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Abstract—In metal processing by powerful current pulses, there is a need for adjustment of both the pulse rep-
etition rate and amplitude. This paper describes a powerful current-pulse generator with a controlled thyristor
converter, which is used as a power source for a charging device for regulating the voltage (pulse amplitude)
of a capacitor charge. The disadvantages of the generators associated with the current spike in the capacitor
charge modes that reduces the supply network quality are discussed. The application of a reverse thyristor
converter (RTC) as a power supply is considered to reduce the transient time at a voltage decrease on the
capacitors. The generator’s structural diagram that consists of a reversible thyristor converter with separate
control, a power unit, a capacitor recharge device, an automatic control system (ACS) for the charger param-
eters, and a capacitor charging control system is presented. The regulator parameters of the ACS are calcu-
lated. To obtain optimal transients, a standard methodology for regulator tuning according to a modular opti-
mum is employed. In order to reduce overadjustment at the disturbance time reaching 100% and higher, the
so-called logical device is introduced into the ACS. The latter blocks the control pulses on the converter thy-
ristors and simultaneously reduces the signal at the output of the current regulator to zero. A simulation
model of a powerful current pulse generator is synthesized in the MatLab-Simulink environment. The model
is analyzed, and plots explaining the device’s operation principle and transients in various operating modes
are shown. The use of a generator will allow high-performance adjustments of the current pulse amplitude
and obtain sufficiently high-quality capacitor charge (discharge) transients, which will have a beneficial effect
on the power supply network. The application of higher quality converters will significantly increase the cur-
rent pulse repetition rate.

Keywords: powerful current pulse generator, generator charger, system for automatically adjusting generator
parameters, control circuits for capacitor voltage and charge current
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INTRODUCTION

Discovered over 50 years ago, the electroplastic
effect is widely used to intensify the processing of
hardly deformed steels and alloys in the metallurgical,
automotive, and machine-building industries [1—6].
An analysis of the studies of Chinese and American
researchers in recent years shows that the addition of
powerful short current pulses to the deformation zone
during pressure treatment (rolling, drawing, pressing,
etc.) significantly changes the material’s structural
phase states and provides a reduction in the energy-
power parameters of the processes [7—25]. For elec-
trostimulated material processing, sources of powerful
short current pulses are needed.

With the advent of high-speed high-power thyris-
tors, powerful unipolar-current pulse generators that
discharged pre-charged capacitors to a low-imped-
ance load through a thyristor switch were developed.
The most important generator component is the char-
ger generally containing non-controlled or controlled
rectifier [26].

Figure 1 shows a powerful current pulse generator
with the following parameters: supply voltage is 3 X
380 V; the duration and amplitude of unipolar sine
wave pulses are 150 us and 15 kA, respectively; pulse
repetition rate is 0—200 Hz; and equivalent capaci-
tance is 1000 pF.
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Electrically stimulated metal processing is charac-
terized by high requirements for the transient quality
and the high-speed performance of the current pulse
generator. This leads to the need to develop ACSs for
power parameters. Manual or poor-quality regulation
usually leads to equipment breakdown and increased
defects [27].

The generator can operate in two modes: repetition
rate adjustment or current pulse amplitude. For elec-
trically stimulated drawing, the first operation mode
when the repetition rate of current pulses changes over
a wide (0—500 Hz) range is usually used. Regulation
mode operation of the pulse amplitude is required,
i.e., in cases of the processed wire’s insignificant
diameter. In this case, a large amplitude pulse can lead
to a break in the workpiece due to a dynamic shock or
overheating. The pulse amplitude control is possible in
the heat drawing modes of the workpiece, as well as
rolling and stamping.

This work is aimed at developing and creating a
powerful current pulse generator with a controlled
converter as a charger power supply to control the
pulse parameters.

RESULTS AND DISCUSSION

Here, we study the generator’s operating mode
with the amplitude adjustment of the current pulses by
changing the power capacitor voltage. The voltage
adjustment on the capacitors can be performed, i.e.,
using a non-reversible thyristor converter as an adjust-
able power supply of a charging device (charger) [28].
The disadvantage of this method is the absence of the
charger current’s negative component (discharge cur-
rent), which leads to an uncontrolled long capacitor
discharge and a significant generator speed decrease if
the pulse amplitude is reduced. To eliminate this draw-
back, an RTC is applied in a powerful pulse generator,
the structural diagram of which is shown in Fig. 2.

The generator contains a charger with an RTC con-
sisting of oppositely connected thyristor bridges SV1
and SV2, which is connected to the capacitors CB
through series-connected equivalent active resistance
R1 and inductance L1, a capacitor discharge block
with the load (capacitors CB, thyristor switch V:$3, and
load Rl), recharge unit YP (transformer M, diode VD1,
resistor R3, and amplifier G3 with limiting unit S3),
with actions described in [29], as well as an auto ACS
of generator parameters (voltage setting unit BZU, reg-
ulators RNZ and RU, and sensors of the main param-
eters DTZ and DU).

To analyze the generator’s dynamic operating
modes, a simulation model that contains the above
listed blocks was created in the MatLab-Simulink
environment (Fig. 3). The names of the block ele-
ments in the structural diagram and in the model are
identical.
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Fig. 1. Appearance of a powerful current pulse generator
[26]: (1) a system for generating control pulses, (2) thyris-
tor converter blocks, (3) capacitor banks, (4) fan, and
(5) drawing mill.

The ACS of the generator charger parameters is
designed as a subordinate control system and contains
two control loops: an internal one is for the control of
the capacitor charge current (hereinafter, referred to as
a current loop) consisting of a proportional-integral
(PI) current regulator R7Z, an RTC, an adjustment
object, and feedback containing low-inertia current
sensor D7TZ while an external loop is for the voltage
control on capacitors (hereinafter, referred to as volt-
age loop) consisting of a proportional (P)-voltage reg-
ulator RU, an optimized current circuit, an adjustment
object (capacitors CB), and also a voltage feedback
sensor DU. The above loops are tuned to the modular
optimum.

The transfer function of the Wi thyristor con-
verter is equal to 30:

KTC

Tac+1

where Krc = 60 and Trc = 5 ms are the gain coeffi-
cient and the small (uncompensated) time constant of
the thyristor converter, respectfully.

Wi = (1)
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the generator.

The transfer function W, of the adjusting object
has the charge current in the following form:

_ 1/C

T p’+ 26T,p +1’
where C is the capacitance of the capacitor bank, F;
T, is the time constant of the oscillatory current loop, s;

€ is the attenuation coefficient of the oscillatory cur-
rent loop; and p is the Laplace operator.

The results of tuning the ACS are shown in Fig. 3.

If T > 2ET,, then the entity 7. p” in formula (2)

can be neglected. In this case, the transfer function of

2 the current adjustment object is simplified and has the
following form:

WO C

__
2T, p+1
It is known that a PI controller is used when tuning

C))

WO C

The transfer function W,y of the voltage adjust-
ment object on the capacitors is equal to:

1
WOV :E (3)
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to a modular optimum, and its transfer function has
the following form:

26T, p + 1

W. =
: Tp

(5)
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where the time constant is determined by the formula
I, = 2THTC (CKTCKCS) > (6)

here, K is the current sensor gain coefficient.

Resistance R1 consists of a series-connected equiv-
alent resistance of the charging circuit (active resis-
tance of the transformer windings, converter busbars
and thyristors, etc.), as well as an additional resistor,
and is selected from the conditions for minimizing
power losses on the resistance. For the specified gen-
erator, the resistance should be 0.5—1.0 Ohms. The
inductance L1 is selected so that the condition

T > 28T, is satisfied.
The voltage regulator is designed as a proportional
CK

cs

41, TCkvs

w

(here, K is the gain coefficient of the voltage sensor).
Figure 3 presents a generator simulation model

with a reversible thyristor converter in the charger.

The disadvantage of this scheme is a significant
(more than 100%) overadjustment of the charge cur-
rent at the time of the disturbance appearance with a
duration of about 0.6 ms associated with the current
pulse passage and the capacitor recharging transient
(Fig. 4b). This is due to the large value of the uncom-
pensated time constant of the ACS current loop that is
at least 5 ms (see formula (1)), which is 100 times
greater than disturbance transit time. Thus, the ACS
cannot compensate the disturbance due to inertia,
which leads to overadjustment of the charge current at
the occurrence time and disturbance development.

To improve the charge current quality, a logic block
BL blocking the thyristor converter operation and
ACS by disabling the control pulses of the thyristor
converter, as well as bypassing the PI current regulator
RTZ, was introduced into the ACS. Figure 4d plots the
charge current change after installing the logic device,
where overadjustment is completely absent.

Plots of the discharge voltage change on capacitors
using non-reversible (Fig. 4e) and reverse (Fig. 4g)
converters are shown to compare the transients of volt-
age (discharge) reduction on the capacitors. When the
BZU block driving signal is generated to reduce the
capacitor voltage, a negative current of 20 A appears
on the reversing converter. The voltage processing
time, which decreases the reference signal for the
reversing converter, is 0.05 ms (Figs. 4f and 4g). In the
non-reversible converter, the current’s negative com-
ponent is absent (Fig. 4d) and, therefore, the process-
ing time is 0.12 ms (Figs. 4d and 4e).

The disadvantage of this scheme is the low (less
than 200 Hz) pulse repetition rate due to the low-
speed ACS performance. This is primarily due to the
use of a typical, cheap, but rather inertial thyristor
converter based on six connected thyristors according
to the Larionov circuit with the uncompensated time
constant of 5 ms. To increase the pulse repetition rate

regulator with a gain coefficient of k,. =

KUZNETSOV et al.

up to 400 Hz and higher, it is necessary to use a thyris-
tor converter with a 12-pulse rectification system or a
circuit using a frequency converter (for example, based
on the “rectifier-filter-inverter” system), which will
increase the generator cost.

CONCLUSIONS

The proposed scheme of a current pulse generator
with a typical reversible thyristor converter as a charger
power supply increases the speed performance of the
capacitor’s voltage adjustment (amplitude of current
pulses). The current diagram’s filling factor in capaci-
tor charge (discharge) transients is not lower than 0.7—
0.9, which leads to an improvement in the supply net-
work quality. The pulse repetition rate depends on the
small time constant of the thyristor converter 7rc. For
the converter based on the Larionov circuit that is
considered in this study, 7,rc = 5 ms, and the maximal
pulse repetition rate is 200 Hz. The use of higher-qual-
ity converters in the charger will increase the pulse
repetition rate to 1000 Hz with a slight increase in the
generator cost.
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