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High-power phase-controlled thyristor DC drives, despite their reliability, have a fundamental drawback:
significant reactive power consumption from the supply network, especially in dynamic operating modes with
large firing angles (𝛼). This leads to a low Displacement Power Factor (DPF) and additional losses. This
study analyzes a cost-effective novel two-stage thyristor rectifier topology proposed to mitigate this problem.
The topology utilizes a special transformer with secondary winding taps (e.g., at 50% and 100% voltage) that
feed two 6-pulse bridges (R1 and R2), connected in parallel to a common DC load. The system functions as a
high-speed solid-state equivalent of an On-Load Tap Changer (OLTC). By sequentially engaging the bridges,
the converter maintains small firing angles (𝛼) over a wide output voltage range. A detailed analysis of the
energy characteristics, based on a case study of a typical acceleration cycle for a high-inertia drive (hoisting
machine), demonstrates the topology’s energy efficiency. Compared to a conventional single-bridge thyristor
rectifier, the two-stage scheme reduces the total reactive energy consumed per acceleration cycle by 51%
(from 54.4 kVAr ·h to 26.8 kVAr ·h in the example). An additional advantage of the solution is the reduction
of the Root-Mean-Square (RMS) primary winding current during the initial acceleration stage, which leads
to lower active power (𝐼2𝑅) losses in the transformer and supply lines. A drawback of the considered
commutation algorithm is the presence of a ’discontinuous current mode’ in the transformer primary winding
during the mixed-mode (simultaneous operation of R1 and R2), which significantly degrades the harmonic
spectrum (THD) of the input current, making the converter non-compliant with power quality standards
(e.g., IEEE 519). The study concludes that practically implementing this energy-efficient topology requires
hardware adaptation, specifically through the design of a custom Inter-Phase Reactor (IPR) or integration
into multi-pulse configurations, to mitigate harmonic distortion while preserving the reactive power benefits.
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Introduction

High-power DC electric drives, owing to their
torque characteristics, control simplicity, reliability,
and operational performance, remain the foundation
of many critical industrial applications (such as rolling
mills, excavators, hoisting equipment, etc.) [1].

The main driver for the modernization of such
installations is the obsolescence of control platforms,
which leads to a lack of spare parts and limitations in
technical support.

Often, the most feasible solution is not a complete
replacement of the equipment with an AC system,
but rather a modernization of only the DC drive’s
control system. This may include replacing the
entire converter or, in very high-power installations,
merely updating the digital control circuitry while
retaining the robust thyristor power block. This is an
economically justified method of ensuring the system’s

continued serviceability, as demonstrated by industrial
automated ecosystems with a large installed base
(Siemens, ABB).

A key element of such electric drives is the thyristor
converter (phase-controlled rectifier), which has gained
widespread adoption due to its cost-effectiveness, high
overload capability, and time-proven reliability [1, 2].

However, conventional thyristor converters have
an inherent drawback: the method of regulating the
output voltage by changing the thyristor firing delay
angle (𝛼) is inextricably linked to the consumption of
significant reactive power from the supply network [3].

Recent comprehensive reviews of thyristor rectifiers
confirm that improving energy efficiency and power
quality remains a primary technological challenge in
modern industry [4]. Specifically, balancing the trade-
offs between harmonic distortion and power factor
correction is critical for high-power applications.
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This problem becomes particularly acute in electric
drives with high moments of inertia and prolonged
dynamic operating modes, for example, with a wide
speed control range or cyclic load characteristics.
During acceleration stages or low-speed operation,
when a low converter output voltage is required, the
system is forced to operate with large firing angles. This
leads to a significant phase shift between the voltage
and the fundamental current harmonic, causing a sharp
drop in the power factor (specifically, its component —
the Displacement Power Factor, DPF).

Fluctuations in reactive power caused by heavy
dynamic loads place a significant burden on the supply
network, lead to increased losses in transformers and
transmission lines, and can also cause power grid
voltage drops, which adversely affects the operation of
other equipment. Contemporary research emphasizes
the need for reactive power optimization to meet
the stringent voltage control requirements of modern
distribution networks and clean energy production
[2, 5].

Thus, the development of effective methods for
reducing reactive power consumption in high-power
thyristor drives remains a relevant scientific and
technical challenge, aimed at improving the energy
efficiency and reliability of industrial electrical systems.

A number of approaches have been proposed
to solve this problem. The traditional method for
improving the power quality of consumption is the use
of multi-pulse rectifier circuits (12-, 18- or 24-pulse),
which, by means of phase-shifting transformers [6–8]
or autotransformers [9–11] as well as an Inter-Phase
Reactor (IPR) [7–12], allow for the cancellation of
lower-order current harmonics, effectively improving
the Total Harmonic Distortion (THD).

It is also worth noting that asymmetrical firing
control of series-connected bridges (sequence control)
has been explored as a method to decouple
active and reactive power control [13, 14]. While
this technique allows for reduced reactive power
consumption by operating bridges with unequal firing
angles, it inherently reintroduces non-characteristic
harmonics of the order 6𝑛 ± 1 (5th, 7th, 11th,
13th) during asymmetrical operation modes [15]. This
degradation of the harmonic spectrum often negates
the cancellation benefits of the 12-pulse topology,
necessitating additional filtering equipment.

None of the classic multi-pulse topologies [16] fully
solves the problem of reactive power consumption
(DPF) without such trade-offs.

Another approach involves using mechanical On-
Load Tap Changers (OLTC) on the transformer side,
which allows for limiting the range of the angle 𝛼
[17, 18]. However, such devices have low operating
speed, are prone to mechanical wear and arcing, which
also makes them unsuitable for drives with dynamic
operating modes.

Modern solutions based on active power electronics,
such as active power filters or rectifiers based on
IGBT-transistors, are capable of achieving a near-
unity power factor and sinusoidal current waveform
[8,16,19]. At the same time, implementation of IGBT-
based systems is associated with significantly higher
costs, typically requiring 35 . . . 40% higher investment
compared to thyristor solutions [2, 5]. Furthermore,
their structural complexity [5] and the requirement for
an increased number of modules can lead to potentially
lower reliability [20], whereas thyristor systems are
characterized by proven robustness and lower failure
rates in industrial applications [2, 4, 20].

Hybrid topologies [16] are of particular interest,
which combine the reliability of thyristors with
controlled commutation capabilities. For example,
work [21] proposed a scheme with several series-
connected thyristor bridges, each of which can be short-
circuited by a parallel GTO-switch. This allows for
step-wise changes in the input AC voltage, maintaining
a high power factor. This approach confirms the
effectiveness of the stepped voltage control concept
but requires the use of more complex and expensive
semiconductor devices.

Recent reviews confirm that despite variable
frequency drive dominance, optimizing classical
topologies remains rational for high-power applications
where cost and reliability are paramount [4]. However,
heavy dynamic loads necessitate robust reactive power
management to prevent grid instability [2], especially
in modern smart distribution networks [5].

This study proposes and analyzes an alternative
multi-stage thyristor rectifier topology that allows for
a drastic reduction in reactive power consumption
using only standard, high-reliability thyristors. The
concept involves using a special transformer with taps
on the secondary windings, which supply two parallel-
connected thyristor bridges. Thanks to a proposed
intelligent control algorithm, the system functions as a
high-speed solid-state equivalent of an OLTC, ensuring
a smooth transition between different voltage levels
during the operation. It makes possible to maintain
small thyristor firing angles over a wide output voltage
range, which provides a significant improvement in
power factor and substantial savings in reactive energy
without the use of expensive active components.

The purpose of this article is a detailed analysis
of the proposed conceptual two-stage scheme and an
investigation of its energy characteristics.

1 Circuit Diagram and Principle

of Operation

Let us consider the circuit diagram of the two-stage
drive (Fig. 1). Here, the transformer (Tr) has secondary
windings with additional taps providing half the output
voltage.
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Fig. 1. Topology of the two-stage thyristor rectifier.

The windings are connected in parallel to a single
load through two controlled bridge rectifiers (R1 and
R2).

With this bridge connection scheme, three modes
of operation are possible for the rectifier:

a) operation of bridge R1 only;

b) operation of bridge R2 only;

c) mixed mode (simultaneous operation of bridges R1
and R2).

Fig. 2 shows the timing diagrams for the operation
of the proposed rectifier. Diagrams a , b correspond to
the operation of bridge R1, c and d — to the mixed
mode, and diagrams e , f — to the operation of bridge
R2.

The advantage of this scheme is the ability to
operate with a lower transformation ratio at a reduced
voltage. Moreover, the control range of the converter’s
output voltage is maintained.

Let us plot the dependence of the average voltage
value on the firing angles of bridges R1 and R2. When
only one of the bridges is operating, we have [3]:

𝑈̄ (𝛼R) = 𝑈R

3

𝜋
cos𝛼R,

where 𝑈R is the amplitude of the output voltage of
bridge R; 𝛼R is the firing angle of bridge R.

In the case of joint operation of the bridges, the
average value can be determined by integrating the
values over the individual operating sections of R1 and
R2 during the period 𝑇 :
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where 𝑛 is the number of the subinterval of period 𝑇
with continuous operation of one of the bridges R1 or

R2; [𝑡1, 𝑡2]
(𝑛)

is the 𝑛-th time interval (the division into
subintervals depends on the firing angles 𝛼1 and 𝛼2);

𝑈
(𝑛)
R

is the amplitude of the output voltage in the 𝑛-th
time interval.

For a three-phase circuit, the average value of the
rectified voltage can be determined over 1

6𝑇 (60∘).
Taking into account that the joint operation of R1 and
R2 corresponds to 90∘ ≤ 𝛼2 ≤ 30∘ at 𝛼1 = 0∘, for
a change in the firing angle of R2 within the range
60∘–90∘, we get

𝑈̄ =
1
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]︃
.

For a change in the firing angle of R2 within the
range 30∘–60∘:

𝑈̄ =
1

60
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.
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Fig. 2. Timing diagram of the two-bridge rectifier
operation.
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Figure 3 shows the dependence of the average
voltage on the composite of firing angles during
continuous commutation of bridges R1 and R2.

The continuous interval of angle values on the
ordinate axis (nominal firing angle) corresponds to:

Zone I (180∘ . . . 90∘) — operation of bridge R1 with
𝛼1 changing from 90∘ to 0∘ respectively;

Zone II (90∘ . . . 30∘) — joint operation of bridges R1
and R2 (with R1 fully open) with 𝛼2 changing
from 90∘ to 30∘ respectively;

Zone III (30∘ . . . 0∘) — operation of bridge R2 with 𝛼2

changing from 30∘ to 0∘ respectively.
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Fig. 3. Dependence of the average rectified voltage
value on the firing angles of bridges R1 and R2.

To clarify the advantages of this scheme, let
us analyze the consumed reactive power during the
acceleration stage. To determine it, we will use the
formula 𝑄 =

√
𝑆2 − 𝑃 2, where 𝑆 is the apparent

power; 𝑃 is the active power.
Since there are three different commutation modes

in this operating scheme of bridges R1 and R2, and the
electric drive sequentially transitions from one mode
to another during the motor acceleration process, we
will divide the analysis of the acceleration period into
3 stages according to the zones in Fig. 2.

1.1 Operation of bridge R1

At the initial acceleration stage, only bridge R1

operates, which corresponds to zone I in Fig. 2.
The apparent power 𝑆I consumed by the drive in

this case can be calculated by the formula [3]

𝑆I = 𝐼1L · 𝑈1L ·
√
3.

where 𝐼1L — the current of the transformer primary
winding; 𝑈1L — the network line voltage.

The current of the transformer primary winding is

𝐼1L = 𝐾T2.1 · 𝐼dc ·
√︂

4

6
,

where 𝐾T2.1 — the transformation ratio of the winding
group for bridge R1; 𝐼dc — the constant motor current
(a common situation is considered where acceleration

occurs with constant torque on the shaft);
√︁

4
6 —

current shape factor
(︁
𝐼RMS = 𝐼dc ·

√︁
120∘×2
360∘

)︁
.

The active power in section I as a function of time
is calculated by the formula

𝑃I (𝑡) ≡ 𝑃 (𝑡) = 𝑃start +𝐾acc · 𝑡, (2)

where 𝐾acc = 𝑃nom/𝑡acc = (𝑈dc · 𝐼dc) /𝑡acc — the rate
of increase of the motor’s active power during the
acceleration period (𝑡acc); 𝑃start — the power at the
moment of start-up (depends on the nature of the
drive’s mechanical load and the total resistance of the
motor’s armature and interpole windings); 𝑃nom — the
nominal power (at the end of acceleration).

Then the reactive power consumed by the drive
during acceleration in section I, can be calculated by
the formula

𝑄I (𝑡) =
√︁
𝑆2
I
− 𝑃 2 (𝑡).

1.2 Joint operation of bridges R1 and R2

After bridge R1 is fully open, bridge R2 will engage
(zone II in Fig. 2).

In this case, the primary winding current will
no longer be constant, and the apparent power 𝑆II

consumed by the drive will depend on time

𝑆II (𝑡) = 𝐼1L (𝑡) · 𝑈1L ·
√
3.

Let us calculate the instantaneous values of the
primary winding current 𝐼1L based on the total current
law using the magnetic circuit equations.

A three-phase transformer is a branched magnetic
circuit with three limbs, in each of which its own
magnetic flux is enclosed. Fig. 4 corresponds to the
instantaneous state during the operation of one of the
bridges R1 or R2 at voltage 𝑈𝐴𝐵 (magnetic flux Φ𝐴𝐶 is
not shown).

Let us write the system of equations for this case:⎧⎨⎩ 0 = 𝐼A𝑊1 − 𝐼B𝑊1 − 𝑖𝑎𝑊2 − 𝑖𝑏𝑊2

0 = 𝐼B𝑊1 − 𝐼C𝑊1 + 𝑖𝑏𝑊2

0 = 𝐼A + 𝐼B + 𝐼C

, (3)

where 𝐼A, 𝐼B, 𝐼C are the primary winding currents in
the corresponding phases A, B, and C; 𝑖𝑎, 𝑖𝑏 are the
currents in the corresponding secondary windings of
the transformer; 𝑊1 and 𝑊2 are the number of turns
of the primary and secondary windings, respectively
(the number of turns of the secondary winding, in this
case, depends on which bridge is operating — R1 or R2).
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Fig. 4. For the calculation of currents in the
transformer primary windings.

Let us solve the system (3) taking into account that
𝑖𝑎 = 𝑖𝑏 = 𝐼dc:

𝐼𝐴 = 𝐼dc
𝑊2

𝑊1
= 𝐼dc𝐾T,

𝐼𝐵 = −𝐼dc
𝑊2

𝑊1
= −𝐼dc𝐾T,

𝐼𝐶 = 0,

where 𝐾T — the transformation ratio of the active
bridge’s winding group; 𝐼dc — the constant motor
current during acceleration.

Knowing the control rules for bridges R1 and R2 and
having solved the systems of equations for each rectifier
state per one period, we can plot the timing diagram of
the currents in the transformer primary windings. The
diagrams in Fig. 5 correspond to 𝛼1 = 0∘ and 𝛼2 = 75∘.

The RMS value of the current in the primary
winding in zone II depends on the firing angles of
bridge R2 and is determined by the formula

𝐼1L (𝛼2) =

⎯⎸⎸⎸⎷ 1

𝑇

𝑇∫︁
0

𝑓2 (𝜑, 𝛼2) 𝑑𝜑,

where 𝑓 (𝜑) — the primary current function (periodic);
𝛼2 (𝑡) — the firing angle of bridge R2 (in section II,
it changes from 90∘ to 30∘, which corresponds to a
change in the average rectified voltage from 0.5 𝑈̄𝑚𝑎𝑥

to 0.866 𝑈̄𝑚𝑎𝑥).

For a change in 𝛼2 from 90∘ to 60∘, due to the
symmetry of the half-periods in the phase A circuit,
we have (4a), where 𝐾𝑇1, 𝐾𝑇2 — the transformation
ratios of the winding groups for bridges R1 and R2,
respectively; 𝐼dc — the constant motor current during
acceleration. And for a change in 𝛼2 from 60∘ to 30∘

(Fig. 6), we have (4b), respectively.

Simplification of formulas (4a) and (4b) in the
section II from 90∘ to 30∘ yields identical results, so a
general dependency can be used:

𝐼1L (𝛼2) =
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The dependence of the firing angle on the
acceleration time is determined as the inverse function
of (1), taking into account that the motor voltage
during the acceleration period is 𝑈 (𝑡) = 𝑉r · 𝑡, where
𝑉r = 𝑈

(end)
M

/𝑡acc is the rate of rise of the motor voltage

during the acceleration period; 𝑈
(end)
M

is the motor
voltage at the end of acceleration. The formula for the
firing angle of bridge R2 is not provided, as numerical
interpolation based on the known direct function was
used in the study’s calculations.

In the case of motor acceleration with constant
current, the active power (𝑃II (𝑡)) in section II is
determined in the same way as in the case of exclusive
operation of R1, by formula (2). Accordingly, the
reactive power during acceleration in this section is
determined by

𝑄II (𝑡) =
√︁

𝑆2
II
− 𝑃 2 (𝑡).

1.3 Operation of bridge R2

After bridge R2 opens to 30∘, the operating zone of
bridge R1 is completely overlapped by bridge R2 (which
corresponds to the beginning of zone III in Fig. 3).

Further motor acceleration is provided by the
operation of bridge R2. The only difference for reactive
power in this case (compared to the R1 case) is the
larger transformation ratio of the bridge R2 windings.

The transformer primary winding current is

𝐼1L = 𝐾𝑇2.2 · 𝐼dc ·
√︂

4

6
,

where 𝐾𝑇2.2 — the transformation ratio of the winding
group for bridge R2 (𝐾𝑇2.2 = 2𝐾𝑇2.1). As noted, motor
acceleration with constant current is considered, so the
active power (𝑃III (𝑡)) in section III is determined by
the same formula (2) as in sections I and II, and the
reactive power in this section is

𝑄III (𝑡) =
√︁

𝑆2
III

− 𝑃 2 (𝑡).

2 Analysis of Motor Acceleration

with a Two-Stage Drive

As an example, let us consider the operation of an
electric drive with the following parameters: supply
line voltage 𝑈1L = 6000V; secondary winding line
voltage 𝑈2L = 712V; constant motor current during
acceleration 𝐼dc = 9000A; motor voltage at the end

of acceleration 𝑈
(end)
dc = 740V; active power during

acceleration increases linearly from 𝑃start = 0.528MW
to 𝑃nom = 𝑈dc · 𝐼dc = 6.66MW; acceleration period
is 𝑡acc = 24 s; apparent power consumed by the drive
(constant over the entire acceleration stage) 𝑆 =
9.06 · 106VA. The specified parameters under periodic
loading are a characteristic case study for the use of a
hoisting machine (mine) electric drive.

By plotting the dependencies 𝑄I (𝑡), 𝑄II (𝑡), and
𝑄III (𝑡), it is possible to trace the drive’s reactive power
consumption over the entire acceleration stage. Fig. 7
presents the corresponding graph of motor acceleration
with such a two-stage electric drive.

It is evident from the graph that in the proposed
scheme, with the parameters of the considered
example, the motor reaches nominal speed while still in
the second operating region (Zone II), and operation
of bridge R2 alone (Zone III) is not used.

The difference in reactive power consumption
between the converter with a conventional scheme
(equivalent to the operation of bridge R2 alone) and
the two-stage one (operation of R1 and joint operation
of R1 and R2) is obvious.

Reactive energy consumed per acceleration cycle:

𝐸r =

𝑡acc∫︁
0

𝑄r (𝑡) 𝑑𝑡.
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Fig. 7. Power consumption during motor acceleration
with a standard and a two-stage electric drive.

In the case of a single-bridge scheme operation

𝐸r.1 =

𝑡acc∫︁
0

√︁
𝑆2
III

− 𝑃 2 (𝑡) 𝑑𝑡 = 54.4 kVAr · h.

For the two-stage scheme (Fig. 1), it is

𝐸r.2 =

𝑡1∫︁
0

√︁
𝑆2
I
− 𝑃 2 (𝑡) 𝑑𝑡+

+

𝑡acc∫︁
𝑡1

√︁
𝑆2
II
(𝑡)− 𝑃 2 (𝑡) 𝑑𝑡 = 26.8 kVAr · h.

where 𝑡1 — the moment of the drive mode change from
using R1 to the joint operation of R1 and R2.

The two-stage drive allows saving approximately
half (𝐸r.2/𝐸r.1 ≈ 51%) of the excessive reactive power
consumption.

Figure 8 shows the current in the transformer
primary winding during the considered motor
acceleration period.

As can be seen, the proposed scheme, in addition
to reducing reactive power consumption, allows for
energy savings by reducing active losses. The consumed
current over the acceleration period is significantly
lower compared to the standard single-bridge scheme.

However, with the considered switching algorithm,
the proposed converter topology has one serious
drawback. With the chosen bridge commutation
scheme, the transformer operates with different
transformation ratios during the period, and the
current waveform in its primary windings is not
constant for different modes. With bridge R1 fully

conducting and firing angles 𝛼2 < 60∘, the primary
winding current has a discontinuous character (as
shown in the timing diagram Fig. 5), which degrades
its harmonic spectrum [22,23]:

THD𝐼 =

√︀
𝐼25 + 𝐼27 + 𝐼211 + 𝐼213
𝐼𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙

⪅ 60%,

where THD𝐼 is the total harmonic distortion of
the current waveform; 𝐼𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙, 𝐼5, 𝐼7, 𝐼11,
𝐼13 are the fundamental, fifth, seventh, eleventh,
and thirteenth (non-zero) harmonics of the primary
current, respectively.

Nevertheless, a fundamental advantage of the
proposed solution is its inherent compatibility with
multi-pulse topologies. To ensure compliance with
strict power quality standards, the system can be
configured as a 12-pulse rectifier using two transformers
with taps (connected in star-star and star-delta). This
configuration would naturally cancel the dominant
lower-order harmonics (5th and 7th), thereby partially
resolving the harmonic distortion issue caused by the
discontinuous current mode.

This feature distinguishes the proposed solution
from asymmetrical firing control methods (sequence
control) [13, 14]. While asymmetrical control also
reduces reactive power, it disrupts the symmetry
of operation, causing the re-emergence of non-
characteristic harmonics (6𝑛 ± 1) that negate the
benefits of 12-pulse cancellation [15]. In contrast,
the proposed tapped-transformer topology relies
on amplitude regulation, preserving the phase
relationships necessary for effective harmonic
mitigation.

Thus, a promising direction for subsequent research
is the design of a custom magnetic system (Inter-Phase
Reactor and Transformers) adapted for such a two-
stage, 12-pulse configuration, which would combine
high energy efficiency with standard-compliant power
quality.
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Fig. 8. Current in the transformer primary winding
during acceleration (conventional vs two-stage drives).
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Yet another additional way to eliminate the
discontinuous current mode could be an alternative
commutation option to the one considered, for
example, when 𝛼1 is fixed at 30∘ instead of 0∘. The
logic of the thyristor activation sequence in that case
requires additional analysis.

Conclusions

This paper presents a conceptual two-stage
thyristor rectifier topology with parallel-connected
bridges, intended for high-power DC electric drives.
The aim of research was the development and
evaluation of a scheme capable of reducing reactive
power consumption, which is a fundamental drawback
of classic phase-controlled converters, especially in
dynamic acceleration modes.

Case study of the proposed solution’s operation
under a typical acceleration cycle of high-inertial
load DC motor with specified parameters, indicates
the potentially high energy efficiency. Thanks to the
stepped voltage control, implemented by the sequential
operation of bridges connected to different transformer
taps (with half and full voltage), the system is capable
of maintaining a higher power factor throughout the
cycle.

The proposed two-stage scheme allows for a
drastic reduction in reactive energy consumption. The
calculated value per acceleration cycle was 26.8 kVAr·h,
which is 51% less compared to the basic single-bridge
scheme (54.4 kVAr · h) under identical load conditions.

An additional advantage of the solution is the
reduction of active losses (𝐼2𝑅) in the transformer and
supply lines, thanks to operation on the lower voltage
tap (bridge R1) during the first acceleration stage,
when the RMS value of the current in the transformer
primary winding is significantly lower. This provides
additional active energy savings.

A significant drawback of the considered switching
algorithm with topology is the presence of a
discontinuous current mode in the transformer primary
winding within the joint operation zone of the bridges
(Zone II), specifically at firing angles of bridge R2

𝛼2 < 60∘. This leads to a degradation of the consumed
current’s harmonic spectrum and is unacceptable from
the perspective of electromagnetic compatibility and
power quality standards.

The proposed two-stage topology effectively
addresses the reactive power minimization task,
aligning with the latest trends in industrial grid
optimization [5] and offering a robust alternative to
complex control strategies used in similar high-power
sectors [2].

Thus, although the topology demonstrates
high energy efficiency, the identified problem with
discontinuous currents indicates the need for further
improvement. Research should be directed towards
the design of a custom Inter-Phase Reactor (IPR)

and the adaptation of the topology for multi-pulse
configurations. This would eliminate the harmonic
drawback while preserving the main energy advantages
of the two-stage control.
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Аналiз двоступiнчастої топологiї тири-
сторного випрямляча з паралельними
мостами для зменшення споживання
реактивної потужностi

Комаров В. Ф., Рассохiна Ю. В.

Потужнi фазокерованi тиристорнi електроприводи
постiйного струму, незважаючи на їхню надiйнiсть, ма-
ють фундаментальний недолiк — значне споживання
реактивної потужностi з мережi живлення, особливо в
динамiчних режимах роботи при великих кутах керу-
вання (𝛼). Це призводить до низького коефiцiєнта зсуву
(Displacement Power Factor, DPF) та додаткових втрат.
Це дослiдження аналiзує економiчно ефективну нову то-
пологiю двоступiнчастого тиристорного випрямляча, за-
пропоновану для пом’якшення цiєї проблеми. Топологiя
використовує спецiальний трансформатор iз вiдводами
вiд вторинних обмоток (наприклад, на 50% та 100%
напруги), якi живлять два 6-пульснi мости (R1 та R2),
пiдключенi паралельно до спiльного навантаження по-
стiйного струму. Система функцiонує як швидкодiючий
твердотiльний аналог пристрою регулювання напруги
пiд навантаженням. Завдяки послiдовному включенню
мостiв у роботу перетворювач пiдтримує малi кути ке-
рування (𝛼) у широкому дiапазонi вихiдної напруги.
Детальний аналiз енергетичних характеристик на при-
кладному дослiдженнi типового циклу розгону приводу
з високою iнерцiєю (пiдiймальна машина) демонструє
енергетичну ефективнiсть топологiї. Порiвняно зi зви-
чайним одномостовим тиристорним випрямлячем, дво-
ступiнчаста схема зменшує загальну реактивну енергiю,
спожиту за цикл розгону, на 51% (з 54.4 кВАр · год
до 26.8 кВАр · год у прикладi). Додатковою перева-
гою рiшення є зниження дiючого (Root-Mean-Square,
RMS) струму первинної обмотки на початковому етапi
розгону, що призводить до зменшення активних втрат
потужностi (𝐼2𝑅) у трансформаторi та лiнiях живлення.
Недолiком розглянутого алгоритму комутацiї є наяв-
нiсть режиму «уривчастих» струмiв у первиннiй обмотцi
трансформатора у змiшаному режимi (одночасна робота
R1 та R2), що значно погiршує гармонiйний склад (Total
Harmonic Distortion, THD) вхiдного струму, роблячи пе-
ретворювач невiдповiдним стандартам якостi електрое-
нергiї (напр., IEEE 519). У роботi зроблено висновок, що
практичне впровадження цiєї енергоефективної топо-
логiї вимагає апаратної адаптацiї, зокрема проєктуван-
ня спецiалiзованого мiжфазного реактора (Inter-Phase
Reactor, IPR) або iнтеграцiї у багатопульснi конфiгура-
цiї, щоб нiвелювати гармонiйнi спотворення, зберiгаючи
при цьому виграш у реактивнiй потужностi.

Ключовi слова: фазокерований випрямляч; двосту-
пiнчастий перетворювач; випрямляч з паралельними
мостами; реактивна потужнiсть; корекцiя коефiцiєнта
потужностi; потужнi електроприводи постiйного струму
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