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INTRODUCTION

Cheap, small-sized, high-efficiency switching DC / DC converters are very popular in
technology. However, the switching method of converting electrical energy is also actively
used in other devices: inverters, rectifiers, motor drivers, LEDs, and audio amplifiers.
Nevertheless, when it is necessary to convert an alternating voltage of an industrial frequency
of 50 Hz, then from the available solutions, one recalls either bulky low-frequency transformers
or complex and inefficient devices with an intermediate DC link that needs additional filtering
and regulations [1].

Of course, the scope of AC / AC converters is not yet as broad [1-4] as this needs further
development — usually, these are power regulators and voltage stabilizers of an industrial
network. There is a growing demand for converters that can efficiently interact with the
current power grid system due to the fast expansion of alternative energy sources, such
as solar and wind power. These converters must adapt to the complicated and dynamic
operating conditions related to alternative energy production. Therefore, power electronics
developers are gradually facing tasks that require a deep understanding of the pulsed conversion
of electrical energy, which, when creating DC / DC converters, were not paid attention to
as unnecessary.

Considering the above, it is evident that we should explore new ways to achieve more
effective AC regulation and pulse regulation. One of the approaches to be explored is
utilizing controlled semiconductor technology. This thesis aims to increase and enhance the
academic and practical areas of knowledge in AC voltage regulation, including investigating
voltage regulation methods by high-frequency pulse regulators, electronic control systems,

and output current quality identification and dynamic control.

Aim of master thesis: Design, simulate and analyze the performance of an AC voltage

regulator based on the AC-AC buck-boost converter topology. Assemble a working example.

Objectives of master thesis:

1. Analyze currently used voltage regulation techniques in AC power systems.

2. Study the principles, operation, and control techniques of the AC-AC buck-boost
converter.

3. Create a design for the AC voltage regulator based on the AC-AC buck-boost converter.

4. Verify the design by using computer simulations to evaluate the AC voltage regulator’s
performance.

5. Assemble and test a physical prototype of the AC voltage regulator.

6. Conclude the investigation’s results, and offer suggestions for further research and

possible uses.
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1 THEORETICAL AND METHODOLOGICAL PARTS OF THE
THESIS

1.1. Autotransformers as voltage regulators

An autotransformer differs from a traditional transformer in that it incorporates a single
winding that is utilized by both sides (input and output). The common winding is wrapped
around a single magnetic core. As a result, an autotransformer’s main and secondary sides
are magnetically and electrically coupled. To deliver a portion of the primary voltage to
the secondary load, this single winding is tapped throughout its length (this way they can
control and adjust output voltage levels). The primary advantage of this transformer design
is its cost-effectiveness for a given power rating. The principal diagram can be seen in Fig. 1.

The device’s primary purpose is voltage regulation. In addition, autotransformers can
also lessen the effect of burning the neutral conductor (which occurs because of imbalance in
the load or a malfunction in the system). Or used to alter and balance the voltage between

the phases, which helps to distribute the current more evenly (reduce some asymmetry).
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Figure 1: Single-phase tapped autotransformer.

The main drawback of an autotransformer is its inability to offer the primary-to-secondary
winding isolation present in a conventional double-wound transformer. Also, in the event
that the secondary winding becomes disconnected (open-circuit), the flow of the current
through the primary winding is interrupted, resulting in the application of the full input
voltage to the output terminals. And if a short circuit occurs in the secondary circuit, the
increased magnetic flux linkage can cause significant damage to the autotransformer [5].

Also mechanical switching of winding to control voltage is slow and not smooth (does
it by built increments); also, places of contacts are eroded due to high temperature in the

arc zone, which lowers lifetime and creates reactive losses.

12



1.2. Transformer tap changing voltage regulation

For the regular operation of consumers, it is necessary to maintain a certain level
of voltage on the substation buses. In electrical networks, voltage regulation methods are
provided, one of which is changing the transformation ratio of transformers. It is known
that the transformation ratio is defined as the ratio of the primary voltage to the secondary,

or

Uy %1

(1)

where wq, wy are the number of turns of the primary and secondary windings, respectively.

Us W2

Traditionally the windings of transformers are supplied with additional taps, with
which the transformation ratio is changed. Tap switching can occur after disconnecting all
windings from the network, which does not allow adjusting the voltage during the day, as this
would require frequent disconnection of the transformer for switching, which is practically
unacceptable under operating conditions. On-load tap changer (OLTC) allows you to switch
transformer winding taps without breaking the circuit. The on-load tap-changer provides
for voltage regulation within various limits depending on the power and voltage of the
transformer (usually with steps of 1%) [6].

The early generalization of AC voltage in electric lines was an apparent incentive to
use tap-changers coupled with transformers used in energy distribution to achieve simple
voltage stability. The taps were initially chosen manually and then electromechanically.
This switching type is not smooth or good quality and experiences delays as it needs to
move physically. Because of this degradation of movement of parts and electric arcs during
tap changing, it requires constant contact and oil maintenance which can get expensive

quickly [7].
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Figure 2: On-load electronic semiconductor tap changer scheme [8].

In articles [8-11], to avoid these problems, a method of discrete electrical switching

of transformer output based on semiconductors or thyristors is proposed Fig. 2. This
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method provides maintenance-free contactless switching and can quickly modify existing
infrastructure. Fast reaction and a minimal spark during the tap shifting procedure highlight
electrical tap changers. However, this method has a reliability issue; when the thyristor is
damaged, the system cannot switch voltage. To assess this problem, one of the articles [10]
presents a method of a hybrid system where the characteristics of mechanical and electrical
switching devices are combined. This, in turn, gives the fast response time of full-electric
switching without their reliability issues and the arcs and contact erosion of mechanical

switching.

1.3. Voltage sags and dynamic control

Voltage disturbances are a vital power quality issue that industries face. Temporary
drops in the magnitude of AC voltage below its nominal value are called voltage sags or
dips. Several things can cause these occurrences, such as electrical grid problems, short
circuits, or abrupt changes in load demand. Electrical systems and sensitive equipment that
experience voltage sags may experience malfunctions, disturbances, and damage. Dynamic
management of voltage is crucial to reducing the impact of voltage sags. A voltage regulation
system’s purpose is quick regulation of the converters switching characteristics for output
voltage changes to compensate for the difference from nominal values. Quick response times
are essential to successfully combat voltage sags and provide an uninterrupted power supply
to linked equipment.

It has been proven through case studies [4,12-14] and their simulation findings that
dynamic control solutions can efficiently detect voltage sags. The converter’s switching
characteristics may be quickly adjusted to account for voltage differences using these techniques
[4,14]: Hysteresis Voltage Control technique, RMS Value Evaluation Method, Missing Voltage
Technique, and Peak Value Evaluation. Specifically for three-phase systems, article [4] also
proposes voltage sag detection based on Phase Angle Analysis, which can detect dips as soon
as they appear (only one cycle needed), as it does not need many calculations.

Traditional methods include Fourier and Wavelet transform. The Fourier transform
provides information on the frequency distribution (equally spaced spectral lines) of a signal’s
amplitude and phase. The discrete wavelet transform is an efficient method for identifying
and isolating frequencies at certain time intervals by employing a set of spectral lines arranged
in a geometric series [13]. However, these methods cannot contribute to a “live” dynamic
voltage compensator as they require much time to compute and give results only after the
sag occurs.

Article [12] proposes a faster matrix method that determines phase shift and voltage
drop in an easier-to-interpret form. The method entails taking a sample of the supply and

storing the information in a matrix format; results are shown in Fig. 3:
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Vsupplypresent = |Vi|cos(wit + ¢1) + |Vs|cos(wst + ¢s)
Vsupplypast, = |Vi|cos(wit — wiT + ¢1) + |Vs|cos(wst — wsT + ¢s) @)

Vsupplypasty = |Vi|cos(wit — 21T + ¢1) + |Vs|cos(wst — 2wsT + ¢s)

(

Viupplypasts = |Vi|cos(wit — 3w T + ¢1) + |Vs|cos(wst — 3wsT + ¢s)
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Figure 3: Results of matrix method; a-injected voltage; b-output voltage [12].

1.4. AC/AC Buck-Boost types and work principle

Because of the complexity of semiconductors, AC/AC converters are more complicated
to build than other types of converters. This is related to problems with switching in AC/AC
converters; the bipolar switches cannot be turned on simultaneously due to the possibility
of a short circuit. The load can also be inductive; therefore, a high-frequency operation is
burdensome.

A semiconductor buck-boost AC/AC converter is a power electronic device used to
convert the energy of a single-phase [1] or multi-phase [4] AC input with specific parameters
(phases, voltage, and frequency) into AC output with different parameters. The converter
achieves this by utilizing semiconductor devices, such as thyristors or insulated gate bipolar
transistors (IGBTS), to control the switching of electrical signals. By manipulating the
switching patterns of these semiconductors, the converter can regulate the voltage magnitude,
frequency, and waveform shape of the output AC signal. The buck-boost configuration allows
the converter to both step up (boost) or step down (buck) the input voltage, enabling a
wide range of applications in power conversion and voltage regulation systems (to adjust
voltage irregularities or dips). Therefore, this system can be used as a replacement for the
autotransformer (because of its lack of galvanic isolation, in case of malfunctions of the
on-tap switches, this leads to the appearance of the voltage of the primary power source on
the output) or as a substitution for it.

All AC/AC converters are divided into voltage regulators, frequency converters, and
switches according to their functional purpose. They can be implemented in a circuit with
an intermediate DC circuit [15] and without an intermediate DC circuit in the form of a
circuit with a direct connection of the input and output AC circuits through semiconductor

devices.
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A matrix controller, often referred to as a matrix chopper, is an example of an direct
AC/AC converter that has a constant output frequency [3]. The matrix controller works by
transforming the AC input into the required AC output using a matrix of programmable
semiconductor switches. This converter topology eliminates the need for an intermediary DC
circuit and enables effective power conversion and voltage management [3]. One significant
drawback is the complexity in terms of circuit design and control algorithms (requires exact
and complicated switching patterns for effective functioning).

AC/AC converters with a DC link are complex two-stage converters that include an
input converter in the form of a rectifier, an intermediate link with a filter, and an output
converter in the form of a stand-alone voltage or current inverter. Depending on the type
of autonomous inverter, the DC circuit is implemented as a link that provides a constant
voltage (usually C or an LC filter) or as a link that maintains a constant current (filter in
the form of a reactor with a significant inductance) [3]. But this setup causes harmonics in

the input current, resulting in poor power quality [1].
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Figure 4: AC/AC Separate BUCK-BOOST Converter [2].

Article [2] proposes a buck-boost converter made of connected separate buck and boost
converters that can switch from one to another Fig. 4. Switches S2 and S1 run the circuit
in Buck mode when switches S4 and S3 are on and off. Switch S3 and S4 run the circuit
in Boost mode while switch S1 is on and switch S2 is off. To assure the requisite quality
of voltage and current signals, filters are required at both the circuit’s input and output
[2]. Although this method enables the execution of both - buck and boost operations, it
has several disadvantages. First, using several switches (four bi-directional switches in this
example) makes the converter circuit more complex and expensive. The additional switches
necessitate more drive circuitry and control signals, which can complicate the overall system
design and raise the risk of errors or failures. Second, the addition of switches to the converter
circuit results in more switching losses and power loss that goes along with it. Each switch
has its own conduction and switching losses, which lowers the converter’s total efficiency.
Additional filtering and shielding procedures may be necessary to reduce switching noise and

electromagnetic interference (EMI), which can grow when several switches are present.
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1.5. Alternative AC/AC Buck-Boost designs

While the article [2] proposed solution can be considered a more straightforward and
easier-to-execute solution, another design from the paper [16] with fewer switches could be
used Fig. 5. The suggested converter can save money and enhance dependability since they
only need two active components. Buck-boost converters with two switches can step up
or down voltages with a minimum component count. A 2-switch buck-boost converter can
fulfill both duties based on the duty cycle range. It operates as a buck if the duty ratio
is less than 0.5 and as a boost if larger than 0.5. In contrast to the other two converters,
the output voltage has polarity reversal with regard to the input voltage (for feedback and

closed-loop control, an inverting op-amp is necessary).

Figure 5: AC/AC 2-switch single-phase buck-boost converter [16].

For high gain, i.e., a very tiny or huge duty cycle, the efficiency is low. As a result,
a high-gain operation is not possible with this converter. For a duty cycle of 0.7 or 0.3,
efficiency can be as low as 60%. For a duty cycle of 0.5, it has a 90% efficiency. Also, there

is no input-to-output isolation, which could be crucial in many applications.

-
o 1
vilt) » VDT

Figure 6: AC/AC flyback converter [17].

The discussed inability of the buck-boost converter to be separated by a transformer
running at the switching frequency is usually fixed by implementing a transformer to provide
isolation before or after the power converter rather than using the high-frequency switching
frequency process to save space, money, and weight. In work [17], a flyback converter Fig. 6,
is proposed, a modification of the 2-switch buck-boost converter. A transformer working at
the switching frequency is used to achieve AC voltage control as well as isolation. This way,
the system’s size and weight have been reduced.

In paper [18], a buck-boost converter in Cuk configuration Fig. 7 is proposed, which

showed high efficiency (89%), lower ripple current in input and output, and is capable of
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correcting 60% voltage sags and 30% voltage swells within a cycle. A continuous current at
the converter’s input and output significantly benefits the Cuk topology. The Cuk converter

has many reactive components and high current strains on the switch, both disadvantages.
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Figure 7: AC/AC Cuk converter [18].
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When the switch in a Cuk converter is closed, the capacitor supplies energy to the load
and acts as an inductive filter. However, when the switch is turned off, the energy held in the
filter inductor is returned to the load. In a Buck-Boost converter, the source is disconnected
from the load when the switch is closed, and the energy stored in the inductor is fed back

to the source when the switch is opened.

1.6. Buck-boost characteristics

Power semiconductors, including their packaging, are the most important parts of
three-phase AC/AC converter systems [19]. They not only define crucial performance metrics
like efficiency, power density, and the switching frequency range that may be used, but they
also contribute about 25% of the entire converter expenses [19]. Semiconductor efficiency
can be more than 99%, but the efficiency of the converter based on them is usually up to
95% [19].

For optimal performance choosing the right external power components is crucial
(inductors, capacitors, diodes, switches, and input and output capacitors). Necessary circuit
parameters: Vin(min) and Vin(maz) (input voltage), Vour (nominal Output Voltage), Iovr(maz)

(maximum output current), fsy (switching frequency).

Determine max duty cycle D

—Vour
D=1- 3
—Vour + Vin(min) )

Rearranging Equation 3 gives us our converter conversion ratio

Vour -D
= 4
Vin  1-D (4)

Calculating maximum switch current

In order to compute the maximum switch current the inductor ripple current must be

determined:

fswlL (5)

I(pp) =
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Average inductor current:

Tour
I avg) — T 6
Lag) =1 p (6)
Maximum inductor current:
I
]L(max) = IL(avg) + % (7)

Checking if the switch can withstand the output current requirement of the application:

ISW(maa:) = [OUT(maa:) IN(V ) ur + L(2 ) (8)
IN(min)
Selecting inductor
Calculating needed inductance
VinD
[ =_N7T (9)
IL(avg)fSW

Selecting capacitors

The input and output currents are both pulsed and to achieve reliable performance,
the input and output capacitances must be carefully chosen.

The input capacitance is necessary to maintain the input voltage when the energy in

1-D

e Effective value:
SW

the inductor decreases

_ IL(avg)D
fSW(‘/}N(pp) - IL(pp)ESRC)

where E'SR¢ equivalent series resistance of the capacitor.

The output capacitor is necessary to give energy to the load while the inductor’s energy
is growing %. Effective value:
Tour D
T
fsw (Vourp — (222 + e )ESRe)

(11)

C’OUT(min) =

1.7. Control signal generation for buck-boost switch operation

By altering the pulse width of a fixed-frequency rectangular waveform, pulse width
modulation (PWM) allows you to manipulate specific analog values. The application includes
voltage regulation, power level control, and a highly effective method for regulating analog
circuits.

The duty cycle represents the proportion of time the signal is in the "on” state compared
to the total time period. The duty cycle is typically expressed as a percentage, where 100%
signifies that the signal is consistently in the “on” state. A lower duty cycle corresponds to
reduced power as the signal is turned off for a significant portion of the time.

A simple PWM generator with a feedback controller can be made using operational

amplifiers (op-amps). It would consist of 4 parts: a differential amplifier, a comparator, a
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triangular-wave generator, and a reference voltage. The differential amplifier amplifies the
voltage difference between the inverting and non-inverting inputs. It can compare input
voltage with a reference and generate an error signal (input and reference difference). The
signal is then compared with a triangular wave using an op-amp comparator. The op-amp
voltage comparator examines the amplitudes of two voltage inputs and identifies the largest
of the two. This generates a PWM signal with a constant duty cycle. It can be further

improved by adding filters, buffers, current feedback, microcontrollers, and PID controllers.
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2 CIRCUIT MODELING AND SIMULATION

2.1. Idealized circuit and dynamic feedback control simulation

For our experiment, we will be using an AC/AC 2-switch buck-boost converter Fig. 8.
This solution was picked because it only uses two switches, and the output voltage can be
less than or greater than the input voltage. So we will be able to have a constant output

voltage regardless of the input voltage amplitude change with a minimal component count.

S1 52 o

& L Rl

Vi

Figure 8: Circuit diagram of idealized 2-switch AC/AC buck-boost converter

A fundamental buck-boost converter has two operational states:

1. When switch SW1 is turned on, and SW2 is off, a direct connection exists between the
input and the inductor L1. As a result, energy builds up in inductor L1; at the same

time, capacitor C1 supplies its stored energy to the resistor R1 (output/load).

2. When switch SW1 is off, and SW2 is on, energy is transported from the charged
inductor L1 to the output load R1 and the capacitor C1.

Table 1: Circuit design parameters for AC/AC 2-switch buck-boost converter

ViNmin)  ViN(maz) fin Vour Jpwum Rroap L C
100V 340V 50Hz 220V 0,01MHz 50 Ohm 0,5mH 50uF

& /F_\E o /H\E R7

KL2L31
Vin Viead

I+ +

A I

0.5m s0p 50

=
=
-
=
[l
=
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Figure 9: Modeled idealized 2-switch AC/AC buck-boost converter.
A 2-switch Buck-boost converter Fig. 9 circuit was created using the LTspice program.

The purpose of it is to test the performance and feasibility of this model for voltage regulation.

A step-down transformer with a turn ratio of 32 decreased the voltage for the buck-boost
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Figure 10: Converter working in different modes based on its duty cycle

controller circuit. Effective values of the capacitor and inductor for the circuit were calculated
using Equations 3 - 11 using parameters from Table 1.

A constant PWM generator with different duty cycles was used for the first test. Boost
(voltage increase, duty cycle D = 0.9 > (1 — D)) Fig. 10(a), buck (voltage decrease, duty
cycle D = 0.1 < (1 — D)) Fig. 10(b), and neutral (duty cycle D = 0.5 = (1 — D)) Fig. 10(c)
modes were checked.

The first test results Fig. 10 showed that the buck-boost converter can increase and
decrease voltage to a substantial degree (during input of 220V the output can be in the
range from 50V Fig. 10(a) to up to 800V Fig. 10(b), or stay the same at 220V Fig. 10(c)).
This proved its usefulness as an AC voltage regulator. The output voltage can be set to
anything; it can be lower or higher than the input voltage. This functionality may use
feedback control to regulate the converter’s output voltage automatically. So to improve it,

an automatic control circuit and a full-wave bridge rectifier with a smoothing capacitor were

added.

R15 R34

7
PULSE(10 -10 10u 4%u 4%u 10u 0.1m)

Figure 11: Dynamic feedback PWM switch controller.
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The automatic control circuit Fig. 11 works with DC voltage, so a full bridge rectifier
Fig. 12 was needed to convert feedback voltage (input) from AC to DC. In the control
circuit, the voltage proportional to the output voltage (Vout = PWM_input) is compared to
a reference voltage (V13), which creates a PWM pattern (PWM) by a comparator that is
fed with the difference and a triangular pulse wave (V12). The PWM pattern switches the
bidirectional switches and keeps the controller’s output voltage constant according to the

reference voltage. The triangular pulse wave frequency determines the switching frequency.

'r"WM_inEut >

L R12
50p 25k

Figure 12: AC/DC Full-wave bridge rectifier.

The automatic control circuit (see Fig. 11) results are presented in Fig. 13. From these
diagrams, we can conclude that with the change in input voltage (100V Fig. 13(a), 220V
Fig. 13(b), and 340V Fig. 13(c)), the output voltage remained almost constant in all cases
at 250V. High-frequency switching necessitates filters to reduce voltage ripple and increase

quality.
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Figure 13: Modeled converter (with feedback) input/output diagram at different inputs.
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2.2. Circuit simulation and analysis with non-idealized switches

Our second experiment will use the same topology but with a MOSFET instead of the
idealized switches. The circuit for a Buck-boost converter that uses switched-mode PWM
with realistic components for AC/AC voltage conversion is presented in Fig. 14. Unlike a

DC-DC buck-boost converter, this circuit has two routes for the positive and negative cycles.

D1 D2 D5 D6
> <

Q1_| 02_|

D3 D4 D7 D8
<

§ - [] LOAD

Figure 14: Circuit diagram of non-idealized AC/AC 2-MOSFET buck-boost converter.

In order to stop the current flow when a MOSFET is used to switch an AC signal,
it must shut off during the negative half-cycle. If the body diode conducts during this
time, it will create undesired currents and impair functionality. So, the circuit bypasses the
MOSFET body diodes by utilizing a diode bridge (diodes D1, D2, D3, D4, and D5, D6, D7,
D8). It ensures the body diodes do not conduct during the AC signal’s negative half-cycle,
and current flows only from the drain to the source of MOSFET during each half-cycle
(positive half-cycle: D1 to D4 and D5 to D8; negative half-cycle: D6 to D7 and D2 to D3).

K] B
1N4148  1N4148
LOAD

100

SINE(0 300 50)

Figure 15: Modeled non-idealized AC/AC 2-MOSFET buck-boost converter.

The LTspice simulation tool is used to create the more realistic buck-boost converter
simulation model Fig. 15, employing MOSFETs and diode bridges. This model aims to
assess the efficiency and practicality of voltage control with a MOSFET-based Buck-boost
converter. The inductance (ranges from 1mH to 15mH) and capacitance (ranges from 0.1uF
to 21uF) were selected based on the efficiency relation of the converter Fig. 16 that was
calculated using simulation data. The objective was to determine the ideal ratio of inductance

and capacitance that would produce the converter’s best efficiency.
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Figure 16: Modeled AC/AC 2-MOSFET buck-boost converters efficiency in relation to

capacitor and inductor combination

Among the measured capacitance values (in Fig. 16), it was found that a 3uF capacitance
produced the maximum efficiency (best trade-off between performance and usability). The
efficiency results for inductance between 5mH and 15mH were very comparable, with declining
returns beyond 5mH. Due to its smaller value, 5mH was selected because it will have a faster
transient response, reduced cost, and small size and weight.

An LC input filter with a 5mH inductor and a 3uF capacitor was added to improve
the direct AC/AC converter’s power factor; it lessens the load on the power supply and
improves overall system efficiency. The capacitor makes up for any phase changes between
the voltage and current, while the inductor smooths out the current waveform, lowering the
reactive power component. By decreasing harmonic distortions in the input current and
moderating reactive power flow, the LC input filter is crucial for improving the power factor.
The converter’s power factor was found to be less than 50% without this filter.

The modeled AC/AC Buck-Boost converter input and output voltage and input current
waveforms are presented in Fig. 17, which demonstrates the ability of the converter to
provide sinusoidal output and in-phase input current. The performance of the circuit has
been evaluated at different duty cycles by monitoring these values (an input voltage of 300
V, a load of 100 Ohm, and a switching frequency of 10kHz): Efficiency (%), input power
factor (PF, %), input current and output voltage total harmonic distortion (THD, %), and

voltage gain.
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Figure 17: Input and output voltages and input current wave shapes of the modeled AC/AC
2-MOSFET buck-boost converter

Commands used in LTspice simulation for the calculation and performance measurements

are:

*Calculating the VOLTAGE_GAIN
.meas VOLTAGE GAIN RMS V(Vout)/V(Vin)

*Calculating the POWER FACTOR

.meas WORKING_POWER AVG -I(v1)#*V(Vin)

.meas APPARENT POWER RMS I(v1)#*V(Vin)

.meas POWER_FACTOR param WORKING POWER/APPARENT_POWER

*Fourier analysis for Total Harmonic Distortion (THD) calculation
.four 50 V(Vout) I(V1)

x*Component parameters used for simulation
.step param DUTY_CYCLE 10 90 10

.step param IND list 5m

.step param CAP list 3u

Results of the buck-boost converter (from Fig. 15) are presented in Table 2 and Fig. 17
and 18 (the duty cycle (D) values range from 0.1 to 0.9, showing the Q1 MOSFET ON time
ratio to the total period,while the Q2 MOSFET ON time is 1 — D). From these results,
we can conclude that the modeled buck-boost converter works as intended and with good
performance:

In Fig. 18(a), it is demonstrated that power losses are increased when attempting to
change the voltage’s magnitude by using a duty cycle that is noticeably higher or lower than

0.5. Higher switching losses, increased conduction losses, or a combination of both can be
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blamed for the decline in efficiency. Therefore, operating the converter closer to a duty cycle
of 0.5 (with an efficiency of 90%) is preferable to maximize efficiency and reduce power loss.

In Fig. 18(b), Power Factor (measures how well the converter uses the incoming power)
relation to duty cycle is shown. It declines as the duty cycle deviates from 0.5 (when close
to it has a relatively high value of 80%). A rise in harmonic content and non-linearities in
the converter’s operation are some of the causes of the power factor decline. In order to
maintain a higher power factor, reduce reactive power flow, and ensure optimal usage of the
input power from the source, it is beneficial to operate the converter closer to a duty cycle
of 0.5.

In Fig. 18(c), Voltage Gain relation to duty cycle is depicted, and higher duty cycle
allows for a larger voltage gain (up to -3.21), which makes it easier to modify voltage levels
(or leave them the same). It grants more flexibility to satisfy individual application needs.

In Fig. 18(d), Output Voltage Root Mean Square (RMS) (for input and output voltage)
relation to duty cycle is illustrated, representing the effective value of the output voltage. It
increases as the duty cycle is D > 0.5 and decreases when D < 0.5, indicating that a higher
duty cycle leads to increased input voltage and vice versa. At duty cycle D 0.5 the input
and output voltage is the same (neutral mode).

In Fig. 18(e), Total Harmonic Distortion (THD) (for input current and output voltage)
relation to duty cycle is observed, where higher duty cycles result in a clearer and less
distorted input current waveform as the input current THD tends to decline (from 7.2%
to 0.3%) as the duty cycle rises. The input current has a longer conduction time and can
approach a sinusoidal waveform more closely. On the other hand, the output voltage THD
tends to rise (from 3.9% to 8.7%), indicating a higher presence of harmonic components and
more distortion in the output voltage waveform. The switching activity and the components’
non-linear properties are the leading causes of this distortion. These patterns show how the
converter’s input and output properties interact, highlighting the necessity of balancing input
current distortion and controlling output voltage distortion when choosing the proper duty

cycle and components for optimum converter performance.
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Table 2: Performance of the modeled AC/AC 2-MOSFET buck-boost converter.

Duty Vour Efficiency, Voltage Ity Vour Power
Cycle RMS, V % Gain THD, % THD, %  Factor, %
0.1 22 62.11 0.10 7.19 3.86 22.74
0.2 50 83.52 0.23 3.29 3.36 61.44
0.3 86 89.56 0.41 3.04 3.64 77.05
0.4 134 91.21 0.63 2.61 4.24 80.28
0.5 199 90.82 0.94 2.09 5.03 80.99
0.6 293 88.84 1.37 1.71 5.91 81.06
0.7 428 84.21 2.02 1.28 6.84 80.63
0.8 592 73.23 2.89 0.75 7.79 78.73
0.9 530 43.94 3.21 0.31 8.72 72.08
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Figure 18: Performance of AC/AC 2-MOSFET buck-boost converter under duty cycle change
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3 EXPERIMENTAL SETUP AND ASSEMBLY

3.1. Assembly and testing of a physical prototype

In this section, we will discuss the circuit assembly and testing of the AC/AC 2-MOSFET
buck-boost converter based on the investigation of an AC voltage regulator. The physical
implementation of the circuit allows us to evaluate its performance and verify the simulation
results obtained previously. The circuit incorporates a number of additional components

and features that enhance its functionality and protect the circuitry.

D1 D2

a
R1 _|

180 Ohm D3 D4

v1 L2

220v 3 § 220122

[Juow

Figure 19: Circuit diagram of assembled AC/AC 2-MOSFET buck-boost converter.

Fig. 19 illustrates the circuit diagram of the assembled AC/AC 2-MOSFET buck-boost
converter. The voltage is lowered to a safe level using an L2 transformer (220/22 ratio) to
guarantee safety and compatibility with used low-power components (Diodes, MOSFETS,
Resistors, Capacitors). The current is also limited by an R1 resistor, protecting the components

from any harm. For testing reasons, the LOAD resistor has been set at 0 Ohms.

HCPL-3120/J312 HCPL-3120/J312

+16V +16V
PWM_SIGNAL ¥ DRAIN YDRAIN
R5 R3 Q1 ,_T R6 Q2 ,_T
470 Ohm 82 Ohm ﬁR“ 1 s20nm LR7 q
100 kOhm 100 kOhm
1 YSOURCE 1 ¥
= = = = SOURCE
GENERATOR_GND VIRTUAL_GND GENERATOR_GND VIRTUAL_GND
SHIELD
(a) Q1 MOSFET control (b) Q2 MOSFET control (inverted PWM)

Figure 20: Schematics of MOSFET driver control circuit.

MOSFET driver control circuits are used to control the MOSFET switches appropriately.
The design for the MOSFET driver control circuit is presented in Fig. 20. These drivers
offer isolation between the main circuit and the PWM generator, allowing for effective, safe,
and reliable switching. The Q3 NPN transistor in one of the drivers also serves for inverting
the PWM input signal for Q2 (because its duty cycle is 1 — D). The resistors R3(82 Ohm),
R5(470 Ohm), and R6(82 Ohm), R8(470 Ohm) serve as limiting resistors in the control
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circuit to restrict current flow and safeguard the different components. Resistors R4(100
kOhm) and R7(100 kOhm) serve as pull-down resistors for the MOSFETS, ensuring that
they stay in the off state while not being actuated by the PWM signal.

The completed AC/AC 2-MOSFET buck-boost converter is presented in Fig. 21. The
components were placed and connected with care throughout the soldering process to ensure
appropriate electrical connections and reduce the possibility of short circuits or component
damage. MOSFETs are on the other sideo of the board.

Figure 21: Assembled AC/AC 2-MOSFET buck-boost converter.

The purpose of this experiment is to evaluate the functioning of the proposed AC/AC
buck-boost 2-MOSFET converter in real-world conditions. Advanced measuring tools (Tektronix
TDS 2024 oscilloscope) were used to examine the input and output waveforms of the constructed
converter throughout the testing procedure. The necessary 10 kHz PWM signal was produced
using the Tektronix AFG 3021B function generator. The PWM signal was sent to both
MOSFETS’ control circuits, allowing for accurate switching and converter regulation. The
MOSFET Q1 control circuit Fig. 20(a) used the PWM signal directly, and the PWM signal
for the MOSFET Q2 control circuit Fig. 20(b) was inverted before being applied to the
MOSFET Q2’s gate terminal in the Q2 control circuit.

By testing the circuit, its functionality can be verified, and the input/output voltage
waveforms can be observed. The input/output voltage waveforms of the completed AC/AC
2-MOSFET buck-boost converter are presented in Fig. 22, 23 and 24 for various duty cycles
(neutral mode D = 0.5, buck mode D = 0.3, and boost mode D = 0.7).

From the results, the output voltage waveforms in Fig. 22(b), 23(b) and 24(b), we can
conclude that the converter successfully regulates the output voltage, creating a sinusoidal
waveform that closely resembles the waveform of the input voltage in Fig. 22(a), 23(a) and

24(a). Small ripples are present (indicating the buck-boost converter’s switching nature)
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but do not significantly degrade the output waveform quality. The inductor’s behavior
and energy transfer procedures inside the circuit may be better understood by looking at
the inductor voltage waveforms in Fig. 25. In buck-boost converters, inductor voltages are
generally represented by the distinctive sawtooth waveforms seen in these waveforms. These
unique waveforms are produced by the inductor, which stores energy during the MOSFETSs’
ON state and releases it during their OFF state.

Input waveform distortion results from harmonic components propagating through the
circuit without an input filter. An input filter was not a part of the experimental setup.
As a result, several harmonics are present, and there is a low power factor in the measured
input voltage after the R1 (180 Ohm) resistor. The low power factor also indicates a larger
reactive power component and ineffective input power utilization.

These results underline the importance of including an input filter in real-world applications
to reduce harmonics, raise power factor, and increase overall system effectiveness. Although
the completed circuit correctly transforms the input voltage and generates the necessary
output waveforms, the lack of an input filter and used safety measures produced an inefficient
output. An actual application, where power quality and efficiency are crucial, requires more

thought-out circuits and better research.
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Figure 22: Input/output voltage wave shapes of assembled AC-AC 2-MOSFET buck-boost

converter when D=0.5
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Figure 23: Input/output voltage wave shapes of assembled AC-AC 2-MOSFET buck-boost

converter when D=0.3

Tek L & Stop P Pos: 0L000s MEASURE  Telk i @ Stop kA Pas: 0.000s MEASLIFE
+ +
CH2 Off CH2 Off
Mean Mean
CH1 CH1
Cyc RS Cryc RS
1014 1P e
CH1 + CH1
[ER 1+ EH
22,44 a.00Y
CH1 CH1
Mean Mean
S16rmY 55T
CH1 CH1
Iin in
=220 =r.e0Y
CH1 1000 Ey I 5.00rms CH1 &~ a.e0y CHT 1000 Ey M 5.00rms CH1 ~ 3.200
15-Sep-00 03:01 T13138kHz 15—Sep-00 03:03 471, 763Hz
(a) input voltage (b) output voltage

Figure 24: Input/output voltage wave shapes of assembled AC-AC 2-MOSFET buck-boost

converter when D=0.7
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CONCLUSIONS AND RECOMMENDATIONS

In conclusion, this master thesis aimed to investigate and explore the development of
an AC voltage regulator based on the AC-AC buck-boost converter topology. The research
was focused on resolving the drawbacks of current voltage regulation approaches in AC power
systems and proposing a solution that may improve efficiency, decrease size, and respond to
dynamic operating situations.

The theoretical and methodological sections included an overview of autotransformers,
voltage regulation with shifting transformer taps, voltage sags, and dynamic control. Various
AC/AC Buck-Boost designs were also addressed, along with their features, showcasing the
potential of controlled semiconductor technology for better AC regulation.

The design, modeling, and analysis of the AC voltage regulator based on the AC-AC
buck-boost converter were part of the practical portion of the thesis. The effectiveness of
the 2-MOSFET regulator and feedback control were assessed using computer simulations.
Additionally, a real-world prototype of the AC voltage regulator was built and tested to
confirm the theoretical conclusions and show that the suggested method is workable.

Based on the investigation conducted, several conclusions can be drawn:

« First, compared to conventional approaches, the AC-AC buck-boost converter architecture

presents a workable method for accomplishing AC voltage control with high efficiency
and smaller dimensions. The converter’s control strategies enable dynamic management

and response to changing circumstances.

« Second, physical prototype testing and computer simulations proved the suggested AC
voltage regulators’ functionality and efficiency. Regarding voltage regulation, control
responsiveness, and output quality assessment, the regulator performed satisfactorily.
The modeled AC/AC Buck-Boost converter demonstrated its ability to provide sinusoidal
output voltage (bigger or smaller in amplitude than input) and in-phase input current,

indicating that the converter successfully regulated the output voltage.

o Third, choosing the proper inductance and capacitance values was essential for maximizing

the converter’s efficiency. Based on simulation results, the ideal trade-off between
performance and usability (for our circumstances and circuit parameters) was found

to be a 3uF' capacitance and a 5mH inductance.

From the research done and the findings attained, the following recommendations are

made for further research and potential applications:

o Additional optimization: Even though the suggested AC voltage regulator produced
encouraging results, more improvement is still possible. In order to improve the
regulator’s effectiveness, responsiveness, and stability, future research could investigate

better circuit design and sophisticated control approaches and algorithms.
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o Cost Reduction and economic feasibility: To encourage wide adoption, it is critical
to resolve costs and assess the proposed AC voltage regulator’s economic feasibility.
Future studies might concentrate on lowering manufacturing costs, enhancing reliability,
and doing an extensive cost-benefit analysis to evaluate the regulator’s market viability

and competitiveness.
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