UCHOM CHCTEMBI YIIpaBiie-
HMsI, KOTOpasi, 61arogapst yCOBEPIIEHCTBOBAHHOMY aJITOPUT-
My KOMMYTALIMM CHJIOBBIX KJIIOYEi, ITO3BOJISIET CHU3UTD M-
HaMMYeCKKe TTOTEPU ITO CPABHEHUIO C U3BECTHBIMU TMCTEPe-
3UCHBIMM CHCTEMAMMU YIIPABICHUSI.

Meroauka. MogenupoBaHue B Iiporpamme Matlab/
Simulink aKTHBHOrO YeTHIPEXKBaAPAHTHEII IIpeodpa3oBare-
1. Marematnuyeckuii anmapat aHanm3a ®Dypbe criekTpa
BXOIHOI'O TOKA.

Pesynbratel. MMuTallMOHHOE MOIECIMPOBAHUE TTOMI-
TBepKIaeT 3 HEeKTUBHOCTD IPEAIOKEHHOIO aITOPUTMa MO~
IYJISIITAY 33 CYeT CHYDKCHUS JKciia TIepeKIIIOYeHUI CHITOBBIX
Kioveii. Kpome Toro, mmpu peannsanuy IpeaaiokKeHHOTO al-
TOpUTMa KOMMYTAITUU HAaOJTI0MaeTCsl yaydiieHue TapMOHIIe-
CKOI'O COCTaBa BXOJIHOIO TOKA, a UMEHHO CHIDKEHUE aMILIM-
Ty BBICIIIMX TAPMOHUK BXOTHOTO TOKA W CHIKEHHE Pe3yiib-
TUPYIOIIEro Ko3hduimeHTa rapMOHNIECKIX NCKAXKEHUIA.

Hayuynas HoBU3HA. YCTaHOBJIEHO, YTO MpPEIIOKEHHAas!
yJIydlleHHast TUCTEPE3UCHAs CUCTEMA YIIPaBIeHUsI aKTUBHO-
TO YeThIPEeXKBaIpPAaHTHOTO IpeoOpa3oBaresisi, 3a CUYET WC-
[OJIb30BAHUSI KOPOTKO3aMKHYTBIX COCTOSIHMI CHJIOBBIX
KJTIOUei, TIO3BOJISIET CHU3UTD O01lee KOJIMIECTBO KOMMYTa-
LM CUJIOBBIX KJIIOYEiA, 4, COOTBETCTBEHHO, Y TMHAMUYECKHUE
TOTepr B aKTUBHOM TIpeoOpa3oBaTeliv, YTO MO3BOJISIET YBe-
smuuth KITJI BxogHoro npeoopasoBatens DAC.

IIpakTuyeckas 3HauuMocTb. [IpemiokeHHas yIydleH-
Hasl TMCTepe3uCHas CUCTeMa YIpaBieHUs, Oarofapst yco-
BEPILEHCTBOBAHHOMY QJITOPUTMY KOMMYTAlMA CUJIOBBIX
KJIIOY€ii, CHIKAET JMHAMUYECKKe rmotepu 10 33 %.

KimoueBbie ciioBa: axmueHblil uemouipexKeadpanmuolii npe-
obpazosamens, 4QS-npeodpazoeamens, eucmepesucHas mooy-
AAYUsL, OUHAMUYecKUe nomepu, IHepeodIppexmusHocms, Kave-
CMe0 21eKmposHep2ull

Pekxomendosano 0o nybaikayii 0okm. mexH. HAYK
0. C. Kpawenininum. Jlama naoxooxcenns pykonucy 28.08.18.
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