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Abstract: The formation of the required AC voltage level is currently one of the most important
problems. An unstable voltage level can lead to the failure of domestic and industrial equipment,
also to the appearance of a lighting equipment flicker effect, which can adversely affect the operating
mode. In this regard, the development of AC voltage regulators that perform the function of
stabilizers has become relevant. In turn, new topologies should be energy efficient and reliable, this
can be achieved by reducing the number of semiconductor elements, which in turn will reduce
losses and increase efficiency. In addition to voltage stabilization, AC voltage regulators have found
application as soft-start devices for asynchronous motors, and have become competitors to
frequency converters. The power level can vary from units to tens of kilowatts where such devices
can be used. This paper provides a review of AC voltage regulators, which can be used both as soft
starters and AC voltage stabilizers. The analysis of the circuits was carried out and the efficiency
was evaluated through their total harmonic distortions (THD), power factor and efficiency
coefficient. Experiments were also performed for a number of circuits, where their operating modes
were evaluated. Eventually, all circuits were divided into full number of switches with two or more
AC switches per phase, with a reduced number of switches, where one AC switch per phase and
with low number of switches — with one complementary pair of AC switches for all three phases.

Keywords: AC voltage regulator; stabilizer; soft start of the motor; AC switch; transformer; energy
efficiency

1. Introduction

Currently, in the field of power electronics, there are many converters belonging to different
classes, whether DC/DC, AC/DC, DC/AC and finally AC/AC, which this review article will be
devoted to. AC/AC type converters include both combinations of two types of AC/DC and DC/AC,
as well as a separate class of converters — cycloconverters or matrix converters, which primarily allow
you to get a frequency-controlled voltage at the output. Nevertheless, the main class of AC voltage
regulators fulfill the main purpose — regulating the output voltage. It is already worth mentioning
here about the scope of application of such devices, these are devices for soft-starting engines, voltage
stabilizers, devices for improving the quality of electrical energy.

The soft-start devices of the motors were required when the direct start became ineffective, and
often had a destructive character. Consider electric motors that require a different starting method.
The short-circuited rotor motors are started directly and smoothly, depending on the torque.
However, direct start-up is not always acceptable, this is a consequence of large starting currents.
Such a circumstance can led to mechanical damage. Let's consider different ways to reduce the inrush

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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current. These can be both the design features of the engine, which will not be discussed here, and
with the help of power electronics devices.

Initially, rheostatic start was used for motors. After rheostatic start-up, a soft-start device was
used. Smooth start was initially carried out through frequency or speed controllers. The motor speed
is changed according to both linear and S-shaped adjustable characteristics. In this case, it is possible
to adjust the acceleration time of the engine [1-4]. After that, a method of switching the connection
of the star-triangle windings was used to implement a smooth start of the motor. In this case, the
starting currents are reduced by a third compared to direct start.

The most popular method to this day is considered to be a soft start through a frequency
converter. The role of such a device can be performed by: a direct frequency converter, a matrix
converter or a combination of a rectifier and an inverter. At the output, you can set the signal
frequency from 0 to 250 Hz. This is the main advantage of such soft-start devices, where speed
adjustment is possible. Also, the regulation of the output voltage is considered no less in demand.
The classical schemes of a thyristor AC voltage regulator are built according to the scheme of counter-
parallel switching of thyristors.

With an increase in the output voltage of the regulator, the torque gradually increases and the
acceleration of the engine begins. The main advantage of such devices is the ability to accurately
adjust the torque. Like the frequency converter, there is a soft engine stop function here. The main
types of loads that require soft start — conveyor belt, centrifugal pump, centrifugal fan, compressor.
The recommended engine start time can be up to 10 seconds, and the stop time from 0 to 20 seconds,
depending on the power and type of motor. Such soft-start devices can be used for parallel and
sequential start-up of several motors.

The main disadvantage of such devices can be considered the presence of odd harmonics in the
output signal, which significantly worsens the values of the harmonic coefficient and affects the
increased consumption of reactive power at the input [5,6]. This disadvantage can be eliminated, the
first method is algorithmic [7,8]. It is enough to monitor the voltage to achieve the required engine
speed, since voltage and speed are proportionally related [9]. From the point of view of the theory of
automatic control, systems with a proportional integral controller, a neural network, and an observer
can be used, all of which can increase the efficiency of the system and reduce starting currents by
increasing the acceleration time [10].

Nevertheless, such regulation still brings a negative effect to the supply network by adding a
reactive component at the input. This is caused by distortion of the starting currents due to phase
regulation [11]. One of the solutions to this problem is the use of a multi-winding transformer. A
smooth voltage change is carried out by changing the transformation coefficient, switching between
the transformer windings [12-16].

The main manufacturers of soft-start devices include the following global manufacturers: ABB,
Siemens, Emotron AB, Softronic, Telemecanique, Ansaldo, Sirius, Schneieder Electric. The power of
such devices varies from units to hundreds of kilowatts. Smooth start-up can be carried out in phases.
In the case of a single phase, the device mitigates the growth of the starting torque than the current.
Two-phase soft-start devices are most often used. And for cases of more powerful systems, three-
phase ones are used. The disadvantages of phase-by-phase control is nonlinear and phase-
asymmetric current consumption, which can be compensated by control algorithms, still negatively
affects the network and the motor [17,18].

Therefore, it follows that the problem of creating an effective soft-start device is relevant. In such
a soft-start device, it is possible to improve the shape of voltage and current, as well as reduce the
number of semiconductor elements, which may affect the reliability of the system and its dimensions.

In addition to soft-start devices, a large niche of AC voltage regulators is occupied in the field of
voltage stabilization and improving the quality of electrical energy. The AC stabilizer is a converter,
the main purpose of which is to protect electrical appliances from the effects of fluctuations and
voltage surges in the supply network that can lead them to breakage and failure. In many modern
automatic voltage regulators (AVR - Automatic Voltage Regulator), an autotransformer is still used
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as a conversion device. The most advanced inverter devices of the new generation use the technology
of double, transformer-free conversion of electricity.

Depending on the type of the supply network voltage for which the stabilizers are designed,
there are single-phase, three-phase and devices having a 3:1 configuration ("three to one"). The former
are used only to stabilize the power supply of single-phase electrical appliances. Three-phase
stabilizers are designed to work in three-phase networks to power equipment designed for 380 V, but
with phase-by-phase load distribution, they can also be used to power single-phase electrical
appliances [19].

Many modern AC voltage stabilizers also have a number of additional functions:

1) correction of the output voltage waveform;

2) protection against overheating and short circuits in the load supply circuit;

3) protective shutdown of the device at unacceptable input voltage values (the required
threshold for the upper and lower limits can be set by the user independently);

4) suppression of RF and pulse interference by the output filter;

5) the ability to set the required output voltage values other than the standard ones;

6) the possibility of implementing parameter monitoring and remote control of the stabilizer.

Depending on the principle of operation, there are 5 types of stabilizers: ferroresonance (the
basis of voltage conversion is the phenomenon of electromagnetic ferroresonance — magnetic
saturation of ferromagnetic choke cores), electromechanical (in their device there is a servo drive that
provides the movement of current-removing brushes that remove secondary voltage from the coils
of the autotransformer winding), relay (according to the principle of voltage conversion can be
attributed to analogs of servo-driven devices, the difference between them lies in the method of
transmitting secondary voltage from the autotransformer), electronic (switching the output voltage
is carried out by semiconductor power switches — thyristors or triac, the main advantage of these
more advanced devices is high speed), inverter (the operation of an inverter stabilizer can be
described as the conversion of an alternating voltage to a constant by a rectifier, followed by
conversion to a stabilized alternating sinusoidal output variable voltage).

Thus, the problem of creating effective AC voltage stabilizers with the function of improving the
quality of electrical energy, whether it is compensation for asymmetry or reactive power, is actual. In
which, as in the soft-start device, the form of voltage and current will be improved, as well as the
number of semiconductor elements will be reduced, primarily in comparison with the inverter type
of stabilizers.

2. AC Voltage Regulators with Full Number of Switches

The AC voltage regulators circuits with the full number of switches here include those circuits
in which two or more AC switches account for one phase. The basic function of such circuits will be
considered regulation from zero voltage to nominal, which is suitable for soft-start devices.

So, a multi-zone AC voltage regulator was proposed. The main field of application is the soft
start of an asynchronous motor. In a multi-zone AC voltage regulator, both a capacitor and a
transformer voltage divider are used, which allows for zone amplitude regulation of the output
voltage. This circumstance makes it possible to improve the shape of voltage and current. In the case
of using a transformer divider, galvanic isolation from the supply network is also provided here, but
the dimensions of the converter increase.

It is possible to build n-zone AC voltage regulators by using an n-zone capacitor voltage divider.
Figure 1 shows a diagram of a two-zone AC voltage regulator. By analogy, converters with a large
number of control zones are also being built.
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Figure 1. Diagram of a two-zone AC voltage regulator.

In the case of a two-zone AC voltage regulator, a capacitor divider provides half voltage on the
zone relative to the input of the regulator, which gives two regulation zones of the regulator output
voltage. AC switches with additional locking diodes are connected in sequential chains, this allows
you to get half the value of the mains voltage on all AC keys here, which reduces the cost of AC keys,
whether thyristors or transistors.

When using such a converter, the quality of the starting current of the motor improves and the
additional consumption of reactive power of the network decreases. The proposed regulator provides
a technical result — it has reduced values of reverse voltages on the keys i.e., higher reliability of
operation [20,21].

In the converter, it is possible to regulate the output voltage by using the method of vertical or
pulse-width regulation (depending on the type of key) of the output voltage while maintaining in-
phase with the voltage of the supply network.

The application scope of such a system can be the system of municipal heat and water supply,
as well as mining and metallurgical electrical equipment.

The next step in the development of this type of regulators was to reduce the number of keys. In
particular, the version without diodes. The proposed simplified AC voltage regulator has a reduced
number of semiconductor devices. This circumstance reduces the cost of the AC voltage regulator,
and can also increase the reliability of operation and increase efficiency. Figure 2 shows the evolution
of a multi-zone AC voltage regulator into a simplified circuit.
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Figure 2. Evolution of a multi-zone AC voltage regulator into a simplified circuit.

A multi-zone AC voltage regulator with increased reliability was also proposed. Increasing the

reliability of the AC voltage regulator is realized due to the possibility of switching the divider
capacitors within the regulation of one voltage level. This made it possible to balance the voltage on
the capacitors of the regulator and thereby reserve the used capacitors. The AC voltage regulator
contains n capacitors connected in series, a group of controlled bidirectional switches and a load. A
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group of managed bidirectional switches consists of 2n+1 managed bidirectional switches and is
divided into two subgroups. The AC voltage regulator uses thyristors, transistors or triacs as
controlled bidirectional switches. The evolution of a simplified scheme of a multi-zone controller into
a controller with increased reliability is shown in Figure 3.
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Figure 3. Evolution of a simplified scheme of a multi-zone regulator into a regulator with increased

reliability.

Another class of AC voltage regulators with full number of switches are buck-boost regulators,
such regulators can be used primarily as AC voltage stabilizers (Figure 4).

The principle of operation of the regulator: high-frequency pulses, alternately turn on the keys
Si1 and Sy, closing and breaking circuits containing either reactor Li or capacitor Ci. By switching
between the vectors of the first harmonics of the voltages U: and Vu, it is possible to obtain the
necessary voltage on the load Vi. The resulting vector Viis determined by the geometric sum of the
vectors qVic and (1-q)Vi. and depends on the relative time q of their switching on. Due to the
capacitor Cz, during the switching off of the branch with the reactor, the accumulated energy is
redirected to the capacitor branch.
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Figure 4. Buck-boost AC voltage regulator (a) and vector diagram (b).

A transformer AC voltage regulator is also proposed, which can be used to obtain a regulated
and stabilized three-phase AC voltage with high quality input and output currents, Figure 5. One
phase of the voltage regulator must contain at least a transformer, two AC switches, a storage
capacitor of the LC circuit and a load. AC switches are controlled by removing the signal from the
current sensor, which is fed to the adder unit, where it is subtracted from the task signal, then
compared with the reference signal in the comparison unit, after which the signal is fed to the AC
switch control pulse generator.
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Figure 5. Transformer AC voltage regulator.

Three basic structures of AC voltage regulators were presented here, which can be modified by
reducing the number of switches without loss of efficiency.

3. AC Voltage Regulators with a Reduced Number of Switches

The previously proposed topology of buck-boost regulators can be simplified by switching
either the reactor or only the capacitor branch. For the corresponding circuit, damping resistors and
a capacitor are additionally installed, which are necessary to the energy transfer stored in the reactor.
Or a resistance must be connected in parallel to the switch, which allows damping the LiCi circuit,
thereby improving the quality of the voltage in the load.

Based on the analysis of current solutions for the construction of AC voltage regulators, the
proposed converters under study should have a small number of semiconductor switches and
reactive elements, while providing all the necessary functions inherent in regulators.

By switching the switches of the reactor and the capacitor branch, it is possible to achieve voltage
regulation on the load, with the possibility of increasing it to 20%. In this type of regulators, the
quality of current and voltage also remains high at small and medium values of these indicators.

The evolution of a single-phase circuit of a buck-boost AC voltage regulator into a simplified
circuit of a regulator without an AC switch in the capacitor branch is shown in Figure 6.

The damping resistor Rz and the damping capacitor Cz are necessary so that during the switching
off of the branch with the reactor, the energy stored here is redirected to the damping branch.

Rla

Figure 6. Evolution of a single-phase circuit of a buck-boost AC voltage regulator into a simplified
circuit of a regulator without an AC switch in the capacitor branch.

The three-phase version of such a regulator consists of three parallel-connected AC voltage
regulators with an appropriate load, which can be a motor. The proposed simplified buck-boost AC
voltage regulator is free from the limitations of typical soft-start devices [22]: reduced energy
indicators during start-up associated with non-sinusoidal forms of output voltages and output/input
currents. Also, in this type of regulators, there is no current phase shift relative to the voltage, which
in classical circuits increases as the output voltage is regulated down. And finally, there is no
limitation of the voltage conversion coefficient in the buck-boost AC voltage regulator.

The next step in the development of AC voltage regulators with a reduced number of switches
was the cascade circuits for switching on buck-boost AC voltage regulators with a switched reactor.
The evolution of a simplified scheme of buck-boost AC voltage regulators is shown in Figure 7.
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Figure 7. Evolution of a simplified circuit of buck-boost AC voltage regulators into a cascade circuit.

This type of regulators allows you to get an increased output voltage due to a set of connected
cells. This method resembles the structure of a multi-zone controller. Next, let's consider another way
to optimize the structures of AC voltage regulators with a reduced number of keys.

4. AC Voltage Regulators with One Complementary Pair of Three-Phase AC Switches
The buck-boost AC voltage regulator can be simplified to a circuit with one complementary pair

of three-phase AC switches. This is a simple circuit of a buck-boost AC voltage regulator, Figure 8.
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Figure 8. Evolution of a simplified circuit of a buck-boost AC voltage regulator into a simple circuit
of a buck-boost AC voltage regulator.

Based on the analysis of the structures of AC voltage regulators [23], it should be noted that
converters should have a small number of semiconductor switches and reactive elements, while
providing all the necessary functions inherent in regulators.

Such an AC voltage regulator can be used to obtain a regulated and stabilized three-phase AC
voltage with high quality output current. In this solution, the weight and size indicators are improved
by reducing the number of transistor switches, in previous schemes, AC switches used a counter-
serial connection of switches. The role of AC switches here is performed by a series-connected three-
phase diode bridge and a transistor.

Another type of buck-boost regulators has found application in autonomous systems where
there is access to the grid zero, this is an AC voltage regulator with a switched quasi-impedance of
the power supply, (Figure 9).
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Figure 9. AC voltage regulator with switched quasi-impedance of the power supply ((a) — 1 variant;
(b) - 2 variant).

The operation principle of the regulator (Figure 9) is as follows: high-frequency rectangular
pulses supplied to the key Si turns it on, thereby switching the quasi-impedance of the power supply
with a high frequency. An external capacitive (capacitor) C: impedance is added to the inductive L:
impedance of the power supply. It is known that the phase of the voltage on the capacitance Vc
(Figure 10) in a serial circuit is opposite to the phase of the voltage on the inductance Vi, i.e. the
voltage on the capacitor Vcis added to the voltage of the power supply Va. Depending on the duration
of switching on the key S, it is possible to carry out regulation, as a result of which the voltage on the
load Vi changes.

Figure 10. Vector diagram.

The proposed AC voltage regulators with a switched quasi-impedance of the power supply can
be used as well as the previous structures in the role of three-phase AC voltage stabilizers. A specific
application is also possible in the role of transformer-free devices for increasing alternating voltage,
as well as a soft-start device for asynchronous motors [24,25]. A feature of this structure is its use in
autonomous power supply systems where there is access to the zero network.

Another structure of voltage AC regulator with a low number of switches, the prototype of
which was the Cuk converter, can also be attributed to this class of regulators, with one
complementary AC switch for three phases. Such a regulator can be used to obtain a regulated and
stabilized three-phase AC voltage, Figure 11.
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Figure 11. AC voltage regulator with a low number of switches (a) — with three capacitors, b) — with
six capacitors).

Another variant of AC voltage regulator with a low number of switches with a transformer is
shown in Figure 12. Such an AC voltage regulator can be used to obtain a regulated and stabilized
three-phase AC voltage with high quality input and output currents. The main feature of such a
scheme is to provide galvanic isolation of the load from the network.

(b)

Figure 12. AC voltage regulator with a low number of switches with transformer ((a) — 1 variant; (b)
— 2 variant).

The proposed converter was compared with the known values of the reactive power of
capacitors at the level of 100 kvar. The value of the reactive power of the capacitors varied from 5.5
to 63 kVA, which in relative units ranged from 6 to 65% [26]. These schemes of AC voltage regulator
with a low number of switches can also be used as reactive power compensators.

5. Calculation and Modeling of AC Voltage Regulators with a Full Number of Switches

The calculation of currents and voltages for one phase of a two-zone AC voltage regulator,
Figure 13, was performed using a direct calculation method that does not require the use of
differential equations - the method of algebraization of differential equations (ADE) [27].
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Figure 13. Diagram of a single phase of a two-zone AC voltage regulator.

Figure 14 and Figure 15 show equivalent regulator circuits for the first half-wave of the input
signal of the device.

RI

L2

Figure 14. Equivalent regulator circuit for the first half-wave of the input signal (the first subinterval
of operation).
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Figure 15. Equivalent regulator circuit for the first half-wave of the input signal (the second
subinterval of operation).

We will find the first harmonic of the load current using the first and second Kirchhoff laws.
Assume:

1=X1, UCI=X2, UC2=X3, 11=X4, €=U1

The general equation for both subintervals of work in matrix form:

R,

x; L, L, L, x,| |0

’ 1 1

Y =y 0 0 2| % [0

= x| A+ |, 1
1 1

0 —E 0 0 E X, (U
0 -1 -1 0

where Ci=C>=C, 1 is the switching function of the transition from the subinterval of operation No. 1
to the subinterval of operation No. 2.

We obtain similar expressions for the second half-wave of the input signal of the controller when
two switches of the second branch of the device are operating.

We introduce two matrixes of two halves of periods into one common one, while the switching
functions of each half-period will take the form:

for the first half of the period ¥ =y,
for the second half of the period ¥ =y,

half-wave switching function of the input signal for the entire system ¥ =y/,.

Then the resulting equation for the entire period in matrix form will take the form:


https://doi.org/10.20944/preprints202310.1570.v1

S R R OR
WS NS =N

2 2

1
_E(l/lz + l//1l//3 - l//zl/le,)
1

C
0

0

0
-1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2023

1
L_(l/lz + l//1y/3 - l/lzl/ls)

0
-1

doi:10.20944/preprints202310.1570.v1

o

o N~ 0O

11

=y

N

@)

w

2R R OR
= O O O

A mathematical model of the regulator in the form of a system of first-order differential
equations with variable coefficients is obtained. Complex expressions from switching functions in
the matrix can be replaced with a new function, the form of which is constructed according to the
corresponding expressions for the coefficients of the equations.

A AR S A (/AR VA L VAR S VAR A%

®)

Matrix of variables using analytical recording of the first harmonics of the switching functions:

where

Vi = [% - %sin(qﬁ)sin(zo't)cos(wt) - %cos@))sin2 (ZD’t)} .

Coefficients were introduced:
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In order to apply the ADE according to the first harmonics, it is necessary to decompose all
variables into harmonic functions.
The final system of equations in the form of a matrix:

where:

d =

1 1
§ [Z—;cos(qﬁ)}, d,

0 0 0 —a,
[0 0 0 -2a,-d,
0 w 0 —a,,

0 0 0 0

12° dz —ly 0 w

0 0 -a, O

0 0 -a, 0

1 1 0 0
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4(Dr

Thus, we will use Kramer's formula and find the determinant of the system:
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A=4S, +S, +45, +24S,y (y 1)’ - 45, (2p 1), @)

where:
S, =a,0,0°, S, =ay,a,, S;=a,m,0", S,=a,0".
To find the voltages and currents of the system, respectively, Al-AJ are found, which are
obtained from A by replacing its J-th column, from where:
A A A A

L X ==X =-2 X 4 etc. 8)

Xl(l)u :X 20 T A 3Wa = A 4(1)a :X

The calculation of the multi-zone AC voltage regulator was also performed using the switching
function method.

To simplify the implementation of the mathematical model, losses in switches and reactive
elements of the circuit were not taken into account.

At the first stage of the calculation, switching functions determined by the laws of switching of
AC switches were calculated. These functions are used to describe the output voltages. Next, a
mathematical description of the output phase and linear voltages of the regulator is performed. Then,
if necessary, you can describe the currents, define them as instantaneous, average, effective values
and their spectral compositions.

The implementation of the mathematical model of a multi-zone AC voltage regulator begins
with a description of the input sinusoidal voltages of the supply network:

V =U_ -sin(@t- @)

. 2
V,=U, ~sm([0't—¢)—?). )

vV.=U, ~sin(ait—¢—4?ﬂ)

Next, the control principle of a multi-zone AC voltage regulator is set. The law of change of
reference signals in the implementation of these mathematical models adopted a sawtooth shape [28]:

1 T 2mi
u . =—-arctan| tan(@ot—-—-——) |+1, 10
L arcen] -2 25] .

where i€ [1; k] is the index describing the phase number, k is the number of phases of the voltage

regulator.
The modulating signals are set by constants proportional to the control angle:

u,,, =const, . )
u,,, =const,

Next, there is a description of the switching functions that determine the switching points of the
switches of the multi-zone AC voltage regulator. This happens when comparing reference and
modulating signals. The implementation of simulated comparators occurs through the use of the
Heaviside function or the "signum” function, the result will be identical:

1. 1
F,=®(u,, —uy, ) E, = 5 I:Szgn(ureﬁ U )] + 5
1 1 (12)
FiZ = q)(urefi - uMZ )’ Fiz = E ’ [Sign(ureﬁ - uMZ):| +E
The resulting switching functions determine the duration of operation of the corresponding

switches pair. The output voltage, taking into account the switching functions, is determined by the
following ratios:


https://doi.org/10.20944/preprints202310.1570.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2023 doi:10.20944/preprints202310.1570.v1

13
%4 %
Ve, =k '?"'Flz Y
1% \%

A 13)
%4 v
cr = 31 .7+F32 7

The form of the output voltages obtained from these expressions is shown in Figure 16.

V, V]
400 ¢

Vbr Vcr

..

2004

wt

-200

—400~

Figure 16. The output voltage of the two-zone AC voltage regulator.

After the description of the output voltages has been obtained, a mathematical description of the
load currents of the AC voltage regulator can be performed in the same way. To determine the
currents of a multi-zone regulator, a harmonic voltage analysis is initially performed. For this, we
apply the calculation of the harmonics of the output voltages through the coefficients of the Fourier
series. Fast algorithms of discrete Fourier transform are used to speed up the calculation process and
improve accuracy.

Finally, diagrams of the load current of a three-phase AC voltage regulator were obtained,
Figure 17.

i[A]
30

20

10

-10

-20

30t
Figure 17. The load current of the two-zone AC voltage regulator.
It is possible to conduct their harmonic analysis using the same procedure as for voltage having

received a mathematical description of the load currents. For example, we apply the fast Fourier
transform for phase A current:

C(i,)=2FFT(i ). (14)
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It is possible to calculate the harmonic coefficient of the current and the integral harmonic
coefficient of the current knowing the vector column of harmonic components of the Fourier series
in complex form for the phase current:

THD = [3(C,(i,)* /C,(,). (15)

iTHD" = \/i(Cq(ia) 19" -C,(0,) - (16)
q=2

Figure 18 shows the simulation results in the PSIM software. The input and output currents and
voltages in the second regulate zone are presented. Next, we will compare these results with the
results of the analytical calculation. The proposed mathematical apparatus makes it possible to
determine the harmonic coefficients of currents and voltages of the proposed regulators. The
harmonic coefficient of the input and output current of the two-zone AC voltage regulator is
estimated to be less than 5% [29-31].

Based on the results of calculations, a family of load characteristics, Figure 19, of a two-zone AC
voltage regulator is constructed together with the results obtained in the PSIM model.

Figure 20 shows the curves of the input and output current and voltage a), as well as the
harmonic coefficient of the output voltage b).

Figure 21 shows the waveforms of the output voltage of a multi-zone AC voltage regulator with
increased reliability, for a) standard operating mode, for b) with different voltage levels on the
capacitors.

The qualitative characteristics of a single-phase buck-boost AC voltage regulator were also
evaluated, Figure 22. As before, the ADE method was applied here and a mathematical model of the
regulator was built.

For cases when the key S1 or Sz is switching on, differential equations are constructed:

300
200
100

-100
-200
-300

06 061 062 063 064

Time ()

Figure 18. Simulation results of a single-phase AC voltage regulator in the PSIM program.

U2/U1=£(12/Ib)

5 =f=M=0,875
S 06 ‘7‘#7 -
5 === M=0,875theory
—t—M=0,501
=i=M=0,501theory

12/Ib

Figure 19. A family of load characteristics of a two-zone AC voltage regulator together with the
results obtained in the PSIM model (where Ib is the capacitor current).


https://doi.org/10.20944/preprints202310.1570.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2023 doi:10.20944/preprints202310.1570.v1

15
Uin
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Figure 20. (a) Waveforms of input and output currents and voltages of a simplified multi-zone AC
voltage regulator, (b) THD of output voltage.
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Figure 21. Waveforms of input and output voltages and currents of a multi-zone AC voltage regulator
with increased reliability, for a) standard operating mode, for b) with different voltage levels on
capacitors.

Figure 22. Single-phase buck-boost AC voltage regulator.
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di .
L, d_lf +R1y Uy — YU, =1
di
L, d—;l+ R, +u, +u,=0
du 17)
C, d—;l +i,—i,=0
du .
C, d? +yi,—i,=0
The first harmonic of the spectrum of the switching function looks like this:
1 1 .
W) =M, +—sin(27M, )- cos (27 ft) -—(cos(22M, ) - 1)-sin (27 ft). (18)
T T

Here f - is the switching frequency, M1=1-M, M - is the modulation depth.

When using the ADE method, all variables of the system of equations (17) are decomposed into
harmonic functions, then their first harmonics are split into active (a) and reactive (r) components
orthogonal to each other. After averaging over the period of the first harmonic, we obtain a system
of algebraic equations for sine and cosine components written into a matrix:

Rz 0 -1 “Yin a)Lz 0 0 0 12(1),1 ul(l)u
0 R 1 1 0 o, 0 0|l | o
1 -1 0 0 0 0 o, 0|[Uaa |0
l//sin -1 0 0 0 0 0 afz ) UC2(1),; _ 0 (19)
oL, 0 0 0 -R, 0 1 Voo IZ(l)r 0
0 oL 0 0 0 -R, -1 -1 Im(l)y 0
0 0 aC 0 -1 1 0 0 uc1(1) 0
0 0 0 oC, -y, 0 0 u 0
c2(1yr
where
[cos[ZﬂM]—lJ-167r2~ cos[m} -1
B _1_M+sin[27zM]»87zz-sin[Ta)J_'_ 2
Van =07 wTw, (167 -T*a} ) T (T°w) - 167", ) ’ (20)
.| Tey, ’ 2 2
L 1-M sin|:2ﬂ'M]~sin|:Ta)1].(8ﬂ.2_Tzwlz) [COS[Z”M:I—1]2~SII’1|: ) } ~(87z -T a)lz)
w T T, (167° -T*a}) ’ T, -(167° -T*a} )

by T=fl,a)1=27rf.

1

Next, the control characteristic llz(l) = f1 (M ) , Figure 23, and the load characteristic of the
regulator U, = f, (I 21) ) , Figure 24 were constructed. The dependence of the input power factor

relative to the modulation depth was also determined cos ¢71(1) = f1 (M ) , Figure 25.
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U2/U1=£(M)
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——12/1b=0,dtheory
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l ==12/Ib=0,06theory
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o

04

02 04 0,6 0,8 1
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Figure 23. Control characteristics.

U2/U1=£(12/Ib)

—=M=0,625
=li=M=0,625theory
==t M=0,875

~=M=0,875theory

Figure 24. Load characteristics.

PFin=£(M)

—t—12/1b=0,4
~{i=12/Ib=0,4theory
==ie=12/Ib=0,06
—=12/Ib=0,06theory

PFin, Power factor

02 04 0,6 08 1
M, Modulationdepth

Figure 25. Dependence of the input power factor relative to the modulation depth.

For comparison, the control and load characteristics of the regulator and the dependence of its
input power factor on the modulation depth were constructed together with the results obtained in
the PSIM simulation program. The operating range of the voltage increase is within M=[0.65;1], while
the maximum value of the output voltage reaches 120% increase with sufficiently high quality. The
constructed characteristics combined with the characteristics constructed according to the results of
the simulation of the PSIM program coincided from 90% to 99%. The quality of the output voltage
and input current was evaluated — the dependence of voltage and current THD on the modulation
depth, Figure 26 and Figure 27.

THDU2=f(M)
03
025 7
8 02 \’-\
2015 S,
E o1 TN —=D/Ib-0,4
0,05 \ w00
o g a—S-agl

0 02 04 0,6 038 1
M, Modulationdepth

Figure 26. The dependence of the output voltage THD on the modulation depth.
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THDI1=f(M)

0,01
0,008 <>

Soos N

go
£ 0004 ‘ﬁ ——12/1b=0,4

0,002 —8-12/Tb=0,06
0 %

0 02 04 06 08 1
M, Modulationdepth

Figure 27. The dependence of the input current THD on the modulation depth.

An increase in the output voltage occurs at the modulation depth range M = [0.65;1], and at lower
levels of modulation depth, a stabilized voltage can be obtained.

Time diagrams of input and output currents and voltages were obtained using the PSIM
simulation program for a buck-boost AC voltage regulator with two AC switches Figure 28.

The efficiency in the operating mode of the regulator reaches 0.95%, Figure 29.

Uin 4
300
200
100
o
-100
-200
-300
52 Uout 52 Iout/4
300
200
100
o
-100
-200
-300
0.44 D.{LE 046 047 | 048
B [F

Time (s}

Figure 28. Time diagrams of input and output currents and voltages for a buck-boost AC voltage

regulator.

1
0,8 . i
0,6 et
0,4
02 ==n={(M)

0

0 02 0,4 0,6 0,8 1
M, Modulationdepth

Figure 29. Efficiency coefficient.

For mathematical analysis of the transformer AC voltage regulator first harmonic, the scheme
shown in Figure 30 is used. In this equivalent scheme, there is no transformer and filter capacitor Cs
as such, which do not make a major contribution to the properties of the circuit when calculating the
first harmonic. This is done to reduce the order of the final matrix. Also, capacitors Ci and Cz are
combined.
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Figure 30. The equivalent circuit of the transformer regulator of alternating voltage.

The calculation was performed for two operation modes of the circuit when the switch S1 or Sz
is switched on. Systems of equations have been compiled for each of the modes in accordance with
Kirchhoff's laws [32].

The S:1 switch is switched on:

di

 —o=e

dt
U, +L @+Ri =0 21
C1 2 dt L2 — : ( )

d d
L ;—;1+ua +L, ;“ +Ri,=e

1

The Sz switch is switched on:

di
le—;l+ua =e

di )
L= +Ri;, =0 : 22)

di di .
L, d? +ug, +L2d—Lt2+RzL2 =e

A switching function was introduced that is responsible for switching from one mode to another:
1-M 2sin[zM|-87° -sin[ Tay |
+
2 rTofler’-T - |

(23)

where M - is the modulation depth, T —is the network period, and 1 is the angular frequency of the
switching function.

Further, by analogy with the previous calculations, a matrix of active and reactive components
of currents and voltages was compiled:

-y 0 0 o0 0 oL|lu,l [E
w R 0 0 oL O0]|l,] |0
R 0 0 oL oL||l. | |E

N
=
)
—
2
2

: = 24
0 wL w-1 0 01U @)

1
0
0 wL, 0 -y -R 0
0 w, oL, -1 -R 0

o O O

A computer model of an AC voltage transformer regulator was developed in the PSIM and
oscillograms of currents and voltages were obtained, Figure 31 [33].
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Figure 31. Oscillograms of currents and voltages of the transformer regulator.

6. Calculation and modeling of AC voltage regulators with a reduced number of switches

To build a mathematical model of a simplified buck-boost AC voltage regulator with a switched
reactor, as before, we will use the direct method of calculating the ADE. The scheme of one phase is

shown in Figure 32.
RIE

Figure 32. Simplified buck-boost AC voltage regulator with a switched reactor.

s1
c2 R2
L2

The equations matrix of the circuit for both of its operation states using the switching function,
according to the ADE method, has the form:

-1 1 0 0 0 0 aC 0 L 0

v, -1 0 0 0 0 -aC, v, aC,|hw| | 0
o 0 1 1 oL, 0 0 RaC,||[Uaa | 0
0 R, -1 0 oL, 0 0 | [Ueama| _|Uiq, 5
0 0 aC 0 1 -1 0 0 Lo, 0
0 0 -oC, . aoC, -y, 1 0 0 L, 0

o, 0 0 RaeC, 0 0 -1 | ug,| |0
0 oL, 0 0 0 -R, 1 0 |y 0

c2(1)yr
where ¥/ =1-y_ and ¥, =1-y, .

The calculation method is similar to the one given earlier. Based on its results, the effective values
of the first harmonics of voltages and currents were obtained, and a family of load characteristics was

constructed in Figure 33. Where [, =U, / JL / C .

The output voltage increases to I, / I, =0.06 ata value of M close to unity, while the maximum
value of the output voltage is up to 115% greater than the input voltage at a sufficiently high voltage
quality.

These characteristics are combined with the characteristics obtained in the PSIM model.
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In addition, according to the data obtained during the simulation, the dependence of the input
power factor on the modulation depth was obtained, Figure 34, and the dependence of the current
THD on the modulation depth was obtained, Figure 35.

U2/U1=£(12/Ib)

12

N = —

-’ = i
e

g ! ———_ e M=0,9375

S 09

S 08 —4=M-=0,9375theory
07 ——M=0,16
06 ~8-M=0, I6theory

0 001 002 003 004 005 0,06
12/Ib

Figure 33. Load characteristics of a simplified buck-boost AC voltage regulator with a switched
reactor.
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Figure 34. The dependence of the input power factor on the modulation depth.
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Figure 35. The dependence of the current THD on the modulation depth.

The quality of the input current and output voltage meets the requirements of State Standard
32144-2013, it is estimated by THD and is less than 5%.

Figure 36 shows the time diagrams of currents and voltages for a simplified transistor AC
voltage regulator with a switched reactor. It is worth noting that based on the plots, it can be seen
that the Iia load current is sinusoidal and does not contain high-frequency components.

The result of modeling the cascade circuit of a simplified buck-boost AC voltage regulator is
shown in Figure 37.
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Figure 36. Time diagrams of currents and voltages of a simplified regulator with a switched reactor.
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Figure 37. Waveforms of input and output currents and voltages of the cascade circuit of a simplified
buck-boost AC voltage regulator.
7. Calculation and Modeling of AC Voltage Regulators with One Complementary Pair of AC

Switches for Three Phases

Voltage waveforms of a simple circuit of a buck-boost AC voltage regulator are shown in Figure
38.

52 Uout 52 Jout

200

-200

40m 50m 60m 70m 80m

Time (s)

Figure 38. Waveforms of input and output voltages and currents of a simple circuit of a buck-boost
AC voltage regulator.

To construct a mathematical model of a regulator with a switched quasi-impedance of the power
supply, a direct method of calculating the ADE was used [34].
The equivalent scheme of the regulator one phase is shown in Figure 39.
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Figure 39. A single-phase equivalent circuit of an AC voltage regulator with a switched quasi-

impedance of the power supply.

The equations obtained by Kirchhoff's laws for the circuit in both its operating modes have the
form:

di , di
L1(1_'//)ﬁ+”cz +R112+L2£:u1(1—l//)

i
uc1_Lli=_u1

du “ du (26)
—-C,—L—i +C, (1- €2 -0

1 dt ll 2( l//) dt

du., . .
C1d_ta+11_12=0

Here 1 is a switching function equal to one when the S; switch is switched on and zero when
the S1 switch is switched on.
The spectrum of the switching function is as follows:

=M, + i[%sin(Zszl ) : Cos(27z'nft) —%(cos(Zﬁan ) - 1) ~ sin(27mft) , (27)

n=1

where f — is the switching frequency, M, =1-M, M - is the modulation depth. At n=1, the
calculation is made according to the first harmonic.
1. 1 .
W) =M, +—sin(27M, )- cos (27 ft) -—(cos(22M, ) ~1)-sin (27 ft). (28)
V4 V4

As a result of the algebraization of this system of equations by the ADE method, we obtain a
system of algebraic equations for the sine and cosine components of the first harmonics of variables:

0 R, 0 1 oLy, oL, O 0 T Ui 1)¥ain
0 0 1 0 -wL, 0 0 0 Ly U,
-1 0 0 0 0 0 -aC, aCy, ||Uc. 0
1 -1 0 0 0 0 aC, 0 Uowe | | 0 |- ,
oLy, oL, 0 0 0 -R 0 -1 Ly || 0O @)
oL, 0 0 0 0 0o -1 0 L, 0
0 0 -aC, oCy. 1 0 0 0 Ugyg, 0
0 0 aC 0 -1 1 0 0
1 uCZ(l)r 0
where
Tw | ]
cos| 27(1-M) |-1|-167* | cos| —* | -1
1-M sin[27r(1—M)]8ﬂ'2~sin[Ta)l] [ [ ( )] } { { 2 } (30)
y’sin =i - + -

2 T, (167" -T’a} ) T (T’w) -167°w,)
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1
by T=—. @ =21f,

.| T, o 2
1-M  sin[27(1-M)] sin[Ta ] (82> ~T*a}) [C"S[z”(l‘M)]‘l}'z'sm{T} (87" -T'af) (31)
2 wTo,-(167° ~T'a) ’ To,-(167° ~T'a})

Ve =1

According to the data obtained during the simulation in PSIM, the following characteristics were
constructed: control, Figure 40, load, Figure 41, the dependence of the input power factor on the
modulation depth, Figure 42, for the considered circuit. The quality of the output voltage and input
current is presented in the form of dependencies of their voltage THD on the modulation depth,
Figure 43, and the current THD on the modulation depth, Figure 44.

It follows from the control characteristic that the circuit has a full control range from zero to an
increased output voltage of 140-150%.

U2/U1=£(M)
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1,2 Pl
o 1 P
2 /
S 08 /
o]
06 4 —=—12/1b=0,86
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0 T T T T )
0 02 04 0,6 038 1
M, Modulation depth

. . A
Figure 40. Control characteristic (where [ b= ).
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Figure 41. A family of load characteristics.

The load characteristics of the regulator for different modulation depths are presented. The
scheme has increasing characteristics (at M =0.875 and M =0.625), as well as a strictly horizontal
load characteristic (at M =0.16).
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Figure 42. The dependence of the input power factor on the modulation depth.
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Figure 43. THD of the output voltage.
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Figure 44. THD of the input current.

The quality of the output voltage and input current remains high in the operating range of
operation.

According to the results obtained by the ADE method and modeling in PSIM, the control
characteristics are constructed, Figure 45, load characteristics, Figure 46, the dependence of the input
power factor on the modulation depth, Figure 47.

The operating range of the voltage increase is within 0,5 <M <1, while the maximum value

of the output voltage is up to 1.6 times greater than the input with a sufficiently high quality.

U2/U1=£f(M)
L8
1,6
14
1,2
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Figure 45. A family of control characteristics.
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Figure 46. A family of external characteristics.

The increased output voltage is achieved in the modulation depth range 0,8 <M <1. At all

levels of modulation depth, a stabilized voltage can be obtained.
The input power factor has a high value (> 0.8 — 1) in the range 0,6 <M <1 at low load

currents.
Next, the equivalent scheme of one phase of an AC voltage regulator with a low number of

switches was considered, Figure 48.

PFin=f(M)

12
Zos
; ——D2/Ib=07
£ 06
S —8-12/Ib=0,7theory
g 04 e 12/Tb=0,2
& 02

< ==12/Ib=0,2theory
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M, Modulation depth

Figure 47. Input power factor.

151152

Figure 48. A single-phase replacement circuit of an AC voltage regulator with three capacitors.

The differential equations of the circuit for both its states have the form:
di .
L, d_tl'H’[Cl (1_1//) +YRgig =,
L di, . 1 Ri =0
2E+1{I12_HC1( _l//)_l// sts = ) (32)

i _C1%(1_W)_iz =0

! dt
i, —i, —yi, =0.
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Here 1 is a switching function equal to one when the switch Sz is switched on and zero when
the switch Si is switched on.
The spectrum of the switching function is as follows:

n=1

l//zl—M—(—l)”i[}%Sin(ﬂnM)'Cos(a)nt)J. (33)
n

After the procedure of converting equations into an algebraic writing form, there should be no
phases of currents in them. For this, we will select the active and reactive components orthogonal to
each other. In the process of algebraization, we multiply the equations sequentially by cos(wt) and
sin(wt) and average over the period of the first harmonic. As a result of the algebraization of this
system of equations by the ADE method, we obtain the following system of algebraic equations, in
matrix form:

0 0 _1 + Wcos(l) _Rsl//cos(l) a)LI 0 0 11(1)’ O
0 _Rl 1- l//cos(l) RSl//cos(l) 0 sz 0 IZ(W 0
-1 1 0 0 0 0 -aC(l-y,,) 0 || Yo 0
I L
-1 1 0 Veostt) 0 0 0 0 s | _ (34)
oL, 0 0 0 0 0 1 R, || T || Y
0 ol 0 0 0 R -1 R, || L 0
0 0 ~aC, 0 | 0 0 || Ueiy 0
0 0 0 0 1 - 0 0 || I, 0

For a circuit with six capacitors, Ucza) will be used instead of Isq), and the fourth and eighth
columns will take the following form:

_'//cos(l) 0
¥ eos) 0
0 0
0 2¥ cos(1
X and ; o (35)
0 0
0 0
—CUCZ 4 0 8

The k-th harmonic of the switching function (36) (at a switching frequency of 1000 Hz) was taken
to calculate the higher harmonics.

w=1-M+ isin[znk(l — M) |cos(27kft) —icos[z;zk(l — M) —1]sin(27zkft). (36)
k k

_ 2sin(zkM) cos(rzk)sin(Tka, )87 —T*k*a})
rkTok(167” —T*kK*a}) '

(37)

Where M - is the modulation depth.
Differential equations of the system with switches S1 or S2 switched on, respectively:
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@ =0 (38)

i, .
L,—2+Rji,=0;. (39)

As a result of algebraization of equations system by the ADE method, we obtain the following
system of equations:

0 0 “Veostn) oL, 0 0 L, 0

0 -R W costn) 0 ol 0 Lo 0

1 1 0 0 0 —aCW | Uciiny 0
oL, 0 0 0 0 Vi | | Lione | o] w

oL, 0 0 R, VYeinin) 12(n)ﬂ 0

0 0 -aoCw. 1 -1 0 Ueiuya 0

According to the calculation results, the following characteristics are constructed: control, Figure
49, load, Figure 50. They are combined with the characteristics obtained in the PSIM model. Figure
51 and Figure 52 show similar characteristics, but for AC voltage regulator with six capacitors. Where
U*=f{(M)1,2,3 are the control characteristics at I*=0.5...0.38...0.72, respectively (for a circuit with three
capacitors) and 0.047...0.029...0.114 (for a circuit with six capacitors). In this case, U*=Uouy/Uin, and
I*=Lout/Ibase, whereas Ibase=Uin/wL1.

At small values of modulation M, there is a discrepancy between the simulation results and the
theoretical ones. This indicates the need to further adjust the calculation taking into account the
higher harmonics of the switching function.

The voltage and currents of the AC voltage regulator with a low number of switches obtained
in the PSIM are shown in Figure 53 and Figure 54.

The control and load characteristics of the AC voltage regulator with a low number of switches
are shown in Figure 55 and Figure 56. The regulator allows you to get an increased output voltage
up to 420%. In the operating area, the converter has a full range of regulation. In the zone from M=0
to M=0.6, the control characteristics are close to horizontal, then they increase. For the rest of the
interval, the control characteristics gradually decrease.
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Figure 49. Control characteristics.
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Figure 50. Load characteristics.
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Figure 51. Control characteristics of an AC voltage regulator with six capacitors.
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Figure 52. Load characteristics of an AC voltage regulator with six capacitors.
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Figure 53. Input and output voltages and currents of an AC voltage regulator with a low number of

switches.
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Figure 54. Input and output voltages and currents of an AC voltage regulator with a low number of

switches with six capacitors.

U*=f(M)
6
5
\ R
53 l ——U*=f(M)1
2 l —8-U*=f(M)2
1 e Ur=(M)3
0

0 02 04 0,6 08 1
M, Modulationdepth

Figure 55. Control characteristics in the entire control range.
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Figure 56. Load characteristics.

The quality of the input, output current and output voltage is estimated by the THD and the
integral THD of the voltage. The characteristics are shown in Figure 57 and Figure 58.

The power loss of an AC voltage regulator with a low number of switches was 42 watts per 736
watts of output power at a switching frequency equal to 1 kHz. The calculation took into account
switching and conduction losses in transistors and diodes, as well as the power dissipation of
capacitors. Thus, the efficiency of the regulator was 95%. The dependence of the input power factor
and the dependence of the efficiency on the impedance are shown in Figure 59, Figure 60,
respectively.

It can be seen from the graphs that such a regulator is a buck.

The quality of the input, output current and output voltage is estimated by their THD, Figure
61.

THDIin=£f(M), THDIout=£(M)

—o—THDIin=f(M)1
~8-THDIin=f(M)2
——THDIn={(M)3
—=THDIout=(M)1
—¥=THDIout=f(M)2

0 02 04 06 08 1 ~o—THDIout=£(M)3
M, Modulationdepth

Figure 57. THD of input and output current.
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Figure 58. The integral THD of the output voltage.
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Figure 59. The dependence of the input power factor on the impedance.
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Figure 60. Dependence of efficiency on impedance.
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Figure 61. THD of the regulator with six capacitors (a) — input and output current, b) — output
voltage).

The proposed AC voltage regulator with a low number of switches was compared with a three-
phase AC-AC Cuk converter [35]. It is revealed that the AC voltage regulator with a low number of
switches surpasses the opponent in the following indicators. According to the gain factor of the
output voltage, the proposed AC voltage regulator with a low number of switches had this coefficient
of 4.24, versus 2.01 for the Cuk converter. Comparing the magnitude of the reactive power of the
capacitors in the proposed scheme, there is a noticeable decrease in comparison with a buck-boost
AC voltage regulator with a switched quasi-impedance of the power supply [36] and a three-phase
AC-AC Cuk converter (Table I).
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Table 1. Comparison of the values of the installed capacities of capacitors relative to the full load

power.

AC voltage regulator/Qc/Siaa = M=0 M=01 M=02 M=03 M=04 M=05 M=0.6
with a low number of switches  0.095 0.118 0.147 0.189 0295 0424 0475

buck-boost with switched quasi-

. 0.826 0.675  3.09 - - 0981  3.078
impedance of the power supply

three-phase AC-AC Cuk converter 0.158 0.162 0923 0596 0445  0.464 -

The calculation results presented in Table 2 were also obtained, which shows the ratio of the
effective values of the higher harmonics to the effective value of the first harmonic of the output
current [37].

Table 2. Results of higher harmonics calculation and comparison with the first harmonics.

M 0.2 0.3 0.4 0.5 0.6
Lngy [ Ly 0.08979 0.0189 0.06221 0.0951 0.10604
THDiesiv) 0.026 0.038 0.051 0.063 0.076

M 0.7 0.8 0.85 0.9 0.999
Ly / L 0.11118 0.11952 0.1215 0.12285 0.12386
THDxpsivy 0.088 0.094 0.106 0.112 0.062

From the results presented above, it can be seen that the proportion of higher harmonics in the
output current is less than 10%, while the calculation data coincide with the simulation data at M <
0.9.

The quality analysis of the regulator currents was carried out at a fixed value of the switching
frequency of the transistors, Figure 62 and Figure 63 (fsw = 1.8 kHz). The quality characteristics of the
input and output current of an AC voltage regulator with a low number of switches were obtained.
The frequency range was chosen from 500 Hz to 1 MHz. The result of the analysis is shown in Figure
64 and Figure 65. Starting from 2 kHz, the harmonic coefficient for both input and output current
does not exceed 5%, which indicates a high quality of the modulated current.
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02
0,18 ’\
016
014 [/
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08 1

0 02 04 0,6
M, Modulationdepth

HDIi:

Figure 62. THD of the input current (THD={(M)1psim at Iout*=0.5 (simulation), THD={(M)z2psim at Iout*=0.4
(simulation)).
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Figure 63. THD of the output current (THD={(M)psim at Lout*=0.5 (simulation), THD=f(M)2psim at
Tout*=0.4 (simulation), THD={(M): at Iou*=0.5 (calculation), THD=f(M)2 with Iou*=0.4 (calculation)).

THDIin=£(f)

01 ~

0,09
0,08
0,07 -

& 006 +

8 005 -

E 0,04 1 =#=—THDIin=f(f) Ipsim
0,03 1 == THDIin=f(f)2psim
0,02 1
0,01 +

0 4

500 5000 50000 500000
f

Figure 64. The THD of the input current relative to the switching frequency of transistors on a
logarithmic scale (THD=f(f)1psim at Iout*=0.5 (simulation), THD=f(f)2psim at Iout*=0.4 (simulation)).
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Figure 65. The output current THD relative to the switching frequency of transistors on a logarithmic
scale (THD={(f)1psim at lout*=0.5 (simulation), THD={(f)2psim at lout*=0.4 (simulation)).

To construct a mathematical model of an AC voltage regulator with a low number of switches
with a transformer, we will use the direct method of calculating the ADE [38].

The equivalent circuit of the regulator one phase is similar to that of an AC voltage regulator
with a low number of switches, only there is no RS resistance, shown in Figure 66.

Ul I R1
L1
C1

1"

Figure 66. The equivalent scheme of the regulator one phase.

The differential equations of the circuit for both its states have the form:
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di
L, d_tl TuLy =y
di, .
LZE'F lzll2 —I/ICll/IZO . (41)
. du .
Z1 —Cld—?y/—lz =0

Here 1 is a switching function equal to one when the switch Sz is switched on and zero when
the switch S1 is switched on.
The spectrum of the switching function is as follows:

l//zl—M—(—l)”Z(isin(me)-cos(a)nt)j. (42)
=1\ TN
In the process of algebraization of differential equations, the following results were obtained:
0 0 _l//cos(n) le 0 0 Il(n)r 0
0 _Rl l//cos(n) 0 sz 0 Iz(”)’ 0
-1 0 0 0 —CWey | |Yaw || O | 43)
oL, 0 0 0 0 0 La Ui e
0 oL 0 0 R, 0 Lyya 0
0 0 -awC, 1 -1 0 Ue s 0

Figure 67, together with the results in the PSIM, shows the THD of the output current. The range
of modulation depth is limited by the results of the calculation by the ADE method, since large
discrepancies were obtained at the boundary values caused by the assumptions of the calculation
method.

THDIout=£f(M)

0,12
0,1 g-\
§ 0,08 ~fi=THDIout=f(M)theory

a 0,06 1 =s—THDIout=f{(M)psim
E 0,04
0,02 -\ﬁl
0 T T T 3
04 0,5 0,6 0,7 0,8

M, modulation depth

Figure 67. THD of the output current.

In the course of the study, the dependences of the input power factor on the modulation depth
were obtained (Figure 68), the dependence of the input power shift on the load impedance (Figure
69), control characteristics (Figure 70). Parameters of the investigated model: the switching frequency
is 1 kHz, the capacitance of the capacitors is 10 uF, the inductance of the primary and secondary
windings of the transformer is 100 mH and 500 mH, respectively.
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Figure 68. The dependence of the input power factor on the modulation depth.
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Figure 69. The dependence of the input power factor on the load impedance.
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Figure 70. Control characteristics.

The input power factor is obtained at a stable load current of 3 A. The converter behaves as a
reactive power compensator over almost the entire control range, creating a capacitive current in the
network.

When the load impedance changes, the input power factor remains stable, closer to the short-
circuit mode, while a noticeable difference in indicators is observed.

Voltage regulation in this converter is carried out in the range M: 0-0.6. In the mode close to
idling, the maximum increase in the output voltage was noticeable, which exceeded the input voltage
by 250%. Here are three graphs with different average load current (in relative units), relative to the
base value of Irase=Uin/wL. In addition, a graph with a calculation using the ADE method is given for
comparison.

Figure 71 shows diagrams of currents and voltages of an AC voltage transformer regulator with
a low number of switches.
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Figure 71. Diagrams of input and output currents and voltages of an AC voltage transformer regulator
with a low number of switches.

8. Experiment of an AC voltage regulator with a full number of switches

The operation of a two-zone AC voltage regulator with a capacitor voltage divider was analyzed
[39,40]. The photo is not given, the regulator was assembled without a design.

An active-inductive load was connected to the converter. The output current and voltage
waveforms are shown in Figure 72 in the lower control zone and Figure 73 in the upper control zone.

(a) (b)

Figure 72. Waveforms of the output current and voltage in the lower zone.

(b)

Figure 73. Waveforms of the output current and voltage in the upper zone.

This was an example of the multi-zone AC voltage regulator operation, where thyristors were
used as switches. When using transistors, it was possible to raise the switching frequency.

At a modulation depth of 0.25, the control signal of the first zone is an average value with a fill
factor of 50%. The shape of the input and output voltage with current is shown in Figure 74. The
value of the maximum instantaneous value of the load voltage is the voltage of the capacitor, which
divides the supply voltage in half and compensates for reactive power.

The voltage and current of the capacitors are ahead of the input voltage. The voltage on the
capacitors is halved compared to the input voltage (Figure 75). The capacitor current has a basic low-
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frequency harmonic (Figure 76). The value of the capacitor current is determined by the depth of
modulation of the converter, the supply network and the value of the capacitance.

In the spectrum of the load current, the main contribution is made by low-frequency
components, and subharmonics are multiples of the switching frequency of 1 kHz at a resistive load

(Figure 77). The converter control system uses a dead time of 400 ps, originally embedded in the
driver circuit.
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Figure 74. The shape of the input and output voltage with current (green Uout, blue Iout).
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Figure 75. Voltage waveforms of capacitors (red Uin, green Uc).
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Figure 76. Oscillograms of the capacitor current.
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Figure 77. Output voltage spectrum.

The power board and the control system were made on the same board. The photo of the layout
is shown in Figure 78. The model uses transistors: G4BC30UD (U.=600 V, I=12A); drivers: SI8231BB-
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D-IS; DC-DC power supplies: SBTO1L-09 capacitors: B32373A4207J080 (capacity C=200uF,
Uac=480V). An 80 V2 IM1081 AIR engine (2.2kW) with a sensor was used as a load, Figure 79.

The cost of a two-zone three-phase AC voltage regulator was 2,600 rubles/kW, which is almost
two times less than the leading firms in the production of soft starters.

Figure 79. The load of the regulator.

An example of the operation of a buck-boost AC voltage regulator is shown in Figures 80 and
81. The experimental layout of the AC voltage regulator was started at different input and output
parameters. When operating at the input voltage Uin = 33V. The output voltage was increased to 39
V. At an input voltage of 18.9 V, the output voltage was increased to 23.6 V. The voltage and load
current of the regulator are shown in Figure 80. Oscillograms with a smaller inductance L. = 1.4MH
and larger capacitances C1 = 160uF, C>=8uF were also taken. The results of this experiment are shown
in Figure 81.


https://doi.org/10.20944/preprints202310.1570.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2023 doi:10.20944/preprints202310.1570.v1

40

A . . SaMHCaTh,
RS T A SREEEREREU AR, K[ THHEY

Boikn ML
HocuTenb
UsEe
_ 3anu-
caTh

: Lo : : : (painos

CH4 == SEml)

Figure 80. Plots of output current and voltage.

STOR ™1 RLURYH K

JanMcatb
B RapTHHEY

Benbid Jkp
|| Boikn L
: “ HOCHTENE
ol

) lHl UsB

E Janu-
caTh

T ,, YTHIMTEI

CH4 == SEml)

Figure 81. Plots of output current and voltage with lower inductance La.

Experiment of an AC voltage regulator with one complementary pair of three-phase alternating
current switches

An experimental model of a single phase of an AC voltage regulator with a switched quasi-
impedance of the power supply was assembled. The photo and simulation results are shown in
Figure 82.

A layout of an AC voltage regulator with a low number of switches with a digital control system
based on the Atmel AVR Atmega 128A microcontroller was assembled [41-50]. Figure 83 shows the
proposed system.

In addition, monitoring of the output voltage level was required in the regulator. Voltage
monitoring was performed by the program function, the voltage signal was obtained from the voltage
sensor and fed to the processor input. This auto-regulation system used the PI-law of regulation.

An example of the AC voltage regulator with a low number of switches operation is shown in
Figure 84. The experimental layout of the AC voltage regulator operated on an active-inductive load.
The capacitors of the converter are selected with a capacity of C = 20 uF, with the possibility of
increasing to 80 uF (by connecting in parallel), the input choke was L = 812 uH.
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Figure 82. Experimental layout of an AC voltage regulator with a switched quasi-impedance of the
power supply ((a) photo of the layout; (b) Uout waveforms).
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Figure 83. Experimental layout of an AC voltage regulator with a low number of switches with a

digital control system (a) — a digital control system, (b) - a power circuit).
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Figure 84. Oscillograms of currents and voltages of an AC voltage regulator with a low number of

switches ((a) — output voltage (red), current (pink) and current spectrum, (b) - input voltage (red),
input current (pink) and current spectrum, (c) — control pulses).
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On the oscillograms of currents and voltages, the spectrum of output and input current is given,
where it is shown that the share of the high-frequency component of the output current is less than
10% [51-54].

9. Discussion and conclusions

The considered AC voltage regulators can ultimately be divided into two types, according to the
application areas. While in the paper the separation was made by the number of semiconductor
switches, it was determined that low number of switches circuits can be more applicable as AC
voltage stabilizers. Whereas soft starters are also an integral part of the application of AC voltage
regulators, where the motor performs as the load. With direct start-up, the starting currents can reach
a tenfold excess, which negatively affects the mechanism and the motor windings. Common thyristor
regulators of AC voltage with counter-parallel connection of thyristors are one of the advantageous
ways to start the engine. But there are inherent disadvantages. Thyristor AC voltage regulators have
poor quality output voltage and current. The proposed multi-zone AC voltage regulators solve this
problem. So, in comparison with the classic thyristor AC voltage regulator, the quality is increased
up to 6 times, as can be seen from the THD, single-zone version. As for the number of semiconductor
switches. Then there are more of them in multi-zone AC voltage regulators, but the class of thyristors
decreases in proportion to the number of zones, so for a classical thyristor AC voltage regulator at
1000V, the class of thyristors will be the tenth, whereas in a ten-zone thyristor AC voltage regulator,
the class will be the first. Such a solution gives a more flexible choice of devices. And the proposed
AC voltage regulator with the combined connection of capacitors will increase reliability by
balancing the voltage on the capacitors and reserving the used capacitors.

As for AC voltage stabilizers, at present the market of manufacturers of such devices is quite
large, here we can distinguish such firms as Voto, Solby, Resanta, Energia, Volt, Zord, IEK,
Powerman, EKF, Elitech, Prodgy, TCC, Suntek, Rider, Wusley, TDM, Elitech, Genstab, N-Power,
Ortea, Vega, Varat. In this regard, a competitive solution is needed — a small number of transistors
used in regulators. Such solutions were presented in this paper, while some allow increasing the
output voltage up to 4 times, which significantly increases the range of drawdowns and overvoltages.
Some of the devices were assembled and experiments were carried out to confirm the operability of
the proposed ideas.
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