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GENERAL OVERVIEW

Actuality of topic

Transformer which can be used for addition or subtraction of voltage from source voltage
is a well-known technical device. It is usually built on the basis of autotransformer [62]-[64]
and has much less power rating than power rating of the load when working with low voltages
on secondary winding [62]. In Russian technical literature such specific transformers are
called adding transformers (somooabosounwiti mpancgopmamop [62]), but in the scientific
literature of other countries it is called injection transformer [63], [64]. Taking into account
positive properties of the device it is widely used in AC regulation in wide range of economic
sectors, for example, for voltage stabilization in electric networks in countryside regions.

To make possible efficient use of such device, it has to be supported with automatic
regulation solutions. In older solutions such regulation is done by switching between
transformer secondary side windings by the help of mechanical, electromechanical,
electromagnetic or simply unregulated electronic switches [62]. Regulation is neither wide
enough and smooth, nor efficient.

Current development state of electronic technologies easily allows to use wide variety of
electronic equipment for voltage regulation, mainly they are quite high frequency fully
controllable semiconductor pulse regulators [65]. Most widely such systems are explored for
DC circuits and systems where pulse regulation enables contactless and smooth regulation
with very high efficiency indicators — efficiency close to 1, regulation amplitude from very
small load and source voltage ratios (lower than 0.05) to tenfold ratios [65]. The first of this
kind of DC regulators are called buck DC/DC regulators, the second — with higher output
voltage than source voltage — boost DC/DC regulators [65]. To combine the regulation
amplitudes of previously described regulators, buck/boost DC pulse regulators are used.
Systems can be either unidirectional with one polarity regulated load voltages or bidirectional
and with changeable output signal polarity [65].

At the same time, for AC circuits such regulators are rarely to be met in industrial
applications. Such regulation, although can be found in scientific papers [3], [4], [25], is not
even described in special technical literature on the topics of electrotechnics. At the same
time, there exist technical problems which could be solved by the use of smooth contactless
AC circuit regulators with high technical parameters [30]-[32]. Such devices could be used in
lighting systems, electrotechnology systems, AC electric drive systems and others [11]-[13].
Nowadays, direct AC regulation is acquired by the use of one operation semiconductor
devices (thyristors, simistors or triacs) which can be turned on at any time when current could
flow in their conduction direction, but switching off happens only when current reaches zero
value, which in AC systems is ensured at the moment of polarity change [65]. In such a way
discrete switch regulation angle changes can be acquired, however constant in each half-
period. Such systems are called AC regulators. Efficiency of such regulators usually is close
to 1, however, the AC circuit current lag caused by the switch-controlled switching time time



lag causes a forced phase shift in the AC circuit between voltage and current, which
determines a reduced power factor (P active power, S —total power) of regulated circuit.

In addition, circuits controlled in such a way cannot operate with sinusoidal load voltages,
as a result part of total power S is understood as distortions power T [65], because of which
ratio P/S is reduced even more; in addition, because of higher harmonics ratio between source
currents, the 1st harmonic of and RMS source current is even more is reduced. That is
indicated by THD which with this kind of regulation can exceed the recommended values.

Since phase regulated systems are widely used (because others are not in use today),
compensation of high THD is one of the most important topics today, which in the end of
the day is a parameter that affects efficiency of electronic systems. Higher order harmonics
does not create positive real power but generates extra heat in wires and other passive
components.

Taking into account the previously stated, it is clear that new methods should be
explored in order to achieve more efficient AC regulation, and one of the solutions is pulse
regulation with modern fully controlled semiconductor technologies. In such a way, it would
be possible to reach wider regulation amplitude, to ensure smoother regulation with low
values of THD, low power factor and high efficiency. In addition, introduction of such
systems allows to increase the range of applications [7], [9], [34], [35].

The main difficulties that have so far limited the introduction of AC pulse control systems
are as follows.

1. Industrially usable fully controllable AC transistors are still not developed (although
they are being studied [21], [22]) and therefore the switching mechanism must be
combined in different ways (reverse-parallel, series-connected and reversible bridge
elements to ensure bidirectional control). Taking into account the influence of the
inductive elements of the AC circuits, it is necessary to create additional circuits for
the dissipation of electromagnetic energy, which requires an increased number of
switches as well as thinking about the right switching moments of switches [20], [56].

2. AC circuits have more controllable parameters than DC circuits (amplitude, RMS
value, phase shift, frequency, THD and P/S value, etc.), which expands and
complicates the development of real systems.

3. AC systems mostly are more powerful than DC systems which require more complex
technical solutions. It is also important to overcome the prevailing view in the
technical community that simple thyristor/triac regulators are quite sufficient in AC
circuits.

In view of the above, it is clear that there is a need to intensify research into the
development of improved control systems for AC systems. The simplest way to solve the
problems of regulating AC systems is to involve DC stages in the AC system and perform
various regulating and transforming actions in them, because they are developed and well
researched [33]. However, it is not possible to regulate all AC electrical parameters in DC
stages [28], as well as by implementing DC stages, sales costs increase sharply and the system
efficiency decreases.



Therefore, the use of DC stages is not an effective solution. Looking at different AC
objects, it can be seen that in the vast majority of them various coordinating elements are
introduced, basically different transformers. Electronic regulation of these parameters could
also affect the regulation of the whole system. Therefore, many scientists are developing an
AC control system and reducing research to the development of transformer — typical
electromagnetic converter — pulse control systems [14]-[16], [63], [64]. In addition, taking
into account the characteristics of injection-type transformers, which are related to the effect
of partial circuit control on the control parameters of the whole system, it is clear that
extensive attention is paid to these objects and their control in the overall AC systems [10],
[14], [18], [19].

Looking at the sources of information on electronic control systems for injection
transformers, it can be seen that currently the main focus is on high-speed compensation of
short-term voltage drops and swell surges in the low-voltage network [39], [42], [49], [50].
Such systems are designed in different ways, both by connecting control circuits on the low
voltage side of the transformer and on the high voltage side [45], [66], as well as by making
combined circuits. The most comprehensive study of such systems has been presented [5] by
a group of scientists led by Jacek Kaniewski, University of Zielona Gora, Poland. Other
studies can be found here in [24], [26], [27], and [59].

Research has also been carried out in AC control systems without injection transformers,
and equipment that can perform the intended task has been developed, but the semiconductor
elements used must be able to withstand higher currents and voltages than when voltage
regulator circuits include transformers. The dimensions of AC regulators without transformers
are smaller than the dimensions of regulators with them [36]—[38], [40], [43], [44], [58].

However, despite the fact that serious research has been conducted and published in the
study of electronic regulators of injection transformer systems, it cannot be said that
everything in this field has been studied. Basically, all the considered and known works lack
fundamental research of electromagnetic processes in electronic control systems themselves,
very little research has been done on the AC quality filters of regulated AC circuits and the
choice of their parameters, and the range of technical applications is quite limited.

In view of all the above, it can be stated that the development of modern electronic power
regulation principles and equipment for AC objects, circuits and systems is a very topical
technical and scientific task which requires both new and effective principles of such systems
and research and calculation methods on the basis of which mathematical descriptions of
various AC voltage regulation systems are created in order to study their properties and to
define the objects, branches and directions of application.

Objectives and Main Tasks

The aim of this work is to expand and deepen the knowledge base on the theoretical and
practical aspects of operation of electronic transformer control systems for injection
transformers and AC circuits and systems. The tasks include extending the development of
different variants of unipolar and bipolar voltage regulation of primary and secondary



winding voltages by high-frequency pulse regulators and researching their applications, using
both new theoretical methods and experimenting with different system models and
summarizing their possible characteristics so that they can be more widely and more
effectively used in practical applications.

Scope of the Work and Research Objects

The scope of the work includes various injection transformer systems for regulation of
effective values of load voltage and phase shifts between input and load voltages, as well as
mathematical descriptions of their operation, research of properties, and creation of
characteristics. Various known and newly developed regulatory schemes and regulatory
management principles are the objects of work.

Scientific Novelty of the Work

Substantiated method of calculation of AC voltage pulse control systems based on
fundamental harmonic use of modulated voltages and currents both in analytical calculations
and process research on the basis of vector diagrams in which fundamental harmonic signals
are presented in vector form.

Several AC pulse control schemes have been developed for various load voltage and
phase adjustment systems at both single-phase and three-phase power supplies. A standard
scheme of modulated voltage sinusoidal filtering has been developed, the parameters of such
a scheme and their dependence on mutual changes of parameters based on the application of
regression statistical methods have been studied.

Practical Significance of the Work

All created new schemes and methods are practically applicable in practice and provide an
opportunity to obtain new technical effects. The practical application for the dissertation is an
extensive mathematical description of processes and relationships in different control schemes
depending on the size of the load and other influence factors.

Methods and Tools Used

The main research method is based on the in-depth mathematical research of
electromagnetic processes using basic equations of electrical engineering and research
methods of AC circuits, verification of results and calculations are mainly done by computer
modelling methods in PSIM and MatLab. All mathematical calculations are aimed at the
fundamental harmonic expression of modulated signals and the evaluation of the effect on
inductive electrical circuits.



Theses to be Defended

Modulation processes must be divided into two standard groups — with unipolar and
bipolar generation of modulation results; the results of the first are defined in 1/0
categories, where 1 state in the case of AC corresponds to its instantaneous value in
the active part of the modulation period, but bipolar — is defined in —1/+ 1 categories,
where +1 in each modulation period corresponds to the instantaneous value of AC
directly, but —1 corresponds to the reverse polarity.

. The influence of modulated voltage or current on other system elements is determined
by their fundamental harmonic waves and their basic characteristics — amplitudes and
RMS values, which in turn depend on the main operating characteristics of the
modulation switching element — switching frequency and relative active duration in
the switching period (factor D).

. Fundamental harmonic waves in circuit vector diagrams can be characterized by
appropriately scaled vectors with defined lengths and shift angles. The fundamental
harmonic parameters of modulated signals can be determined by the Fourier transform
method for analogue signals.

It usually makes sense to create a modulation effect with a constant factor D in one
modulated AC period, modulation against one load can be performed from both
single-phase and multi-phase AC, and the position of the modulation switch active
state interval during the modulation period determines the type of modulation effect.
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1. INVESTIGATION OF INJECTION TRANSFORMER
PARAMETERS IN VOLTAGE REGULATION SYSTEMS

Although injection transformers (IT) are well-known objects of electrical systems, their
descriptions in the known literature sources do not pay enough attention to the peculiarities of
regulation in all modes of operation. Therefore, in order to facilitate a common understanding
of the types and characteristics of operations an overview and study of the IT parameters and
characteristics of regulation has been carried out here.

1.1. Injection Transformer Circuit Diagrams and Their Properties

The autotransformer system can be considered as a type of series injection transformer,
where the supply voltage U; is connected to the transformer primary winding w; but the
secondary winding w, with a lower voltage and number of turns, and the common point can
be connected with the primary winding in series (matched or opposite directions) in the load
circuit (Fig. 1.1). The main relations can be determined by considering the two windings to be
perfectly magnetically connected, regardless of the other parameters of the transformer
replacement circuit. In this case, the relation between winding voltages and currents is
determined only by factor K = w,/wy, it is the ratio of the number of secondary and primary
turns of both windings. Both the rated power of the IT against the rated power of the load and
the range of changes in the load voltage depend on this factor.

| 2 Id,
e t ° ™
W
. mjﬂ
Ul Wj_ l Il Uld

i

Fig. 1.1. Series injection transformer with opposite winding connection (excluding the blue
dot) / matched winding connection (including the blue dot).

The vector diagrams corresponding to both connections — opposite-connection and
matched — are shown in Fig. 1.2. In the case of an opposite winding connection (down-
reducing), the primary winding current, which is part K of the load current, is opposite to load
current, and as a result less current is consumed from the source than the load current.
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Fig. 1.2. Simplified vector diagrams of injection transformer a) with oppositely connected
windings and b) with matched direction winding connection.

In a matched connection of IT windings (up circuit), the current in the primary winding

coincides in phase with the load current, and as a result the current consumed from the source
Is greater than the load.

Uld/Ul
5Id/Str

uld/u1 Sld/Str

Fig. 1.3. Diagrams characterizing an IT circuit with matched winding connection.

The rated power of the injection transformer is the nominal voltage of the secondary
winding multiplied by the rated current of the load, and since U, = KU; and K is less than 1
(usually only 0.05...0.25 in compensation tasks) but the load voltage is Ujq = Uy(1 + K) or
U1(1 - K), respectively, then the power of the transformer is about K times less than the load,
which is also the main basis for the efficiency of IT application. In Fig. 1.3 it is shown how
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the load voltage and transformer power in the matched circuit depend on the assumed K. As
can be seen, if K = 0.1, then the load voltage is 10 % higher than the source voltage, but the
transformer power is about 10 % of the load power.

Since the primary winding current of the transformer is the Kth part of the load current, it
is clear that at low K it is advantageous to perform control actions in the primary winding
circuit, even though its voltage is high. On the other hand, although the secondary winding
has a high current, the voltage is low, which also actually determines that the regulation can
be carried out efficiently in the secondary winding circuit.

1.2. Influence of Real Parameters of Injection Transformer
on System Relations

In order to take into account a real injection transformer (IT) model in calculations and
research, it is necessary to create a specific IT sample with a defined capacity, to calculate the
parameters of its replacement scheme and implement them in the obtained calculation
systems. However, it is also possible to estimate the parameters of the substitution scheme.
For example, to determine the winding resistances from the actual losses in the transformer
windings, which can be roughly determined by the efficiency factor, assuming that all losses
are only electrical. The resistance of the primary winding is then determined from the
relationship

12
I2R, + K—12R1K2 = IunKU, (1 = 1), (1.1)

where 1 is the efficiency factor which can be assumed to be 0.95 in approximate calculations.
The resistance of the primary winding is then calculated as

_0.05U;  0.025U7
1 2Kl Sun

where lign is the rated load current, and Sy is the rated power of the transformer.

For example, if K=0.1, U; =230 V, and ligy =5 A, i.e. the rated power of the transformer
is around 115 VA, then the resistance of the primary winding should be taken as 11.5 Q. The
resistance of the secondary winding reduced to the primary winding will be the same.

In turn, the inductances of windings can be roughly determined from the calculations of
the short-circuit experiment, assuming the ratio of short-circuit voltage (impedance voltage)
U™ = 0.09 (this value is recommended for approximate calculations). Then

(1.2)

0.09KU; 0.09K?U?
2ifligy  2Tf Sy

Considering that L; = Lo/K?, the inductance of the primary winding is (1 + K?) times less
than the sum, but the inductance of the secondary winding reduced to the primary winding
will be as high as L. For example, if K=0.1, U; =230 V, f =50 Hz, and l,gqy =5 A, then the
inductance of the primary winding is L; = 1.32 mH.
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The inductance of the magnetizing circuit can be determined from the no-load experiment:
the no-load current, which is about 0.1 of the nominal of the transformer, passes through the
magnetizing inductance and is therefore determined as

— U1
01NN 2T fK

For example, if K=0.1, and gy =5 A, then L, = 14.7 H.

To test the influence of the assumed transformer parameters on the modelling results,
computer modelling was performed with K = 0.1, different transformer winding parameters
and in all 3 cases (R load, RL load, 1f bridge rectifier TG, assuming the effective value of the
load current at 5 A. Studies have shown that the largest errors occur at inaccurately set
magnetization inductance values in the models (Table 1.1).

Lp (1.4)

Table 1.1

Computer Modelling Results at Different Transformer Winding Resistances
and Leakage Inductances

Circuit load o Load Source Pr.lmgry
) Magnetization winding Power factor,
type; transf. - current current Current THD
inductance current P/S
parameters rms, A rms, A
rms, A
Resistive _
(transf. R, L 147H 5.02 4.52 0.509 PFPlF" 9‘9189 0
calculated) 2=
Resistive
(trans. R, L PF;=0.989
100x 14.7H 5.04 4.55 0.12 PF, =1 0
smaller)
RL load _
(trans. R, L 14.7 H 5.01 454 0.489 EEZ B 8352 0
calc.) ==
RL load (tr. -
R, L 100x 147H 5.02 455 0.487 I;Iiz _ 88;; 0
smaller) 1=
TG with RL
PF,=0.957 THD, = 0.1884
load (trans. 14.7H 5.04 455 0.488 _ _
R, L calc.) PF, =0.959 THD, =0.188
TG with RL
load (100x PF;=0.958 THD, =0.1883
smaller 14.7H 505 | 456 0.487 PF,=0.94 THD; = 0.189
transf. R, L)

As can be seen, if the magnetizing inductance of a transformer of appropriate size is set,
which is calculated to be 14.7 H, then changes in transformer winding resistance and leakage
inductance in the range of 100 times below the calculated values practically do not affect the
main calculation results — the current values and consumed and realized power and its quality
parameters — current THD (Total Harmonics Distortion indicator) and power factors PF.

15



In in-depth study of current THD and the P/S factor (power factor) of the power consumed
from the source, it can be observed that the THD depending on the parameters in both IT
systems (down and up connections) is below 0.3, which is a relatively good indicator
(Fig. 1.4), and this parameter is better at lower L.

R, (@)L, (H)

Fig. 1.4. Dependence of the source current THD on the transforming conductive inductance
L and the loss resistance Ry, of this circuit in the case of a single-phase bridge rectifier load
with R, L load at its output; top chart for down option, bottom chart — up option.

In-depth research shows that setting the inductance of magnetization plays an important
role in assessing the quality of power consumed and sent to load. Fig. 1.4 shows the obtained
diagrams of current THD dependence on the inductance of the magnetizing circuit and the
equivalent resistance Ry, of its magnetic loss. It turns out that at a constant K, the higher Ly,
and Ry, the worse the THD. The diagrams were obtained for mass computer modelling with

various parameters.
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Conclusions of Chapter 1

1. The value of the current flowing in the IT secondary winding is the same as the load
current, but the current in the primary winding depends on the set winding ratio factor
K = wy/w; < 1. The lower it is, the lower the power consumption in the primary
winding and the associated control circuit, which allows the primary winding circuit to
be used efficiently for the electronic control of the load power. However, with a lower
transformation factor K, the influence of the control circuit on the load voltage is also
smaller, i.e., the load voltage control range is reduced.

2. The rated power of the injection transformer is determined by the voltage of the
secondary winding and the product of the load current, and if K < 1, then this power is
less than the full power of load Si4. The lower the K, the lower the rated power of the
transformer is almost K times, but the relative range of the load voltage regulation,
which is 2K, decreases. The AC power S consumed from the power supply and sold at
the load are the same, the quality indicators of these powers — the power factor P/S and
the harmonic distortion factor THD — are practically the same for both powers.

3. As the research of computer models shows, the main importance of the adequacy of
the model is the correct setting of the IT magnetic inductance, if it is set too low, then
the transformative link is weakened; variations in other parameters are not too
important.
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2. DISCRETE AND MODULATED VOLTAGE CONTROL OF

INJECTION TRANSFORMERS IN THE PRIMARY WINDING

CIRCUIT WITHFACTOR D FIXED ELECTRONIC SWITCH
DURING THE VOLTAGE PERIOD

In traditional systems, it is customary to implement transformer winding switching with
mechanical or electromechanical switches, thus performing discrete load voltage regulation.
The regulation is not fluid, the operating modes of the contact switches are difficult, the
quality of the regulation is poor. The voltage regulation scheme with switching of the
transformer secondary winding outputs, which allows to implement discrete voltage
regulation at the system output, is shown in Fig. 2.1.
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Fig. 2.1. Transformer discrete voltage regulation scheme.

Circuits that regulate the voltage level in this way are described in several articles [15]-
[18]. They are usually intended to replace conventional electromechanical voltage regulators
due to their slow operation and sparking (at switching times). Thyristors or simistors (triacs)
are usually used as switches due to their current and voltage resistance. The circuits have been
studied with the intention of using them to set the voltage level at low voltage distribution
points [16], [17] or at medium voltage distribution points [15].

Input and output voltages are related:

Uig = KpUip. (2-1)

2.1. Calculations in Circuits with Sinusoidal and AC Switch Modulated
Voltage and Current Signals

The term “vector diagram” refers to sinusoidal signals. In cases where these signals are
modulated, vector diagrams cannot be drawn to represent the variable signals under
consideration in a fixed coordinate system. However, if a method is used that is based on
using the RMS value of the modulated signal to generate a new sinusoidal unmodulated signal
(which is a fundamental harmonic signal), then this new signal can be represented in a vector
diagram. See Fig. 2.2.
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Fig. 2.2. Replacement of modulated signals with sinusoidal signals. jlig and jU\q are
the current and voltage signals used in the vector diagrams (base-harmonic
of modulated signals). Here the amplitude of the modulated voltage is 320 V,
f=50Hz,D=05R=10Q,L =10 mH.

The basic harmonic curve of the modulated voltage is composed of the average values of
the voltage in each successive modulation interval — this means that for the modulated curve
shown in Fig. 2.2 with D = 0.5 in each modulation period, the fundamental harmonic curve
equals ugy = Du = DUpsinwt, where Uy, is the amplitude value of the source voltage
(modulated) and ® = 2xf, and f is the frequency of this voltage (in our studies f = 50Hz).

This modulated voltage basic harmonic in a modulated voltage-fed resistive inductive
circuit generates a practically sinusoidal current with corresponding instantaneous current
strokes during the voltage pulse and pause (during pause in the direction of zero, during pulse —
in the direction of voltage pulse peak — positive and negative). The fundamental harmonic
amplitude and RMS value of this current are liym = DUn/Z, respectively, but the RMS value

lay = DUn/((v/22), where Z is the impedance of the RL circuit. If the circuit time constant is 3—
5 times the modulation period or L/R = (3...5)-(1/f,), where f, is the modulation frequency
(usually several kHz), then the instantaneous current strokes are negligible against the
fundamental harmonic of the current and may be disregarded. In Fig. 2.2 the RMS value of the
load current (measured with an ammeter) is l,4 = 10.8 A, Z = 10.48 Q, the RMS value of the
fundamental harmonic of the modulated voltage is Upyer = 113.18 V, but the calculated
amplitude of this basic harmonic is 160 V, thus fully compliant with the assumption described.

This example proves that it is justified to obtain the basic harmonic of the modulated AC
voltage by using the method of sequential composition of the AC voltage period from the
average voltage values in modulation intervals. On the other hand, since direct measurement
of the fundamental harmonic of the modulated voltage with measuring instruments is not
possible, because it is in a sense Mean Wave, indirect measurement can be used with RL
target with defined Z connection to the modulated voltage, measured current is the RMS value
of the fundamental harmonic. As already mentioned, the circuit time constant must be 3...5
times greater than the modulation period.
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2.2. Operation of AC Switches in IT Primary Windings
2.2.1. Modulator Buck Operation with Control of D of Primary Winding

If the IT primary winding is regulated so that it is periodically connected to the source and
then disconnected (Fig. 2.3) while resetting it, then we consider that it is unipolar regulated
by changing the connection fill factor D. The D factor is the ratio of the switch’s active state
interval in the switching period to this period. Here, unipolar means that the winding voltage
does not change polarity during the switching period — in the positive period of the input
voltage it is positive polarity and zero, in the negative period it is negative polarity and zero.
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Fig. 2.3. Unipolar load voltage regulation with IT and constant filling factor D.

In such a circuit, switches S; and S, operated alternately, generating a “meander” shaped
signal at the output (Fig. 2.4), if the load is not only active then the current signal is, of
course, in phase offset from the voltage signal. Ui, = 230 V, wo/w; =K =0.1, Rg=10Q, Lig =
5 mH. The modulation frequency of 500 Hz is chosen low for better signal shape display. The
modulation frequency of such circuits usually exceeds several kHz.
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Fig. 2.4. Voltage and current curves for active inductive loads.
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In unipolar modulation, the fundamental harmonic curve of the voltage of the primary
winding IT is formed as DUy, and this curve transmits through the transformer windings to
the load circuit, where the voltage depends on the product of transformers K and D. In the
winding matching case circuit shown in Fig. 2.3, the load voltage is formed as

but, if a winding opposite connection is used, then

For example, if K = 0.1 and U; = 230 V, then in a matched circuit, the voltage can be
changed smoothly with a change of D from 230 V at D = 0 to 253 V at D = 1. In turn, when
winding opposite connection in IT is used, then voltage is reduced to 207 V.

At D = 0.5 with K=0.1 and U; = 225 V in a coordinated connection under load with R =
50 Q, L = 10 mH the effective value of voltage was 237.2 V, and the effective current with a
practically completely sinusoidal current curve 4.75 A (calculated at 4.73 A). The THD value
of the measured load voltage curve at f, = 5 kHz was 0.1. Load voltage and current
modulation by IT and modulation effects are shown in Fig. 2.5.
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2.3. Modulator Buck Operation with Direct Primary
Winding PWM Control

2.3.1. Bipolar Modulation in AC Circuits

When ST is on (D interval), then U4 = Us, when SR is on (1 — D interval), then Uy = -U;
(Fig. 2.6). If during the half-period D is constant and thus also 1 — D, then 2 basic harmonics
generated by each switch are formed, which form the base-harmonic of the load voltage.
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Fig. 2.6. Implementation scheme of bipolar modulation principle.

The D interval (direct connection) produces a base-harmonic direct wave

Wap = DU;pSinwt. (2.4)

In turn, in the (1 — D) interval (reverse connection) a reverse wave is formed

Wqc1-py = —(1 = D)UpSinwt. (2.5)

In general, the resulting basic harmonic is formed on the load:

W41) = Wdp + Wd@a-p) = Uimsinwt(D — 1 + D)
= (2D — 1)U, ,sinwt.

If D> 0.5, then the phase between Uiy and Uy is zero because the direct connection is
longer in the modulation period, but when D < 0.5, this phase is 180° because the reverse
connection is longer. By changing D in relation to the value D = 0.5, the load voltage can be
both in phase and in opposite phase with Ui. If Uigq) is used as the input voltage in another
system, then this property provides the reversibility of the input signal.

Starting from the changes in D, the given control curve is obtained — the RMS value of the
base-harmonic of the load voltage as a function of D (Fig. 2.7).

(2.6)

U
) (0,5 Uz )/V2
D=180° =0°
D
| | | |
0 0,25 0,5 0,75 1
Uy<0 Uy>0

Fig. 2.7. Load voltage and phase versus source voltage control curve.
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If, for example, the IT primary winding w; is used as the load, which is connected to the
secondary winding w, with the coefficient K = w,/w; and both windings are connected in
matched directions, then at D < 0.5 the real secondary winding operates in the opposite phase
and IT load voltage reduction occurs:

UldIT = U1 + UlK(ZD - 1), (27)
but at D > 0.5, the load voltage increases above the RMS value of the source voltage.
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Fig. 2.8. Bipolar modulation circuit with IT up connection.

The switching ratio D can be changed by comparing the bipolar saw tooth voltage with
frequency fy, with the DC control voltage U, (Fig. 2.9).

Uzm
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Fig. 2.9. Obtaining D by comparing saw tooth voltage with direct voltage.

The saw tooth voltage frequency f, is many times higher than the source U; voltage
frequency f, >> f;. It is usually taken in several kilohertz.

When U, > U, control signals are generated on the direct connection switches ST, when
Uy, < U, then on the reverse connection SR switches. The relative duration of the direct
connection interval in the modulation period Ty, = 1/f, IS

Uy
D =05 (1 + ) 2.8)
Uzm
but reverse connection
Uy
1-D=05 (1 - ) (2.9)
Uzm
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where U, is the amplitude of the saw tooth voltage. Usually U,y is 10-20 V and if, for
example, U, = 10 V, then U, can be changed between —10 V and + 10 V. When U, = 0V,
D = 0.5 and the fundamental harmonic RMS value of the modulator load is 0.

To test the principle, a computer model of such a system with U; =230 V, k=0.1, U, =
10 V, f = 5 kHz has been developed.

Depending on the control voltage, the following basic harmonic values of the IT load
voltage were obtained (Table 2.1).

Table 2.1
Power Circuit Parameters Depending on the Set Control Signal
U, +5 -5 -10 +10
D 0.75 0.25 0 1
U, 162.6 162.6 162 162.6
Udqy 169.1 153.0 146.4 178.9
calc. Uygy 170.7 154.6 146.1 179.9

As can be seen, bipolar modulation has provided control reversibility without changing
the circuit, which is a great advantage of the system — regardless of the interconnection of IT
windings the load voltage can be regulated both up and down from the source voltage level.

It can also be concluded that the simple calculation formulas give a very good agreement
with the experimentally determined values.

However, this control method produces higher voltage ripple on the load than the method
discussed above. Therefore, if pulsation-free load voltage is required, larger filters should be
used than usual.

The dependence of the load voltage THD on the IT output voltage and the filling factor D
is shown in Fig. 2.10. As can be seen, THD is very good, but increases with decreasing D
(especially at higher K).

B 9 0807 060505030201
U (V) D

Fig. 2.10. Dependence of the load voltage THD on the RMS value of the
IT secondary winding voltage and factor D.
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2.4. Methods for Detecting Instantaneous Voltage Step-Wise Disturbances

Methods for detecting voltage disturbances have been extensively studied. Methods for
determining voltage dips have been described in [52]-[54]. The most popular methods are as
follows.

1. Maximum value recording method. This method is based on the search of the supply
voltage wave gradient du/dt and the amplitude or maximum value. When the wave
gradient is zero, a comparison is made with a predetermined value. The control system
can be set, for example, to signal a fault that deviates from the set-point by 5 %.

. Up — Uar

Gradient = AT (2.10)
where Uy is the voltage value at time t and Ui a7 is the voltage value at time t — AT.
This method returns the magnitude of the fault, its start time and end time.
The disadvantage of this method is that it may be necessary to wait up to half of the
cycle until information on the magnitude of the voltage fault becomes available, and
signal noise may provide false information about the fault. This method does not
provide information on the change of the phase shift angle at the moment of voltage
disturbance.

2. Method of determining the average RMS value (every-period). This method is based
on the determination of the average RMS value of the mains voltage and comparison
with the preset value.

The average RMS value of the mains voltage can be determined using the following

equation:

(2.11)

where N is the number of points at which the instantaneous value readings are taken in
one cycle, and u[j] is the value of the jth read voltage. The larger N, the more
accurately Uyms can be determined.
The disadvantage of this method is that there is a one-cycle time delay in obtaining
information on voltage disturbances, and low-order harmonic disturbances will cause
calculation inaccuracies.

3. Method of determining the phase shift angle. This method is based on measuring the
instantaneous value of the voltage several times in succession during each quarter
period (throughout the period) and comparing it with the set values (Fig. 2.11).
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Fig. 2.11. Phase shift methods with sequential measurement of the instantaneous
value of voltage and comparison with the set values.

This method is considered to be one of the fastest methods for detecting voltage
disturbances. The more often the voltage is measured, the faster the change in voltage
wave can be detected.

. Method for determining the average effective voltage value (continuous). This method
is based on the continuous comparison of a voltage wave with a “perfect” voltage
wave. Interference from the input voltage is filtered out and a phase shift of 90° is
performed. Then, as shown in Fig. 2.12, the obtained voltage signal is processed with
the help of Pythagorean theorem and the length of the voltage vector is obtained
(Fig. 2.12).
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Fig. 2.12. Scheme for determining the value of the average effective voltage.

This method introduces a much lower latency assessment compared to that described
in point 2.

. Fall detection method developed in Riga Technical University [77]. It is a method by
which voltage sags can be detected very quickly because the input signal is shifted in
phase several times at relatively small angles and the amplitudes of these shifted
signals are compared with each other. As a result, with small voltage changes, the
phase-shifted voltages differ and the voltage change can be recorded. The phase shift
is performed by means of the so-called multi-phase sensor, shown in Fig. 2.13.
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Fig. 2.13. Multi-phase sensor.

Conclusions of Chapter 2

If the modulation is performed with conditionally 2 switches, one of which connects
the winding voltage and the other resets the winding in the case of an open winding,
then conditional unipolar D modulation is performed, which forms a D-proportional
proportional factor D and source voltage effective value multiplication.

. As the modulated current is small against the load and source current, the effect on the

latter’s harmonic quality (THD indicator) is negligible.

The harmonic quality of the primary winding and, consequently, the secondary IT
winding voltage can be improved by introducing an LC filter in the modulated primary
winding circuit.

. The introduction of additional reactive elements raises the issue of calculation

methods for modulated AC circuits. The paper shows that as a result of 0/1 modulation
of the source AC voltage, the fundamental harmonic of the voltage connected to the
filter circuit determines the sinusoidal values of the current in the inductive circuits,
but the modulation of sinusoidal circuits determines the sinusoidal voltage waveform
parameters in the associated capacitive stages.

Using the mentioned approach, a vector diagram for a complex circuit was created on
the basis of which the main parameters of such a circuit — voltage values on the load
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capacitor, inductor current effective values, shift angles between different voltages and
currents, etc. — were calculated.

. The results obtained from the expressions coincide very well with those obtained in
the practical models, which proves the validity of the approach.

. The value of the filter voltage is sensitive to an increase in the load on the circuit
connected to the capacitor, but as the statistical processing of the calculations for a
sufficiently wide range of element parameters shows, this decrease can be
compensated by a decrease in choke inductance with an increase in load.
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3. ADVANCED SOLUTIONS FOR PULSE CONTROL
OF INJECTION TRANSFORMERS

3.1. Effectiveness of AC/AC Buck-Boost Pulse Regulator
Implementation in the Primary Winding Circuit

A lot of scientific articles have suggested the use of DC/DC solutions in AC converter
circuits. Some authors suggest the use of traditional buck—boost circuits, which in the DC/DC
version give the opposite voltage polarity at the output [23] but are increasingly based on
converters that allow to obtain the same signal polarity at the output as at the input [23]-[25].
Usually, the principle of operation is described in scientific articles, simplified equations are
used to describe the voltage gain, and the results of simulations and experiments are
displayed. The purpose of this section is to give an insight into the relationships of the scheme
shown in Fig. 3.1.

3.1.1. Principles and Operation of AC/AC Buck-Boost
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Fig. 3.1. Single-phase two-way AC/AC converter.

For the circuit to work, 4 bidirectional semiconductor switches S1, S2, S3, S4 must be
used. While switch S4 is on and S3 is off, switches S2 and S1 operate the circuit in buck
mode. While switch S1 is on and S2 is off, switches S3 and S4 operate the circuit in boost
mode. Filters are used at both input and output of the circuit to ensure the required quality of
voltage and current signals.

3.1.2. AC/AC buck-boost Pulse Controller Characteristics and Relationships

Assuming that the voltage (consisting of a series of closed resistors and inductors) and
current are sinusoidal and shifted from each other by angle ¢iq = arctg(wLa/Rig), where L and
R are the load parameters but ® = 2xf, vector diagrams (Fig. 3.2).
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Fig. 3.2. Vector diagrams for a) load part and b) input filter part.

Using vector diagrams for buck and boost operation variants, it is possible to obtain
mathematical relations (Table 3.1).

Table 3.1
Obtained Correlations for Buck and Boost Action Variants
Buck action option Boost action option
Iiym = hamVa (3.1) isamp = (1 — D3)irzp (3.18)
w(C,Z4 — L
(P1g) = arctg & Ilad 1a) 3.2) Isammp = hampVa (3.19)
1d
. . LampVa
ity = DilLom sin(v + @i + (pld]-) (3.3) Liome = Iemp = lldeD (3.20)
— U3
Uym = UcyDq (3.4) Ussmme = (1 — D3)Ujamg (3.21)
Uzmm = Ildm\/led — 2ZgwlyVasin @y + aw?L3
(3.5) Ucim = UssMms + IL2mpwL; (3.22)
_ Uigmb
VAR
Z1aD1Ucq Ziq . 2
Uldm = Tm = TDlUlm (36) Uélm = (USSMmB - ULZmBSIH(pldj) + ULZZmBCOSZ(Pldj (323)
Ut.2m €OS @yg; Z1aUcim
tan @, = - 3.7 U, =——, 3.24
P2 = Vg — Upomsin o 3.7 14mB T (1 - Dy) (3.24)
Uiiy@Cy + Dylj 5 SINQ 45 VawL,cos@g;
¢, = arctg 1m 21 1/L2m SN P)g; (3.8) @5 = arctg . 2C0SQg; . (3.25)
DiIy2m O @1g; (1 — D3)?ZE — VawL,singyg;
Iim =
Uimlim cOs @1 = Ilzdled (39) LamVa 12 a (326)
= \/Uélmwsz + 2UcimwCy 1;‘:’;3 singg; + (1'f;"3)2.
Ui — U D UnD(1—-D
AILZ — ( 1im ldm) 1_ “Jim 1( 1) (310) Ucrm = Uy — lipm®Ly (327)

szm szm
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Continuation of Table 3.1

Buck action option Boost action option
Ujn,D:(1-D D;U
L2 — im 1( 1) (3.11) AILZB — 3YCim
(0.1...0.2)higmfim Lofm
AIL2 D3maxU1m
AUg, = —= 3.12 Lyp=—""—+
= 80 fe (312 2 = 0.2l gmofin
Al g — 1 1-D I D
C2 — L2max (313) AUczB — ( L2B lde)( 3) — ldmB~3
8- 0-01U1mfm szm szm
[le(l - Dl) D3
AUgy = ——— 3.14 Cow = ——3>
“ Cifim (3.14) 28 = 0.05Zafm
— Ile(l - Dl) (3 15)
1 0.02U  fim '
AU,
Al = 3.16
T (3.16)
AU,
Clmax (3.17)

L =—
17 8-0.01 [

¢ig — shift angle between load voltage and current;

o = 2xnf — angular rotation frequency of vector diagram vectors;

ILom — amplitude of current flowing in inductance L2;

a=ZiiPw°Cy? — 20°Colig + 1, Zig;

@igj — phase shift angles between inductor L2 current and load voltage;
isv — Instantaneous input filter L;C; current;

D, — filling factor for switching S1 on/off;

U,m — voltage on switch S2;

Uomm — Voltage amplitude on switch S2;

Uism — load voltage range;

tang, — phase shift angle between u,y and load voltage;

l1m — amplitude of source current iy;

@1 — phase shift angle between i; and input voltage source;

Al — change of inductor L2 current in 1 modulation period;

AUc, — amplitude of voltage change on capacitor C2,;

AUc; — amplitude of voltage change on capacitor C1,

Aly —amplitude of input current change;

isamg — RMS value of the first harmonic of the current wave of switch S4;
Isamme — Maximum value of the first harmonic of the current wave of switch S4;
IL2ms — amplitude of the first harmonic of the current in inductance L2;
Ussmms — amplitude of the first harmonic of the voltage on switch S3;
Ucim — voltage of capacitor C1;

@3 — phase shift angle between voltage on capacitor C1 and switch S3;
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Al 2g — ripple of inductor L2 current first harmonic (boost mode);
L,s — recommended inductance of inductor L2;
AUc,p — voltage ripple to C2 (boost mode);
C,p — capacitor C2 capacity (in boost mode).
Simulation results for boost mode are shown in Fig. 3.3.
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Fig. 3.3. Simulation results for boost mode L; =1 mH; L, = 1.5 mH; C; =90 uF; C, =25 uF.

3.2. Efficiency of Using Advanced Buck-Boost Pulse Regulators

The circuit described above can be used to compensate voltage drops and surges by the

help of IT.

The graphs obtained in the simulations (Fig. 3.5) show that by operating the closed
AC/AC converter in the IT primary winding in boost mode, voltage drops can be
compensated, even if input voltage reaches only 20 % (80 % voltage drop) of the nominal

input voltage value.

Figure 3.6 shows the output voltage of the circuit shown in Fig. 3.4 if the AC/AC
converter connected in parallel with its IT primary winding was operating in buck mode.
Buck mode can be used in this case for the purpose of setting a more accurate output voltage
because changing the existing IT transformation coefficient D from 0.1 to 0.9 gives an output

voltage that changes only in the amplitude of 24 V if the input voltage is 230 V.
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Fig. 3.4. Voltage stabilizer with IT primary winding connected AC/AC regulator
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Fig. 3.5. Variation of the output voltage depending on the fill factor D when an AC/AC
converter is connected to the IT primary winding and is operating in boost mode.
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Fig. 3.6. Variation of the output voltage depending on the filling factor D when an AC/AC
converter is connected to the IT primary winding and is operating in buck mode.
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Looking more closely at Fig. 3.5, the question arises about the operation of the scheme
when the fill factor D is greater than 0.85. In these moments, with the specific parameters, a
shift was formed between the phase of the input voltage and the phase of the voltage at the IT
output. The phase shift angle depending on D is shown in Fig. 3.7.

200 S S —
100 | n” Y]

200 ——
10,97 0,94 0,91 0,88 0,85 0,820,8

D

Fig. 3.7. The difference between the phases of input voltage Uj, and the phases
of the IT output voltage U,r.

It can be concluded that the phases of voltage signals are opposite in the range of 0.99 to
0.94 and 0.93 to 0.88. This means that in addition to the introduction of additional switches in
the circuits voltage surges can also be compensated.

Voltage surge compensation options when operating the AC/AC converter in the IT
primary winding in boost mode, but with high D values, is shown in Fig. 3.8. AC/AC
regulator input and output voltages in the case of 80 % voltage drop are shown in Fig. 3.9.
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Fig. 3.8. Voltage surge compensation options when operating the closed AC/AC converter in
the IT primary winding in boost mode but with high D values.
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Fig. 3.9. Input voltage compensation in the case of 80 % voltage drop.

3.3. Phase Shift Angle Compensation

Using the scheme shown in Fig. 2.6 correction of the load voltage phase shift angle B can

also be realized (Fig. 3.10 and 3.11). This need can arise both during voltage disturbance
compensation and when it is simply necessary to connect two different stages of an electrical
circuit that do not have the same phase shift angles and amplitudes.

Fig. 3.10. Correction of the load voltage phase shift angle.

In order to obtain the fundamental harmonic of the time-delayed load signal, in the case of

single-phase AC, in the bipolar modulation variant, U, > 0 (i.e. D > 0.5) is set in each half-
period with delay angle o.
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Since direct connections are made when U, > U; (D interval) and reverse when U, < U,(1 -
D), then at U, > 0 a total voltage curve Uy = U;(2D — 1) is formed in both U; positive and in the
negative half (see Fig. 2.6), moreover, the connections are mostly direct because D > 0.5.

U >0,5

U, (2D-1)
Fig. 3.11. Generation of the phase shift angle ahead of the supply voltage wave.

When U, > 0, the direct connection gives DU; “mean wave” but the reverse — (1 — D)U;
and together Uy = (D — 1 + D) = (2D — 1)U;. The basic harmonic of the load voltage is

formed with amplitude Ugym = Uim(2D — 1)/(n/ A% + BZ), where A, is the amplitude of the
sine component, B; is the amplitude of the cosine component. They are set in Table 3.2. A;
and B; are calculated at different . A graphical representation of the load voltage depending
on parameters o and D is shown in Fig. 3.12. The fundamental harmonic shift angle ¢ can
be determined as arctgp1) = Bi/A; (shown in Table 3.2).

Um@2D -1 sin2a
AF%@—H . ); (3.32)
B, = Ulm(ZiD -1) (1 - (:20520(). (3.33)

. 04 06

a(°) D
Fig. 3.12. Load voltage dependence on a and D.
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Phase shift angle depending on the control signal angle a in the case when

a wave overtaking the phase of the source voltage is generated

@ 0° | 30 60° 90° 120° 150°
Ay x| 305 2.53 /2 0.61 0.09
B, 0| 025 | 075 -1 075 | 025
/A§+B§ x| 306 2.64 1.86 0.967 | 0.265
B
@i =arctg | 0° | 468° | 165° | -325° | 509° | 702°

Table 3.2

To obtain a leading wave (Fig. 3.13), a pause of length a is introduced in each half-period;
A; and B; at different offset angles are shown in Table 3.3.

m
0

U, (2D-1)

L

21

U, _(2D-1)

Fig. 3.13. Generation of IT primary winding signal lagging behind the supply voltage wave

phase.
4, = Ulm(21f -1) [n e sin(;Za)] ; (3.34)
B, = Ulm(2£ -1) (cosZ;x — 1>. (3.35)
Table 3.3

Phase Shift Angle Depending on the Control Signal Angle a in the Case when a Phase Wave

Lagging Behind the Source Voltage Signal is Generated

o 0° 30° 60° 90° 120° 150°
Aq T 3.05 2.526 /2 0.61 0.09
B; 0 0.25 0.75 1 0.75 0.25
/A§+B§ T 3.06 2.64 1.86 0.967 0.265
B,
@, = arctgA— 0° | 4.68° 16.5° | 32.5° 50.9° 70.2°
1
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Fig. 3.14. Phase shift angle (in the negative direction) depending on the modulation angle a.
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Fig. 3.15. Possibilities of load voltage phase shift angle correction (in the negative direction)
depending on modulation angle a and the IT transformation coefficient k.

3.4. Interphase Modulation

In a three-phase voltage system, modulation can be performed by connecting the load
alternately, for example, phases A and B; so, a direct connection is made alternately. When
U, > U, (bipolar sawtooth signal, see Fig. 3.16), then in the D interval Ux is connected to the
load, when Uy, < U,(1 — D) in interval, Ug is connected as shown in Fig. 3.14. Such a solution
can be used, for example, to expand the possibilities of load phase shift angle correction.
Figure 3.16 shows one of the possible operating principles of the control circuit — comparison
of the sawtooth voltage with the set DC voltage with the help of a comparator.
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Fig. 3.16. Periods when phase switching may occur.

Fig. 3.17. Representation of the basic harmonic components of phases A and B as well as
their modulated waves.

The resulting wave can be obtained using a vector diagram.

Y/
1-D)U
~/6E,\(\ ) B

ou [T
U

Fig. 3.18. Vector diagram for obtaining an IT wave from phases A and B.
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Ulimsy = (1 — D)?UEsin?60° + [DU, — (1 — D)Uc0s60°1%; (3.36)

Ufay = UF(1 = 2.5D + 2.5D?). (3.37)
Offset angle to Ua vector
(1-D)V3 (3.38)
=301 |

You can easily change the offset angle ¢ and at the same time Usger.
The resulting curve can also be obtained by summing the instantaneous DUa and
(1 — D)Ug curves, the amplitude of the resulting curve being at an angle o:

O el
Modulation of two-phase voltage signals can also be used to obtain a third-phase voltage

signal, which can be useful in the event when one of the phases has had its power supply
completely interrupted. One of the solutions are considered in [5] and [55].

(3.39)

3.5. Three Phase Voltage Regulation

As another solution offered in this work is seen in Fig. 3.4 —a circuit is connected in each
phase and connected to a special IT circuit to provide voltage to each phase in case the
voltage supply is still maintained in the other two phases. Using Fig. 3.19 the visible solution
can compensate for 0-80 % voltage drops.

As a negative feature of this scheme, it should be mentioned that in case you want to make
voltage corrections in each phase, then a total of six in Fig. 3.4 shown diagrams as well as
three-winding Its are needed.
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Fig. 3.19. Use of two-phase voltage modulation for the purpose of third-phase
voltage correction.

Conclusions of Chapter 3

1. The scheme of buck-boost AC control system in the primary winding circuit is
proposed. Its calculations are performed using the base harmonic method which shows
high accuracy. If such a buck-boost system is connected to the primary winding
circuit, the range of changes in the output load voltage can be significantly extended.

2. Of greatest interest is bipolar modulation, which allows to change not only the
parameters of the load voltage but also its type (DC, AC) and phase shift angle.

3. A large number of semiconductor elements is required to regulate the three-phase
voltage with the proposed method. It is possible to reduce the number of switches at
the expense of reduced functionality.
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4. PRACTICAL SOLUTIONS AND MODEL RESEARCH OF IT
VOLTAGE REGULATORY SYSTEMS

4.1. Developed Voltage Stabilization Systems

Within the framework of the work, practical solutions have been developed for the
purpose of in-depth research of voltage stabilization systems. A triac-driven solution as well
as a transistor-powered solution [58] have been developed.

S
i U, . S
. 2
Wy
Us 4 j? Wi Uout | Uy

J; I

Fig. 4.1. Schematic representation of voltage regulator.

By using the operation of modulated switches S1 and S2, the RMS value of the load
voltage can be changed smoothly. In the case of using triacs, the modulation period in the
experiment with 50 Hz alternating current was 100 Hz, but in the case of using transistors the
frequency 1 kHz was used in the experiment.

U, 4

s
/ i0
i7 5

kg U

Fig. 4.2. Vector diagram for the circuit shown in Fig. 4.1.

The variant with triac control has been used in lighting intensity control circuits in a gas
discharge lamp. And it has been found that the scheme achieves significant electricity savings
in the event of a reduced voltage.
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Fig. 4.3. Differences in gas discharge lamp power consumption between attempts
without and with the use of a voltage regulator.

As can be seen in Fig. 4.3, energy savings of up to 25 % were achieved when using
regulators. A similar experiment was performed with an asynchronous motor, whose current
and voltage forms were taken, as well as electricity savings were obtained. The developed
prototype of the controller with the used IT is shown in Fig. 4.4.

Fig. 4.4. Voltage regulator prototype.
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The voltage regulator with voltage sag and swell compensation capability was developed
on the basis of MOSFET (Fig. 4.5). Its efficiency was tested with an active load of up to
840 W.

Border between
2 bidirectional
switch circuits

Bidirectional switch connector

AR A
-

Power source for drivers Transistor driver

M hasaaaay
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Fig. 4.5. Prototype of a voltage stabilizer based on MOSFET.
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Fig. 4.6. Voltage stabilizer efficiency measurements with different active load values.

4.2. Converter of a Three-Phase System to Two-Phase System

Based on the defined principles of unipolar and bipolar AC modulation, several interesting
technical solutions can be created. For example, the application of bipolar AC modulation to a
single-phase voltage allows to create a reversible single-phase rectifier that can be adjusted by
changing the basic harmonic amplitude of the modulated voltage (Fig. 4.7).
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Fig. 4.7. Voltage signals at the input and output of an adjustable and reversible

single-phase rectifier (also control signal).

Assuming for control purposes a bipolar saw voltage with frequency 2f and amplitude
U.m, and applying a positive control voltage U, in the positive half-period of the source
voltage and negative polarities —Uy in the negative half-period u, in the range from 0 to n the
predominance of the direct connection intervals is formed on the load, and respectively the
positive polarity “mean” voltage half-wave, but from © to 2n — the predominance of the
negative connection is formed, and on the load — also the positive polarity “mean” wave.

In the time interval from 0 to &, the direct connection lasts relatively long during the

modulation period:

D —05(1+ UV)
om Upm/’

and the “mean” wave of this connection voltage is formed as

, Uy

m

) sin wt.

But the relative connection lasts relatively long:

Uy
(1= Dyy) = 0.5 (1 - Uzm),

and

v

uyg = 0.5U, <1 + ) sin wt.

zm

As a result, a voltage M wave is formed from 0 to =:

Uy
Uy = Uy — URM = UmU—sin wt = U, U; sin wt.

zm
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In the second half, u, = -U,, the direct connection lasts:

Uy
DY =05 (1 - ); (4.6)
Uzm
and reverse
DY =1-D{ =0.5(1 + UY). (4.7)
As a result
Uy = —UyUy sin wt, (4.8)
where 7 < ot < 27 and ugyy > 0.
The rectified value is
Ug = 0.9U:Upps, (4.9)

where U IS value of the effective voltage of the source.

Since Uy* can change the sign, the rectifier is reversible — depending on the U,* sign in
the positive half-cycle of the source voltage, the polarity of the TQ voltage changes.

Using such a rectifier, it is possible to realize a transformer-free DC input unit for various
electrical equipment — dimmable electrical equipment, lighting bulbs, power supply
equipment, etc. —and in different technologies.

The AC modulated voltages in the electric drive can be used to control the starting,
reversing and braking processes of AC electric motors.
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{ . .M
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Fig. 4.8. Setup of smooth start asynchronous motor.
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If unipolar modulation pulse regulators are introduced between all 3 AC phases (Fig. 4.8),
then by changing the control voltage, the voltage on the windings of the asynchronous electric
motor can be smoothly increased, thus achieving a “soft” start:

v
Uzm’
where the control must use a unipolar sawtooth signal with amplitude U,y If the phase
winding outputs of the asynchronous electric motor are freely available, then by applying
bipolar modulation pulse control between the 3 phases of the power supply the phase
windings can be provided with both a voltage increase and a phase sequence (A constant, B
and C rotated back and forth by 120°, respectively), but by introducing a single-phase TQ
control for each phase, providing dynamic braking.

Phase inversion can be of poor quality without providing the same amplitude for all 3
voltages.

Using bipolar modulation, each single-phase voltage rectification situation of one phase
can be repeated N times, and in such a way the basic harmonic of the voltage on the load with
a reduced frequency of N times can be obtained. It can create a cycloconverter of AC voltage,
actually dividing the frequency of the power supply by N (Fig. 4.9)

Ufm = UlfD = Ulf (410)

O TG R /_'l:I1 f1 N /’\\ /"\
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Fig. 4.9. By modulating the voltage of one phase, the output voltage shapes of
the converter are obtained.

If 2 such bridge pulse regulators are created from one supply phase, then by shifting the
control signals both by 90° in phase we will get 90° shifted voltages u,, which could be
connected to both phases of the two-phase induction motor (if they are not electrically
connected), and by adjusting N, control the speed of the two-phase electric motor down
from rated.

In addition, by changing the phase shift between u,; and u,,, a reversal of N = 2 can be
realized; uy, lags behind uy; by 90°.
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Fig. 4.10. Creation of two phases from one phase.
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Fig. 4.11. Two-phase system modulator.

Similarly, a 3-by-120° offset control signal system can be set up and single-phase to three-
phase cycloconversion can be performed using a total of 12 bidirectional control switches.

Due to the problems of bipolar modulation, it is difficult to create a common zero point
for several loads. Therefore, in cases where a common zero point is required, the third
principle of AC modulation — interphase modulation — should be applied.

For example, splitting a single-phase voltage into a two-phase voltage with a 90° phase
shift can be realized in Fig. 4.12 in which the voltages of phases A and B (respectively D and
1 — D intervals in modulation period 1/fy) are connected alternately to the load of phase A’ to
obtain the new phase A’.
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Fig. 4.12. Single-phase voltage splitting with a 90° offset.

Thanks to the capacitor, the angle between phases 10 and 20 is close to 120°, and the
angle between phases 30 and 20 is close to 90°. By introducing interphase modulation
between 30 and 10, a new vector 30 can be obtained, which will be offset by 120° with
respect to 20. Interphase modulation can be used to obtain a three-phase control vector system
that could be used both in technological processes and to control the speeds of electric motors.

(@]vsp>

S S

N

Fig. 4.13. Implementation of phase shift in a three-phase system with the help
of two-way semiconductor switches.

Conclusions of Chapter 4

1. The developed voltage stabilization system is used for the purpose of voltage
reduction, and stabilization can reduce both the number of equipment disconnections
and the electricity consumed by them (both active and reactive).

2. A combination of four bidirectional switches with different control methods has found
a number of different applications, proving that if there were affordable two-way
semiconductor switches, they would be in demand.

3. The use of IT in combination with the implementation of a cycloconverter with
bidirectional switches results in significant improvements in voltage THD.
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10.

CONCLUSIONS

Modern IT control methods are based on system voltage high frequency modulation
solutions with the help of semiconductor switches.

In-depth research of pulse modulation techniques of alternating current quantities is
the basis of research of IT systems; they have an important independent role in
creating various solutions even without IT.

The power of the control circuit can be 10 times less than the load power if it is
planned to regulate the change of the output voltage in the range of 10 %.

The direct result of pulse modulation of AC signals must be sought in the form of
base-harmonic parameters of modulated voltage and current signals (amplitude, RMS
value, phase shift angle) which determine the parameters of almost sinusoidal type
inductive circuits associated with the first type modulated signals and capacitive
circuits of almost sinusoidal voltage type signal parameters.

Due to the pulse modulation of AC signals, it is possible to create various voltage
stabilization and reactive power correction devices on the IT primary or secondary
winding.

Using the proposed system, it is possible to achieve up to 25 % energy savings in
street lighting systems operated by gas discharge lamps.

The number of semiconductor switches in a circuit designed to compensate for 80 %
of voltage drops or surges due to the phase shift caused by reactive elements can be
reduced to 2 semiconductor bidirectional switches while maintaining a small IT size.
The application of multiphase AC interphase pulse modulation allows to create phase-
shifted new vectors, as well as to solve their spatial orientation problems.

In high-power systems, THD improvements can be effectively made with the help of
injection transformer.

High-frequency modulation of AC circuits can be the basis for both advanced DC and
AC technology with a variety of applications. One of the simplest and most efficient
solutions is the introduction of injection transformers with high-frequency modulation
stages, which allows to reduce the IT dimensions up to ten and several times against a
completely low-frequency IT system. The involvement of such high-frequency
unipolar and bipolar modulation elements for low-frequency on-load signal acquisition
is an immediate technical task for various applications.
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FUTURE WORK

During the development of the work, several direct AC/AC converters have been studied,
which can be used to solve technical tasks such as voltage disturbance compensation, speed
control of electric machines, change of the number of supply voltage phases and change of
AC frequency. Although the study is extensive and has given good results, it has also led to
the idea of an even broader study which would include an examination of extended control
methods of the proposed solutions as well as supplementing it with nonlinear inductances
[29], [61]. The study of literature revealed that the proposed solutions are particularly suitable
for high supply voltages [76]. Therefore, an expanded scope of practical experiments would
be needed to fully verify the proposed solutions.
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