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ABSTRACT

The article presents the results of a qualitative analysis of circuits of autonomous current and
voltage inverters with cut-off valves. The influence of the charge on the switching capacitor in
parallel and series equivalent circuits on the restoration of the switching properties of the
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accumulated in the inductive elements of the load, the voltage across the switching capacitor in
the cut-off state is higher than in a conventional parallel autonomous current inverter. This
ensures increased switching stability of the inverter. Consequently, the circuit of an autonomous
current inverter with cut-off valves remains operational in valve converters for variable-frequency
electric drives and maintains performance during sudden load surges and short circuits, since the
voltage on the switching capacitor does not depend on the load voltage. Thus, the charge on the
switching capacitor is preserved even when the load voltage drops sharply between thyristor
commutations.

Keywords: autonomous current inverter, inductive load, valve frequency converter, variable-
frequency electric drive, cut-off valves, commutation capacitor charge.
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Abdykenov Yerzhan Kanatuly

Introduction

In modern industry, variable-frequency electric
drives based on valve converters play a critical role
in ensuring energy efficiency, precise speed control,
and operational reliability of technological
processes. However, traditional autonomous

current inverters (ACI) using thyristors encounter
significant challenges in achieving reliable forced
commutation, particularly under variable or shock
loads, low operating frequencies, and during
overloads or short circuits. In conventional parallel
ACI circuits, the voltage across the commutation
capacitor depends directly on the load voltage. This
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often results in insufficient reverse bias for thyristor
turn-off, leading to commutation failures and
reduced operational stability [[1], [2], [3], [4]].

These limitations are especially pronounced in
high-power applications in mining, metallurgy, and
transport sectors, where sudden load changes are
common and high commutation reliability is
essential. Although various auxiliary commutation
circuits have been proposed in the literature, many
of them still suffer from strong dependence on load
parameters, require oversized capacitors, or exhibit
limited overload capability.

A promising approach to overcome these
drawbacks is the use of cut-off valves (auxiliary
diodes or thyristors), which decouple the
commutation capacitor from the load during critical
intervals. This allows independent charging of the
capacitor and retention of a higher voltage.

Despite numerous studies devoted to modeling
and simulation of ACI [[2], [5], [6]], a detailed
qualitative analysis of the influence of cut-off valve
circuits on commutation processes — particularly
the charge dynamics of the switching capacitor in
series and parallel equivalent circuits under real
operating conditions, including overloads — remains
insufficiently addressed. This research gap
motivates the present study, which performs a
physico-mathematical qualitative analysis of such
circuits.

This study aims to conduct a qualitative analysis
of autonomous inverter circuits with cut-off valves
and to evaluate the effect of the switching capacitor
charge on the restoration of thyristor switching
properties, thereby enhancing the stability and
reliability of inverters for variable-frequency electric
drives.

The experimental part

Theoretical Analysis and Equivalent Circuits.

In quasi-steady-state mode, the capacitors in the
power circuit of an autonomous current inverter
(ACI) act as the primary source for compensating the
reactive power of the load and restoring the blocking
properties of the thyristors, thereby maintaining the
reactive energy balance:

Qu=0s (1)

where: Qs - is the reactive power required to
restore the thyristors’ blocking capability;

Q.- is the reactive power of the load.

Figures 1 and 2 illustrate that the voltage
waveform across the capacitors in a conventional
ACl without cut-off valves is nearly sinusoidal,
whereas in circuits with cut-off valves, it approaches
a trapezoidal shape. Reducing the capacitance value
leads to steeper voltage fronts and enrichment of
the load voltage with higher harmonics. This
redistribution of reactive energy significantly affects
commutation stability [[7], [8], [9], [10]].
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Figure 1 - Scheme (a) and time diagrams (b)
of a single-phase ACI
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Figure 2 - Scheme (a) and time diagrams (b)
of a single-phase ACI with OV

A detailed analysis of the single-phase bridge
circuit with cut-off valves (Fig. 3) shows that at the
instant of commutation (t = 0), the reverse voltage
across the outgoing thyristors is higher due to the
energy stored in the load inductance. This enables
the cut-off diodes (or thyristors) to maintain the
charge on the switching capacitor independently of
the instantaneous load voltage.

Equivalent circuits (series and parallel) were
derived, and analytical expressions describing the
capacitor voltage and current during the recharge
intervals were obtained. The structure of the single-
phase ACI with DC cut-off is illustrated in Figure 4.
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Figure 3 - ACl with S: circuit (a); time diagram of the
capacitor voltage (b); replacement circuits (c, d).

Detailed Operation of the ACI with Cut-off
Valves

Consider the operation of a single-phase bridge
ACI with cut-off valves in quasi-steady-state mode
(Fig. 3). At the instant t = 0, when thyristors T3 and
T2 are turned on by the control system, thyristors T1
and T4 are instantly reverse-biased and turn off.
However, the cut-off diodes do not conduct
immediately because the absolute value of the
capacitor voltage exceeds the load voltage. The
capacitor discharge occurs through the series LC
circuit (contour 1-2-3-4-5-6-7-8, see equivalent
circuit in Fig. 3c).

When the capacitor voltage reaches zero, the
cut-off diodes open, and the load current and
capacitor voltage change polarity. The interval for
restoring the blocking properties of the outgoing
thyristors ends when the capacitor voltage reaches
a certain negative value.

To investigate the influence of the switching
capacitor charge in series and parallel equivalent
circuits, the cut-off diodes were replaced with
controlled thyristors, allowing a deliberate delay in
their turn-on. This makes it possible to adjust the
duration of the series and parallel recharge intervals.

Under simplifying assumptions, the system of
equations describing the circuit behavior was
derived as follows:

Ty <73 < (11 +72) (2)

For the case of replacing cut-off diodes with
thyristors, under the simplifying assumption i (t) =
I; = const, the following system of calculation
expressions can be obtained for a single-phase ACI
with cut-off thyristors:

U1’1 = rHId
- arcey (2]
TZ - !21 L

[201Lyl, - exp (—6177)]

Ull - rHId + Sin .{21 TZ Tl
U
=C (;1)
Id — T
where:
(3)

1
6, = —¢ 0, = ! :
Yoy T [@eLye) - 62

Ui1 = [Ugol = luc(zy + 12)|
Ui1 = uc (1) = uy(r1) = uy(0)

Here, 7, is characterized as the moment of
transition from a serial to a parallel recharge circuit
of a switching capacitor Sk.

Suppose the switching on of the cut-off
thyristors is delayed relative to the moment t=0 until
uc(tq11) = 0. is obtained. Then, in the interval 7,4,
a sequential replacement circuit of the charge Ck
operates. If you enter the intervalt,; for a parallel
circuit, then you can write the inequality:

T11+1 T21# T11+ Ty

Under the above assumptions, the system of
calculation ratios for ACI with cut-off thyristors has
the form:

U]:.ll = 0 ’
I
T21 = 20,
Uy = 1ty lq + 20, Lyly * exp (-61 T21),

(4)
711 =C* Uy /1y .

In the circuit with cut-off thyristorstg; = 711,
and in the circuit with cut-off diodesty = 7 +
75 Obviously, in the latter case, it is necessary to
have the expression U, (t) on the recharge interval
in a parallel circuit, and then the value of 5 ' is found
from the solution of the equation:

Uc(t2)=0. (5)

Analysis of the obtained expressions reveals the
following key advantages of ACI circuits with cut-off
valves:

a) Due to the energy stored in the load
inductance, the voltage across the switching
capacitor in the cut-off state is higher than in a
conventional parallel ACI at the moment of
commutation.

—— 40 ——
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b) The capacitor voltage is independent of the
load voltage and operating frequency, which
ensures reliable operation of the inverter in variable-
frequency drives, even at low frequencies.

c) The charge on the switching capacitor is
preserved even during sharp decreases in load
voltage between commutations. This provides
stable switching under sudden load surges and
short-circuit conditions.

d) The use of cut-off thyristors allows controlled
variation of the ratio between series and parallel
recharge durations, offering additional flexibility in
circuit design.

Complete decoupling of the commutation circuit
from the load circuit in a single-phase ACl is achieved
only when cut-off valves are used [[11], [12]].

Figure 4 - Single-phase ACI circuit with DC cut-off.
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Figure 5 - Single-phase bridge ACI with cut-off valves: (a)
circuit diagram; (b) switching circuit through D1 and Dk;
(c) switching circuit through D2 and D3;

(d) time diagrams.

Compensation of the reactivity of the load in the
AIS is carried out due to the reactive current valves
and the capacitance of the filter Cy, connected to the

power source E; or due to inter-phase interactions.
It will be shown below that the separation of the L
From the C, circuit is possible in a single-phase AlS
only in the presence of OF [[13], [14]].

Let's consider the operation of a single-phase
bridge circuit of an Al with an OV (Fig. 5).

Discussion of the results

The qualitative analysis demonstrates that the
introduction of cut-off valves (diodes or auxiliary
thyristors) fundamentally improves the
commutation process in autonomous current
inverters. The main advantage arises from the
decoupling of the switching capacitor recharge
circuit from the load during critical intervals. As a
result, the voltage across the capacitor at the
moment of thyristor turn-off is significantly higher
than in conventional parallel autonomous current
inverters (ACl), which directly enhances switching
stability.

Interpretation of the results shows that the
voltage on the commutation capacitor becomes
largely independent of the instantaneous load
voltage and operating frequency. This property is
particularly valuable for variable-frequency electric
drives operating at low speeds or under fluctuating
loads, where traditional circuits often lose
commutation reliability.

Comparison with previous research confirms the
obtained findings. In conventional ACI schemes,
commutation depends heavily on load parameters,
which frequently leads to failures during overloads
and short circuits [[15], [16]]. The analyzed circuits
with cut-off valves successfully overcome this
limitation, which is consistent with earlier reports on
auxiliary commutation techniques [[17], [18], [19],
[20]]. The observed increase in stored energy from
the load inductance further supports the higher
reverse bias voltage, aligning with theoretical
expectations for forced-commutated thyristor
inverters.

Limitations of the study

The present work is based on qualitative
theoretical analysis and idealized equivalent circuits,
assuming ideal circuit elements. In real devices,
losses, parasitic parameters, and non-ideal thyristor
recovery characteristics exist, which may
quantitatively affect the predicted commutation
margins. No new laboratory experiments on a
physical prototype were conducted in this study;
validation relied on analytical consistency and data
from previously published works.

—— 4] ——
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Future research plans

The next stage of the research should include
detailed numerical simulation using SPICE or
MATLAB/Simulink models with real thyristor
parameters, followed by experimental testing on a
scaled laboratory prototype under controlled
overload and short-circuit conditions. Quantitative
comparison of commutation margins, efficiency, and
harmonic distortion with conventional circuits will
provide stronger practical recommendations for
industrial implementation, particularly in mining and
other heavy industries.

Conclusion

The conducted qualitative analysis has shown
that the use of shut-off valves in autonomous
inverter circuits provides a significant improvement
in commutation stability and overall operating
reliability. Owing to the decoupling of the
commutation capacitor from the load circuit, the
capacitor is able to retain its maximum voltage
between switching intervals, which makes the
commutation process substantially less dependent
on load conditions. This feature is especially
important under variable load operation, overloads,
and short-circuit modes, where conventional
inverter circuits may experience a deterioration of
switching performance. The study confirms that the
proposed circuit solutions create more favorable

conditions for restoring the blocking properties of
thyristors and ensuring stable inverter operation
over a wider range of operating regimes. Therefore,
inverter circuits with shut-off valves can be
considered a promising technical solution for valve
frequency converters used in adjustable-speed
electric drives, particularly in high-power industrial
applications characterized by severe and rapidly
changing load conditions. In addition, the identified
operating principles may be extended to the
development of both current-source and voltage-
source inverter systems with enhanced reliability
and improved dynamic characteristics. Future
research may be directed toward detailed
guantitative evaluation, simulation-based
verification, and experimental validation of the
proposed circuit approaches under real operating
conditions.
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KenTipyre acepi
YKMHAKTanaTblH

aXKblpaTKbILW
MHBEPTOPNAPbIHbIH, CXeMaNapbliH cananblk Tangay HatuxKenepi KentipinreH. [Mapannens aHe
SKBMBANEHTTI
MHBEPTOPAbIH, KyaT TisberiHaeri TUPUCTOPAApAblH KOMMYTAUMANbIK KacueTTepiH KannblHa
3epTTenreH.
SHEPIUAHbIH,
KOHZeHcaTopAafbl KepHey a4eTTeri mapannenbAi aBTOHOMZbl TOK WHBEPTOPbIHA KapafaHAa
YKOFapbl 601aTbIHbI KEPCETIAreH. Byn MHBEPTOPAbIH, KOMMYTaLMANbIK TYPAKTbIIbIFbIH apTTbipaabl.

(ceHaipy) knanaHgapbl 6ap aBTOHOMABI TOK KaHE KepHey

CXemanapAarbl  KOMMYTAUMAMbIK  KOHAEHCATOPAblH,  3apAAblHbIH,

YKYKTEMEHIH, me3rin-mesrin

apKacblHaa

MHAYKTUBTI  3/1eMeHTTepiHae
axblpaTblNFaH  KyWaeri  KOMMyTaLMANbIK
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HatukeciHae aXbIpaTKbILW KAanaHAapbl 6ap aBTOHOMABI TOK MHBEPTOPbIHbIH CXeMachl aliHbIMasbl
SKUINIKTI 9N1EKTP KeTeKTepiHe apHanfaH BEHTW/AbA TYPNEHAIpriluTepae MKYMbIC iCTEWAl KaHe
KEHETTEH JKYKTEME CEKipicTEPi MEH KbICKA TyMbIKTaNyNap KesiHae Ae 63iHiH Xymblc KabineTTiniriH
CaKTalAapl, eUTKEHI KOMMYTaLMANbIK KOHAEHCATOPAaFbl KepHey XYKTeme KepHeyiHe Tayenai
emec. COHbIMEH, KOMMYTaLMANbIK KOHAEHCATOPAbIH, 3apAAbl TUPUCTOPAapAbl aybiCTbipy
apanblFblHAA XKYKTEeMe KepHeyi KypT TOMeHAereH Kesae Ae caktanagpl.

TyliiH ce30ep: aBTOHOMApBl TOK WHBEPTOPbLI, @XbIPATKbIW KAanaHZap, KOMMYTaUMANbIK
KOHZEHCaTop, KOMMYTaLMANbIK TYPaKTbI/bIK, aiHbIMabl XKUINIKTI 3NEKTP KeTeri.
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AHHOTALUMUA

B cTaTbe NpeacTaBneHbl pe3ynbTaTbl KAYECTBEHHOTO aHA/IM33 CXEM aBTOHOMHbIX MHBEPTOPOB TOKA
N HaNpPAMKEHWA C 3aMOPHbIMM (OTCEYHBIMM) BEHTUAAMU. MccneaoBaHo BAMAHME BENMUMHDI 3apAaa
KOMMYTMPYIOLLErO KOHAEHCaTopa B MapasnesibHbiX U NoC/AeA0BaTeNbHbIX CXeMaX 3aMeLLeHUa Ha
BOCCTaHOB/IEHME KOMMYTALMOHHbIX CBOWCTB TUPUCTOPOB CUAOBOM Lenu MHBepTopa. MoKasaHo,
41O 6narogaps aHEPrum, NepUOAMYECKM HAKANIMBAEMON B MHAYKTUBHbLIX 3NEMEHTAX HarpysKku,
HanpssKeHne Ha KOMMYTMPYIOWEM KOHAEHCATope B OTK/YEHHOM COCTOAHMM Bbllle, Yem B
06blYHOM nNapanieNbHOM aBTOHOMHOM WHBEPTOpPe TOKa. JTo obecneymsaeT nosblleHUe
KOMMYTALLMOHHOM YCTOMYMBOCTU MHBEPTOPA. B pe3ynbTaTe cxema aBTOHOMHOTO MHBEPTOPA TOKA
C 3aNOPHbLIMU BEHTUIAMM COXPaHAET PaboTOCNOCOBHOCTb B BEHTU/IbHBLIX NpeobpasoBaTensx ans
YaCTOTHO-PEryanpyembiX 31EKTPONPUBOAOB M OCTaétcAa paboTocnocobHOM Mnpu BHE3amnHbIX
6pOCKax HarpyskM M KOPOTKMX 3aMbIKaHMAX, MOCKO/IbKY HanpsKeHWe Ha KOMMYTUPYIOLLEM
KOHAEHCATOPE HE 3aBUCUT OT HAMPAKEHUA HArpy3ku. Takum obpasom, 3apsas KOMMYTUPYIOLLEro
KOHA,EHCATOPA COXPAHAETCA AaXKe NPU PE3KOM CHUMKEHWUM HANPAXKEHMS HArPy3KU B MPOMENKYTKaX
MeXay KOMMYTaLMAMU TUPUCTOPOB.

Kniouesble cnoea: aBTOHOMHbIN WHBEPTOP TOKa, 3anopHble BEHTWUIN, KOMMyTMpyI'OLLI,VIl‘/II
KOHAEeHCAaTop, KOMMYTaLMOHHaA yCTOI‘/’IHMBOCTb, l'IaCTOTHO-DeI'yI]l’lpyeMbIl\;I 3NEeKTponpuBoA,.
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