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INTRODUCTION

Motivation and background

Nowadays, electrochemical Battery Energy Storages (BES or just batteries) are considered
as the most available, reliable and practical storage of electrical energy for a broad range of
applications. Batteries are used in such applications as light electrical vehicles, personal
mobility vehicles including rehabilitation equipment, portable electronics (for example,
laptops, tablets etc.), portable household equipment and handy tools (like vacuum cleaners,
robot vacuum cleaners, grass cutting robots, cutting/drilling tools etc.), energy storage systems
for power supply needs, as well as in various other applications. The battery interface converter
is a necessary part of the configuration. It connects the battery to the load and is needed because
even if the voltages of the battery and load are generally comparable, the battery voltage is not
constant and depends on various factors, first of all, on State of Charge (SOC) and State of
Health (SOH). There also exist AC loads, for example, AC motors/generators and the AC grid.
In this case, voltages and currents should be continuously driven as needed by application,
having the requested amplitude, frequency, phase of the waveforms and, sometimes, their
harmonic content.

The first big group of converters that can link batteries and AC loads includes non-isolated
schemes, which in general can be divided into single-stage (efficient only in one operation
point) and two-stage converters (with a wider efficient range of operation). In turn, the second
big group of battery interfaces includes isolated schemes, which are two-stage by definition.
Most of these topologies can serve only as a battery interface, but are not suitable for balancing,
which can be considered a disadvantage.

Multilevel converters can be brought forward as the third specific big group of interface
schemes, capable of linking batteries and AC loads. The multilevel converters are topologically
compatible with batteries that typically consist of several sequentially connected cells. Among
all multilevel converter topologies, those with independent sources have one extra advantage
of natural (without extra circuits) battery balancing and, therefore, have large potential in
applications with batteries. They, however, have certain drawbacks, such as a large number of
active and uncontrollable semiconductor switches that increase with the number of levels,
leading to higher conduction losses and more complex control. For this reason, finding and
implementing classical multilevel topology modifications, which reduce switch count while
keeping all the advantages of the topology, would be important. It would improve the
parameters of the multilevel converters, extend their use in battery systems and expand the use
of these storages.



Main hypothesis and objectives

Hypothesis

Combining an unfolding circuit with a series of independent voltage sources, connected
according to a multilevel structure, thus forming a battery interface converter, gives the ability
to reduce the switch count and overall losses of the converter, keeping, at the same time, the
advantages of the original parts.

Aim and Objectives

The aim of the Thesis is to analyze existing multilevel converter topologies and to propose
new configurations that are more advantageous in terms of efficiency and control complexity,
multilevel battery interface converters, while keeping the advantages of classical multilevel
structures. The objectives of the Thesis, therefore, were set as follows:

1. To analyze multilevel converter topologies and their operating principles, in order to

identify their disadvantages and outline improvement opportunities.
To analyze the topologies of unfolding circuits and their applications.

3. To synthesize battery interface converter(s) as a combination of an unfolding circuit

with a multilevel structure with independent sources.

4. To analyze the obtained battery interface converter, made of the above-mentioned parts,

applying hybrid (level and pulse width) modulation.

Research methods and tools

The main research method within the Thesis is data collection and analysis. The data are
obtained mostly from experiments, partly from mathematical and computer simulations, but
sometimes (mostly in the Introduction) from the existing information sources.

MS Excel and Matlab have been used for calculations, mathematical modelling, data
processing and representation of obtained results. Matlab-Simulink was used for modelling and
simulations, and LTspice was used for preliminary simulations. Altium Designer was used as a
main tool for PCB design, on rare occasions, EasyEDA and KiCad EDA were used.

For testing, debugging and experimental verification in laboratory conditions, a variety of
laboratory equipment has been used, specially adapted for each experiment that was held:
oscilloscopes (RIGOL DS4012, Tektronix TDS 1024B-EDU), power supply units (777 EX752M,
EA-PS 8032-10 T), thermal camera (Fluke Ti450), various multimeters, power analyzer
(PPA5530). Also, for debugging in certain stages, a digital oscilloscope, a waveform generator,
and the logic analyzer Analog Discovery was used.

Several microcontrollers from the C2000 family (F28027 and F28379D) have been used,
as well as the RP2040 microcontroller. Code Composer Studio, Pycharm and Matlab plugin for
the C2000 microcontroller family were used to program and debug microcontrollers.



Scientific novelty

Several new configurations of multilevel converters with independent sources were
proposed, including a novel configuration of multilevel converters with independent
sources, unfolding circuit and fluent regulation.

A method of source balancing within one sine period in multilevel converters with
independent sources during discharge has been proposed.

A novel system and method for transmitting power between DC and AC sources has
been proposed; an application for patent LVP2023000064 was submitted on 12 July
2023.

A novel adjustable LED lamp single-inductor multiple-output driver has been proposed;
an application for patent LVP2023000103 was submitted on 27 October 2023.

Practical implementation

Research results have been implemented in several national and international research

projects:

L.

European Regional Development Fund (ERDF) project, within the contract
No. 1.1.1.1/16/A/147 “Research and Development of Electrical, Information and
Material Technologies for Low Speed Rehabilitation Vehicles for Disabled People”.
Baltic Research Program project, funded by the European Economic Area and Norway,
2014-2021, financial mechanisms within the contract EMP474 “Optimised Residential
Battery Energy Storage Systems (ORBES)” of the first (Estonian) call of this program.
Latvian Council of Science project “Enhanced Thermal Management of Electric Drives
in Orthopaedic Rehabilitation Vehicles for their Better Reliability and Functionality”,
project No. 1zp-2020/2-0390.

European Regional Development Fund project in the frame of the contract No.
1.1.1.1/20/A/079 “Research and Development of Two-Phase Thermal Systems Installed
in Lighting Equipment for its Functional Improvement” of its Latvian measure 1.1.1.1
“Industry-Driven Research”.

Approbation of research results

In total, the author of the Thesis has 29 publications and two patents. Of them, nine

publications, two Latvian patents and two unpublished papers are directly related to the topic
of the Doctoral Thesis.

L.

II.

I. A. Galkin, A. Blinov, M. Vorobyov, A. Bubovich, R. Saltanovs, D. Peftitsis, Interface
Converters for Residential Battery Energy Storage Systems: Practices, Difficulties and
Prospects. Energies 2021, 14, 3365. https://doi.org/10.3390/en14123365

A. Bubovich, M. Vorobyov, I. Galkin, A. Blinov, and A. Giannakis, "Overview of
Bidirectional Unfolding Converters for Battery Energy Storage Systems," 2022 IEEE
13th International Symposium on Power Electronics for Distributed Generation
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IV.

VL

VIL

VIIL

IX.

XL

XII.

XIII.

Systems (PEDG), Kiel, Germany, 2022, pp- 1-7, doi:
10.1109/PEDG54999.2022.9923093.

Unpublished paper “Multilevel Unfolding Converter with Independent Sources: Proof
of Concept”, will be submitted to MDPI Energies by May 2025.

Unpublished paper “Evaluation of Smooth Waveform Regulation in Multilevel
Converters with Unfolding Stage”, submitted to AIEEE 2025 conference

A. Bubovich, V. Parinova, I. Galkin, and A. Giannakis, "Initial Evaluation of Multilevel
Converter with Unfolding Stage and Voltage Regulators for applications in BESSs,"
2022 18th Biennial Baltic Electronics Conference (BEC), Tallinn, Estonia, 2022, pp. 1—
5, doi: 10.1109/BEC56180.2022.9935611.

A. Bubovich, M. Vorobyov, 1. Galkin, and T. Dovudon, "Quality Evaluation of Jointly
Used Modular Multilevel Converters and Battery Energy Storages," 2021 International
Conference on Electrical Drives & Power Electronics (EDPE), 2021, pp. 144-151, doi:
10.1109/EDPE53134.2021.9604102

A. Bubovich, M. Vorobyov, A. Blinov, and D. Peftitsis, "Peculiarities of Multilevel
Power Electronic Converters for Interfacing Battery Energy Storages with AC Loads,"
2020 IEEE 8th Workshop on Advances in Information, Electronic and Electrical
Engineering (AIEEE), 2021, pp. 1-4, doi: 10.1109/AIEEE51419.2021.9435798

A. Bubovich, M. Vorobyov, and A. Giannakis, "Initial Evaluation of a Multilevel
Inverter with Unfolding Stage for BESS Applications," 2021 IEEE 9th Workshop on
Advances in Information, Electronic and Electrical Engineering (AIEEE), 2021, pp. 1-
4, doi: 10.1109/AIEEE54188.2021.9670386.

A. Bubovich, 1. Galkin, “Evaluation of Optimal Switching of Modular Multilevel
Inverter with Independent Voltage Sources”. In: 2020 IEEE 61st International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON 2020): Conference Proceedings, Latvia, Riga, 5-7 November 2020.
Piscataway: IEEE, 2020, pp.1-4.

O. Tetervenoks, I. Galkin, A. Bubovich, Considerations on Practical Implementation of
Current Source Mode Single-Inductor Multiple-Output LED Driver. Electronics 2024,
13, 54. https://doi.org/10.3390/electronics 13010054

I. A. Galkin, R. Saltanovs, A. Bubovich, A. Blinov, D. Peftitsis, Considerations on
Combining Unfolding Inverters with Partial Power Regulators in Battery—Grid Interface
Converters. Energies 2024, 17, 893. https://doi.org/10.3390/en17040893

R. Saltanovs, 1. Galkins, A. Bubovi¢s, A. Blinov, D. Peftitsis, SYSTEM AND
METHOD FOR TRANSMITTING POWER BETWEEN DC AND AC SOURCES.
Latvian patent application LVP2023000064, Patent application date 12.07.2023.

O. Tetervenoks, 1. Galkins, A. Bubovi¢s, Adjustable LED Lamp Single Inductor
Multiple Output Driver. Latvian patent application LVP2023000103, Patent application
date 27.10.2023.

Publications related to Doctoral Thesis, which were not included in summary of

Doctoral Thesis:



. A. Bubovich, I. Galkin, "Evaluation of Multilevel Inverter with Unfolding Stage and
Voltage Regulators for BESS Applications". In: Proceedings of the 21st International
Symposium "Topical Problems in the Field of Electrical and Power Engineering" and
"Doctoral School of Energy and Geotechnology III", Estonia, Pdrnu, 15—18 June 2022.
Tallinn: TalTech, 2022, pp. 57-58. ISBN 978-9949-83-859-2

. A. Bubovich, "Use of Multilevel Converters in Light Vehicles of Orthopedic
Rehabilitation," 2021 IEEE 62nd International Scientific Conference on Power and
Electrical Engineering of Riga Technical University (RTUCON), 2021, pp. 14,
doi: 10.1109/RTUCONS53541.2021.9711728

. A. Bubovich, "Evaluation of Opportunities of Balanced Discharge of Batteries in Cost
Effective Assisting Powered Wheelchair". In: Proceedings of the 19th International
Symposium "Topical Problems in the Field of Electrical and Power Engineering" and
"Doctoral School of Energy and Geotechnology III", Estonia, Tartu, 14—17 January
2020. Tallinn: TalTech, 2020, pp. 135-136. ISBN 978-9949-83-518-8

. A. Bubovich, "Evaluation of opportunities of balanced discharge of batteries in cost
effective assisting powered wheelchair", 2019 IEEE 60th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON 2019), Riga, 2019.
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ADC
AEV
BES
BESS
CCS
CR
CSM
DAB
EMC
FET
HFHD
IC

LA
LED
LFHD
LR
MCU
MDS
MLC
MOSFET
PEV
PFC
PV
PWM
RFB
RGB
SEPIC
SIMO
SLLS
SOC
SOH
THD
UF
VSI
VRB
ZCS
VAR

ABBREVIATIONS

Analog-to-Digital Converter
All-Electric Vehicles

Battery Energy Storage
Battery Energy Storage System
Constant Current Source

Current Regulator

Current Source Mode

Dual Active Bridge

Electromagnetic Compatibility

Field Effect Transistor

High Frequency Harmonic Distortion
Integrated Circuit

Lead-Acid (battery technology)

Light Emitting Diode

Low Frequency Harmonic Distortion
Light flux Regulator

Microcontroller Unit

Maximal Duration of Switching
Multilevel Converter

Metal Oxide Semiconductor Field Effect Transistor
Plug-in Electric Vehicle

Power Factor Correction
Photovoltaic

Pulse Width Modulation

Redox Flow Battery

Red, Green and Blue (additive color model)
Single-Ended Primary Inductor Converter
Single Inductor Multiple Output
Segmented LED Light Source

State of Charge

State of Health

Total Harmonic Distortion
Unfolding Frontend

Voltage Source Inverter

Vanadium Redox Battery

Zero Current Switching

Zero Voltage Switching
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1. APPLICATION OF BATTERIES IN MODERN
TECHNOLOGIES

Author’s publications I [1] and II [2] are related to Chapter 1.

1.1. Development of electrochemical energy storages

The most intensive development of electrochemical energy storage systems has taken place
since the late 20th century and is still progressing. The demand for portable electrical devices,
vehicular technologies and energy systems is constantly growing, and because of that,
technologies of already known battery electrochemistries have been “polished” and new battery
technologies have been introduced into the market. Nowadays, the most significant battery
technologies are advanced lead-acid (LA), nickel-oxyhydroxide (NiMH), sodium-sulfur (NaS),
various kinds of Li-ion batteries, as well as redox flow batteries (RFBs), in particular, vanadium
redox batteries (VRBs) [3], [4].

LA technology, the oldest among others, is the cheapest and also has quite high efficiency.
However, the main drawbacks of this technology are that LA batteries have rather low specific
energy and comparably low charge-discharge cycles (i.e. lifetime). Historically, the next
successive NiMH technology (replacement for NiCd) is characterized by average specific
power and has a low charge-discharge efficiency (approximately 65 %). The NaS batteries have
quite high specific energy, energy efficiency and lifetime (90 % and 4000 cycles, respectively
[4]). However, the main drawback of NaS batteries is quite high operation temperature, which
means that they require heating. This fact makes the application of these batteries impractical
in many cases. Nowadays, the fastest-developing battery technology is the Li-lon. Li-Ion
batteries have high specific energy, specific power, lifetime (up to 10,000 cycles), energy
efficiency (up to 95 %), achieved at a reasonable price, making the technology very applicable
in portable electronics, all-electric vehicles, household energy systems and even in energy
distribution grids [5]. However, specific parameters of Li-Ion batteries depend on the
corresponding chemistry, and all advantages are typically not concentrated in one device.
Finally, RFBs, in particular VRBs, are the batteries that utilize a reduction-oxidation reaction
between two liquids, which occurs through a membrane. The liquids are pumped to the
membrane, which makes RFBs similar to fuel cells, where the liquids are chemically restorable.
The main advantage of these batteries is their potentially infinite lifetime. Lastly, it must be
mentioned that modern batteries are not just a series connection of galvanic cells. They often
include electronics for balancing, management and protection, as well as chargers in some
cases. Therefore, these batteries can be considered as complex complete energy units for
immediate use [6]-[8]. Figure 1.1 shows the comparison between different commercially
available batteries.

12
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Fig. 1.1. Specific energy and specific power of the commercially available batteries

1.2. Motivation for use of batteries

With the development of electronic technologies, portable electronic devices have been
rapidly growing over the past decades. The primary motivation of this growth is that portable
electronic appliances are widely used in our daily life, from low power appliances, for example,
flashlights, TV remote controls, scales, watches, to more power-consuming devices, for
example, laptops, tablets, robot vacuum cleaners, etc.

Application of batteries in transport

One of the recent global societal and legislative tendencies on the national and international
levels is the request to reduce the consumption of fossil fuels and to increase the efficiency of
energy consumption [9], [10]. Among other areas, this involves vehicular technologies as well.
Regarding ground vehicles, this initiative means wider use of plug-in electric vehicles (PEVs)
or all-electric vehicles (AEVs) and hybrid ones, equally in the public and private sectors. In
[11], [12], the availability of cost-effective batteries of several hundred volts for the main
electrochemical energy storage of PEV is reported. Papers [13]-[16] consider these PEV
storage systems valuable enough to be a part of the energy supply grid. Further development of
the BESs makes their use possible in larger ground vehicles, first of all, in public transport [17],
[18].

Better BESs are also required for water vehicles, first of all, for smaller auxiliary vehicles
— boats, yachts, water buses, etc. For example, in [19], the electrification of the water buses in
Venice is considered a successful example of BES use in water transport. At the same time,
with regard to bigger ships and vessels, the role of BESs differs with time. While earlier
configurations of marine energy systems utilize high voltage batteries for stabilizing the
traditional onboard AC grid and power smoothing [20], [21], modern systems also take into
account the possibility of all-electric propulsion of the ship [21], [22].

13



Finally, the most advanced BESs are applicable in aircraft. The traditional electrical supply
of an aircraft combines an AC and DC grid. Better performance of the applied batteries leads
to a better quality of the 28 V DC grid [23], [24]. At the same time, top BES technologies allow
the production of extremely light batteries that enable all-electric aircraft [25].

Application of batteries in power and energy supply.

The request to reduce fossil fuel consumption [9], [10] regards also power distribution and
supply networks. For the power and energy supply systems, this means that the burning of fossil
fuels must be substituted with renewable energy generation. In turn, the main properties of
renewable energy generation are as follows:

e Uneven generation profile — regardless of the kind, the renewable energy sources
typically do not provide constant power. In particular, the generation of PV panels
depends on solar irradiation and varies with the daytime, cloudiness, season, location of
PV and solar activity. The generation of wind turbines depends on the wind strength,
which is unique for its location, season and occasional weather fluctuation. The
generation of hydro and wave turbines depends on the amount of water, which is a long-
term function of seasonal and global weather changes.

e A variety of power ratings and types of energy sources exist even within the same group.
For example, the power of PV depends on the local properties and financial abilities of
a particular household.

e Variety of allocation of the renewable energy sources — depending on the particular
economic conditions and policy of the energy operator, these sources may be allocated
differently.

Altogether, this makes renewable energy generation less stable and reliable. This, as well
as several other problems [26]-[31], can be solved with the help of Battery Energy Storage
Systems (BESSs). In the distribution grids, the functions of the dedicated BESS are similar but
more specified. Price compensation now can be considered as a complete function of energy
trading, smoothening of power generation regards not only renewables, but smoothening of
consumed power at this level saves the capacity of distribution equipment. Additionally, BESS
in distribution grids may perform grid service functions: grid black restart, as well as voltage
and frequency regulation [27], [32]. The choice of BESS parameters is a subject of multiple
factors [33]: standards, power losses, voltage of the majority of available PEVs, compatibility
with pure resistive loads.

The market of commercially available BESSs, especially residential BESSs is dynamic,
with both large and small companies continuously entering and leaving the market. Depending
on the configuration, commercially available BESSs can be either with only AC coupling (does
not depend on the availability of alternative energy sources, for example, solar farm), with only
DC coupling (complementing alternative energy sources) and AC/DC coupling (with hybrid
inverter and availability to connect additional DC sources and loads). Figure 1.2. shows
examples of BESS coupling.

14



DC AC

Y L4 = [
frr |58 |t 3
y * o - Q
W 14 s 58 =
V7174 [ 5 @]
=] < -
g
- 57 g’og = g % 2
H 5 gi—b 5 §4-->|1-b 0 %‘3
% g § B Supply
] Grid
Data Link 53]
(2)
DC AC
n: g
Q.
£ —) 3
&l Y
) <
Para
H o & i 3
G SIS O Dl E
=g (G switch S
NG g Supply
Grid
(b)
DC AC
W) & s
AN :
Lms] = & & 0
NNNNNNNN Lol d k- <
—
-7 So2 5
L o g g 9 =) ) EH
= S
wn O upp y
© Grid

()
Fig. 1.2. BESS coupling: (a) AC coupling, (b) DC coupling, (¢) AC/DC coupling

Brief overview and comparison of commercially available BESSs for general use and use

with renewable energy sources are shown in Table 1.1.
Table 1.1.



Overview of commercially available BESS for general use.

Maximal
BESS Energy Charge/Discharge Battery Counlin
manufacturer/model Capacity BES Power [KW] Voltage [V] pling
[KWh]
Tesla PowerWall 3 [34] 13.5 5/11.5 52 AC/DC
Tesla PowerWall 2 [35] 13.5 5 50 AC
Tesla PowerWall+ [36] 13.5 5 50 DC
Sonnen Batterie 10 [37] 5-22 4.6 48 AC
Sonnen Batterie Hybrid
9.53 [38] 5-15 25-33 48 DC
PowerVault P4 [39] 8-24 4.8 48 AC
Puredrive Storage II AC 5.10 5 50 AC
5/10 kWh [40]
D 11 D ttery +
urace' ura5 battery 512 3 48 AC/DC
Dura-I inverter [41], [42]
Enphase Encharge 3 [43] 3.5 1.3
Enphase Encharge 10 67 AC
10. .
[44] 0.5 3.8
Eaton xStorage [45] 4.2-10 3.6-6 90 AC/DC
Samsung SDI All in One 16 46 60 AC/DC
3 [46]
Varta Pulse / Pulse Neo 3
aria Tulse s Tise Teo 33 1.6/1.4 50 AC
[47]
Victron Energy External
1.9-3.7/24-4 24 -50 DC
EasySolar-II [48] battery
Solax Hybrid X3 + T- | Stackable - 115.2 (for T-BAT
BAT-SYS-HV-(5.8 - 23) | up to 23 (4 4-16.1 H 5.8) - 460.8 (for AC/DC
[49], [50] modules) T-BAT H 23)
SolarEdge Home Hub
Inverter + BAT-10K1P 9.7 5 400 AC/DC
[51], [52]
AlphaE MILE-T10-
phakSs § 8.2-492 10 256 AC
HV [53]
BSLBATT MatchB .2 (for HVS2) - 25 |204.8 (for HVS2) -

S atchBox 10.64 - 37.27 7.2 (for HVS2) - 25 |204.8 (for HVS2) AC/DC
HVS (Stackable) [54] (for HVS7) /9.2 - 32 | 716.8 (for HVS7)
ETEKWARE EIH175

17.92 18 358.4 AC/DC
[55]
Sunny Boy Storage [56] | 1ol 3.7/5/6 360 AC

nn r .
unity Boy Storage battery

FoxESS Stackable AIO
OxESS Stackable 4.92-29.52| 5.5/3.6-16.5/12.1 360 AC/DC

[57]
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The majority of commercially available residential BESSs are low-voltage, utilizing
batteries with voltage equal to 48 — 50 V, meaning that to achieve higher power these systems
are dealing with relatively high-currents. Considering that technical information on these
products in most cases is limited to general specifications and technical datasheets, particular
power electronic converter topologies utilized in these systems are not known. However, it can
be assumed that connection to AC grid in these cases would require rather complex interface
converter with a transformer for the voltage step-up.

Comparing with the research presented in 2021 [1], the number of BESSs utilizing higher
voltage batteries has increased. Power electronic converter in this case can be non-isolated,
because of the difference between input and output voltage is not considerable.

Also, the number of systems having AC\DC coupling has increased, meaning that BESS
manufacturers provide the possibility of creating self-sufficient energy systems at household
level by combining BESS with renewable energy sources. In this scenario energy supply would
be taken from the grid only at peak of consumption. This possibility allows to increase stability
of energy supply which is important in remote areas.

1.3. Configurations of battery interface converters

In all applications, described in Section 1.2, the battery interface converter is an essential
part. The choice of the converter topology is mainly dependent on the configuration of the
battery and the load. Figure 1.2 shows possible configurations of batteries and loads.

Considering the configuration of the battery and load, the topology of the interface converter
should be chosen. Taking into account that, especially with application in power and energy
supply, the battery should not only be charged but also discharged, it is reasonable to narrow
the variety of battery interface converters to bidirectional ones.

HV Battery HV Battery
HV Load LV Load

LV Battery LV Battery
HV Load LV Load

Fig. 1.3. Possible configurations of batteries and loads

Ifthe voltage of the battery and the load are close to each other, a non-isolated topology can
be chosen. However, the main disadvantage of this type of converter is that it operates at
maximal efficiency only at one point. Also, there are single-stage converters and two-stage
converters. Two-stage converters allow for increasing the efficient operation range of non-
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isolated converters. If the battery and load have different voltage ratings, then isolated
topologies can be chosen. An example of such a topology is Dual Active Bridge (DAB).
Table 1.2 represents bidirectional converters with examples, characteristics of BES and

peculiarities.

Bidirectional battery interface converters.

Table 1.2.

Bidirectional converter

Characteristics of BES

Peculiarities

Non-isolated

Non-inverting buck-

Low voltage

Easier voltage

sources

topologies boost converter Low to medium power regulation.
Higher maximal
Cuk, SEPIC, Zeta Low voltage efficiency, however,
Low power small range of higher
efficiency.
Isolated DAB converter Low to medium voltage Soft switching
topologies Low to medium power capability
Galvanic isolation
Multilevel Multilevel converter | Low to high voltage Natural battery
topologies with independent Low to high power balancing capability.

Sophisticated control.
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2. ANALYSIS OF MULTILEVEL CONVERTER
CLASSICAL TOPOLOGIES

Author’s publications I [1], VII [58] and IX [59] are related to Chapter 2.

Multilevel converters (MLC) can be considered as a specific kind of single-stage inverters,
processing energy in separate cells of a battery. In contrast to the topologies mentioned in
Section 1.3, which always deal with the same DC voltage or with the entire battery, MLCs form
their output of DC voltage that may have several levels, obtained directly from the battery. The
advantages of multilevel converters are lower harmonic distortion, switching losses and
electromagnetic interference [60]. There are three main topologies of MLCs: neutral point
clamped multilevel converter (also known as diode clamped multilevel converter), multilevel
converter with flying capacitors and multilevel converters with independent sources.

Output waveforms of MLCs can be either level-modulated (output waveforms are stepped
and formed only by adding/removing voltage levels to the output waveform) or PWM
modulated.

In the literature, there are multiple versions of the term level definition in MLCs. There is a
version where all possible voltage levels are taken into account (positive, negative and 0 V).
Another version of the term level is when only positive voltage levels and 0 V are considered.
Hereinafter, the term /evel implies all positive voltage levels, not including 0 V.

The output phase voltage waveform in the case of level modulation for one phase cascade
with s levels can be described with the help of the Fourier transform:

sin(nwt)

4V
V(wt)=—2= Z [cos(na,) +cos(nax,) +...+ cos(na, )] 2.1

where: V; — source input voltage;
o — angular frequency;
a,,a,,....a, - level conducting angles.

Level conducting angles can be chosen in such a way that total harmonic distortion is
minimal. If sinewave with phase angle ¢ equal to 0 radians, amplitude is equal to 1 V and
frequency /=1 Hz is examined as reference signal for single level voltage source inverter (VSI),
or simply full transistor bridge, and instead of radians on x-axis of a plot time in seconds is
taken (see Fig. 2.1 (a)), then instead of conducting angle 0 there is conducting time f.
Considering that a sinewave is symmetrical, only one quarter of the sinewave should be
examined. As shown in Fig. 2.1 (a), during time period from 0 to 7/4, there is one commutation
time (or level switching time), in Fig. 2.1 (a), it is denominated as .. If a line 7 = t,, is drawn,
then there are two areas: S1 and S2, that show the displacement of the generated output voltage
by a 3-level multilevel inverter with independent sources from the reference sinewave. Areas
S1 and S2 can be calculated by Equations (2.2) and (2.3):

S, = [[ diav = ’j‘dzsm(jde (2.2)
S, 0

0
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Fig. 2.1. Reference sinewave for: (a) VSI, (b) 2-level MLC.



In order to have minimal THD, the sum of areas S1 + > should be minimal, and the only
parameter that can be changed in this case to make changes in S1 and S is the switching time.
The same principles of calculation are applicable when the level count is different (2, 3, 4, 5,
etc.); the only thing that changes is the borders of the y-axis. It is convenient to use a reference
sinewave with amplitude 2 for 2-level MLC, with amplitude 3 for 3-level MLC, etc. In
Fig. 2.1 (b), the reference signal for the 2-level multilevel inverter is shown.

Evaluation of performance of multilevel converter with independent sources was performed
using MATLAB-Simulink models. As it was previously said, there are two ways of MLC
operation — with PWM modulation and without PWM modulation (level modulation).
Evaluation of performance was made for 3 cases: PWM modulation with 2 kHz and 5 kHz
modulation frequencies and with level modulation. Simulations were performed for MLC with
independent sources, however, the results are extrapolatable on other MLC topologies.

Figure 2.2. shows output phase voltage of single level VSI with PWM modulation frequency
equal to 5 kHz, Figure 2.3. shows output phase voltage single level VSI without PWM
modulation.

Figure 2.4. shows the harmonic distribution of phase voltage for single level MLC with
modulation frequency equal to 5 kHz, Figure 2.5. shows harmonics of output phase voltage

T
i

ol - - - - -
Toor

Fig. 2.2. Output phase voltage of single level VSI with PWM 5 kHz modulation frequency

-4 |

Fig. 2.3. Output phase voltage of single level VSI without PWM modulation.
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Fig. 2.4. Harmonics of phase voltage for single level VSI with modulation frequency equal to
5kHz
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Fig. 2.5. Harmonics of phase voltage for single level VSI with modulation frequency equal to
2 kHz
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Fig. 2.6. Harmonics of phase voltage for single level VSI without PWM.

From Figures 2.4. — 2.6. it can be seen, that the modulation frequency is affecting the purity
of the output waveform and the THD. For 5 kHz modulation frequency the greatest impact
gives exactly harmonics close to switching frequency and harmonics that are the multiplications
of the modulation frequency. The same situation is in cases with 2 kHz modulation frequency.
In case when PWM is not used, it is seen that harmonic decomposition is proportional.
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Fig. 2.7. Output phase voltage of 3-level MLC with independent sources with PWM
modulation frequency equal to 2 kHz.
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Fig. 2.8. Output phase voltage of 6-level MLC with independent sources without PWM
modulation

The results are shown at Figures 2.9. — 2.11. for two-level MLC, Figures 2.12. — 2.14. for
three-level MLC, and Figure 2.15. — 2.17. — for six-level MLC.

14
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Fig. 2.9. Harmonics of phase voltage for 2-level MLC with modulation frequency equal to
5 kHz.
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Fig. 2.10. Harmonics of phase voltage for 2-level MLC with modulation frequency equal to
2 kHz.
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Fig. 2.11. Harmonics of phase voltage for 2-level MLC without PWM modulation.
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Fig. 2.12. Harmonics of phase voltage for 3-level MLC with modulation frequency equal to
5 kHz.
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Fig. 2.13. Harmonics of phase voltage for 3-level MLC with modulation frequency equal to
2 kHz.
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Fig. 2.14. Harmonics of phase voltage for 3-level MLC without PWM modulation.
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Fig. 2.15. Harmonics of phase voltage for 6-level MLC with modulation frequency equal to
5 kHz.
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Fig. 2.16. Harmonics of phase voltage for 6-level MLC with modulation frequency equal to
2 kHz.

Mag (% of Fundamental)

Fig. 2.17. Harmonics of phase voltage for 6-level MLC without PWM modulation.
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Same as with simulations of VSI, in all cases with PWM modulation it can be seen, that
modulation frequency is affecting the output voltage. This effect is seen at Figures 2.9., 2.12.
and 2.15., when modulation frequency is chosen to be 5 kHz. For output voltage frequency 50
Hz (50 Hz is fundamental frequency), the 5 kHz and harmonics that are multiples of 5 kHz have
great effect. This effect is less noticeable for 2 kHz modulation frequency, however, this effect
can also be seen. In case, when PWM is not used, it is seen (Figures 2.11., 2.14. and 2.17.) that
the harmonic distribution is more proportional.

Table 2.1. shows the THD of output voltages for all modulated cases. It can be seen that
THD of output voltage waveforms when PWM is not used is lower, than in all cases, when
PWM is used. However, it can be said that exactly the modulation frequency of PWM is
increasing distortion, making THD larger in cases when PWM is used to form output voltage.
In the Table I for cases, when PWM is used, THD is divided to Low Frequency Harmonic

Distortion (LFHD) — Harmonic Distortion, that appears for frequencies f = (0,% Jioa] and
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High Frequency Harmonic Distortion (HFHD), that appears for frequencies f > % Sooa (Where

fioa - modulation frequency).

Table 2.1.
THD of output phase voltages of MLCs with independent sources.
Modulation frequency 2 kHz Modulation frequency 5 kHz THD
THD LFHD |HFHD |THD LFHD Hppp | Vithout
PWM
Single-
54.46%  |0.60% 53.86% 54.35% 0.66% 53.69% 31.44%
level VSI
2-level
MLC 28.67% 1.05% 27.62% 29.16% 1.06% 28.10% 18.50%
3-level
MLC 22.17%  |2.97% 19.20%  [22.43% 3.00% 19.43% 13.78%
6-level
MLC 11.59% 3.17% 8.42% 11.73% 3.04% 8.69% 7.97%

From Table 2.1. it can be seen, that despite the fact, that THD of output voltage waveforms
is larger when PWM is used, it can also be said, that exactly higher harmonics (larger, than the
half of modulation frequency) are giving that impact to THD. It means that output voltages can
be filtered in order to reduce this negative impact. In cases, when PWM is not used, harmonic
distribution is proportional, which means that even with output filter THD of output voltage
will not decrease so significantly, then in case of when PWM is used.

By increasing level count of the MLC, it is possible to decrease THD, however, it means,
that converter will have higher conduction losses — larger switch count will be opened more
time, than in case of lower level count. By implementing PWM + filtering output voltages it is
also possible to reduce THD significantly, however, PWM implementation will result in an
increase of switching losses.

2.1. Neutral point clamped multilevel converters

Neutral point clamped MLCs were first introduced in 1981 by A. Nabae, 1. Takashi, and H.
Akagi [61]. To separate the DC voltage into different levels, capacitors are used. The voltage
across each switch is limited to the voltage of a capacitor by means of the diode. The main
advantage of this topology is quite high efficiency compared to other topologies. However,
there are some disadvantages: the number of power diodes is quadratically related to the level
count, which makes this topology quite difficult to use when a large number of levels is needed
[62]. Another disadvantage of the topology is that charge balancing in capacitors is needed.
Figure 2.18 (a) shows diode neutral point clamped multilevel converter. The use of neutral
point clamped converters in the energy storage system is described in [63]. Paper [64] describes
the use of a neutral point clamped converter in the AC part of the BESS grid-connected system.

The neutral point clamped multilevel converter has one subtype — active neutral point
clamped multilevel converter, shown in Fig. 2.18 (b). The main advantage of this topology —
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additional switches — gives the ability to distribute power losses more evenly between switches.
Also, it is possible to provide a 0 V level by different paths. Paper [65] shows the use of neutral

point clamped and active neutral point clamped converters in battery energy storage systems.
)
-
p

)
T L T L
. e
N Grid
Z H H
L L
C— C—
(a) (b)
Fig. 2.18. Neutral point clamped MLCs: (a) three phase diode clamped MLC, (b) three phase

active neutral point clamped MLC.
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2.2. Multilevel converters with flying capacitors

MLC with flying capacitors was introduced by Thierry A. Meynard and Henri Foch in 1992
[66]. The main difference between neutral point clamped MLC and MLC with flying capacitors
is that instead of clamping diodes, capacitors are used, forming a ladder structure, where the
voltage of one capacitor leg is different from that of the other capacitor leg for one phase.
Figure 2.19 shows the MLC with flying capacitors.

Fig. 2.19. Three phase flying capacitor MLC.

28



This topology has one advantage — if a number of levels allows that, the necessary amplitude
output voltage can be synthesized with multiple switch combinations. Similar to the diode-
clamped topology, the main disadvantage of the MLC with flying capacitors is the large number
of used capacitors, which makes the practical implementation of this solution larger in terms of
packaging.

2.3. Multilevel converters with independent sources

In case of MLCs with independent sources, one phase cascade consists of several single-
phase full bridge converters connected in series; the inputs for full bridge converters are
separate (independent) DC sources [67]. Considering that DC sources are independent, this
makes this topology advantageous in terms of using it with batteries. DC sources can be charged
and discharged more evenly — DC sources are separate and can be turned on and off
independently. This fact makes this classical MLC topology more advantageous than the others
— battery balancing in this case can be performed naturally. An additional advantage oftopology
is the modular implementation, which makes the manufacturing process of the converter
cheaper.

Figure 2.20 shows a structural schematic of a three-phase MLC with independent sources.
Each transistor H-bridge can generate three output voltages: + V, (switches Q1 and Q4 are
turned on), 0 V (switches Q1 and Q2 or Q3 and Q4 are turned on) and — V; (switches Q2 and
Q3 are turned on).

I
T
|

Transistor

v, H-Bridge

9

Transistor

I —
Vo = | firicge

ez
_1|_<24

Transistor H-Bridge

Transistor
H-Bridge

v Transistor
9 —I— | H-Bridge

Fig. 2.20. Single phase MLC with independent sources.
As was previously mentioned, the main advantage of the topology is the ability of

independent operation of series-connected sub-modules, which allows for balancing batteries
used as sub-module sources.
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The State of Charge (SOC) of a battery can be expressed as a percentage of the remaining
capacity of the battery (the available or “real” capacity) of the maximal (initial) capacity of a
battery [68]:

_ Realcapacity

soc (2.4)

"~ Initial capacity

If submodules operate without source balancing, and sources are connected to the output
depending on the position, then activation of modules will look it is shown at Figure 2.21.(a).

I I

1

3rd source

2nd source

1st source

t, s

(@ (b)

Fig. 2.21. Current waveform formation of MLC with independent sources: (a) unbalanced, (b)
with proposed balancing algorithm.

If sub-modules are operated in such a way, it will cause uneven discharge of sources. To
improve the discharge, a balancing algorithm of MLC with independent sources was proposed.

In case of three-phase MLC with independent sources, let the SOC,, SOC, and SOC:. be the
mean value of the state of charge of all batteries connected as sources to H-bridges of one phase
cascade (a, b and ¢ phases respectively). For m-level MLC with independent sources, these can
be defined as:

s0C, = lﬁsoca’.

i

m i

soc, -1 SoC,, (2.5)
m -y

SOC, = iz soC,,
mio

Ifthe time is divided by periods oftime A¢, then for each Af consumed, the amount of charge
can be calculated for each battery by multiplying the current by the Az, and, therefore, the matrix
with the real state of charge of the batteries can be calculated. The example of a 3-level MLC
with independent sources will look like this:

30



soc, Soc, SocC,

soc=| soc,, soc,, SocC, (2.6)
soc,, Soc,, SOC

c3

If in one period for each Af the SOC of all batteries is calculated, then turned on batteries
can be swapped in such a manner that batteries with larger SOC are utilized more frequently,
as is shown in Figure 2.21 (b). During each period A¢, matrix of differences between real values
of SOC and the mean values of SOC for each phase ASOC should be calculated:

soc,-Soc,, SocC,-Soc,, SoC, -SOcC,

ASOC =| SoC,-SoC,, SOC,-S0C,, SOC.-SOC.,, (2.7)
soc,-soc,, SocC,-SocC,, SoOC,-SO0cC.,

ASOC should be kept minimal, which would result in submodule “swapping”, and such

estimation is performed during each A¢. For evaluation, a Matlab-Simulink model of a 3-level
MLC with independent sources was developed (see Fig. 2.22).
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Fig. 2.22. Simulink model of 3-level MLC with independent sources.

Evaluation results are shown in Fig. 2.23. Without a balancing algorithm, batteries are
discharged unevenly, which is shown in Fig.2.23 (a). In turn, when the algorithm is
implemented, SOC waveforms form one straight line, which means that batteries are discharged
evenly, which is shown in Fig. 2.23 (b).
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(b)
Fig. 2.23. SOC of batteries of 3-level MLC with independent sources: (a) unbalanced, (b)
with balancing algorithm.
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3. ANALYSIS OF UNFOLDING CIRCUIT APPLICATION
IN POWER ELECTRONIC CONVERTERS

Author’s publications II [2] and XI [69] and patent XII are related to Chapter 3.

Considering application of converters in power and energy supply and with AC loads,
inverter (DC-AC converter) should be used. Speaking about two stage inverters, there are two
alternatives of DC-AC stage operation. Figure 3.1. shows these two alternatives.

Z % =t S0 Z = =7
N oS E— Z z o Y -
Ly ] » o p— R E—
Rectifier- Buck- Polarity Half-wave
Inverter boost converter shaper

Grid Grid
— DC DC

Filter

(@) (b
Fig. 3.1. Single phase MLC with independent sources.

Figure 3.1 (a) shows the case when the AC-DC stage (frontend) operates in pulse mode,
modulating the grid voltage according to the phase of the grid voltage and the required grid
current, while the DC-DC stage provides a stabilized voltage in the DC-link at all operation
points of the battery. This case also has another advantage — stable DC-link voltage allows
integration of other DC sources and loads.

Figure 3.1 (b) shows a different operation mode of the frontend. In this case, the DC-DC
stage forms unipolar sine half-waves in the DC-link (forming so-called virtual or quasi-DC-
link), and the frontend applies formed half-waves to the grid with the correct polarity. In this
case, the frontend does not operate in a real switch-mode, but commutates half-waves at grid
frequency. This commutator is called an unfolding circuit (or simply unfolder).

Application of the unfolding circuit as a part of a two-stage converter gives the ability to
reduce the overall losses of the converter. It is known that the largest source of losses of a
transistor is the commutation losses. If an unfolding circuit is applied, then commutation losses
of the frontend are minimal and in some cases can even be neglected.

The unfolding frontend is composed of a commutation matrix, switching at grid frequency,
and an inductance coil that serves as a current forming element and which can be allocated at
the DC or AC port of the frontend. Figure 3.2 shows both options of unfolding frontend.

When the coil is allocated at the AC port (as shown in Fig. 3.2 (a)), the first contact of the
coil is fixed at the grid, while the second contact is connected through the commutation matrix
to the DC-link. Then the coil operates with alternating sine current and voltage. Since the
voltage in the grid must be in line with the grid current formed in the coil, the voltage in the
coil must have a +/-90° shift. Therefore, the voltage at the first end of the coil (at the AC port
of the commutation matrix) must be slightly leading for battery loading mode, or lagging for
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battery charging mode and slightly higher, compared with the grid voltage on the second end
of'the coil. This means that the commutation matrix must be a four-quadrant converter, capable
of conducting current in both directions at both polarities of the voltage.

Voltages and currents of current forming inductor with inductor allocation at the AC port

are shown in Figure 3.3.
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(a) (b)
Fig. 3.2. Configurations of unfolding frontend: (a) with current forming coil at AC port, (b)
with current forming coil at DC port.
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Fig. 3.3. Operation of current forming inductor at AC port of unfolding frontend (for battery
loading mode): (a) voltages, (b) currents

Alternative allocation of the current limiting and forming inductance coil is at the the DC
port of the commutation matrix. Then, the first end ofthe coil is attached to the DC-link voltage,
but at the second end, the matrix forms a semi-sinusoidal grid voltage. Then the voltage over
the coil is semi-sinusoidal with a 90° shift. With such a configuration, the polarity of the voltage
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at the AC port of the frontend always corresponds to the polarity of the current. Therefore, the
commutation matrix may be a common transistor H-bridge, shown in Figure 3.2 (b).

Voltages and currents of inductor with inductor allocation at DC port of the unfolding circuit
are shown in Figure 3.4.

0 vdc(t) : Vm,dc :
—fF=-==z ———-—-—=—F=—==3 - ———=—=—9=
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il)ut(t):I:up(; tl(‘(t):iL (t):iflt'(t):iu/',th‘(t)
| |
- | - |
- NPl S~
| [ g
(b)

Fig. 3.4. Operation of current forming inductor at DC port of unfolding frontend (for battery
loading mode): (a) voltages, (b) currents

Also, despite the fact that majority of converters that are utilizing explicit unfolding circuits
as grid frontend, there is another configuration, utilizing unfolding circuit as a part of converter
structure, meaning, that unfolding circuit is integrated into the converter. Difference between
integrated and explicit unfolding stage is shown in Figure 3.5.

Control
system

Power
Ener; . Unfoldin, Ener;
gy electronic . g gy
source circuit consumer
converter

(2)

Unfolding
circuit
Power electronics converter
Control
system

(b)
Fig. 3.5. Structure of unfolding converter: (a) with separated unfolding circuit, (b) with

Energy
source

Energy
consumer

integrated unfolding circuit.
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3.1. Non-isolated topologies

A number of DC-DC choppers for two-stage converters with unfolding circuit exist. The
major part deals with unidirectional applications like PV systems. However, the review of these
systems is important for further understanding of the operation of bi-directional choppers.

Papers [70], [71], [72] propose buck-boost choppers in grid-connected PV systems. The
combination of buck and boost operation modes combined with unfolding circuit gives the
ability of voltage regulation to match the value of grid voltage.

Paper [73] shows the simulation of model predictive control of buck-boost converter with
unfolding circuit. Papers [74], [75] also describe the application of converters with unfolding
circuits in PV systems. In [74] the combination of buck converter and unfolding circuit is
implemented in the form of low-profile microinverter. Paper [75] focuses on the high-gain
operation of boost converter, tied with full-bridge unfolding circuit. In addition, this unfolding
circuit is working in partial sine-form PWM when voltage has to be stepped down.

An example of buck-boost topology with integrated unfolding circuit (Aalborg Inverter) is
described in [76], [77], [78]. Reference [79] describes the implementation of isolated Cuk
converter with unfolding circuit as differential power processor for aircraft application. In this
case the unfolding circuit gives the ability of four-quadrant operation of converter and reduces
the worst-case processed power. Paper [80] describes the evaluation of inverter topology based
on a buck converter and unfolding circuit within Google’s “Little Box Challenge”. The major
advantage of the topology is the reduction of volume and complexity of the system. Figure 3.6.
shows 3 configurations of non-isolated topologies with unfolding frontend.
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Fig. 3.6. Non-isolated topologies with unfolding circuits: (a) single inductor buck-boost
converter with unfolding circuit, (b) tapped inductor buck-boost converter with unfolding
circuit, (c) single inductor twisted buck boost converter with unfolding circuit.

3.2. Isolated topologies

A particular configuration is based on dual active bridge (DAB). Typically, the DAB is
connected with power factor correction (PFC) rectifier through intermediate DC link. DAB
gives the ability of bidirectional energy flow, which perfectly fits the requirements of BESS
[81], [82].

Most commonly, DAB contains two full bridges, a series inductor and a high frequency
(HF) isolation transformer (Fig. 3.4.) [81]-[89]. The main advantage of the DAB topology is
easy implementable zero-voltage switching (ZVS), which decreases power losses of the
converter.

There are two main types of DAB converters: current-fed and voltage-fed. The voltage-fed
DAB converters are implemented in various applications, where bidirectional power flow is
needed. One of the simplest control methods of the voltage-fed DAB converters is phase shift
control [90]-[92]. With phase shift control, both H-bridges of DAB operate with the same duty
cycle. In this case, power is controlled by phase shift between the sides of DAB converter [93].
Combining the phase shift with PWM enables minimizing the losses of the converter and also
extends the operation range, when ZVS can be provided [94], [95]. Papers [96], [97] describe
series resonant DAB converter. An LC circuit is added at the primary side of the transformer to
provide series-resonance. By adding series resonant circuit to the topology, it is possible to
achieve ZCS (zero current switching) operation of the DAB converter. Figure 3.7. shows three
of the above-described configurations of DAB converter.

37



JS1

BES

iRl

=5
@ L1
YY"\
S1 s2 S5 S7 59 | You(® S11
J i i J i i
n L =N _ Vae(t)
Ul —Tct m_ t

H
C2 L2 14

J S3 Ja}84

©
Fig. 3.7. Isolated topologies with unfolding circuits: (a) voltage-fed DAB; (b) current-fed

DAB (c¢) series resonant DAB

3.3. Partial power converters

Partial power converter (PPC) links the input and the output of the system. While one part
of the energy from the source goes directly to the load, PPC processes only the necessary
reminder. Figure 3.8. shows the difference between full power converter and PPC.
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Fig. 3.8. Difference between full power and partial power converters: (a) energy distribution

in full power converter, (b) energy distribution in partial power converter.

One of the possible configurations of combining PPC with unfolding grid frontend consists
ofisolated bidirectional PPC capable of generating bipolar voltage (PPCeng,dis), unfolding circuit
(UF) and virtual DC-link (qDC). The voltage of the battery is approximately twice as low as
the amplitude of the grid voltage. Because of that PPC is connected in series with the battery
on the DC-link side and in parallel on the battery side. PPC can be constructed as any isolated
bipolar bidirectional circuit, including the circuits with resonant tanks; for example, a
bidirectional DAB is presented in [98]. This configuration is shown in Figure 3.9.(a)

Another configuration of BESS with the PPC and UF inverter is shown in Figure 3.9.(b). It

includes an isolated bidirectional unipolar PPC, a “pulsating” DC-bus (qDC+), and an
additional unfolding inverter (UF+). The unipolar PPC with the additional inverter UF+
operates as the bipolar PPC of the previous configuration. This reduces number of the switches
operating in the high-frequency mode and, therefore, the corresponding switching losses.
One more improvement in the initial BESS configuration assumes the splitting of the
bidirectional PPC into two unidirectional PPCs. One of them operates only in the battery
charging mode, while another one operates during battery discharge. This means the absence
of bidirectional switches that reduce the number of semiconductor elements in each current
loop and the corresponding conduction losses. This BESS’s configuration is shown in Figure
3.9.(c)

Finally, the combining of the two above-mentioned improvements, i.e., the splitting of the
bidirectional PPC into two unidirectional ones and the use of unipolar PPC with the extra
unfolder instead of the bipolar PPC, provides the achievement of their benefits together. In
addition, such configuration enables the fine-tuning of the design of these separated parts of the
two-stage BESS interface converter. This configuration is shown in Figure 3.9.(d).
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Fig. 3.9. Structural diagrams of two-stage converters utilizing PPC and unfolding grid
frontend: (a) basic configuration. (b) configuration with additional unfolder, (c) configuration
with two converters dedicated for battery charging and discharging, (d) configuration with

additional unfolder and two converters.
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4. UNFOLDING MULTILEVEL CONVERTERS WITH
INDEPENDENT SOURCES

Author’s publications II [2], VIII [99] and the unpublished paper III are related to Chapter 4.

Unfolding frontend can also be combined with multilevel half-sine shapers. Classical
configuration of MLC with independent sources without an unfolder assumes that several H-
bridge modules, fed from a small group of battery cells, are connected in series, thus creating
one phase cascade [100]. The use of MLCs in BESS provides natural balancing of battery cells
without an explicit battery management system.

Adding an unfolding circuit at the grid side enables bipolar operation of MLC shaper [99].
It turns the series connected H-bridges into half bridges, because the bipolar operation of these
modules is not necessary. Fig. 4.1. shows the configuration of the one phase cascade with and
without the unfolding circuit. Therefore, the use of unfolding circuit reduces switch count in
current paths and, therefore, simplifies the design.
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Fig. 4.1. Structure of MLC with and without unfolding frontend.

4.1. [Evaluation of operation

To evaluate the performance of MLC with independent sources and an unfolding frontend,
a testbench of a 3-level MLC with an unfolder was developed. IRF540 n-channel MOSFETs
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have been utilized for the switches’ realization due to their relatively low cost and high
reliability. HCPL-3120 optocouplers were chosen for driving the MOSFETs with bipolar
voltage modulation: +15 V for logical “1” and —15 V for logical “0”. In order to operate the
MOSFETs with this voltage scheme, each HCPL-3120 is connected to the IR0515S board
mount power supply with an input voltage equal to 5V. The LAUNCHXL-F2837D
development board from Texas Instruments has been used to control the operation of the
converter. Input voltage was set equal to 8.4 V, which equals the voltage of two fully charged
series-connected 18650 battery cells. The developed testbench is shown in Fig. 4.2. An RL load
ance evaluation (R = 16 Q and L = 5 mH).

lal..

was utilized for the perform:

Fig. 4.2. Testbench of MLC with independent sources and unfolding frontend.

Evaluation results are shown at Fig. 4.3.
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Fig. 4.3. MLC with unfolder evaluation results (blue waveform — voltage, yellow — current):
(a) 1 kHz PWM modulation frequency, (b) 2 kHz PWM modulation frequency, (c) 3 kHz
PWM modulation frequency.

The experimental results reveal the proper operation of the MLC with independent sources
and the unfolding circuit. The impact of the switching frequency of the converter on the
distortion of the output current can be observed. In particular, at 1 kHz switching frequency,
the pulsations of the output current are significantly larger compared to the corresponding
waveform at 4 kHz.

4.2. Evaluation of impact of unfolding frontend on power losses

The influence of combining an unfolding circuit with MLC with independent sources is
studied in this section. It is based on the mathematical models of MLC with independent
sources, with and without an additional unfolding circuit. In the case of classical MLC with
independent sources, the output current of series-connected H-bridge converters is sinusoidal.
The output voltage of each H-bridge is equal to +Vbat, 0 V and —Vbar (Voat being source voltage,
typically battery in BESS applications), and the output voltage of the cascade is equal to the
sum of the output voltages of each transistor H-bridge. When the unfolding circuit is applied,
series-connected H-bridges are conducting semi-sine current. As for the commutated voltage,
each half-bridge commutates the voltage of the input battery. The cascade of series-connected
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transistor half-bridges generates unipolar voltages that are applied to the grid by means of the

unfolding circuit with a correct polarity.
Previously, it was mentioned that the combination of an unfolding inverter with MLC gives

the ability to reduce the loss of MLC with independent sources. For a simplified analysis of the

converter losses, several assumptions should be made:

Commutated voltages of series-connected sub-modules are equal to the fractions of peak
grid voltage equally distributed between sources (i.e., for example, for a 3-level
converter source (battery) voltage Voa = 325/3 = 108.33 V).

Voltage rise time and voltage fall time of the MOSFET transistor are equal and are
proportional to commutated voltage (i.e., they are the same for constant voltage and the
same number of levels).

Current rise time and current fall time are proportional to commutated current.
Voltage/current change times are equal in the middle of the semi-sine half-wave at
maximal current. This parameter is designated Maximal Duration of Switching (MDS)
and for simplicity reasons is equal to 200 ns.

Drain-to-source on resistance for simplicity reasons is taken equal to 0.1 Q.

The analysis is provided for the battery discharge mode only.

Figure 4.4. shows the example of voltage waveform forming with the corresponding voltage

and current waveforms of 3-level MLC.

1

‘ Va(t)

MR

WL 3rd Tevel
|

va(t)
\ la(t)

/Voltage

H\\H“\Hu”\‘uuu
NHH‘JU\H‘Hi‘JHn

2nd level

1st level

LA

LA

Current

g

Reference

(a) (b)
Fig. 4.4. 3-level MLC voltage waveform synthesis with PWM modulation (a)
and the corresponding voltage/current waveforms of 3-level MLC (b).

Conduction losses of classical MLC with independent sources.
For classical MLC with independent sources sub-module consists of full transistor bridge.

In continuous current mode 2 switches of each transistor bridge are always conducting semi-

sine current. For m-level MLC with independent sources:
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where
APrurc,c — conduction losses of classical MLC with independent sources, W;
m — number of levels;
Apc(t) — instantaneous conduction losses, W;
Rpson — drain-to-source on-state resistance, ;
I m — peak value of grid current, A.

Switching losses of classical MLC with independent sources.

Speaking about switching losses of MLC with independent sources, it can be said that at
each moment of time 1 full transistor bridge is working in PWM mode (i.e. 2 transistors are
constantly switching). Switching losses can be calculated by assuming triangular shape of
instantaneous power on the switches during the commutation. Maximal energy loss of turn-on
and turn-off transitions is achieved at grid phase 90 ° when current is maximal. For full-bridge

converter:
v, I -(t -t
EFB,SW,I‘VK = 2 ’ 2 ’ = = 2( - hrn) = 2 : I/1711/ ' [S,m : (ti,m : tv,m) = 2 : V;mz : ]S,m MDS (42)
where

Erg swm — maximal energy loss for full transistor bridge at 90 ° phase, J;
Viat — battery voltage, V;

tim — maximal current rise/fall time, s;

t,m — maximal voltage rise/fall time, s;

MDS — Maximal Duration of Switching — previously defined parameter, s.

And maximal power losses are equal to:
MDS
:2-V;mt : s,m I
T

sw

AP,

FB,sw,m

(4.3)

where APrpsw,m — maximal power loss for full transistor bridge at 90 ° phase, W.

Since the current change times are proportional to current that is semi-sinusoidal for other
points, the equivalent switching losses are calculated as:

45



v, I . -(t, -t
APFB’SWJ( — L . 2 . 2 3 bat Asw‘kz( ik v‘k) _ i . V;ml . 1 Sln 0 (l‘[ B +t ) _
) 2-V,, -1, sin* 6, %MDS
= K Vi Lo -sinG, - (¢, -sIn6, +1,) = T + (4.4)
2 Vbat I sin@ 1MDS V [ MDS
+ 2 bat > -(sin® @, +sin6,)
T.:'w I’rw
where

APrpswi — equivalent power loss for full transistor bridge, W;
T — switching period, s;

Ik — equivalent commutated current, A;

tix — equivalent current rise/fall time, s;

t,x — equivalent voltage rise/fall time, s;

I — equivalent grid current, A.

Then the total switching losses of classical MLC with independent sources are equal to:

FB’\/I[(‘ sw o a7 Z FB,sw,k 4.5)

where N — number of PWM cycles.

Conduction losses of multilevel structure of MLC with independent sources and
unfolding frontend.

Taking into account, that in case of MLC with independent sources and unfolding circuit
series connected multilevel structure consists of half-bridges, and in case of half-bridges the
number of conducting switches for each sub-module is 1. Therefore, taking into consideration
(4.1), conduction losses of series connected half-bridges in MLC with independent sources and
unfolder are equal to:

A})HBMLC c =m-2- _IApc (t)dl - DSon Isz,m (46)

where APupmice — conduction losses of multilevel structure of MLC with independent
sources and unfolding frontend, W.

Switching losses of multilevel structure of MLC with independent sources and
unfolding frontend.

As it was previously said, for classical MLC with independent sources at each moment of
time 1 sub-module is working in PWM mode. The same is true for MLC with independent
sources and in the case of half-bridge modules 2 transistors are also constantly switching.
Switching losses of multilevel structure of MLC with unfolding frontend will be the same as in
(4.4) and (4.5):
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where APppswi — equivalent power loss for transistor half-bridge, W.

1&
APHBMLC,sw = Wz APHB,sw,k 4.8)
k=1

where APrpuicsw— total switching losses of multilevel structure of MLC with independent
sources and unfolding frontend, W.

Losses of unfolding frontend.

In case of unfolding frontend, the grid current in each half-period is constantly flowing
through the couple of front-end switches. In this case the frontend produces only conduction
losses, and since switching takes place only each half-period, switching losses can be neglected.
This means, that:

AR, =2 -lJ‘Apl,(I)dt =2 'lJ‘RDSon (1, -sin H)Zd‘g =Ry, [\zm 4.9)
, Pz 7 , ,
AR, ., =0 (4.10)

where APuyr,. — conduction losses of unfolding frontend, W;
APursw — switching losses of unfolding frontend, W.

The power losses of MLC with independent sources with and without unfolding circuit, as
well as with level modulation, but without pulse modulation are calculated in a similar way. In
this case, switching occurs only 2 times per half-period. Therefore, the corresponding switching
losses can be excluded from the analysis. For m-level MLC:

s,m

APegvicime = m-2-lIApC(t)dt = m'z'lJ.RDsUn y,, -sin H)ngz m-Rpg,, A} (4.11)
) )

s,m

AP ovinc gme = m-lIApL,(t)dt = m.lJ-RDSon Uy, -Sin@)zde ZZ.RDS())I A? (4.12)
o Ty Ty ” 2

M’FBMLC,Im;w =0 (4.13)
AR, HBMLC.Im,c — 0 (4.14)

where

APrEpmLC ime — conduction losses of multilevel structure of MLC with independent sources
with level modulation, W;

APusmicime — conduction losses of multilevel structure of MLC with independent sources
and unfolding frontend with level modulation, W;

APrEpmLC imsw — SWitching losses of classical multilevel structure of MLC with independent
sources with level modulation, W;

APusmic,imsw — switching losses of multilevel structure of MLC with independent sources
and unfolding frontend with level modulation, W.
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Evaluation of losses.
Power losses of classical MLC with independent sources:

A})F'BMLC = APFBMLC,C + APFBMLC,SW (4' 1 5)
Power losses of MLC with independent sources and unfolding frontend:
AP[IBMLC = APIIBMLC,(‘ + AP]Hi‘MLC,sW + APUF,C (4' 1 6)

Since the above-described calculation methodology has multiple assumptions, it is
irrelevant to demonstrate the actually calculated power losses. However, given that calculation
assumptions are the same for all calculation points, for topology comparison, it is reasonable to
normalize calculated losses. Calculations were performed for 24 cases — for 3-level, 4-level and
S-level MLC, with unfolding frontend and without it (classical topology). In addition, each
topology is combined with 3 + 1 PWM modulation types: with frequencies 2 kHz, 5 kHz and
10 kHz, as well as without PWM modulation (only with level modulation). The resulting losses
are normalized with respect to the power losses of a classical 3-level MLC with independent
sources. This power loss comparison is shown in Fig. 4.5.

1.40

Classical MLC withindependent sources MLCwith independent sources and unfolding frontend
| |
120 [ ¥ \
1.00 1.00

1.00 0.95 0.96
el
3
% 079 82
£ 0.80 0.76 0.77
e 0.71 0.71
- 0.67 0.68
2 060 258
@ X
2 060 0.55 0.57 0:58
]
g 0.52
o
o

0.40

0.20

0.00

X & & d D & & SN A X X A A X\ & & v
SRS BB SIR'S & RS SS BBt
Q§ o F ¥ 8@‘ o S ¥ 8\‘\ B o 8§ o ¥ \Q§\ o S ¥
‘\0 \QDO ‘\0\) ,QO\) ,QQQ
< <+ <« < 5

PWM modulation frequency

Fig. 4.5. Comparison of power losses of classical MLC with independent sources and MLC
with independent sources and unfolding frontend with different level count and different
modulation frequencies.

As shown in Fig. 4.5, combining the unfolding frontend with MLC with independent
sources gives the ability not only to simplify the topology, but also to reduce overall losses of
MLC. With classical MLC with independent sources, when the level count is increased, power
losses also noticeably increase. Due to the lower number of transistors in each current path, the
change in power losses of MLC with independent sources and unfolder is not so perceivable
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with an increase in the level count. For example, the power losses of a 3-level MLC with
independent sources and an unfolding frontend without PWM are 1.2 times lower. So, the losses
are 1.4 times lower in the case of 5-level MLC, unfolding frontend and 10 kHz PWM. Also, it
can be seen that switching frequency has a weak impact on the power losses in both cases.
Therefore, the conduction losses are the main contributor to the total losses.

4.3. Generalized comparison of topology with fitness function

First of all, a mathematical model for numerical comparison of topologies (classical MLC
with independent sources and unfolding MLC with independent sources) has to be brought
forward. There is a set of parameters that can be used for the description of these topologies.
Some of these parameters are defined by the topology. However, the majority of them are not
only defined by the topology but also by the operation mode and working conditions. So, the
suitable model is a fitness function with the following parameters:

e Number of switches - S. Number of switches used has an impact on system complexity
and cost. For each active switch there should be a driver circuit, which also affects the
overall cost of the converter. The number of switches for m-level single phase classical
MLC with independent sources and unfolding MLC with independent sources can be
found as:

S =4-m —for classical MLC with independent sources

4.17
S =2-m+4 —forunfolding MLC with independent sources ( )

e Redundancy — 1/R. Redundancy can be represented as the number of possible switching
states for voltage levels. Considering that, for example, full transistor bridge can have
+Vbat, 0 V and -Vpay, there are 3 switching states for each level. Redundancy represents
control flexibility and in some cases fault tolerant capability of a converter and for m-
level converter can be expressed as:

3]71
R= 4.18
2m+1 ( )

e Power losses AP. As it was mentioned in 4.2. section, there are two types of losses —
conduction losses and switching losses that here are considered together.

¢ Harmonic distortion. Harmonic distortion can be divided into two parts: low-frequency
harmonic distortion (LFHD) and high-frequency harmonic distortion (HFHD).
According to Electromagnetic Compatibility (EMC) standards (for example, IEC TR
61000-2-5 [101]), frequencies below 9 kHz are considered low. However, for the
comparison, frequencies up to 50th harmonic of the fundamental frequency (2500 Hz
for 50 Hz fundamental frequency) will be considered as low-frequency harmonics and
frequencies higher than 50th harmonic — high frequencies. High frequency harmonics
can easily be filtered. Low frequencies are more difficult to filter without corrupting
output waveforms of the converter. With the increase of level count and PWM
modulation frequency, THD will decrease. With PWM modulation, modulation
frequency is affecting output voltage. Modulation frequency and frequencies divisible
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by modulation frequency will have an impact on distortion. For case without PWM,
harmonic distribution is reverse proportional to the number of harmonic and the impact
on LFHD is significant. Within the comparison, cases without PWM are considered
with LFHD=1, when PWM frequency is lower, than 2500 Hz, LFHD is set to 0.5 and
for other cases — 0. When PWM is not used — HFHD is going to be set to 0, for PWM
frequencies for other cases — it will be set to 1.

Fitness function for topology comparison:

F:wl-S+w2~l+w3-AP+W4~LFHD+W5-HFHD (4.19)
R

where wi, w2, w3, wy, ws — are weight coefficients for each function parameter.

Depending on weight coefficients, the priorities for the comparison can be set. Since fitness
function mainly is used for optimization, the function is written in such a way, that lower
function value means better and more optimized performance of the converter. If the function
is used for optimization, function value should be minimized:

F — min (4.20)
In this case, fitness function is used for topology comparison, therefore, the sum of (?) all weight
coefficients are assumed to be equal to 1. Also, for better representation, all parameters were
normalized to maximal values of each parameter. Table 4.1. shows the calculated normalized
parameters of fitness function for 24 cases — 3-level, 4-level, 5-level MLC with independent
sources with unfolding frontend and without it (classical topology). Each case is evaluated with
3 PWM modulation frequencies (2 kHz, 5 kHz and 10 kHz) and without PWM modulation
(with level modulation only). Normalized losses were taken from calculations described in
section 4.2.

Fitness function values, represented in Table 4.1. and Figure 4.6. show that the overall
performance of the MLC with independent sources and unfolding frontend is better than that of
the classical MLC with independent sources. Comparing switch count, unfolding MLC with
independent sources has 1.2 (for 3-level converter) to 1.43 times (for 5-level converter) lower
switch count. The higher level count corresponds to the stronger impact of the unfolding
converter. In contrast, the higher level count corresponds to lower redundancy 1/R parameter.
As it was previously concluded (section 4.2.), the use of unfolding converter leads to lower
losses of the converter. Regarding LFHD and HFHD, it can be said, that PWM frequency should
be chosen considering EMC standards and should be higher, than 50" harmonic of the
fundamental frequency.
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Parameters of fitness function.

Table 4.1.

S /R AP
(normalized) | (normalized) | (normalized) | LFHD | HFHD
No PWM 0.6 1.00 0.57 1 0
3 2 kHz 0.6 1.00 0.59 0.5 0.5
levels | 5 kHz 0.6 1.00 0.61 0 1
o 10 kHz 0.6 1.00 0.65 0 1
= No PWM 0.8 0.43 0.76 1 0
- 4 2 kHz 0.8 0.43 0.77 0.5 0.5
2 |levels| 5kHz 0.8 0.43 0.79 0 1
Rk 10 kHz 0.8 0.43 0.82 0 1
© No PWM 1 0.17 0.95 1 0
5 2 kHz 1 0.17 0.96 0.5 0.5
levels | 5 kHz 1 0.17 1.00 0 1
10 kHz 1 0.17 1.00 0 1
No PWM 0.5 1.00 0.48 1 0
9 3 2 kHz 0.5 1.00 0.49 0.5 0.5
S |levels| 5kHz 0.5 1.00 0.52 0 1
= 10 kHz 0.5 1.00 0.55 0 1
e No PWM 0.6 0.43 0.57 1 0
% 4 2 kHz 0.6 0.43 0.58 0.5 0.5
S |levels| 5kHz 0.6 0.43 0.60 0 1
= 10 kHz 0.6 0.43 0.63 0 1
E No PWM 0.7 0.17 0.67 1 0
9 5 2 kHz 0.7 0.17 0.68 0.5 0.5
= |levels| 5kHz 0.7 0.17 0.71 0 1
10 kHz 0.7 0.17 0.71 0 1

Figure 4.6. shows the values of the calculated fitness function values.
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5. MULTILEVEL CONVERTERS WITH INDEPENDENT
SOURCES AND HYBRID MODULTAION

Author’s publications X [102] and V [103], patent XIII and unpublished publication I'V are
related to Chapter 5.

5.1. Multilevel converters with hybrid modulation in DC-DC
applications

Separate regulation of the current or light flux of individual LED strings (segmented LED
light source, SLLS) is associated with a known problem: the necessity of using a controllable
LED driver for each string, which increases the total component count, overall system
complexity and costs. Therefore, a special multiple-channel LED driving approach (single-
inductor multiple-output (SIMO) current source mode (CSM) LED driver) has been chosen to
overcome the shortcomings mentioned above. The same multiple-output driving approach can
be useful in many other LED applications such as horticultural lighting, controllable RGB
ambient lighting, adjustable correlated color temperature applications, matrix automotive
lighting, etc. The approach itself can be considered as a multilevel current and light regulation
method with fluent control between levels. The current regulation in the given application is
not the primary goal (the primary goal is light regulation) and it is not explicit. However, having
an isolating and parallelizing current commutating matrix and combining it with a set of
simplified uncontrolled current sources with one controlled current source, it becomes possible
to achieve more straightforward and explicit current regulation that widens the range of
potential applications. For instance, it enables the use of a similar approach in battery
applications—BESSs and chargers for larger or smaller AEV.

To control individual LED strings SIMO CSM driver approach (which by itself can be
represented as a multilevel structure) was derived and multilevel structure with constant current
source (CCS) and light flux regulator (LR) was proposed (shown at Figure 5.1.(a)). Each LR1
is constructed as a combination (series connection) of single current regulator CR1 and a chosen
number of current switches CS1y, which are controllable switches Q3 1y connected in parallel
with light-emitting diodes LED1yl ... LEDlyz, where y is the numbering index for current
switches, while z is the numbering index for LEDs. Current regulator CR1 consists of capacitor
C21 connected in parallel with LED11 ... LEDIz, they are connected in series with an
uncontrolled switch—diode VD21 (which, in general, can also be a controllable switch).
Controllable power switch Q21 is connected in parallel with all these components. Q21 is
controlled by a PWM signal. The average current value /1zp,cr; of the CR1 branch of light
diodes LED11 ... LED1z depends on the value of the transistor Q21 control signal duty cycle
Do2; and the constant current value /;;, and is equal to:

Lipcm =11 ’(1_DQ21) (5.1)

LR implementation in such configuration allow the control of light flux with the help of

hybrid modulation — 1 stage is controlled by PWM signal, other stages are turned on and off
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fully. This, in turn, makes this proposed multilevel structure similar to MLC with independent
sources, but in this case light flux is being controlled.

To optimize the number of controllable switches in LR, it is possible to choose binary-
weighted LED numbers in the CSxy branches, x is the numbering index of LRs and CRs (as it
is shown at Fig. 5.1.(a)).
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Fig. 5.1. (a) Implementation of light flux regulator in CSM SIMO LED driver using binary-
weighted LEDs, (b) Prototype of control and FET driver board, (c) Prototype of power part

For experimental validation, the prototype of the proposed modified SIMO driver was built
by combining CCS based on an MP24833 LED driver IC and one LR stage. The LR for testing
purposes was built on two separate stackable PCBs/boards, splitting the power and control
parts. The LR stage (power part, which is shown in Fig. 5.1.(c)) of the prototype is configured
as the combination of one current regulator CR1 with four current switches, CSO ... CS3. For
testing purposes, the most robust FET driving circuit configuration was selected for
implementation in the prototype board: isolated gate drivers with an isolated supply for each
driver. The control system was implemented using LR RP2040 microcontroller. For testing
purposes, two control parameter input methods were implemented: (1) by trimmer and MCU
readings of its set value on ADC input and (2) by “increase”/“decrease” push-buttons. A board
of the control parts of the prototype is shown in Fig. 5.1.(b). The testing setup for the
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experimental validation of the proposed LR is shown in Figure 5.2. Summaries of the initial
tests are given in Figures 5.3. and 5.4.

The experimental validation of single LR stage luminous flux regulation is shown in Figure
5.3. The measurements were made with an indirect method using a luxmeter at the central point
below the LED module. Correspondence of the control signals to the illuminance at the center
point below the LED module at 1.1 m distance is shown there. The tests were conducted with
the white, high-power LEDs available in the laboratory: Seoul Semiconductor W724C0 LEDs.
The configuration of the module was made as shown in Figure 5.1.(a), except for the number
of CS stages (three stages). The placement of LEDs is close to each other, but not perfectly
symmetrical. Thus, the deviation of the experimental points across a linear interpolation is seen
in Figure 5.3., close to the transition points when switching to the next CS combination state.
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Fig. 5.2. Testing setup for experimental validation.
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Fig. 5.3. Experimental validation of single LR stage: correspondence of control signals to the
illuminance at center point below LED module at 1.1 m distance.

The assessment of the efficiency of the proposed system configuration is given in Figure
5.4. The tests for all dimming options were performed in similar conditions to the LED module
mentioned above, with the maximum output power approximately 50 W using eight LEDs in
total. Input voltage in all conducted experiments was the same, 35 V. The data obtained using
PPAS5530 precision power analyzer were used for this experimental efficiency validation. It is
seen here that the efficiency of the bare CCS part is noticeably better in comparison with the
combination of CCS + current regulator (CR), which is the price for using such a kind of SIMO
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driver in high-power applications. However, as can be seen from Figure 5.4., some efficiency
improvements can be achieved using the proposed configuration with light regulator stages.
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Fig. 5.4. Comparison of the efficiency of different dimmable system configurations by the
assessment of experimental data at similar conditions

5.2. Multilevel converters with independent sources and hybrid
modulation in DC-AC applications

As it was mentioned in Chapter 4, application of unfolding frontend together with MLC
with independent sources allows to reduce switch count without losing the advantages of
converter. However, considering applications with batteries and voltage dependence on SOC,
as well as the fact that both full transistor bridge and half-bridge are operating only in buck-
mode, number of battery cells connected as MLC inputs should be chosen in respect with fully
discharged battery cell voltage, which is not always an option. The other option is to ensure
voltage pre-regulation with additional conversion stage. Such approach was proposed in [103],
where to the structure of MLC with independent sources and unfolding frontend buck-boost
stage between the batteries and the half-bridges was added. This allows to regulate the voltage
of each module connected in series. Proposed converter structure is shown in Figure 5.5.

56



vlt) vald)

»
T+ IlMLt val(t) Vou(®)

m_t t
_1bC T ransisto
T ) vV, — ransistor v, Va
Transistor g Half-Bridgel al
Vg H-Bridge Vat Va == DC -+ ’ Unfoldi i
Buck-boost converter nio Ing circuit
_T(DbC T 1 +ransi
ransistor
v —L | Transistor v, VQ = Half-Bridge| Va2
9 | H-Bridge a2 = DC |H—
|
uck-boost converter
Vq '
H
' H
i i
: i
- DC T Transistor
V. I Transistor VQ = Half-Bridge| Valm-1]
9L |H-Bridge Valm-1] T DC (H—
]
uck-boost converter
—bC T rrans
Transistor
| Transi Vg ’ Vam
-ansistor g Half-Bridge| n
Vo - H-Bridge Vam n 1 DC H—
g —
Buck-boost converter
| ot
[o2
Transistor H-Bridge °
Non-inverting Buck-boost converter Transistor Half-Bridge

Fig. 5.5. MLC with independent sources, unfolding frontend and pre-regulation stage.

However, considering additional conversion stage for each series connected sub-module
and significant increase of switches (which would cause increase of switching losses), this
solution is out of practical interest.

But, in different configuration, by combining MLC with unfolder and hybrid modulation,
described in subchapter 5.1., it is possible to achieve fluent waveform regulation without losing
advantages of MLC with independent sources. New configuration of MLC with unfolding
frontend and hybrid modulation is shown in Figure 5.6.
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Fig. 5.6. MLC with independent sources, unfolding frontend and hybrid modulation.
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As it is shown in Figure 5.6., flyback converter is added to the structure of two-level MLC
with unfolder. Flyback converter is capable to operate both in buck and boost modes, and by
constantly changing duty cycle according to the reference signal, can regulate output
waveforms, while series connected half bridges operate in “on” / “off” mode (without PWM
modulation). Operation principles of flyback are derived from [104]. To ensure bidirectional
operation, switch Q2 is added to the schematic. Flyback operation modes are shown in Figure
5.7.

Flyback AV

operation mode

Boost mode

Fig. 5.7. Flyback and half-bridge operation modes.

To evaluate proposed topology Matlab/Simulink model was developed (shown in Figure
5.8.). Primary model parameters are shown in Table 5.1.

Table 5.1.
Simulation model parameters.
Parameter Value
Input voltage 2 batteries, 100 V each
Output voltage AC 50 Hz, 325 V peak
Load R=20Q
Flyback transformer parameters L1=1L2=4 pH, Coupling coefficient = 0.99
Flyback output capacitor 20 uF
Flyback voltage closed loop PI controller|Kp = 0.449; K; = 0.000398
parameters
Flyback switching frequency 100 kHz
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Shown in Fig. 5.9. simulated current waveform shows working capability of the proposed
topology. Current spikes are visible on obtained waveform, which are appearing during half-
bridge module commutation. This can be explained by the insufficient reaction time of the
control system (voltage closed loop control was implemented in the model).
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CONCLUSIONS

The study of classical multilevel converter topologies has led to conclusions about the
applications of these topologies with batteries, especially multilevel converters with
independent sources being more distinguished for that application. This topology has natural
battery balancing capability, which is an advantage in applications with batteries.

A novel source balancing method during one period of output voltage for multilevel
converters with independent sources was proposed. The method was validated with the help of
a simulation model; the results indicate balanced discharge of a three-phase multilevel converter
with independent sources.

Several configurations of multilevel converters with independent sources were proposed to
enhance the properties of the classical multilevel converter with independent sources topology
without losing all the topology advantages.

The impact of the application of the unfolding circuit on power electronic converters was
analyzed. Due to low commutation frequency, the unfolding circuit reduces overall switching
losses of a converter compared with the pulse-mode frontend. By integrating an unfolding
circuit with a multilevel converter with independent sources, it is possible to simplify the
multilevel converter topology and reduce the number of switches in the current path.
Comparison of classical MLC with independent sources and unfolding MLC with independent
sources has been performed with the help of a mathematical model for loss evaluation and with
the help of a fitness function. It can be concluded:

e Use of an unfolding frontend enables the opportunity for switch reduction. The
effect is more noticeable if the level count is higher. Switch count of unfolding MLC
is 1.2 times lower in the case of 3-level converter and 1.43 times lower in the case
of 5 levels (compared with classical MLC).

e Lower switch count results in lower overall converter power losses. Power losses
are 1.2 times lower in the case of 3-level unfolding MLC with independent sources
and 1.4 times lower in the case of 5-level unfolding MLC.

e Higher PWM frequency results in lower low-frequency distortion and higher high-
frequency distortion. High-frequency distortion imposes conditions for the output
filter. However, high frequencies can be filtered. Low-frequency distortion is
difficult to filter without corrupting output waveforms.

With the switch count decrease, the converter losses are also decreased, thereby confirming
the proposed hypothesis.

A hybrid modulation method for multilevel converters was proposed and adapted for LED
applications. A multilevel structure was developed, which is not a classical multilevel converter
with independent sources. However, the operating principles are the same in relation to light
flux. After experimental verification of the systems, it can be concluded that although in terms
of efficiency the proposed solution is not superior to current source mode dimming driver
(reaching up to 94 % maximal efficiency at higher power, with lower efficiency at lower power
— starting from 42 % efficiency), in terms of light flux regulation gives the ability of fluent
control of light flux.
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The same modulation method can be applied to a multilevel converter with independent
sources and an unfolding circuit. By adding a flyback converter to the multilevel structure (and
the flyback converter input connecting to one of the half-bridge sources), fluent output
waveform regulation can be achieved, saving all the multilevel converter advantages. The
proposed solution was evaluated using a simulation model, and the results confirm the
functionality of the proposed solution; however, some improvements in the control system are
required.

Solutions described in this Doctoral Thesis were implemented in four national and
international research projects.
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Abstract: Recent trends in building energy systems such as local renewable energy generation have
created a distinct demand for energy storage systems to reduce the influence and dependency on
the electric power grid. Under the current market conditions, a range of commercially available
residential energy storage systems with batteries has been produced. This paper addresses the
area of energy storage systems from multiple directions to provide a broader view on the state-
of-the-art developments and trends in the field. Present standards and associated limitations of
storage implementation are briefly described, followed by the analysis of parameters and features of
commercial battery systems for residential applications. Further, the power electronic converters are
reviewed in detail, with the focus on existing and perspective non-isolated solutions. The analysis
covers well-known standard topologies, including buck-boost and bridge, as well as emerging
solutions based on the unfolding inverter and fractional /partial power converters. Finally, trends
and future prospects of the residential battery storage technologies are evaluated.

Keywords: residential energy storage; battery energy storage systems; standards; grid interface
converters; intellectual property; bidirectional converters; AC-DC power converters; DC-DC power
converters; multilevel converters; partial power converters

1. Introduction

Consumption of resources as well as their collection and processing are usually
uneven. First of the all, it involves energy resources, traditionally, food and various fissile
fuels. Nowadays, the necessity to store energy has gained new forms that are applied to
the energy resources, specific for the dedicated technology equipment. This, in particular,
regards electrical engineering, the rapid development of which during the last two centuries
has formed the demand for storages of electrical energy even at the level of residential
applications. During recent years, this tendency has become more topical due to several
reasons. Firstly, renewable energy sources are in much wider use. In addition, this use is
obliged by some administrative regulations like EU directives [1-3]. In spite of the irregular
generation profile, the renewable energy sources are being installed even at the households.
Secondly, the range and number of various household devices have expanded. There exist
plenty of storages dedicated to electrical energy [4]. For example, it is possible to convert
electrical energy into chemical (in the form of pure hydrogen) by means of electrolysis and
then back—by means of a fuel cell [5]. However, in spite of the most recent achievements
in the field of fuel cells [6,7] and development of converter technologies for fuel cells [8],
the most functional, reliable and energy efficient equipment for electrical energy is an
electrochemical battery energy storage (BES) system.
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The constantly increasing number of papers (Figure 1) devoted to battery energy
storage systems (BESSs) proves the importance of these energy storage devices in various
applications. These papers address all aspects of their use, but particular attention is
paid to the interface converters of BESSs. The numerous review papers devoted to this
topic [9-12] describe a generalized state of the art in this field. Typically, they evaluate
which converter schemes are more energy efficient, with a reduced component count and
lower voltage/current stresses. At the same time, the role and peculiarities of the interface
converters in the context of the BESS structure are usually not clear-cut and detailed in
these reports.
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Figure 1. Number of recent IEEE publications about BESS.

BESSs nowadays are also readily commercially available. The analysis of the market
of household electrical equipment [13,14] shows that numerous BESSs are already available
as a market offering. On the one hand, the variety of their parameters and operation
conditions provides wide choices; on the other hand, it makes the choice more complicated
for the final users of BESS and complicates the development of the interface converters
for different BESSs. In addition, the elaboration and commercialization of BESSs and their
interface converters have a strong link to the market of some renewable energy sources
and pure electric vehicles, which may not only act as BESSs, but also, after their recycling,
provide high voltage (HV) second-life Li-ion batteries for use in BESS [15,16].

The goal of this work is to analyze the majority of interface converters in the context
of the corresponding BESSs, their operation conditions (standards, energy tariffs, subsidies
and other elements of energy policy), BESS market trends and after this analysis, to formu-
late prospective development directions of the BESS interface converters. In particular, this
regards the converter schemes for HV batteries.

The rest of the paper is organized in five sections. Section 2 reviews the motivating
factors of the BESS study: battery technologies, their applications, as well as standards and
other regulations that may regard this work. Section 3 briefly analyzes the commercially
available BESSs, trying to emphasize their internal structure. Section 4 provides a broad
analysis of converter technologies applicable to BESSs. Section 5 discusses the previously
analyzed equipment and technologies in the context of BESS development. Finally, the
conclusions are given in Section 6.

2. Motivation and Driving Factors for Use of Battery Energy Storage Systems
2.1. Development of Electrochemical Energy Storages

The most intensive development of electrochemical batteries has taken place since
the late 20th century and it is still progressing. Due to the constantly growing demand for
portable electronics, vehicular technologies and energy systems, the battery technologies of
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known electrochemistry have been “polished” and new technologies have been introduced
to the market. Presently, the most significant commercially available battery technologies
are [17,18]: advanced lead-acid (LA), nickel-oxyhydroxide (NiMH), sodium-sulfur (NaS),
various kinds of Li-ion batteries, as well as redox flow batteries (RFBs), in particular,
vanadium redox batteries (VRBs) [18]. LA technology, the oldest among them, is still the
cheapest as well as quite energy efficient (up to 85%). The drawbacks of LA batteries are
rather low specific energy (Figure 1) and low number of charge-discharge cycles (lifetime).
Historically, the next successive NiMH technology (replacement for NiCd) is characterized
by average specific power, specific energy and lifetime, but undergoes significant self-
discharge and is of low charge-discharge efficiency (65%). The NaS batteries are of high
specific energy, energy efficiency and lifetime (90% and 4000 cycles, respectively [18]), but
their operation temperature is high—they require heating, which makes them impractical
in many cases. Today, the most quickly developing battery technology is the Li-Ion. Its
high specific energy, specific power (Figure 2), lifetime (up to 10k cycles), energy efficiency
(up to 95%) achieved at reasonable price makes the technology very suitable for use in
portable electronics, all-electric vehicles, household energy systems, and, even, in energy
distribution grids [19]. However, the specific parameters of Li-lon batteries depend on
relevant chemistry and all advantages are typically not concentrated in one device. Finally,
RFBs, in particular VRBs, are the batteries that utilize reduction—oxidation reaction between
two liquids, which occurs through a membrane. The liquids are pumped to the membrane
that makes RFBs similar to fuel cells, where the liquids are chemically restorable. The
main advantage of these batteries is their potentially infinite lifetime. Lastly, it must be
mentioned that modern batteries are not just a series connection of galvanic cells. They
often include electronics for balancing, management and protection as well as chargers in
some cases. Therefore, these batteries can be considered as complex complete energy units
for immediate use [20-22].
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Figure 2. Specific energy and specific power of the commercially available batteries (based on
data from [18]).

2.2. Extensive Use of Battery Energy Storages in Transport

One of the recent global societal and legislative tendencies on the national and in-
ternational levels is the request to reduce the consumption of fossil fuels and to increase
the efficiency of energy consumption [3,23]. Among other areas, this involves vehicular
technologies as well. Regarding ground vehicles, this initiative means wider use of plug-in
electric vehicles (PEVs) or all-electric vehicles (AEVs) and hybrid ones, equally in the
public and private sectors. In [24,25], the availability of cost-effective batteries of several
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hundred volts for main electrochemical energy storage of PEV is reported. More recent
papers [26-29] consider these PEV storage systems valuable enough to be a part of the
energy supply grid. Further development of the BESs makes their use possible in larger
ground vehicles—first of all, in the public transport [30,31].

Better BESs are also required for water vehicles, first of all, for smaller auxiliary
vehicles—boats, yachts, water buses, etc. For example, in [32], the electrification of the
water buses in Venice is considered as a successful example of BES use in water transport.
At the same time, with regard to bigger ships and vessels, the role of BESs differs with time.
While earlier configurations of marine energy systems utilize high voltage batteries for
stabilizing the traditional on-board AC grid and power smoothing [33,34], modern systems
also take into account the possibility of all-electric propulsion of the ship [34,35].

Finally, the most advanced BESs are applicable in aircraft. The traditional electrical
supply of an aircraft combines an AC and DC grid. Better performance of the applied
batteries leads to a better quality of the 28 V DC grid [36,37]. At the same time, top BES tech-
nologies allow production of extremely light batteries that enable all-electric aircraft [38].

In conclusion, the extensive use of batteries in transport, in particular, the growing
number of light PEVs, high capacity of their batteries and huge capacity of these batteries
in total, as well as their wide distribution, make these BESs a substantial grid resource
for storing energy. These BESs and their interface converters are typically high-voltage
devices, but the corresponding solutions of the interface converters can be adopted for
residential use.

2.3. Recent Challenges in the Field of Power and Energy Supply

The request to reduce fossil fuel consumption [3,23] regards also power distribution
and supply networks. For the power and energy supply systems, this means that the
burning of fossil fuels must be substituted with renewable energy generation. In turn, the
main properties of renewable energy generation are:

(1) Uneven generation profile—regardless of the kind, the renewable energy sources
typically do not provide constant power. In particular, the generation of PV panels
depends on solar irradiation and varies with the daytime, cloudiness, season, location
of PV and solar activity. The generation of wind turbines depends on the wind
strength, which is unique for its location, season and occasional weather fluctuation.
The generation of hydro and waves turbines depends on the amount of water that is
a long-term function of seasonal and global weather changes.

(2) Variety of power ratings and types of energy sources exist even within the same
group. For example, the power of PV depends on the local properties and financial
abilities of a particular household.

(3) Variety of allocation of the renewable energy sources—depending on the particular eco-
nomic conditions and policy of energy operator, these sources may be allocated differently.

Altogether, this makes renewable energy generation less stable and reliable. This, as
well as several other problems [9,39-43], can be solved with the help of Battery Energy
Storage Systems (BESSs).Figure 3 shows the use of BESSs in energy applications.

When considering a BESS in a small household with different loads and renewable
energy sources, it is very important to smoothen renewable energy generation—providing
storage for excessive renewable or cheap grid energy [44—46]. The BESS is also capable of
performing the function of an uninterruptible power supply. This is the main function in
the case of islanded residential grids [47—49]. At very uneven loads, the BESS may also
smoothen the real-time loading of supply equipment—transformers and lines.

In the distribution grids, the functions of the dedicated BESS are similar but more
specified. Price compensation now can be considered as a complete function of energy
trading, smoothening of power generation regards not only renewables, but smoothening
of consumed power at this level saves the capacity of distribution equipment. Additionally,
BESS in distribution grids may perform grid service functions: grid black restart as well
as voltage and frequency regulation [39,50]. The choice of BESS parameters is a subject
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of multiple factors [51]: standards, power losses, voltage of majority of available PEVs,
compatibility with pure resistive loads.

Smoothing of Renewable Generation Energy Trading

Smoothing of Energy Price Voltage Regulation
Supply Continuity Frequency Regulation
Smoothing of Consumed Power Smoothing Power Generation
Grid Forming (in Islanded Grid) Equipment Capacity
Power Quality (harmonics, reactive power) Harmonic Compensation
Black Start

Figure 3. Battery Energy Storage Systems (BESSs) in power and energy supply at a glance.

2.4. Standards and Other Regulations Applicable to Battery Energy Storage Systems

The standards directly related to the electrical energy storage systems of households
are still under development. In Europe, this is being done by the IEC 120 committee
group [52]. They have developed a roadmap for developing standards, which is planned
to be completed by the end of 2023. Until that date, European manufacturers have to use
general standards for the production of power converters, in particular, power interfaces
for alternative energy sources and uninterruptible power supply (Table 1).

Table 1. Summary of Standards and Regulations applicable to BESS.

Reference Application Area of the Standard
[53] USA, Converter housing and selection of components
[54] IEC, Classification of BESS locations in households
[55] IEC, Voltage inverters for high voltage DC networks
[56] IEC, Controlling of converters in microgrids

IEC, Connection of PV to the grid and requirements for electromagnetic

(571 compatibility parameters
58] IEC, Bidirectional low voltage (up to 1000 V AC and 1500 V DC) converters
connected to the grid and description of the terms used in these networks
[59,60] IEC, Test methods and acceptable parameters for low voltage uninterruptible
! power supplies
[61] IEC, Disposal of converters of uninterruptible power supplies
[62] USA, Safety regulations within data centers and telecom central offices

In the USA, a universal standard has been developed that describes the operation of
electrical energy converters in distributed networks. With regard to BESS, the manufac-
turers also have to apply general standards for converters. This includes standards for
interface converters of energy storage. In addition, in the USA, the parameters of batteries
are defined and standardized and based on the standards of telecommunication equipment
(Table 1).
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3. Commercially Available Residential Storage Systems

In this section, the BESs available on the market are analyzed taking into account the
parameters available from the product datasheets or application manuals. Despite the
market for such devices still being dynamic, some common properties and features can
already be distinguished as common practice in the field.

3.1. Typical Example of Battery Energy Storage Systems Dedicated to Household Applications

The Tesla Powerwall 1 (3.3 kW /6.4 kWh) was one of the first attempts to include
BESS into a household energy system and has been available on the market since 2015.
It operates with a DC-bus and, in general, has to be installed in conjunction with a grid
inverter, which is sold separately.

This precluded its use as a completely independent BESS, reduced market prospects
and shortly led to its replacement by the Tesla Powerwall 2 (5 kW /13.2 kWh) [63]. In
contrast to the previous model, the Powerwall 2 (Figure 4a) includes an AC inverter and
can be connected directly to the AC grid. This enables its use as a residential BESSs,
regardless of the renewable generation source (solar panels or a wind generator). Therefore,
the functional features of Powerwall 2 have expanded significantly, including the possibility
of stand-alone operation without grid connection (islanded mode). For normal operation,
it requires an additional commutation unit called “energy gateway” and its full cycle
efficiency is 90%.
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Figure 4. Typical examples of system configurations of different BESs: (a) Tesla Powerwall 2, (b) SonnenBatterie, (c) Adara
Power-Residential and (d) Sunverge energy.

Sonnen is another early market player that began offering its residential BESSs in
December 2015 [64]. These BESSs are designed for households with solar and wind power
generators providing energy storage and backup power. They are available in two versions,
with a built-in inverter for PVs (hybrid output) and without it (eco output). In Germany,
the company launched a coordination network that brings together power producers
and storage owners. This service allows the participants resided in the same network to
exchange electricity with each other, exporting surplus to the grid. Currently, this service
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has over 10,000 users. With LiFePOy batteries in its system, the manufacturer claims an
output power of 2.5-3.3 kW in the “eco output” version and 5.5 kW in the “hybrid output”
version. The energy capacity of the base model is 5 kWh with the ability to increase it up
to 15 kWh in 2.5 kWh steps. The manufacturer promises a 98% maximum efficiency of
the batteries and a 96% efficiency of the converter, which gives a total cycle efficiency of
around 88.5%. The internal topology of SonnenBatterie and SonnenFlat is not disclosed,
but the structural diagram of their operational environment (Figure 4b) shows that it is
connected to the main supply grid as well as to the secondary grid formed by the solar
panel inverter through an automatic transfer switch (ATS). This enables a SonnenBatterie
to operate in an uninterruptible power supply mode.

Enphase Energy is another company that entered the residential storage market with
its “AC Battery” in 2015. It is a very compact (0.27 kW /1.2 kWh) modular system that can
be used in conjunction with micro-inverters and the “Envoy-S gateway” [65]. Later, the
company’s storage portfolio was extended with the Encharge 3 (1.28 kW /3.3 kWh) [66]
and Encharge 10 [67], which is composed of three of the former units. According to the
datasheet information, the cycle efficiency of a newer Enphase product is 89% at half
power. Backup power from the battery can be provided using an additional microgrid
interconnection device.

Other notable market players are Victron Energy with a range of products like Easy
Solar and MultiPlus [68]; Adara Power’s Residential [69,70] coupled with an inverter from
Schneider Electric (Figure 4c) [71] and Sunverge Energy (Figure 4d) [72]. Moreover, one
of the key market players is the battery manufacturer LG Chem [73], who is offering its
low- and high-voltage battery modules for integration with SMA, Fronius, SolarEdge, and
Huawei inverters/chargers.

3.2. Summary of Parameters and Features of Commercial Residential BESs

Due to the market dynamics, with both large and small companies are entering and
leaving the market continuously, so it is hard to determine a global leader in the area.
Moreover, some of the products currently have a limited proposal or are available only in
certain regions. The typical price for typical residential BESs is currently in the range of
1-2 kKEUR/kWh (Table 2). Technical information on these products is mostly limited—only
general specifications are typically available. Still, certain common properties of residential
BESSs can already be distinguished. In the majority of cases, the utilized energy storage
is a low-voltage (50 V) Li-ion battery, which is associated with relatively high currents.
Although the particular topology configurations used in these systems are not revealed by
the manufacturers, such voltage level would in general require a rather complex interface
converter featuring a transformer for the required voltage step-up. Using RESU10 and
RESU10H from LG as a reference, one of the reasons for using a battery with such voltage
level is its 14% reduced price, as compared with the higher voltage battery of the same
energy capacity. This results in round-trip efficiencies of most residential BESS being
around 90%, which seems to be a current technological limit for such configurations.

The current market of BESSs shows a clear trend of their transformation from the
auxiliary BESSs, complementing a solar or wind farm with a smoothing energy storage
(AC and DC coupling), towards a complete energy system with BES that does not depend
on the availability of alternative energy (only AC coupling). While the BESSs of the first
type have a DC output and often need a separate grid converter, newer BESSs of the second
type are intended for AC operation due to the intrinsic AC interface. From the point of
view of their features and functions, the earlier BESSs were focused on local power supply
and equalization or shift of peak consumption, but the newer systems have a range of
advanced functions, for example, integration on energy system level, i.e., possibility of
combining several household grids with BESS into a distributed power plant.
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Table 2. Summary of BESS for general use and use with renewable energy sources available on the market.

BESS Manufacturer/Model I\C/I:;:g?}l, fi‘&;ﬁf C]sl}aasl‘%,eéatsrc%\;%]e Battery Voltage [V] ~ Coupling Reference
Tesla PowerWall 135 5 50 AC 63
Sonnen Batterie Eco 15 3.3 48 AC 64
Adara Power (Residential) 20 12 50 AC/DC 70
Sunverge , Modular up to 19.4 6 48 AC/DC 72
Solax X-ESS G4 or Hybrid X1/X3 Stackable up to 23 ,
+ Triple Power (BES) (4 modules) 4 300 AC/DC (741
SolarEdge + RESU10H 9.8 5 400 AC/DC 75
PowerVault 3 20 3.3/55 52 AC 76
Puredrive Storage II AC 5 kWh 5/10 3 50 AC 77
Duracell Energy Bank 3.3 3.3 52 AC 78
Enphase Encharge 3 3.5 13
Enphase Enchargs 10 105 38 67 AC 179,801
Nissan/Eaton xStorage 42...10 36...6 90 AC/DC 81
Samsung SDI All in One 3.6 4.6 60 AC/DC 82
Varta Pulse/Pulse Neo 3 3.3 1.6/1.4 50 AC 83
Varta Pulse/Pulse Neo 6 6.5 25/2.3
Sunny Boy Storage External battery 3.7/5/6 360 AC [84]
Victron Energy EasySolar External battery 0.9/1.7/3.5 12.8-51.2 DC [85]

3.3. Isolated Converters of Commercially Available Residential BESSs

As it was shown in Sections 3.1 and 3.2, most of the commercially available BESSs
utilize a low voltage battery (see Table 2 for details). The use of such a low-voltage battery
while maintaining, at the same time, good control performance, requires that the entire
BES interface converter or part of it be a low voltage circuit that, in turn, typically means
the use of an isolation transformer. The use of the transformer also allows satisfying
the potential safety requirements (see Section 2.4 for details). The transformer may be a
network transformer operating at the frequency of the supply grid or a high-frequency
transformer. Both solutions have benefits and disadvantages briefly considered below.

3.3.1. Converters with Grid-Frequency Isolating Transformers at AC Side

In general, adding of a transformer at the grid side moves the entire semiconductor
circuitry into a low voltage operation, but its topology may be almost of any type, as
presented below in Section 4. Therefore, there are two large groups of converters with a
network transformer: single stage converters (Figure 5a) and converters with two conver-
sion stages (Figure 5b). The BESS may also be equipped with a transformer at the request
of the operator and/or legal regulations, in order to meet the operational requirements.
This, however, regards more to BESSs for distribution grids, in particular, ABB with the
ESSPro product line [86] and NIDEC with the Silcolstart product line [87]. The transformer
installed at the AC side makes the operation of the converter possible at lower voltages,
but makes the BESS heavier and bulky.

LV/HV LV/HV

HV Grid i
BES Converter Transformer o BES Converter Transformer HV Grid
frieieitaplhluiuiniagly SIS \ [ttt ittt ]
Q 1| pc DC Passive : / Q DC
HYZ@:S acf | filer i
\ ’
(a) (b)

Figure 5. BESS power electronics converters with a transformer: (a) single-stage, (b) two-stage.

3.3.2. Converters with High-Frequency Isolating Transformers

A high-frequency transformer may be allocated in the DC-link (Figure 6a). The most
versatile and straightforward kind of the implementation of this approach is the use the
circuitry known as dual active bridge (DAB, Figure 6b). Classical DAB [88] is a hard-
switching topology that, compared with non-isolated interface converters, considered
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below in Section 4, is less reliable and energy efficient due to the extra components as well
as due to its hard-switching nature. However, if combined with a soft-switching technique,
for example, applying a resonant network, it may operate with better efficiency [89,90].
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Figure 6. High-frequency transformers in the DC-link of the interface converter of LV BES: (a) functional diagram,

(b) transformer in conjunction with classical DAB.

In a more advanced approach (Figure 7a), the high-frequency transformer is located at
the edge of the DC-link and the AC grid [91]. This requires that the AC part of the topology
contains bidirectional switches so that it can operate at both polarities of the grid voltage.
The performance of this topology can be improved with the help of resonant networks (red
elements in Figure 7b) and advanced modulation methods [92]. Similar topologies and
their properties are well described in [93].
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Figure 7. Full-bridge DC-AC converter with a high-frequency transformer: (a) functional diagram, (b) converter derived
from DAB.

The abovementioned DC-DC and DC-AC converters contain an energy-bypassing
transformer. Alternatively, the high frequency link may contain also a storage transformer
(split coil). In the most explicit form, this storage transformer is seen in a flyback converter.
This converter, however, is a DC-DC circuit and its use, therefore, is directly possible only in
the DC-link [94] similar to DAB (Figure 6b). At the same time, adopting of the principle to
AC networks is possible. For example, the converter presented in [95] contains two flyback
converters dedicated to positive and negative half-waves. The inputs of the converters
are connected in parallel to a low voltage battery, but their outputs—in series to the grid
(Figure 8). The interface converters with a high-frequency storage transformer have the
same drawbacks as original flyback converters: rather low power and highly pulsating
current on both sides (including battery side) that requires sufficient filtering.
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Figure 8. Inverter with a high-frequency transformer derived from a flyback converter.

4. Topologies of Non-Isolated Interface Converters for High-Voltage Battery Energy
Storage Systems

One of the ways to overcome some limitations of the existing residential BESS is to
utilize a battery with higher voltage (~200-500 V) and enable the use of a simpler and more
efficient interface converter. In fact, some companies, like SolaX, SMA and SunnyBoy, are
already on this path. Due to massive electrification of transportation where higher voltage
batteries are used to reduce charging current and time, the cost for higher voltage batteries
should decline further and make the use of high voltage (HV) batteries more feasible for
residential BESSs.

This section is devoted to the analysis of existing and perspective non-isolated power
electronic interfaces that can be applicable to the residential HV BESs. The main goal is to
highlight the benefits and limitations of various configurations and assess their feasibility
and performance. In addition to the standard single-, two-stage and multilevel topologies,
emerging configurations like impedance-source, partial and fractional power converters
are analyzed.

4.1. Functions and Structure of Interface Converters for BES

According to the analysis of commercially available residential BESSs, two main
configurations can be distinguished: DC- and AC-coupled. The first group is generally
represented by the power electronic systems that are often referred to as “hybrid inverters”
(Figure 9a). They allow integration of both PV and battery into a single multiport unit.
Such solutions are well-suited for new installations, but the choice of suitable storage
configurations could be limited. On the other hand, the AC-coupled storages are often
stand-alone systems that are directly connected to the residential AC grid (Figure 9b).
In general, such solutions are more flexible, as they can be integrated into any existing
installation. However, for such systems, charging of a battery from a PV typically involves
more energy conversion stages, with a negative impact on efficiency.

The interface converter of a BES needs to perform two main functions, along with a
range of auxiliary application-based functions. The main functions of the BES are sinusoidal
shaping of the AC grid current and forming the DC current of the BES in both directions
of power flow. The abovementioned functions can be implemented in a single stage
bidirectional DC-AC inverter /rectifier; however, such solutions are typically overall less
efficient due to battery voltage variation as compared to two-stage systems [96]. Therefore,
the BES interface is usually comprised of a bidirectional DC-DC stage that is interfaced
with a battery, followed by the DC-AC inverter/rectifier. The state-of-the-art and other
potential configurations of power electronic interfaces for HV BES are analyzed in the
following sections.

4.2. Single Stage DC-AC Bidirectional Inverters/Rectifiers

This section presents the state-of-the-art and emerging single-stage grid-tie
inverter/rectifier topologies. The main goal of these systems is to convert a DC voltage
into the sinusoidal AC waveform and vice versa. Most commercial systems require the
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DC voltage to be relatively stable, with their value higher than the amplitude of the grid
voltage, while some of the emerging topologies potentially offer enhanced flexibility.

PV String

(a)

Figure 9. Coupling of units in residential energy systems: (a) DC coupling, (b) AC coupling.

4.2.1. Bridge Converters

A high voltage battery can be attached to the grid through a single stage bidirectional
(four-quadrant) interface converter. The most frequently mentioned converter is a transistor
bridge. Such bridge itself is a parallel connection of two (three) transistor legs with two
transistors (and anti-parallel diodes) in each (Figure 10). The converter includes also an
inductance coil between its AC terminals and the grid implementing an AC current source
(Figure 10a). A diagonal couple of transistors and the couple of diodes located in the
opposite diagonal form a chopper capable of converting the grid voltage at its particular
polarity. In Figure 10a, red elements represent the chopper for the positive half-wave,
but blue elements—for the negative. The chopper is bidirectional and can be considered
as a buck converter supplied from the DC bus or as a boost converter supplied from
the AC grid [97]. One transistor leg can be substituted by a series connected capacitors
(capacitor leg), thus forming a transistor-capacitor bridge (Figure 10b), more frequently
named “half-bridge” [97]. In this topology, it is also possible to identify two choppers for
both half-waves of AC voltage. Finally, it is possible to apply this approach of schematic
synthesis to three phase systems (Figure 10c,d). This forms the three-phase transistor
bridge and the three-phase transistor bridge with a capacitor leg coupled to the grid via
inductor-based AC current source [98].

4.2.2. Topologies without Explicit Bridge

The intrinsic choppers shown in Figure 10 can be deployed without forming an explicit
bridge. This scheme is defined as a dual-buck grid converter known since 1997 [99,100].
With this approach, the elements of the “positive” and “negative” choppers are different,
which enables them to be further optimized.

Figure 11 shows how the elements of implicit choppers are extracted (red elements—
for positive and blue elements—for negative). With this approach, the inductance coil is
not shared between “positive” and “negative” branches (Figure 11a). These coils can be
magnetically coupled (Figure 11b), providing their lower weight/volume and therefore,
lower weight/volume of the converter itself [101], without the reduction of the performance
and reliability of the converter. Alternatively, both branches can be combined through a
couple of series connected diodes (Figure 11c) [102], keeping the same advantages.
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Figure 10. Configurations of single-stage bridge rectifiers-inverters for BESs: (a) AC current sourced transistor bridge,
(b) AC current sourced transistor/capacitor bridge (half-bridge), (c,d) three-phase schemes.
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Figure 11. Dual-buck grid converter: (a) derived from half-bridge, (b) magnetically coupled branches, (c) diode coupled.

Extracting of the intrinsic voltage converters at both grid terminals of a full-bridge
converter forms another kind of the dual-buck grid converter (Figure 12a) [102]. Another
version derived from the full-bridge topology can be synthesized by means of direct
combining of two DC sourced buck converters—attached to each terminal of the grid [76].
In this converter, the switches located at the grid side are continuously conducting at
the corresponding grid voltage polarity that reduces switching losses. Additionally, such
converter may be “tied to positive voltage node” (as shown in Figure 12b) or “ground
tied”. Finally, adding two diodes at the grid side (Figure 12c) allows operating in “ground
tied” and “positive node tied” modes [103,104], making the operation of the switches
more symmetrical. The converter shown in Figure 12b can be equipped with magnetically
coupled inductance coils or coupling diodes, as shown in Figure 11.
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Figure 12. Dual-buck grid converters: (a) derived from full-bridge, (b,c) synthesized of two combined buck converters.

Due to a low number of elements, the considered single-stage converters operate with
best efficiency at their particular operation point. However, when considered in conjunction
with the attached battery, their efficiency is not outstanding and drops significantly at other
operation points due to the higher losses in the converter and the battery [86]. In addition,
these converters operate as an AC grid supplied boost or a BES supplied buck converter
that requires minimal battery voltage to be higher than the amplitude of the grid voltage.

4.2.3. Multilevel Converters

Multilevel converters (MLC) can be considered as a specific kind of the single-stage
converters, processing energy in separate cells of a BESS battery. In contrast to the above-
considered topologies that always deal with the same DC voltage or with the entire battery,
the multilevel converters form their output of DC voltage that may have several levels
obtained directly from the battery. The advantages of multilevel converters are lower
harmonic distortion, switching losses and electromagnetic interference [105]. There are
three main topologies of multilevel converters: cascaded H-bridge converters (also known
as multilevel converters with independent sources), neutral point clamped multilevel
converters (also known as diode clamped multilevel converters), and multilevel converters
with flying capacitors.

Cascaded H-Bridge Converter Structures

In the case of cascaded H-bridge multilevel converters, each phase contains several
series-connected modules (Figure 13a) composed of dedicated cells and an inverter, to-
gether forming an independent source. Within a BESS [106], these sources can be charged
and discharged more evenly due to the independent nature of their involvement in the
current path and potentially free exchange of the sources [107].

There exist various types of power converters and energy storage building blocks.
The most common converter is a single-phase transistor bridge (H-bridges) shown in
Figure 14a, which generates AC voltage on its output, thus controlling the charge or
discharge process of the connected battery cells. Another typical configuration given in
Figure 14b includes an AC generating H-bridge in conjunction with a synchronous buck
converter that compensates voltage changes in the cell(s).

Lastly, a successful commercial implementation of BESS with a multilevel converter
was offered by SolarEdge [108]. It is based on a multilevel DC converter with multiple
DC modules connected in series (Figure 13b). Allocation of the multilevel structure in the
DC bus enables significant simplification of the cell converters (Figure 14c). The DC/DC
converters can operate in the following modes: balancing circuit, charger and battery
discharger. In turn, if the DC bus is formed by an MLC, the grid frontend can be a simple
commutation matrix or an efficient pulse mode inverter or a short-circuit proof converter
with an impedance network. A similar topology developed by ABB for distribution
networks [109] includes an array of complex cells containing two transistors and a battery
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with switches and capacitors. A cell may work as a boost or buck converter and is capable
of shunting the cell if needed.
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Figure 13. Functional diagrams of cascaded H-Bridge multilevel converters: (a) traditional configura-
tion of AC MLC, (b) configuration DC MLC with unipolar cell converters and grid frontend.
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Figure 14. Power converters for multilevel converter building blocks: (a) full bridge or H-bridge, (b) H-bridge with

correcting synchronous buck converter, (c) unipolar bidirectional converter [108].

Neutral Point Clamped Multilevel Converters

The simplest kind of the neutral point clamped multilevel converters is known as
the diode clamped topology (Figure 15a). It has quite high efficiency compared to other
topologies. However, there are some disadvantages: the number of power diodes is
quadratic related to the level count, which makes this topology quite difficult to use when
a large number of levels is needed. Another disadvantage of the topology is that charge
balancing in the capacitors is needed. Another type of the neutral point clamped multilevel
converter is an active clamped multilevel converter shown in Figure 15b. Additional
switches enable the distribution of power losses more evenly between the switches. Besides,
it is possible to synthesize 0 V level differently, providing different charge/discharge paths.
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Figure 15. Multilevel converters with solid HV battery: (a) diode clamped, (b) active clamped, (c) flying capacitor.

The use of neutral point clamped converters in the BESS system is described in [110,111].
Reference [112] demonstrates the use of neutral point clamped and active neutral point
clamped converters in BESSs. In [113], an overview of modular converters (including
active neutral point clamped converters) in BESS systems is given. Diode clamped and
independent source multilevel converters in BESS applications, indicating also larger
operating range of the diode clamped converters, are compared in [114].

Multilevel Inverter with Flying Capacitors

The main difference between multilevel converters with neutral point clamped and
multilevel converters with flying capacitors (Figure 15¢) is that instead of clamping diodes,
capacitors are used. Similar to the diode-clamped topology, the main disadvantage of the
multilevel inverter with flying capacitors is the large number of used capacitors, which
makes the practical implementation of this solution larger in terms of packaging. In spite
of this drawback, some recent papers report that the topology itself can be successfully
applied in BESS based on GaN switches: [115] presents a BESS with a 13-level converter,
but [116]—a 9-level converter for aircraft. In addition, the BESS interface converter offered
by SolarEdge in [108] utilizes the MLC with flying capacitors as a grid inverter.

4.3. Impedance-Source Bidirectional Inverters/Rectifiers

The problems of conventional topologies related to the battery voltage variation can be
mitigated with the family of impedance source (IS) converters. These topologies incorporate
a special network, which allows step-up of the input voltage using a shoot-through state in
the inverter bridge, which is a prohibited condition in conventional inverters. As a result,
IS converters can be less prone to short-circuit faults. There is a variety of impedance source
networks proposed in the literature for a range of applications with different properties
and features (Figure 16), including three-phase and multilevel configurations [117]. The
majority of basic impedance source topologies were initially unidirectional; however, some
studies address the bidirectional versions potentially suitable for residential BES [118,119].

4.4. Bidirectional Two-Stage DC-AC Conuverters

This section presents the state-of-the-art and emerging power electronic interfaces for
BES, featuring two explicit stages. In a general case, the first stage is a bidirectional DC-DC
converter, which processes varying battery voltage and controls the charge/discharge
current. It operates in conjunction with the DC-AC inverter /rectifier addressed in the
previous section, which provides interface with the grid.
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Figure 16. Generalized configuration of the BES interface converter with an impedance source.

In the most obvious operation mode, this DC-DC converter provides the stabilized
voltage in the DC-link at all operation points of the battery (Figure 17a) while the rectifier-
inverter modulates the voltage at the grid end according to the phase of the network
voltage and required grid current. It was demonstrated that two-stage configurations are
overall superior to the single DC-AC inverter/rectifier in terms of efficiency throughout
the battery voltage range [86]. Moreover, the stable DC-link voltage allows integration
of other DC sources and loads; therefore, such solutions can be suited for both DC- and
AC-coupled BESS.
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Figure 17. Operation and configuration of BES interface converters with two stages: (a) common DC-link, (b) unfolding topology.

However, one more operation mode and configuration is possible. In this mode,
the DC-DC converter forms unipolar sine half-waves in the DC-link, but the rectifier-
inverter applies the formed half-waves to the grid with the correct polarity (Figure 17b).
In the second case, the rectifier-inverter does not operate in a real switch-mode—it just
commutates the half-waves at the grid frequency. Therefore, in this operation mode, the
switching losses of the rectifier-inverter are negligible, while the grid filter can be omitted
or reduced due to the continuous profile of the voltage at the grid port of the rectifier-
inverter [120]. In the single-phase configuration, the AC-DC converter is a bridge or
half-bridge circuit, close to that shown in Figure 16 without the inductance coil. Depending
on the required power and input connection, it can be a single-phase [120-122] or a
three-phase [122,123] circuit.

4.4.1. Two-Stage Converters with Stabilized DC-Link

The typical configuration of a two-stage converter assumes voltage stabilization at
an intermediate DC-link to compensate battery voltage variation and provide optimal
operating conditions for the DC-AC inverter/rectifier. Such configuration can be suited for
both DC- and AC-coupled BES. The standard DC-DC stage topologies include buck, boost,
buck-boost, etc. The common disadvantage of these standard configurations is that both
stages have to be rated for the full power of the system. This results in increased cost and
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negative impact on the efficiency. One of the recent trends in the power electronic studies
is the use of advanced topologies of the DC-DC stage like differential, partial and fractional
power converters that allow operation with lower voltages/currents and minimization of
power losses. The use of these topologies in BES interface is considered below.

Standard Topologies of DC-DC Converters

The choice of the secondary (DC-DC) converter or the converter at the battery end
depends on several factors. First of the all, this converter has to be bidirectional. Besides,
this reduction of the losses requires that the number of switches is minimal, which enables
only simple choppers. Finally, the configuration/mode of the two-stage interface converter
(stabilizing or unfolding) as well as the voltage of the battery are important. Below, the
latter issue is addressed in detail.

In the case of the two-stage converter with a stabilized DC-link, its grid unit may
operate correctly if the voltage of the DC-link is higher than the amplitude of the grid
voltage. On the other hand, keeping this voltage level on the battery is not reasonable
because it would reduce the advantages of the two-stage configuration. Taking into account
the realistic voltage gains of the circuits with the boost function of 2-3 and voltage difference
of the fully discharged and fully charged Li-Ion batteries of 60-100%, the voltage of
the fully charged battery could be at least twice lower than the amplitude of the grid
voltage or about 200 V. In the given paper, this level is considered as a medium level,
but such batteries abbreviated as MV BES. The case of the unfolding configuration/mode
additionally requires that the DC-DC chopper is capable of converting the BES voltage
down to zero level. Together, as a result, the following buck-boost converters are suitable
for both configurations/modes: classical (Figure 18a) and non-inverting (Figure 18b)
bidirectional buck-boost converter, Zeta-SEPIC circuitry that is linked through its primary
inductor to the battery or the grid (Figure 18c), as well as the bidirectional Cuk converter
(Figure 18d). In addition, a synchronous buck converter (Figure 18) is applicable in the case
of the stabilizing configuration/mode only.
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Figure 18. DC-DC stage of BES interface converters with two stages: (a) inverting bidirectional buck-boost, (b) bidirectional
non-inverting buck-boost, (c) bidirectional zeta-SEPIC, (d) bidirectional Cuk, (e) synchronous buck.

Zeta-SEPIC-Cuk topologies, however, are usually not considered as powerful con-
verters, which disables them for applications like BESS. On the other hand, the remain-
ing (non)inverting buck-boost and synchronous buck topologies can be equipped with
additional elements for reducing losses, smoothing current ripple and better control per-
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formance (more accurate regulation for the same range of duty cycle): add-on circuits for
zero-current/resonant switching, tapped (coupled) inductors or qZ links [120].

Differential Power Converters

Differential power converters (DPCs) are a kind of partial power processor (PPP). In
turn, PPPs are a quite recent group of converters that are typically used in conjunction
with renewable energy sources and storages. As it follows from their title, the main feature
refers to dealing only with a part of the total system power. PPPs can be systematized
in a number of ways, such as considering their topology or application. However, most
commonly, PPPs can be divided into different groups [124] according to their power flow.
From this point of view, three groups could be differentiated: differential power converters
that internally link elements of the systems, partial power converters connecting system
input and output, fractional power converters dealing with a fraction of entire set of power
sources/storages, as well as mixed topologies. Finally, it must be noted that the difference
between differential, partial and fractional power converters is sometimes quite fuzzy.
For example, in [125,126], identical topologies are entitled as partial and differential. In a
similar way, most of the topologies considered in [127] as partial power converters, in fact,
operate as fractional power converters.

DPCs are mainly used in various balancing systems [128,129]. There are two types of
such converters. The first one transfers the energy between two typically adjacent elements
and is known as element-to-element (E2E) converter; alternatively, in another option, the
energy circulates through a common bus (B2E). The DPC normally operates with batteries,
but according to some reports, this converter technology is applied to photovoltaics [128].

The E2E architecture is used in systems with the same type of cells, for example,
for balancing batteries (Figure 19a). The main advantage of this architecture is that each
converter operates at significantly lower voltage and current values than the entire system.
The disadvantages of this architecture are the interconnectedness of the converters and the
impossibility of their operation separately.
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Figure 19. Differential power converters: (a) Element-to-Element, (b) Element-to-common-bus, (c) Element-to-virtual-bus.

The B2E architecture works with a common bus connected to the output (Figure 19b)
or with the independent “virtual” bus dedicated to the energy transfer (Figure 19¢). Each
element is connected to the bus via own converter. Compared to the E2E architecture, this
approach is more flexible, but neighboring cells are independent of each other. However,
an isolating converter suitable for the full bus voltage is required.

All kinds of DPCs fit well the cell balancing function needed also in BESSs. At the
same time, the use of B2E DPCs as BES and grid interface converters is complicated due
to the following: (1) DC output requires an inverter or unfolder and (2) because the total
power of converters, in fact, is not reduced, but just split into several parts. Lastly, the E2E
DPCs are not applicable as BES and grid interface converters due to the absence of the
common link.
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Partial Power Converters

Another group of PPP links the input and the output of the system. While one
part of the energy from the source to the load goes directly, the converter transfers only
the necessary reminder. As can be seen from Figure 20, in the classical converter type
(Figure 20a), all the output power passes through the converter, which leads to a higher
efficiency and significant losses. In the case of a PPC, a significant part of the total energy
enters the load without conversion and does not produce losses. Only the energy going
through the converter, adjusted by the converter to control the energy flow, produces losses
(Figure 20b). Thus, compared to a classic converter, PPCs have potentially better efficiency
and smaller dimensions for the same power. The PPCs may operate with reduced voltage
(Figure 20c), current or both.
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Figure 20. Full power operation vs. partial power operation: (a) power distribution in full power converter, (b) power
distribution in partial power converter, (c) diagram showing operation with reduced voltage.

It is possible to distinguish two groups of PPCs: with an isolated and with a non-
isolated converter. The isolated converter can be applied in a quite free form. That is
why such PPCs can be of two types: parallel input—serial output, as well as serial input—
parallel output (Figure 21). In the first case (Figure 21a), the input source and the input
of the converter are connected in parallel, while the output of the converter and the input
source are connected in series (S-PPC). The configuration is suitable to increase the voltage.
In respect to the battery, the parallel input converters can be considered as partial current
converters because only part of their battery current is transferred to the output (bus)
through the converter. On the other hand, in respect to the output, operation occurs with
reduced voltage because only part of output voltage is applied to the converter (see also
Figure 20c).
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Figure 21. Structures of partial power converters: (a) parallel input—series output, (b) parallel output—series input.

In the second case (Figure 21b), the input source is connected in series with the input
of the converter, but its output and the source are connected in parallel (P-PPC). The
configuration is suitable to obtain higher output current. In respect to the battery, the series
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MV BES

input converters can be considered as partial voltage converters because only part of their
battery voltage is converted and passed to the output.

It is obvious that both topologies are symmetrical and counter-reversible. In respect to
the output (bus), the first configuration is a partial voltage converter, but the second one—a
partial current converter. To some extent, these PPCs are similar to an autotransformer and
can be described by similar mathematical expressions extracted from Kirchhoff’s voltage
and current laws.

The PPC topology provides benefits when the difference between the input and the
output voltage is relatively small and only a small amount of energy is being converted
by PPC. Due to a more complex design and a larger number of active elements, the larger
difference between the input and the output voltages produces lower efficiency. Moreover,
at 100% of the difference, the efficiency will be less than that of a classical converter.

Practical PPC implementation depends on the particular application. Normally, re-
ports consider PPC with a DAB converter at each end of an isolating transformer that
produces a fully bidirectional PPC (Figure 22a). In many applications, the bidirection-
ality can be omitted, but PPC—reasonably simplified. For example, in [130,131], which
address PV systems, the simplification finally produces full-bridge + buck configuration,
in [131,132]—full-bridge + push-pull, but in [130,132]—a kind of classical flyback. The
latest converter can be easily turned to a bidirectional one (Figure 22b).
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Figure 22. Examples of PPCs: (a) parallel input—series output PPC with DAB, (b) parallel input—series output PPC with

flyback converter.

A PPC topology with a non-isolating converter could be potentially simpler, contain
fewer components, and have higher efficiency. Attempts have been made to implement
such non-isolating schemes. For example, refs. [133-135] report the voltage buck-boost
topology based implementation applied for battery or bus voltage magnification. It is
pointed out that the extra feedback capacitor installed in these schematics is required for
direct power feedforwarding. However, it is possible to show that the obtained converters
are, in fact, ordinary boost or buck converters—see [136] for details.

Fractional Power Converters

Fractional Power Converters (FPCs) deal with an explicit part of the entire power
supply, for example, with several cells of BES [137,138]. In contrast to PPCs, where the
reduced operating voltage of the converter is obtained as a difference on the entire in-
put/output, FPCs process already reduced voltage—a section of the entire power supply
(similar consideration could be applied to current conversion).

The fractional power processing may utilize an isolated (Figure 23b) or a non-isolated
(Figure 23c) scheme. Successful examples of non-isolated converter use have been demon-
strated in conjunction with a battery of PEVs [137] or grid BESS [138]. The mentioned
reports explore several DC-DC choppers functioning as FPC (Figure 24 shows discharging
configurations in black, but charging—in gray). In this case, the non-isolated converter
obviously deals with reduced voltage, thus providing true partial power processing. On
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the other hand, the fraction of the power supply associated with the converter operates dif-
ferently from the rest of BES. It has different average charge/discharge current. Moreover,
depending on the applied chopper, it may conduct pulse-mode current. This may lead to
shorter operation cycles, limited state of charge and, finally, may lead to a worse state of
health for the “processed” cells.
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Figure 23. Partial power converters (a) vs. fractional power converters: (b) isolated, (c) non-isolated.
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Figure 24. Examples of non-isolated fractional power converters (in discharge mode): (a) buck, (b) boost, (c) buck-boost.

MV BES (fraction 2)

The FPC shown in Figure 24c is also quite impractical because the polarities of the
input/output voltage are different, which splits the battery or narrows the regulation range.
On the other hand, the use of non-inverting buck-boost topology would double the static
and dynamic losses of the switches.

Finally, the considerations on the non-isolated PPC with a feedback capacitor (given
in the previous section) may also produce, in fact, an FPC if the feedback capacitor is sub-
stituted with an energy source or storage (battery, supercapacitor, PV cells etc.) capable of
keeping its voltage at a constant level. Then the part of the current is actually bypassed, but
the other—processed in the converter (Figure 25a). Practical importance of this converter
is questionable because one fraction of the battery is loaded with increased current and
charged /discharged more intensively.
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Figure 25. Specific kinds of FPC: (a) FPC synthesized from “non-isolated” synchronous buck PPC, (b) fractional power
conversion with “virtual fraction” [139].



Energies 2021, 14, 3365 22 of 32

Another example of the implementation of non-isolated partial power conversion
is given in [139]. This example, however, may also be considered as a fractional power
converter with “virtual” fraction formed of a DAB and an ordinary capacitor. Here,
the DAB processes low voltage of the capacitor while the battery is attached in series
without processing (Figure 25b). Although, in [139], with the focus on the DC-AC systems,
partial conversion of power occurs in the DC-link. Due to the limited energy capacity,
the configuration is suitable for compensation of regular short term voltage fluctuation
or current compensation that happens, for example, within the cycle of the supply grid
(20 ms).

4.4.2. Two-Stage Converters with Pulsating DC-Link

In order to reduce the overall switching losses of the two-stage system, a configuration
with inverting unfolder can be used. In this case, the DC-DC converter forms unipolar sine
half-waves in the pulsating DC-link, but the interface inverter applies it to the grid with
the proper polarity.

The Li-ion battery can handle the current ripple without significant effect on their
lifetime, thus the use of pulsating current can be justified [140,141].

1-ph Unfolders

As it was stated previously, an unfolding circuit provides grid-frequency commutation
of the unipolar voltage formed by a high-frequency switch mode DC-DC converter to
provide sinewave matching to the grid polarity. Paper [142] proposes a combination
of a buck/boost non-inverting converter and an unfolding H-bridge (Figure 26a). This
configuration directly corresponds to Figure 17b and can be considered as a standard double
stage converter with a pulsating DC-link. In [143], the operation and the experimental
verification of a buck-boost inverter/converter based on tapped inductor are addressed.
The inductor magnetically couples four windings with equal turn-ratio (Figure 26b). In the
converter presented in [143], in contrast to [142], explicit parts cannot be identified.
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Figure 26. Examples of single-phase unfolders: (a) buck-boost converter with unfolding H-bridge, (b) tapped inductor
buck-boost converter.

3-ph Unfolders

Three-phase converters with low frequency unfolding stage utilize principles similar
to those of single-phase unfolders. However, the presence of three phases requires that at
least two voltages/currents be formed actively by the dedicated voltage/current source
(shaper), but the third one is obtained as a sum/difference of the other two. Within a period
of the grid, the principles how the actively shaped voltages/currents are applied to the
grid change six times (Figure 27a,b).

Working principles of unfolder topologies are provided in [144]; however, the con-
verters described there are unidirectional and do not fit the requirements of bidirectional
operation. An example of such converter from [144] is a topology derived from a three-
phase two-level voltage source inverter. In this case, amplitude modulated high-frequency
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output of a phase modulated high-frequency inverter (H-bridge was taken as an example)
is rectified and filtered. Then the output of a filter is unfolded by a three-phase inverter,
thus forming three-phase alternating current. For the bidirectional operation, one or mul-
tiple DC-DC converters should be used as current sources. For example, refs. [145,146]
show a three-phase inverter, where two DC-DC converters were taken as current sources
and are connected in parallel to the BES. DC-DC converter outputs are connected in series,
thus forming three voltage levels—high, low and neutral. Then the modulated voltage
waveforms are unfolded by a three-level inverter, which is derived from a diode clamped
multilevel converter [146] or Vienna rectifier [145] (Figure 27c). The study in [147] provides
experimental verification of the topology in [146].

s w(t) o(t) oc(t) HV or MV
Grid
BES L)) 0
~
: ~
~

DC/DCup

i ot : — +
1000000, =

(b) (0

Figure 27. Three-phase unfolders: (a) general principle, (b) operation diagram, (c) example of implementation.

5. Generalizations and Discussion

One of the main trends in the area of residential BESSs is a shift from stand-alone
systems for a particular task, like the increasing local renewable energy self-consumption
using basic algorithms, to a complex integrated system, aiming to achieve multiple different
goals. Some commercial BESSs can provide a supply during a power cut, effectively acting
as uninterruptable power supplies. The use of advanced energy management algorithms
enables smart scheduling and energy trading, further improving the functionality of these
systems. The integration on a system level allows provision of ancillary grid services and
enables forming of a microgrid with extended levels of flexibility. Nevertheless, currently
there are still a number of technological and legal barriers that limit a ubiquitous application
of the residential BESS. However, the new regulations, subsidies and initiatives offered
and developed by governmental structures in many countries are aimed to stimulate the
installation of these systems and make full use of their potential [148].

Our review of the commercially available BESS and the corresponding intellectual
property right items shows that despite a whole range of available solutions, the market of
residential BESSs is still advancing. Presently, it is strongly influenced by a forecasted price
reduction of the Li-ion battery cells and further improvements in the battery chemistry.
Technical information about available products is rather limited. Most of the BESSs utilize
a low-voltage (around 50 V) Li-ion battery, which results in high current and requires
the use of a transformer. Most likely, two-stage converters with galvanic isolation are
used, limiting the overall efficiency of the system. The typical BESSs have the efficiency
below 90%, whereas power electronic converters could be responsible for around half of
power losses in the system. On the other hand, the low voltage batteries require simpler
battery management and protection systems, making them less expensive and more feasible
commercially. Because of these compromises, the current BESSs have strict limitations
on the efficiency due to the use of low voltage batteries that are associated with high
currents and more complex converter topologies. On the other hand, the batteries with
increased voltages would enable the use of non-isolated topologies with potentially higher
efficiencies. Several companies have already introduced such products to the market.
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The typical power electronic interface of a battery with the grid is based on a two-stage
configuration, comprised of a bidirectional DC-DC converter and a DC-AC inverter /rectifier
connected via an intermediate DC-link. Modern Li-ion batteries can sustain current ripples
associated with the grid frequency very well, even in single-phase systems. It is therefore
possible to connect a battery of sufficiently high voltage to an inverter directly. Still, due
to variation of battery voltage depending on its state of charge, the efficiency and power
quality of such system is compromised. As a result, the intermediate DC-DC stage is still
necessary to stabilize the DC voltage and obtain better performance.

With the possibility of using non-isolated converters to interface HV batteries, the
standard approach would assume application of well-known DC-DC topologies, like
buck, boost and buck-boost together with the grid inverter stage. This makes both of the
two conversion stages process full power and exhibit high switching frequency, which
still compromises the efficiency. One of the approaches that is widely addressed in recent
studies is to use emerging solutions, like PPCs and FPCs at the DC-DC stage, which, as it
is already reported, have been achieved extremely high efficiency values. However, the
practical aspects, including transient operating modes, protection and cost, need to be
evaluated further to justify this technology.

A range of alternative concepts utilizes a pulsating DC-link instead of the stabilized
one. This brings the converter system closer to the single-stage converter, where only
DC-DC stage operates with high frequency, while the grid-side inverter just unfolds
the unipolar pulses into the sine wave and exhibits conduction losses only. A similar
approach can be applicable to both single- and three-phase systems [145]. In addition,
mixed concepts with fluctuating DC-link were also proposed, aiming to distribute losses
more evenly between the stages [149]. On the other hand, it would be much more difficult
to integrate other sources into such DC-link and therefore such solutions are generally
suitable for AC-coupled BESS only.

Impedance source inverters are another group of topologies that allow voltage pre-
regulation at a “virtual DC-link” before it is inverted into a sinusoidal waveform. Single-
phase, three-phase and three-level configurations of these inverters were proposed in [150].
They can be more short-circuit-proof, as the shoot-through state is one of the inherent
operating modes of such topologies. However, some studies show that the voltage
stress on semiconductors and volume of components can be larger than for the stan-
dard two-stage configurations [151]. Moreover, only few studies address bidirectional
operation of impedance-source converters [152,153].

In conclusion, there is a range of solutions for HV BESSs that are potential alternatives
to standard buck-boost plus inverter configuration. The most optimal choice would
evidently depend on the parameters of the system and its configuration. For the systems
that incorporate a DC bus for integration of renewables and loads, a PPC/FPC with a
bridge-type bidirectional inverter/rectifier seems to be a very promising solution. On the
other hand, for an AC-coupled BES, the use of pulsating/fluctuating DC-link and unfolding
inverter can bring an advantage in terms of switching loss and absence of a bulky capacitor.
Still, the behavior of such configurations in practical applications, including transient
modes and fault ride-through capabilities, needs to be addressed in more detail.

The configurations that include multilevel inverter topologies also seem quite promis-
ing for residential BESs. Despite generally being used in high-power applications, there
are successful commercialization examples of this technology in residential applications.
Recent works aim to bring such inverters on a new level, particularly taking advantage
of developments in WBG semiconductors [115,116]. The systems with multilevel topolo-
gies potentially enable the use of battery stacks with lower voltage levels as compared to
standard two-level inverters. This could result in a more optimal storage configuration.
On the other hand, presently, the cost of WBG devices is still relatively high to make such
multilevel inverters feasible in commercial BESSs.

The comparative analysis of evaluated power electronic interfaces is presented in
Tables 3 and 4. The considerations above show that the most promising units of composite
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BESS grid interface converters have somehow completing features (see Table 3 for details).
For example, unfolding circuits provide neither DC regulation at the corresponding port
nor AC half wave forming. This functionality, however, can be performed by a DC-DC
converter. Multilevel converters without pulse mode control do not provide pulse mode
regulation between levels, but partial power converters—provide regulation within a
narrow range. Besides, the multilevel converters and unfolding units have no switching
losses, but have significant conduction losses (Table 3). At the same time, the partial power
converters can reduce both. A logical conclusion from the above is to combine the units
with the adjacent features (Table 4).

Table 3. Losses of converters and energy conversion principles in BESS grid interface.

Stage Main Function Peculiarities
Full Power Switch-Mode ;
Rectifiers/Inverter Forming AC Hich voltage i * Eft;bhﬁhed. tte}clhnoiogy, bulkv filt
(origin for comparison) — High voltage input, high switching frequency, bulky filter
Full Power Switch-Mode Forming DC + Established technology, wide regulation range,
DC/DC Converters & — Full power operation, high switching frequency
. . + Operation with part of rated power
Partial Power Converters Forming DC - . .
— Developing technology, limited regulation range
. . + Established technology, small grid filter
Multilevel Converters Forming AC or DC :
— Control and hardware complexity
Unfolding Circuits Commutation + No switching losses

— Developing technology, no regulation

Table 4. Promising combination of converters to form BESS grid interface.

Configuration

Advantages

Disadvantages

Single stage DC-AC Bidirectional
Inverters/Rectifiers

Max. efficiency at a particular
operation point

Lower efficiency at most of the
operation points,
Minimal battery voltage > amplitude
of grid voltage

Impedance-Source Bidirectional
Inverters/Rectifiers

Battery voltage pre-regulation
Short-Circuit Proof

Voltage stress on semiconductors and
volume of components is larger
Complicated bidirectional operation
Developing technology

Bidirectional inverter/
rectifier + Full Power DC-DC

Higher efficiency at the most of
operation points,
Wide battery voltage range,
Allows integration of renewables
into DC-link

Lower maximal efficiency,
Both stages operate at full power and
high switching frequency

Bidirectional inverter/
rectifier + PPC DC-DC

Higher efficiency at the most of
operation points,
Allows integration of renewables into
DC-link, DC-DC operates with part of
rated power

Narrow battery voltage range,
Developing technology

Multilevel DC-DC and DC-AC

Low grid filter size and volume,
Utilization of low voltage semiconductors,
Modular design

High component count
Complex control

Unfolder + Full Power DC-DC

Higher efficiency at the most of
operation points,
Wide battery voltage range,
No switching losses in grid stage,
No DC-link capacitor

No integration of renewables
into DC-link

6. Conclusions and Future Trends

This paper gives an insight into the field of storage systems for residential applications

together with associated technologies and developments. To provide a broader view, the
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current state of these systems is addressed from multiple directions, including battery
technologies, their market, standards, and grid interface converters.

Instigated by the on-going paradigm shift from centralized to distributed power
generation, the storage technologies will become one of the key components of the future
electrical grids that enable more optimal use of the conventional and local renewable
energy sources and ensure the power supply security. However, a range of technological
and regulatory barriers still stand in the way of these systems, limiting their benefits
and potential.

Today’s market for dedicated residential storage systems is still in the process of
being established. It is currently very dynamic, and several manufacturers have already
introduced and commercialized their solutions, with more companies and products being
announced and trying to enter the market every year. Still, the price for residential solutions
is relatively high for a private client, while the return of investment is not evident in
many cases.

The developments and price reduction of Li-ion battery technologies are mainly driven
by massive transportation electrification and this trend will continue in the following years.
Despite the distinct potential of vehicle to grid (V2G) solutions, they are unlikely to be able
to replace stationary battery systems and their functions due to economic reasons, mainly
related to lifetime and cycle-cost. Nevertheless, the use of second-life Li-ion batteries for
stationary storage has certain potential.

Batteries based on the Li-ion technology are currently dominating the market, however,
at a certain point, the price and performance of other battery technologies, like flow batter-
ies, is likely to make them a more expedient choice for larger-scale stationary solutions.

According to our analysis, the majority of commercial residential storages are currently
using low voltage batteries with voltages of around 50 V, mainly due to the cheaper price
per kWh. These batteries are typically interfaced with the grid by means of a power
electronic converter with a transformer to provide required voltage matching and galvanic
isolation. However, the mass production of HV EV batteries along with their second-life
use is likely to make the HV stationary storage solutions more popular in the residential
sector. This would make the use of non-isolated interface converter topologies attractive
due to their typically lower component count and higher efficiency. In addition to standard
and typically used topologies, like buck-boost or bridge, which are rated for full power of
the system, the recent research interest is also focused on partial- (fractional-, differential-)
power converters. Such topologies have the potential to offer even further improvement of
efficiency in various operating conditions.

Presently, many countries are introducing initiatives that are either directly (by subsi-
dies) or indirectly (via marginal feed-in tariffs) encouraging the use of local energy storage.
Moreover, a range of standards is being developed to regulate the use of such systems
and facilitate unleashing of their full potential. In addition to basic renewable energy
self-consumption increase, battery-based storage systems can provide uninterruptable
power supply functionality, offer ancillary grid service support, enable peer-to-peer energy
trading etc. Together with the large-scale global investments in the battery technologies it
is highly likely that in the following decades, the residential battery systems will follow the
route of photovoltaics and become an essential and inherent part of the future power grid.
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Abstract— In order to support wider use of distributed
renewable sources and mitigate the negative effects of their
intermittent behavior, nowadays they are often installed together
with energy storages, located on-site or nearby. Battery energy
storage systems (BESS) allow not only to match consumption and
generation profiles more closely, but also they provide various
ancillary grid-supporting services. The enabling technology for
these emerging opportunities is related to power electronic
interfaces between the DC battery and the AC grid. Generally, a
two-stage power conversion approach is used, where the battery-
side DC-DC stage is responsible for controlling the battery current
and grid-side DC-AC stage controls the current taken or injected
to the grid. These two stages are connected through a bulky DC-
link capacitor with stabilized voltage. Such an approach has
however reached its limits in terms of efficiency, power density
and cost. Therefore, a lot of research is currently focused on
alternative topologies, enabling higher performances than the
well-developed two stages approach. One of the promising
configurations of such alternative topology includes a DC-DC
converter, that forms sine voltage half-waves and an unfolding
circuit, which provides the commutation of these half-waves to the
grid. This paper presents a review of unfolding converters in the
context of BESS. Configurations of unfolding circuits with DC-DC
choppers, dual active bridge converters and multilevel converters,
as well as the partial power converters are analyzed.

Keywords— Converters, DC-AC converters, Energy storage,
Renewable energy sources, DC-AC power converters, DC-DC power
converters, multilevel converters

I.  INTRODUCTION

Recently, a clear trend of increasingly use of renewable
energy sources has been seen. First of all, various national and
international regulations limit the exhaust of greenhouse gases
and the use of fossil fuels [1], [2]. At the same time, recent
technological advances in the field of renewable generation,
power electronic converters and energy storages made the
application of renewable energy sources more efficient, reliable,
convenient and affordable [3], [4]. Nowadays generation of
renewable energy is applied down to the level of households [5],
[6]. Considering the intermittent nature of renewable electrical
energy generation, it is reasonable to combine the corresponding
energy sources with energy storages (for example, with Battery
Energy Storage Systems — BESSs) to compensate the difference
between production and consumption patterns [7]. In addition to

increase of on-site renewable energy consumption, the BESS
could participate in energy arbitrage or provide ancillary
services to the power grid. Moreover, the BESS can be used as
an uninterruptible power supply, which is critical for
households, located in remote locations, where the electrical
grid is less stable.

Various residential BESSs have already been
commercialized and they can be found in the corresponding
market. For example, Tesla Powerwall+ has energy capacity of
13.5 kWh with 5 kW output power and can be connected directly
to the grid via inverter [8]. SonnenBatterie is another product,
offered by Sonnen Gmbh. The capacity of these BESS can be
chosen within the range from SkWh up to 15 kWh with maximal
output power reaching 5.5 kW [9]. Also there are the products
from SolarEdge [10], Enphase Energy [11], Adara Power [12]
etc. The majority of these products is designed for small
households. However, they focus not only on the local power
supply and energy storage, but also on the further integration of
these BESSs into energy system and combination of several
households into a distributed BESS plant [7].

A typical BESS consists of a battery and bidirectional AC-
DC power converters, which control the charge and discharge of
the battery. Various isolated and non-isolated topologies of such
converters can be used. The isolated ones can be used for low
voltage batteries that require voltage step-up to match the grid
level or if the application requires galvanic isolation for safety
reasons. The non-isolated solutions are typically simpler and can
be applied if the voltage levels of grid and the battery are close
to each other.

A two-stage energy conversion approach has currently been
a well-established configuration for the grid interconnection of
BESSs. In such configuration, the battery-side DC-DC stage is
interfaced with grid side inverter through a stabilized bulky DC
link. At the same time, alternative solutions like single- [13],
[14] and quasi-single stage topologies [15], [16] can potentially
offer advantages in terms of efficiency, power density and
reliability, as they do not incorporate and require these bulky
DC-link capacitors. Particularly, the converters with unfolding
circuit feature pulsating DC-link that is made of a small
capacitor, while its inverter semiconductors operate at the grid
frequency with negligible switching losses.



This paper presents an overview of various topologies with
unfolding inverter applicable to BESS. The main goal is to
demonstrate the flexibility of such an approach and highlight its
potential possibilities and advantages in battery applications, as
well as to select the prospective UC configurations for further
experimental research.

II. GENERAL DESCRIPTION OF BESS TECHNOLOGIES

Traditionally, lead-acid was the most developed battery
technology. Although such batteries are cheap, they have such
drawbacks as low specific energy and short lifetime. Another
battery technology, Nickel-Metal Hydride (NiMH), provides
better specific power and lifetime, yet having higher self-
discharge and lower efficiency. Finally, the most recent and
rapidly developing battery technology is Li-ion. These batteries
combine high energy density with longer lifecycle and high
efficiency. While the price of these batteries is still rather high,
due to the large investments in the manufacturing facilities the
cost is estimated to steadily decrease in the near future [17].

The batteries as DC power sources, are interfaced with the
AC grid through a dedicated bidirectional AC/DC converter.
The traditional two-stage converter structure generally assumes
that the DC-DC part is responsible for stabilizing the battery
voltage at the DC link or manage the battery state of charge,
while the DC-AC stage is responsible for sinusoidal grid current
wave-shaping [18]. The batteries, particularly the lead-acid
ones, are generally sensitive to the quality of the
charging/discharging current. Therefore, in single-phase BESS
the DC-link is made quite bulky to decouple the double line
frequency ripple. At the same time, the Li-ion batteries were
found to be practically not susceptible to performance
degradation when operating with current having large low
frequency component [19]. This opens the possibility to
implement alternative converter configurations that do not filter
out the current ripple associated with the grid frequency. In
battery charger applications this property is often referred to as
“sinusoidal charging”. The generalized comparison between the
traditional two-stage solution and the one without bulky DC-link
is listed in Table 1. In the latter solution the DC-DC stage is
responsible for shaping the unipolar (rectified) sine half-waves
that appear in the small (pulsating) DC link [20], [21], while the
DC-AC grid side part is a low frequency commutator that
unfolds these sine half-waves into sinewave.

The right part of Table 1 expresses UCs with explicit
unfolding circuit and halfwave shaper (Fig. 1-a). However, these
two parts can be integrated into a solid unit (Fig, 1-b) —see [22]-
[24] for details. Unfolding circuits can also be divided into
single-phase and three-phase circuits. A full transistor bridge
(H-bridge) is typically used as a single-phase unfolder [25].
Three phase unfolding circuits are more complicated, combine
a three-phase bridge with bi-directional switches, and
commutate 120° pieces of a sine [26], [27].

TABLE L. TWO-STAGE TOPOLOGIES OF CONVERTERS FOR BESS [7].
Pulse Mode Inverter Unfolding Inverter
Standard | Wide range higher efficiency Wide range higher efficiency
pre- Wide battery voltage range, Wide battery voltage range
regulator y - . o . .
DC coupling is possible No switching losses in grid
Lower maximal efficiency stage
High switching frequency No (o.r small) DC-link
Higher EMI capacitor
DC coupling with renewable
energy sources is
complicated
Partial Wide range higher efficiency Questionable due to limited
power DC coupling is possible range of operation
pre- DC-DC operates with reduced power
regulator
Narrow battery voltage range
Developing technology
Multi- Questionable due to repeated Low grid filter size and
level pre- | functionality volume
regulator Low voltage semiconductors
Modular design
Intrinsic balancing
High component count
Complex control

Control
system

Unfolding
circuit

Energy
consumer

Ener Power
£ electronic
source
converter
(a)
Unfolding
C it

Power electronics converter
Control
system

(b)

Energy
source

Energy
consumer

Fig. 1. Structure of unfolding converter: (a) with separated unfolding circuit,
(b) with integrated unfolding circuit.

III. NON-ISOLATED TOPOLOGIES FOR UNFOLDING CONVERTERS

A. Methods of synthesis of voltage sine half-waves

Battery-side stage of a UC — a DC-DC unit should form
semi-sine half-waves with value from zero to amplitude of the
grid voltage. At the same time, it must be capable of operating
at different state of the charge (SOC) of the battery and cope
fluctuations of the grid voltage. Therefore, in the general case,
the battery stage of UC should be a buck-boost chopper; for
example, non-inverting buck-boost converter, Cuk, SEPIC, Zeta
etc. [28].

The hard-switching Pulse Width Modulation (PWM) is one
of the most common approaches used for the modulation
(forming) of the half-waves at the output of these buck-boost
DC-DC converters [29]-[31]. With this approach the output
voltage of the DC-DC stage is split into two parts. Depending
on the instantaneous voltage in the grid, the DC-DC part will
switch between buck and boost operation modes (Fig. 2). If the



battery voltage is higher than the absolute value of the grid
voltage, then the DC-DC stage of UC is working in a buck mode.
In contrast, if the absolute value of the grid voltage is higher than
the battery voltage, then DC-DC stage is working in a boost
mode. Practically, it is often implemented by using two carrier
signals for PWM synthesis — separately for buck and boost
mode. It is also possible to modify different parameters of the
carrier waveforms: offsets (Fig. 3), phase shifts (if parallel
branches are used, see Fig 3-b), or frequencies (Fig 3-c) [30].

Boost mode
AV
Vgrid(t)
Vees(t)
t
>

Fig. 2. Operation principle of half-wave generation by DC-DC stage of UC.

Boost mode

o
W I
(c)

Fig. 3. PWM modulation principles of DC-DC stage of UC: (a) — carriers for
buck and boost operation are with offset; (b) — PWM modulation with
double carrier in boost; (¢) — PWM modulation with decreased buck
carrier frequency.

B. DC-DC topologies for Unfolding Converters

A number of DC-DC choppers for two-stage converters
with unfolding circuit exist. The major part deals with
unidirectional applications like photovoltaic (PV) systems.
However, the review of these systems is important for further
understanding of the operation of bi-directional choppers.

Papers [32]-[34] propose buck-boost choppers in grid-
connected PV systems. The combination of buck and boost
operation modes combined with unfolding circuit gives the
ability of voltage regulation to match the value of grid voltage.

Paper [35] shows the simulation of model predictive control
of buck-boost converter with unfolding circuit (Fig. 4-a).
Papers [36], [37] also describe the application of UCs in PV
systems. In [36] the combination of buck converter and
unfolding circuit is implemented in the form of low-profile
microinverter. Paper [37] focuses on the high-gain operation of
boost converter, tied with full-bridge unfolding circuit. In
addition, this unfolding circuit is working in partial sine-form
PWM when voltage has to be stepped down.

L1

(a)

(b)

(©

Fig. 4. Topologies of UCs: (a) single inductor buck-boost converter with
unfolding circuit, (b) tapped inductor buck-boost converter with
unfolding circuit, (c) single inductor twisted buck boost converter with
unfolding circuit

An example of buck-boost topology with integrated
unfolding circuit (Aalborg Inverter) is described in [23], [24],
[38]. Reference [39] describes the implementation of isolated
Cuk converter with unfolding circuit as differential power
processor for aircraft application. In this case the unfolding
circuit gives the ability of four-quadrant operation of converter
and reduces the worst-case processed power. Paper [40]
describes the evaluation of inverter topology based on a buck
converter and unfolding circuit within Google’s “Little Box



Challenge”. The major advantage of the topology is the
reduction of volume and complexity of the system.

Since the unfolding circuit is commutating half-waves at the
grid frequency, the major losses of the power semiconductors in
the unfolding circuit are the conduction losses. Therefore, the
switches having low on-state resistance allow significant
reduction of these losses and improve the overall efficiency.

IV. ISOLATED TOPOLOGIES FOR UNFOLDING CONVERTERS

A particular UC configuration is based on dual active bridge
(DAB). Typically, the DAB is connected with power factor
correction (PFC) rectifier through intermediate DC link. DAB
gives the ability of bidirectional energy flow, which perfectly
fits the requirements of BESS [41], [42].

Most commonly, DAB contains two full bridges, a series
inductor and a high frequency (HF) isolation transformer (Fig.
5) [41]-[49]. The main advantage of the DAB topology is easy
implementable zero-voltage switching (ZVS), which decreases
power losses of the converter.

There are two main types of DAB converters: current-fed
and voltage-fed. The voltage-fed DAB converters are
implemented in various applications, where bidirectional power
flow is needed. One of the simplest control methods of the
voltage-fed DAB converters is phase shift control [50]-[52].
With phase shift control, both H-bridges of DAB operate with
the same duty cycle. In this case power is controlled by phase
shift between the sides of DAB converter [53]. Combining the
phase shift with PWM enables minimizing the losses of the
converter and also extends the operation range, when ZVS can
be provided [54], [55].
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Fig. 5. DAB converter with unfolding circuit: (a) voltage-fed DAB; (b)
current-fed DAB (c) series resonant DAB

A current-fed DAB is implemented by adding an inductor to
the input port (Fig. 5-b). The current-fed DAB converters have
some advantages over the voltage-fed DAB converters, such as
lower current ripple, lower circulating current, direct current
control and voltage boosting capability [56]. This makes the
current-fed DAB converter more suitable for the BESS
applications.

Paper [57] proposed bidirectional microinverter for
residential power system application, including BESS and
vehicle-to-grid (V2G). This bidirectional microinverter is
implemented in the form of DAB converter with unfolding
circuit. On the primary side of the DAB there is a full transistor
bridge, on the secondary side — transistor half bridge. Half-
bridge on the secondary side of the DAB converter can allow
reduction of turns ratio of the high-frequency transformer [58],
[59].

Papers [60], [61] describe series resonant DAB converter
(shown at Fig. 5-c). LC circuit is added at the primary side of
the transformer to provide series-resonance. By adding series
resonant circuit to the topology, it is possible to achieve ZCS
(zero current switching) operation of the DAB converter.

Papers [62], [63] propose the configuration of two DABs with
series connected outputs and three phase unfolder. In [62] a
three-phase unfolder is derived from a three-level neutral point
clamped converter (NPC) operating at grid frequency. Here, the
use of unfolder circuit reduces the capacitance of DC-link and
switching losses, as well as improves the parameters of grid
filter.

V. EMERGING CONCEPTS OF UNFOLDING CONVERTERS

A. Multilevel topologies with unfolding circuits

The unfolders can also be combined with multilevel half-
sine shapers. Classical configuration without unfolder, known
as Modular Multilevel Converters (MMCs) with independent
sources (also cascaded H-bridge converters), assumes that
several H-bridge modules, fed from a small group of battery
cells, are connected in series, thus creating one phase cascade
[56], [57], [58]. The use of MMCs in BESS provides natural
balancing of battery cells without explicit battery management
system.

Adding an unfolding circuit at the grid side enables bipolar
operation of MMC shaper [59]. It turns the series connected H-
bridges into half bridges, because the bipolar operation of these
modules is not necessary. Fig.6 shows the configuration of the
one phase cascade with and without unfolding circuit.
Therefore, the use of unfolding circuit reduces switch count in
current paths and, therefore, simplifying the design. In addition,
the control of the converter is becoming simpler.
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B. Application of partial power converters with unfolding
circuits

Recent trend in the field of power interface converters for
renewable energy sources is the use of Partial Power Converters
(PPCs) that have large potential of effective power conversion
[60], [61]. In PPCs, part of the energy goes to the load directly
and PPC is processing only a remaining amount of energy. There
are two basic PPC types that are reversible: parallel input — serial
output and serial input — parallel output [7]. Application of PPCs
may have some advantages comparing with conventional
converter topologies — reduction of size, reduction of losses and
PPCs can also operate with reduced voltage, current or both.

It would be beneficial to implement PPCs as a part of the
UC. At the same time, their direct implementation seems not
realistic, as the PPCs do not operate within a full DC
voltage/current range and cannot provide voltage/currents close
to zero. Therefore, the implementation of PPCs in UCs requires
more sophisticated schematic solutions with extra components
and units for range extension. This, however, sounds
contradictive with the principle of partial power conversion.

VI. DISCUSSION AND CONCLUSIONS

This paper presented an overview of various UCs for Li-ion
based BESSs, which opens up new possibilities in the design of
such systems. The elimination of bulk DC link potentially
allows achieving higher power density, lower cost and improved
reliability. Moreover, since the switches in unfolding circuit
operate at grid frequency, the major losses of these switches are
conduction losses. Choosing the switches with low on-state
resistance allows the minimization of overall losses of the
converter.

The use of particular DC/DC voltage shaper may provide
some additional advantages. Table II shows the comparison of
observed converters in terms of BESS application. The use of
buck-boost chopper enables easy voltage regulation (constant
duty cycles in discontinuous conduction mode) to match grid
voltage. The use of current-fed DAB in addition to galvanic
isolation and voltage matching, provides lower current ripple

and simple current control, while the use of unipolar MMCs
gives the ability of natural battery balancing, which is a
significant advantage in BESS application. However, all three
observed UC types vary in maximal voltage and power,
therefore in BESS applications the choice of the topology
depends on the particular scenario — either BESS is placed in
household, or it is BESS integrated into the energy system of
larger area.

TABLE IL APPLICATION OF UCS IN TERMS OF BESS.
UC Type Characteristics of BES Peculiarities
Non- Non-inverting Low voltage Easier voltage
isolated buck-boost Low to medium power regulation.
topologies | converter Higher maximal
Cuk, SEPIC, Zeta | Low voltage efficiency,
L however, small
OW power range of higher
efficiency.
Isolated DAB converter Low to medium voltage Soft switching
topologies Low to medium power capability
Galvanic isolation
Multilevel | MMC with Low to high voltage Natural battery
topologies | independent Low to high power balancing
sources capability.
Sophisticated
control.

Regarding the PPCs, further research is required to find a
solution to their range extension, keeping their partiality
principle. In this way, the design and the operation of a PPC
based half-sine shaper for use with unfolding inverters becomes
possible. Finally, the completion of this evaluation of the
unfolding inverters for BESS would require the comparison of
all considered topologies at least at the level of mathematical or
physical model providing the comparable environment for all
analyzed cases. This is planned as a future work.
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Abstract— Redundant and backup energy source is crucial
in both household and industry. Energy storage systems are
already used extensively to provide solutions to various issues
such as grid frequency stabilization and electrification of remote
areas. In addition to that, they can cover potential excessive
energy demand when required. One of the most important parts
of battery energy storage systems is power electronic converter
that is used for the power transmission from the batteries to the
grid and vice-versa. A typical power electronic converter
topology is the multilevel converter with independent sources.
This topology has several advantages compared to other
topologies utilized in battery energy storage systems, such as,
lower harmonic distortion of the output waveforms and battery
balancing which can be obtained in natural way. This paper
investigated and presents a modified multilevel converter with
independent sources — multilevel converter with unfolding stage
and voltage regulators.

Keywords— Modular multilevel converters, DC-AC power
converters, Energy storage, batteries.

I. INTRODUCTION

Environmental concerns, as well as increasing energy
consumption have resulted in significant increase of usage of
renewable energy sources and decrease of usage of fossil
fuels. Nowadays there are various national and international
regulations that are limiting the usage of fossil fuels for
energy production [1]. This inspired the increase of demand
for use of renewable energy sources. New technological
advances in the field of power electronics made the
application of renewable energy systems more reliable and
efficient, which increased the demand of installing such
systems. Nowadays it is even possible to generate energy
from renewable energy sources in households by installing
solar panels on roofs of houses, or by installing small wind
generators [2].

However, there is one disadvantage of renewable energy
sources — the energy is generated intermittently and energy
production pattern does not match energy consumption
pattern. Considering this drawback, it is reasonable to use
Battery Energy Storage Systems (BESSs) which allow to
compensate the difference between production and
consumption, and also increases the stability of the electrical
grid since BESSs can also be used as uninterruptible power
supplies.

Taking into account increasing demand of storing the
energy, and also the fact, that small renewable energy sources
are available even for residual sector [3], [4], on the market

978-1-6654-6295-2/22/$31.00 ©2022 IEEE

there are various solutions for residual sector as well, for
example, Tesla Powerwall [5], sonnenBatterie 10 from
Sonnen [6] etc. Paper [2] describes usage of different types
of interface converters in residential battery energy storage
systems.

A typical BESS consists of Battery Energy Storage (BES)
and bidirectional charger/discharger connected to the AC grid.
There are various types of BESs: lead-acid technology (these
BESs are cheaper, but with short lifetime and low specific
energy), Nickel-Metal Hydride (good specific power and
lifetime, but higher self-discharge and low efficiency) and
most recent BES technology — Li-ion (high energy density,
high efficiency, long lifecycle and low price) [7].

II. POWER ELECTRONIC CONVERTER FOR BESSS

BESs are connected to the grid with the help of AC/DC
converter. There is wide range of AC/DC converter
topologies. Generally, they can be divided into single-stage,
two-stage and multilevel converters.

The first option is to make two separated converters — one
for charging of the battery, the second one — for discharging.
The second option is to use bidirectional AC/DC converters.
In case of bidirectional converters, two cases can be described
— single stage AC/DC converters (for example, full transistor
bridge for single phase application [8] and three-phase full
transistor bridge [9], dual buck half bridge in single and three-
phase implementation) and two-stage AC/DC converters.
Two-stage AC/DC converters consists of DC/DC converter
and AC/DC inverter [10] or low frequency unfolding inverter
[11]-[13].

In addition to single level AC/DC converters, multilevel
converters (MLCs) can also be used in BESSs [14]. MLCs
are used in medium and high power applications, and they
have such advantages as lower switch power losses, lower
harmonic contents and low electromagnetic interference [15].
There are three main MLC topologies: diode clamped
multilevel converters (also known as neutral point clamped
multilevel converters), which has one subtype —active neutral
point clamped multilevel converter, multilevel converters
with flying capacitors and modular multilevel converters with
independent voltage sources. Paper [16] describes the design
of MLC with flying capacitors, used for aircraft applications.
In [16] also experimental verification of the designed
converter is provided. Paper [17] provides an example of 13
level flying capacitor multilevel converter, based on GaN



switches. The use of neutral point clamped multilevel
converter in BESSs is described in [18], paper [19] describes
the use of multilevel converters in BESSs, including active
neutral point clamped multilevel converters. In case of MLCs,
output voltage is formed by several levels of DC voltage.
MLCs can be used either as bidirectional DC/AC converter
or as part of two-stage implementation as DC/AC inverter or
low-frequency unfolder. MLCs with independent sources
have one main advantage comparing with other MLC types,
which is valuable in BESS applications. Battery balancing in
MLCs with independent sources is achieved in natural way
[20], [21], as the sources are connected to the output
independently and can be swapped, which is great advantage
of this topology in application with BESSs, and this topology
was chosen for further investigation.

III. MULTILEVEL CONVERTERS WITH INDEPENDENT SOURCES

In classical implementation, one phase cascade of multilevel
converter with independent voltage sources (also known as
cascaded H-bridge converter with separate DC sources)
consists several single-phase full bridge converters connected
in series [22], [23]. Inputs of single-phase full bridge
converters are connected to separate (or, independent) DC
sources, which, in case of implementation of multilevel
converters in BESSs, are batteries. Fig. 1 shows the structural
schematics of multilevel converter with independent sources.
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Fig. 1. One phase cascade for m-level modular multilevel converters with
independent sources

Adding an unfolding circuit at the grid side enables bipolar
operation of MLC shaper [24]. It turns the series connected
H-bridges into half bridges, because the bipolar operation of
these modules is not necessary. Fig. 2 shows the structural
schematics and difference between two observed cases.
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Fig.2. Classical MLC with independent sources and MLC with
independent sources and unfolding circuit.

Unfolding circuit used with MLC with independent
sources gives the ability of lowering high-frequency switch
count, as the switches in unfolding circuit are operating at
grid frequency. That gives the ability of decreasing
commutation losses of the whole converter.

However, half-bridges are capable to operate in buck-mode
— that means, that the output voltage of the converter can only
be stepped down from the nominal voltage of the battery.
However, taking into account the fact, that voltage of the
battery is dependent on State Of Charge (SOC) of the battery
and is not linear, there are scenarios, when the output voltage
should be higher than the input voltage. Therefore, it is
reasonable to make additional modification of the proposed
topology — by adding additional conversion stage, buck-boost
stage, between the batteries and the half-bridges it now will
be possible to regulate the voltage of each module connected
in series. Fig. 3. shows the structure of the proposed topology.

Synchronous buck-boost converters were chosen as source
voltage regulators, because of ability of bidirectional
operation of these the buck-boost converters. This gives the
ability not only to discharge stored energy from batteries, but
also to charge the batteries when it is needed.

By adding regulation of sources it is possible to regulate
the output voltage of each connected in series module, which
decreases the requirements of the batteries connected as
sources to each module. It even makes possible to take as
sources batteries with different chemistries — for example, for
one module Li-ion battery pack is taken, for other — NiMH
battery and for the third one — Lead-acid battery etc. Also, it
can increase the reliability of the system — if one module fails,
output voltage can be tuned and failed module will be
disconnected from the others.
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Fig. 3. MLC with independent sources and voltage regulators

IV. EVALUATION OF PERFORMANCE

In order to evaluate the performance of the MLC with
independent sources and voltage regulators, MATLAB-
Simulink model of three-level MLC with independent
sources and voltage regulators was created. The main subject
of the evaluation is the verification of working capability of
introduced idea. Models of synchronous buck-boost
converters and half-bridges as well as model of unfolding
circuit were created quite ideal (with ideal switches),
however accurate models of batteries were created using Li-
ion Samsung 30Q 18650 3000mAh 15A Battery INR18650-
30Q batteries. Amplitude of output voltage was taken equal
to 36V, output frequency is 5S0Hz. In order to show the ability
of correcting voltage, input voltages of each buck-boost
converter were taken different — for the first one input voltage
was taken equal to 16.8V (i.e. 4 fully charged INR18650-30Q
battery cells connected in series), for the second one — input
voltage was taken equal to 8.4V (2 fully charged battery cells
connected in series) and for the third one input voltage was
taken equal to 25.2V (six fully charged battery cells
connected in series). That means, that first and third buck-
boost converters are operating in buck mode, and second is
operating in boost mode. Fig. 4 shows the overall structure of
model.
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Fig. 4. MATLAB-Simulink model of MLC with independent sources and
volatge regulators

V. RESULTS AND DISCUSSION

Output voltage waveform of the simulation is shown at Fig.
5. Figures 6-8 show input and output voltages of buck-boost
converters.
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Fig. 5. Simulation results of output waveforms of the MLC with
independent sources and volatge regulators.
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Fig. 6. Simulation results of input (upper waveform) and output (lower
waveform) voltages of buck-boost converter, operating in buck mode (with
4 battery cells connected in series as voltage source)
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Fig. 7. Simulation results of input (upper waveform) and output (lower
waveform) voltages of buck-boost converter, operating in boost mode (with
2 battery cells connected in series as voltage source)
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Fig. 8. Simulation results of input (upper waveform) and output (lower
waveform) voltages of buck-boost converter, operating in buck mode (with
6 battery cells connected in series as voltage source)

Simulation results demonstrate the working capability of the
idea. However, it is necessary to implement closed loop
system to reduce the output voltage fluctuations.

VI. CONCLUSIONS

Multilevel converter with independent voltage sources,
unfolding circuit and voltage regulators is presented in this
paper. Initial simulation results demonstrate working
capability of the idea of using synchronous buck-boost
converters to regulate voltage of the sources in MLC.
However, it is reasonable to use closed loop system to reduce

voltage fluctuations of the output voltages of buck-boost
choppers.
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Abstract—Battery energy storages nowadays are utilized in
various applications. The similarity of these applications and
multilevel nature of the batteries logically encourages building
of the interface converters based on a multilevel scheme. This
paper is devoted to the choice of the configuration of this scheme
and its operation mode. Tentative quality evaluation is made
based on the root-mean declination of output voltage from its
reference (THD). MATLAB-Simulink simulation is ch asa
reasonable data collection method. The results of the simulation
show that a trade-off configuration may include 3-4 levels with
minor inter-level pulse width modulation. In the same time
further investigation must be done in order to study the
influence of other technical (losses) and economical parameters.

Keywords— Modular multilevel converters, DC-AC power
converters, Energy storage, batteries, circuit simulation

I. INTRODUCTION.

Nowadays electrochemical Battery Energy Storages (BES
or just batteries) are considered as the most available, reliable
and practical storage of electrical energy for broad range of
applications. There exist several BES types at different level
of development of their electrochemistry/ technology [1], [2]
Traditionally, one of the oldest and most “polished”
technologies is Lead-Acid BES technology, which in spite of
its drawbacks (lower specific energy and shorter lifetime) is
still attractive due to its low cost and high efficiency. Another
quite advanced BES technology — Nickel-Metal Hydride —
provides good specific power, energy and lifetime, but has
higher self-discharge and efficiency. The most recent and still
developing group of BES technologies is based on Li-lon
chemistry. The corresponding batteries, depending on the
particular chemical process show good specific energy
(LiNiCoAlO2), specific power (LiNiMnCoO2), lifetime
(LiFe2PO4), efficiency and their combinations providing
these parameters at reasonable price.

The above-mentioned high-level parameters of the
modern BES enables them for use in practically all fields of
electrical engineering. In particular, the use of Li-Ion batteries
revolutionized the technical and market parameters of
portable electronics. Similarly, the use of these batteries
accelerated development of plug-in electric vehicles (PEVs)
or all-electric vehicles (AEVs). In addition, the increased
specific energy of modern BES makes them applicable in
energy supply systems. Recent engineering practices of the
authors of this report, concentrated in the field of energy
systems [3] and small electric vehicles [4], shows certain
similarities in BES use that, first of the all, regards their
charging/discharging electronics, considered in this paper.
This topic is essential for the evaluation of the power losses in
the mentioned applications and understanding of their thermal
behavior.

978-1-6654-3235-1/21/$31.00 ©2021 IEEE

At the moment, numerous national and international
regulations in the energy sector limit the use of fossil fuels for
energy production and push on the use of renewable energy
sources [5]. However, collecting of energy from renewable
energy sources is uneven and production pattern of renewable
energy sources does not always match the corresponding
consumption demand. This mismatch can be compensated by
Battery Energy Storage Systems (BESSs), appearing on the
market [6]-[9]. The electronic interface of these BESS is a
bidirectional charger/discharger tied to AC grid [3].

Another example of BES application, investigated by the
authors, is electrical drive of small electric vehicle for needs
of orthopedic rehabilitation. According to information,
provided by World Health Organization’s World report of
disability [10], approximately 15% of world population is
suffering from some sort of disability of whom 200 million
have mobility difficulties. Wider integration of these disabled
persons into social and economic life, assumes the use of
modern technological equipment, for example, Power Assist
Wheelchairs (PAWs). One of possible concepts of such
wheelchairs is described in [4]. Its electrical drive is based on
a low-speed permanent magnet electrical machine (AC) with
segmented stator [11]-[14] and power electronic converter.
The charging part of this converter is a rectifier, supplied from
AC grid. In turn, its discharging part is an inverter, which
supply specific AC load with potential demand of energy
return that requires bidirectionality. The electric drive of the
considered PAW operates in the closed compartment.
Therefore, the accuracy of BES converter operation and its
losses are interdependent factors that define the thermal mode
of the drive.

As it can be seen, a bidirectional DC-AC inverter is
essential part of the interface converter of the battery in both
considered applications. This inverter may be built as a single-
level pulse-mode circuit that forms pulse width or frequency
modulated (PWM/FM) voltage. Alternatively, the inverter
may generate level modulated (LM) voltage that requires the
use of a multilevel topology. This topology is particularly
suitable in both considered applications because they both
contains a battery that consists of several cells providing the
necessary voltage levels. The objective of this study is to find
better configuration of the BES interface inverter considering
the quality of the generated voltage. The criteria for the choice
is the root-mean declination of the generated voltage from its
reference curve. If the reference is sinusoidal, this declination
is known as the Total Harmonic Distortion (THD) — in the case
of BESS low THD is a real grid requirement. The tasks of the
work, therefore, are to evaluate THD for different kinds of
modulation (PWM vs. LM vs. mixed) and different number of
levels, compare the results and provide conclusions on the
better choice, in the same time keeping in mind that these



matters affect also the losses and thermal mode of BES
converters.

II. REVIEW OF MULTILEVEL CONVERTERS
UTILISED JOINTLY WITH BATTERIES.

As it has already been mentioned BESs consist of several
galvanic cells, forming a natural set of voltage levels. These
levels can be processed by a multilevel converter (MLC).
There are three main MLC topologies and each of them
utilizes BES cells in a different way. Below a review of some
MLC for BES is given.

The first MLC type, semiconductor clamped converters
also known as neutral point clamped converters, provides
commutation of internal BES levels to the output. There are
two kinds of such MLC: diode clamped and active clamped
[15]. Since MLC of this type deals with internal levels BES
configuration is standard — series connection of several
galvanic cells. This simplifies the use of BES at system level.
On the other hand, the loading of separate cells is uneven that
requires some extra Battery Management System (BMS). The
use of neutral point clamped multilevel converter in BESSs is
described in [16].

The next MLC type is known as converters with flying
capacitors. Here voltage levels are taken from the voltage
sources, which both terminals are commuted by converter
switches. Typically, these sources are capacitors, but in the
case of BES, they may be replaced by cell groups. Paper [17]
describes and experimentally verifies the design of multilevel
converter with flying capacitors for aircraft applications.
Paper [18] provides an example of 13-level flying capacitor
multilevel converter, based on GaN switches. If the voltage
levels provided from the BES cell groups the entire battery is
split into several uneven parts that complicates the use of this
topology.

Finally, the third type of MLC utilizes independent voltage
sources and is also known as cascaded H-bridge converter
with separate DC sources. These MLC consist of several
single-phase full bridge converters connected in series [19],
[20]. Inputs of single-phase full bridge converters are
connected to separate or independent DC sources, which, in
case of implementation of multilevel converters in BESs, are
battery cells or their groups. The output waveform is
generated from such sources through full bridges designated
in Figure 1(a) as “Power converter and energy storage
building block”. These blocks connect series of sources to the
output. A unipolar version of this MLC includes also a
common polarity inverter that allows simplification of cell
converters — Figure 1(b).

Different configurations of the building blocks can be
found in literature [21], [22]. Some alternatives are shown in
Figure 2. The most commonly used and simple cell is a single-
phase full transistor bridge (H-bridge), shown at Figure 2(a).
It is possible to get three voltage levels on the output of the H-
bridge: +V (battery voltage), -V, and OV. Thus, the H-bridge
is generating AC voltage and it is possible to control charging
and discharging process of the connected battery. The second
type of cell has a two-stage configuration — Figure 2(b). The
part, forming output voltage — H-bridge — remains without
changes. The second converter, added between H-bridge and
the battery, is a pre-regulator that controls charging or
discharging energy flow from the battery If the MLC forms
unipolar voltage the cell converter is simpler, for example, it
may be a DC/DC chopper or even a couple of switches.

There are also structures, where transformer is used in
order to electrically isolate battery from the converter [21].
However, by using transformers it is possible to increase or
decrease voltage, and, therefore, the advantages of cascaded
H-bridge converter are being negotiated.

References [23]-[34] provide examples of usage of
modular MLCs with independent sources in BESSs. In [23]
self-adaptation control of second-life batteries (batteries that
were previously used in transportation, the use of second-life
batteries makes the BESS more affordable, as the batteries are
the most expensive part of the BESS) is provided. This control
strategy is based on online capacity estimation of the batteries,
thus preventing them from overcharging and over-
discharging. In [24] a unified control scheme of the multilevel
converter with independent source based BESS is provided,
which simplifies the control of state of charge (SOC)
balancing and fault tolerant control of the system.
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Fig. 1. Structure of multilevel converter with independent sources:
(a) typical, (b) unipolar with a frontend (single phase).
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Fig. 2. Types of power electronic converters used in cascaded H-bridge
multilevel converters: (a) H-bridge; (b) two-stage converter; (c) cell
converter (buck-boost) for unipolar topologies.

Papers [25]-[29] also provide SOC balancing control of
the multilevel converter with independent sources. In [30] the
design of battery management system (BMS) for multilevel
converter with independent source-based BESS is provided.
In paper [31] the comparative analysis of SiC and Si switches
is given, prototype of multilevel converter with independent
sources is presented for the experimental verification.
Reference [32] describes a 6.6 kV multilevel converter with
independent sources with pulse width modulation (PWM)
based BESS, experimental verification of downscaled
prototype is also provided. Paper [33] provides analysis of
usage modular multilevel converter with independent sources
in static synchronous compensator combined with battery
energy storage system — STATCOM/BESS for wind farm
application. In [34] an example of modular multilevel
converter with independent sources, where quasi-Z-source
inverter is used as power electronic converter and energy
storage building block, with photovoltaic (PV) panels
connected to each converter, thus creating combined system
of generation of energy from PV panels, and storage of
generated energy.

Modular multilevel converters with independent sources
provide the ability of active battery balancing, by “swapping”
modules that are being turned on more frequently with the
ones, that are being turned on less frequently, therefore,
providing more even discharge of the cells in the battery pack,
and, also more even degradation of the battery cells.

III. OPERATION OF MODULAR MULTILEVEL CONVERTERS
WITH INDEPENDENT SOURCES.

There are two types of operation of multilevel converters
— with or without the PWM technique. If the PWM technique
is used, then commutation losses are higher, considering that
the main source of losses of transistors are during the
commutations. If the PWM voltage forming technique is not
used, then output waveforms are stepped, however, with
sufficient level count, it is possible to have output waveforms
closer to the sinewave [35]. If the PWM technique is not used,
it is possible to reduce commutation losses of switches to
minimum, as the commutation of the transistors will be less
frequent. There will be higher conduction losses, but, taking
into account, that switching losses are much lower, in some
cases these can be even neglected.

IV. EVALUATION.

In order to evaluate the performance of the multilevel
converter with independent sources, MATLAB-Simulink
models of different modular multilevel converters with
independent sources, with H-bridges as power electronic
converters connecting battery to the phase, were created. The
main subject of the modulation is the estimation of necessity
of using PWM in modular multilevel converters with
independent sources. Models of H-bridges were created quite
ideal (with ideal switches), however accurate models of
batteries were created using Li-ion Samsung 30Q 18650
3000mAh 15A Battery INR18650-30Q batteries, at each H-
bridge input batteries were connected in such way, that the
amplitude of output voltage is equal to approximately 24V
that is equal to operating voltage of the PAW, described in
[4]. Output frequency is 50 Hz. Three cases were modulated:
without PWM technique, With PWM technique, with
different modulation frequencies: 2 kHz and 5 kHz. On
Figure 3 example of single level voltage source inverter (VSI)
is shown. Figure 4 shows the sub-model of H-bridge that is
used to form phase cascades. Figure 5 shows the sub-model
of control block.
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Fig. 3. Model of single level VSI
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Fig. 5. Model of control block of single level modular multilevel converter
with independent sources

Models of two, three and six-level modular multilevel
converters with independent sources are made similarly, by
increasing number of series connected H-bridges in phase
cascades. Figure 6 shows the example of 6 level MLC with
independent sources.
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Fig. 6. Model of single level modular multilevel converter with
independent sources

V. RESULTS AND DISCUSSION.

Output  voltages of multilevel converters with
independent sources were received in two ways — with and
without PWM technique. The results for single level VSI (one
H-bridge in each phase cascade), two, three and six level
modular multilevel converters with independent sources are
given.

Figure 7 shows output phase voltage of single level VSI
with PWM modulation frequency equal to 5 kHz, Figure 8
shows output phase voltage single level VSI without PWM
modulation.

Figure 9 shows the harmonics of phase voltage for single
level modular multilevel converter with modulation
frequency equal to 5 kHz, Figure 10 shows harmonics of
output phase voltage with modulation frequency 2 kHz and
Figure 11 shows harmonics for output phase voltage without
PWM.
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Fig. 7. Output phase voltage of smgle level VSI with PWM modulation
frequency equal to 5 kHz
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Fig. 8. Output phase voltage of smgle level VSI without PWM modulation.
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Fig. 9. Harmonics of phase voltage for single level VSI with modulation
frequency equal to 5 kHz
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Fig. 11. Harmonics of phase voltage for single level VSI without PWM.

From Figures 9-11 it can be seen, that the modulation
frequency is affecting the purity of the output waveform and
the total harmonic distortion (THD). For 5 kHz modulation
frequency the greatest impact gives exactly harmonics close
to switching frequency and harmonics that are the
multiplications of the modulation frequency. The same is in
cases with 2 kHz modulation frequency. In case when PWM
is not used, it is seen that harmonic decomposition is
proportional.

The same analysis can be provided also for multilevel
converters with more levels — for two, three and six-level
MLCs with independent sources.

Figure 12 shows the output voltage of 3-level MLC with
modulation frequency equal to 2kHz, Figure 13 shows the
output voltage of 6-level MLC without PWM modulation.

Fig. 12. Output phase voltage of 3-level MLC with independent sources with
PWM modulation frequency equal to 2 kHz.

Fig. 13. Output phase voltage of 6-level MLC with independent sources
without PWM modulation.

The results are shown at Figures 14-16 for two-level
MLC, Figures 17-19 for three-level MLC, and Figure 20-22
— for six-level MLC.
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Fig. 14. Harmonics of phase voltage for 2-level MLC with modulation
frequency equal to 5 kHz.
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Fig. 15. Harmonics of phase voltage for 2-level MLC with modulation
frequency equal to 2 kHz.
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Fig. 16. Harmonics of phase voltage for 2-level MLC without PWM
modulation.
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Fig. 17. Harmonics of phase voltage for 3-level MLC with modulation
frequency equal to 5 kHz.
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Fig. 18. Harmonics of phase voltage for 3-level MLC with modulation
frequency equal to 2 kHz.
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Fig. 19. Harmonics of phase voltage for 3-level MLC without PWM
modulation.
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Fig. 20. Harmonics of phase voltage for 6-level MLC with modulation
frequency equal to 5 kHz.

J
L \

o To00 2000 3000 000
Froquency (Hz)

000

Ll ‘||

00
Frequency (Hz)

|
1 ‘
‘I wln | L1 |
o ™ 2000

Fig. 21. Harmonics of phase voltage for 6-level MLC with modulation
frequency equal to 2 kHz.
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Fig. 22. Harmonics of phase voltage for 6-level MLC without PWM
modulation.

In all cases with PWM modulation it can be seen, that
modulation frequency is affecting the output voltage.
Especially this effect is seen at Figures 10, 14, 17 and 20,
when modulation frequency is chosen to be 5 kHz. For output
voltage frequency 50 Hz (50 Hz is fundamental frequency),
it can be seen, that the 5 kHz and harmonics that are multiples
of 5 kHz have great effect. This effect is less noticeable for 2
kHz modulation frequency, however, this effect can also be
seen. In case, when PWM is not used, it is seen (Figures 11,
16, 19 and 22) that the harmonic distribution is more
proportional.

Table I shows the THD of output voltages for all modulated
cases. It can be seen, that THD of output voltage waveforms
when PWM is not used is lower, than in all cases, when PWM
is used. However, it can be said, that exactly the modulation
frequency of PWM is increasing distortion, making THD
larger in cases when PWM is used to form output voltage. In
the Table I for cases, when PWM is used THD is divided to
Low Frequency Harmonic Distortion (LFHD) — Harmonic

1
Distortion, that appears for frequencies f :(0,5 Jrodl
and High Frequency Harmonic Distortion, that appears for
modulation

1
frequencies  f >Efmod (where fmod -

frequency).



TABLE L. THD OF OUTPUT PHASE VOLTAGES OF MULTILEVEL

CONVERTERS WITH INDEPENDENT SOURCES

Modulation frequency 2 kHz Modulation frequency 5 kHz THD
without
THD LFHD | HFHD THD LFHD HFHD | pwm
Single-
level | 54.46% | 0.60% |53.86% | 54.35% 0.66% | 53.69% | 31.44%
VSI
2-level D o o o o 0 0
MLC 28.67% | 1.05% |[27.62% | 29.16% 1.06% | 28.10% | 18.50%
Slz/llivce] 22.17% | 2.97% | 19.20% | 22.43% 3.00% 19.43% | 13.78%
Sloel ] nsov | 3a7% | 842% | 1173% | 3.04% | 869% | 7.97%

From Table I it can be seen, that in spite of the fact, that
THD of output voltage waveforms is larger when PWM is
used, it can also be said, that exactly higher harmonics
(larger, than the half of modulation frequency) are giving that
impact to THD. It means, that output voltages can be filtered
in order to reduce this negative impact. In cases, when PWM
is not used, harmonic distribution is proportional, which
means, that even with output filter THD of output voltage will
not decrease so significantly, then in case of when PWM is
used.

By increasing level count of the MLC it is possible to
decrease THD, however, it means, that converter will have
higher conduction losses — larger switch count will be opened
more time, than in case of lower level count. By
implementing PWM + filtering output voltages it is also
possible to reduce THD significantly, however, PWM
implementation will result in increase of switching losses.
One of the optimal solutions of implementation of MLC can
be 3 - 4 levels with low frequency inter-level PWM.

VI. CONCLUSIONS AND FUTURE WORKS.

The above given study of the BES interface converters
allows synthesis of their best configuration based on MLC
topologies. The provided brief review of MLC shows that all
three MLC types are compatible with BES. However, the
neutral point clamped MLC may deal with simpler battery,
but require BMS. On the other hand, modular MLCs with
independent sources provides intrinsic management of the
battery cell groups, but the battery itself is divided into as
many parts as there are levels.

In the same time, the obtained results of the MATLAB-
Simulink simulation show that good quality of the generated
output voltage, which criteria is the root-mean declination of
the voltage from its reference (in the case of sinusoidal
reference known as THD), can be achieved in many ways.
One way — increasing the number of MLC levels providing
pure LM — leads to the higher conduction losses, but the other
— the use single-level VSI and PWM - leads to the higher
switching losses. Both solutions in pure form leads to thermal
complications. However, a trade-off can be found. The
optimal configuration may include 3 - 4 levels with minor
inter-level pulse width modulation.

Finally, it become obvious, that the evaluation of the
actual link between the quality of the output voltage of an
MLC and its losses, as well as its thermal mode, requires
further dedicated research.
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Abstract—This paper deals with the problem of battery
balancing in modular multilevel converters with independent
voltage sources. Battery balancing algorithm is proposed.
Mathematical background of definition of the rules of algorithm
are presented. Algorithm is evaluated using MATLAB Simulink
7-level modular multilevel converter with independent sources.
Obtained results show, that the algorithm is working properly,
the comparison of two different cases with and without
implementation of the algorithm is provided.

Keywords— Modular multilevel converters, DC-AC power
converters, circuit simulation

I. INTRODUCTION

The demand of efficient conversion of electrical energy
from one form to another has been rising drastically as the use
of electrical and electronic equipment has been rising through
last several years and is awaited to rise. Converters of
electrical energy are widely used in various applications, for
example, interface converters for renewable energy sources
(such as photovoltaics [1], [2]), lightning applications [3],
power supply of different electrical equipment, battery energy
storage systems, electrical drives and automotive applications
[4], etc.

One example of the use of power electronic converters are
grid connected battery energy storage systems (BESS). The
use of BESS is increasing nowadays, as the use of renewable
energy sources is increasing because of the tendencies to
decrease the use of fossil fuels for energy production, that is
stated on national levels of wvarious countries and
internationally [5]. Taking into account the fact, that the
consumption profile of energy use is not matching the
production profile of renewable energy sources, the idea of
using BESS pays its way. Main components of BESS are
battery (lead acid, nicked-oxyhydroxide, sodium-sulfur,
Redox Flow or lithium-ion battery pack or bank), AC/DC
converter (unidirectional — separated to charger and discharger
or bidirectional), AC/DC converter can also be single stage or
two-stage, and consist of DC/DC converter and DC/AC
inverter or unfolder [6]-[8]. Converters can be divided into
two level topologies and multilevel topologies. Multilevel
converters can be divided into multilevel converter with
independent voltage sources, diode clamped (also known as
neutral point clamped) multilevel converter and multilevel
converter with flying capacitors and topologies that are
derived from these three main topologies. In case of BESS
system, multilevel converters can be used as bidirectional
AC/DC converters or they can be part of two stage
implementation and play role of AC/DC inverter or unfolder.

978-1-6654-2538-4/21/$31.00 ©2021 European Union

Another example of use of power electronic converters can
be battery and electrical machine interface converters of
electrical drives and automotive application. As a specific
example of automotive application can be medical equipment
and rehabilitation assisting powered vehicles.

According to World Health Organization World report of
disability, approximately 15% of the world population is
suffering from some sort of disability and 200 million people
have serious difficulties in functioning [9] and these numbers
are awaited to rise in time. In order to provide the integration
of disabled people into social and economic life, new
innovative technical devices can be used. As an example of
such device can be smart wheelchair or assisting verticalizer.
The concept of such wheelchair is described in [10]-[12]. The
concept of the smart verticalizer is briefly discussed in [13].

Speaking about smart wheelchair, one of the most
important parts of the smart wheelchair is electrical drive, as
electrical drive is the main energy consumer of such system
and is providing the main function of smart wheelchair —
movement. Electrical drive subsystem consists of low-speed
motor and battery and motor interface converter. In order to
provide the recuperation and thus increase efficiency of the
wheelchair, direct drive must be used. The design of low speed
permanent magnet synchronous machine with segmented
stator is described in [14]-[17]. Segmented stator gives the
ability of increasing or decreasing of maximal power of the
motor by increasing or decreasing the number of segments,
which makes it easier to implement assessment function and
to change the level of assessment of such wheelchair.

In order to control the electrical machine, power electronic
driver should be used. Power electronic driver can be either
DC or AC, and in case of DC motor the most commonly used
driver topology is the transistor full bridge, and in case of AC
motor most commonly used topology is three-phase transistor
bridge. Three-phase transistor bridge is the cheaper solution
to control AC motor, comparing it with multilevel topologies,
as this topology have lower switch count.

However, the main disadvantage of three-phase transistor
bridge are power losses of switches, as pulse width
modulation (PWM) technique, and main losses of transistors
are during commutation. If a converter, that uses PWM is
placed in closed space where it is not possible to provide
proper ventilation, the problem of power losses of the
transistors can decrease the reliability and lower the life time
of the device because of the heat that will be affecting every
component in closed space.



One of the solutions of the problem is usage of multilevel
converters without PWM technique implemented. In this case,
output waveforms are stepped, however, with the sufficient
amount of levels this problem can be neglected as with
sufficient level count output waveforms will be closer to
sinewave. If PWM technique is not used, the only significant
source of the power losses is conducting losses and
commutation losses can be neglected, as the commutation of
the transistors in this case is appearing less frequently
(comparing with the case, when PWM is used).

This paper is the continuation of research of modular
multilevel converters with independent sources provided in
[18], [19] and is focusing on definition of balanced discharge
of batteries algorithm for modular multilevel converter with
independent voltage sources.

II. MODULAR MULTILEVEL CONVERTER WITH INDEPENDENT
VOLTAGE SOURCES

Modular multilevel converter with independent voltage
sources consists of full-transistor bridge converters (H-bridge
converters), connected in series [20], [21]. Figure 1 shows
one phase cascade for m-level modular multilevel converter
(MMC) with independent sources.

Transistor
H-Bridge

Transistor
H-Bridge

Transistor
H-Bridge

N o L
9 H-Bridge a[m/2-1]
T g n

Fig. 1. One phase cascade for m-level modular multilevel converters with
independent sources

The output waveform is generated by switching
transistors in H-bridges and therefore by connecting voltage
sources to the output — the output waveform is formed from
the sum of voltages of sources that are connected to the
output. Each transistor H-bridge can generate three output
voltages: +V, (switches Q1 and Q4 are turned on), OV (pair
of switches Q1 and Q2 or Q3 and Q4 are turned on) and -V,
(switches Q2 and Q3 are turned on).

II1. BALANCING OF BATTERIES IN MMC WITH INDEPENDENT
SOURCES

The state of charge (SOC) of battery can be expressed as
percentage of remaining capacity of the battery (the available
or “real” capacity) of the maximal (initial) capacity of the
battery [22]:

SOC < Real capacity
Initial capacity

M

If sinewave with phase angle ¢ equal to 0 radians,
amplitude equal to 1A and frequency equal to 1Hz is
examined as reference, then, if no battery balancing
algorithm is used, the current waveforms of 7-level MMC
with independent sources will look like it is shown at
Figure 2.

3rd source
2nd source

1st source

—-~
]

Fig. 2. Current waveform formation of MMC with independent sources

As it is shown at Figure 2, the first source is “turned on”
the larger amount of time, to the first source will discharge
more, then the others, the second — more, than the third and
the third — less, than the others, so, all cells are discharging
unevenly.

Let the SOC,, SOC), and SOC. be the mean value of state
of charge of all batteries connected as sources to H-bridges of
one phase cascade (a,b and ¢ phase respectively). For m-level
MMC with independent sources these can be defined as:

(m-1)/2

SOC =—— socC
“ (m-=1)/2 z o
(m=1)/2
= SOC, , 2)
(m-1)/2 3
(m=1)/2
soc. 2. soc,,

(m=1)/2 3
If the time is divided by periods of time At, then for each At
consumed amount of charge can be calculated for each
battery can be calculated by multiplying the current with the
At, and, therefore, the matrix with real state of charge of the
batteries can be calculated. The example of 7-level MMC
with independent sources will look like that:

soc, soc, soc,
soc=| soc, soc, soc, ®)
soc,, soc, Soc

a3 b3 3
If in one period for each At SOC of all batteries are calculated,
then turned on batteries can be swapped in such manner, that
on” are turned only batteries, that have larger SOC. The
example of such implementation is shown at Figure 3.



Fig. 3. Swapping of batteries during of one period for 7-level MMC with
independent sources.

During each period of time At matrix of differences
between real values of SOC and mean values of SOC for each
phase ASOC should be calculated:

soc,-Soc,  SOC,-SOC,  SOC. -SOC,
ASOC =| SOC, -SOC,, SOC, -SOC,, SOC. - SOC,,
soc,-soc,, SocC,-Soc,, SOC. -SOC.,

(C]

In order for algorithm to work, ASOC should be minimal as
possible:
ASOC — min )

IV. EVALUATION OF BATTERY BALANCING ALGORITHM

The initial evaluation was made with the help of
MATLAB-Simulink model. Since the content of this
evaluation is the investigation, whether the battery balancing
algorithm is working or not, models of H-bridges were
created quite ideal, however accurate models of batteries
were created using Li-ion Samsung 30Q 18650 3000mAh
15A Battery INR18650-30Q batteries. Output waveforms
were generated without PWM technique. In order to simplify
the simulations, the load was chosen in such way, that the
output current is 3A. The output frequency was chosen to be
50 Hz.

Two cases were simulated — in first case battery balancing
is not implemented, in the second case — battery balancing is
implemented.

Figure 4 shows the created model of 7-level MMC with
independent sources.

Fig. 4. Simulink model of 7-level MMC with independent sources

V. RESULTS AND DISCUSSION

Both cases are compared by one parameter — SOC of all
batteries. Figure 5 shows the results when battery balancing
algorithm is not implemented, Figure 6 shows the results
when battery balancing algorithm is implemented.
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Fig. 5. SOC of batteries of 7-level MMC without battery balancing
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Fig. 6. SOC of batteries of 7-level MMC without battery balancing

As it is seen from Figure 5, for all 3 phases batteries are
discharged unevenly, SOC waveforms 3 different lines (each
line consists of 3 SOC waveforms, as three phases are
examined). In Figure 6 it is shown, that all 9 SOC waveforms
form one straight line, that means, that they are being
discharged evenly.

'VI. CONCLUSIONS

The obtained results show, that proposed battery
balancing algorithm for three phase MMC with independent
sources is working and with implemented algorithm batteries
are discharged evenly, comparing with the case, when battery
balancing algorithm is not implemented.

Further works include real-life prototype design and
testing of the proposed algorithm on prototype, as well as
comparison of the results with results obtained with models.



Also, more sophisticated analysis of MMCs with
independent sources in order to estimate sufficient level count
of MMCs when operating with and without PWM technique
in BESS applications.
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Abstract—Today, the integration of renewable energy sources
into power grids has increased significantly. This necessitates the
development of more battery energy storage systems. A crucial
component in such systems is the power electronic converters,
which ensure the proper connection of the batteries to the grid.
These bidirectional converters should be able not only to
discharge batteries to the grid, but also to charge the batteries
when it is needed. Various power converters can be identified for
these systems. In particular, multilevel topologies offer several
advantages, such as lower harmonic distortion of the output
waveforms and lower switching losses. Among all multilevel
converter topologies, the multilevel converter with independent
sources provides one more benefit — battery balancing is achieved
naturally by swapping the module switching order. This paper
evaluates the performance of a modular multilevel converter with
independent sources and unfolding stage.

Keywords—batteries, energy storage,
maultilevel converters, performance evaluation

DC-AC converters,

1. INTRODUCTION

Nowadays numerous national and international regulations
related to the energy market limit the use of fossil fuels for the
production of energy [1]. This limitation has led towards the
integration of more renewable energy sources into the existed
power grids. .It is expected that these tendencies will not
change and despite the fact, that fossil fuels continue to play
significant role in global energy systems, the proportion of
renewable energy is increasing each year [2], [3]. However,
renewable energy sources such as solar energy or wind energy
have one main drawback due to the intermittent nature of these
sources. This means that the energy production pattern of such
sources does not match the energy consumption pattern. This
discrepancy can be compensated by using Battery Energy
Storage Systems (BESSs). A typical BESS consists of Battery
Energy Storage (BES) and power electronic converter which
connects the BES to an either AC or a DC grid [4].

There are various BES types. Among others, the most
typical BES technology is based on Lead-Acid [5], [6]. This
type of BES has several drawbacks, such as comparative short
lifetime and low specific energy. However, the Lead-Acid BES
is still quite popular mostly due to the low price. On the other
hand, Nickel-Metal Hydride BES technology [7] has
significantly higher specific energy and longer lifetime
compared to the Lead-Acid counterparts. However, this battery
technology faces a few drawbacks, such as high self-discharge
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and low efficiency. The last BES technology uses Li-Ion for
the chemical process. These batteries have high specific
energy, as well as high efficiency and long lifetime (these
parameters differ depending on the chemical process) for
affordable prices [8], [9]. Additionally, the use of
supercapacitors as BES in DC grid can be considered to
provide faster charging of the BES and easier service [10],

[11].

The power electronic converters used in BESSs should be
bidirectional, i.e. they need to be able to discharge the battery,
as well as to charge it when required. An option, when
charging [12] and discharging of the BES is implemented was
initially considered, however, single stage operation of the
converters provide maximal efficiency only at one particular
operation point [4]. This converter can be built either as single-
level voltage source converter or as multilevel converter [4],
[13].

Power electronic converters can generate either pulse width
of frequency modulated (PWM/FM) output voltage or, in case
of using multilevel topology, output voltage can be also level
modulated (LM) [14].

In case of BESSs, multilevel converter topologies have
several advantages. In those topologies, the output voltage is
formed from several voltage levels leading to lower harmonic
distortion, lower switching losses and electromagnetic
interference compared to two-level counterparts. There are
three main types of multilevel converters (MLCs): diode
clamped MLC, MLC with flying capacitors and MLC with
independent voltage sources. MLC with independent voltage
sources offers one main advantage compared to the others
MLC types. In particular, the battery balancing in this type of
MLCs is achieved naturally, as the batteries that are connected
to the output can be easily swapped, leading to a more even
discharge rate of the batteries [15].

This paper shows the development of the testbench, as well
as it evaluates experimentally the performance of an MLC with
independent sources and unfolding stage.

II. MULTILEVEL CONVERTERS WITH INDEPENDENT SOURCES

MLC with independent voltage sources (also known as
cascaded H-bridge converter) in simplest implementation
consists of several series-connected H-bridge converters [16],
[17]. Figure 1 shows the schematic diagram of an m-level



MLC with independent sources with full transistor bridges
used as voltage building block.

Instead of H-bridge converter, there might be different
converter structures as well. The main purpose of these
converters is to provide compensation of the output voltage of
the series-connected converters. For this purpose, for example,
synchronous buck converter can be used, that is then
connected to the H-bridge that generates AC voltage at the
output of the block [4].
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Fig. 1. m-level MLC with independent voltage sources

MLC with independent sources can be implemented in a
bit different way. A simplified MLC can be designed by
adding unfolding circuit at the output of the converter. In
addition to that,transistor half-bridges can be used instead of
full transistor bridges, since there is no need to provide
alternating output voltage.
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Fig. 2. m-level MLC with independent voltage sources with unfolding circuit
connected at the output of the converter

In this case, the MLC forms unipolar voltage half-waves
while the unfolding circuit is used to provide the required
polarity of the output voltage, and As unfolding circuit full
transistor bridge is used. Figure 2 shows the schematic
diagram of an MLC with independent sources and unfolding
circuit.

The investigated MLC topology circuit has some
advantages comparing with classic MLC with independent
sources The main reason is the lower number of the required
switches. This leads to higher overall efficiency of the
converter as well as to easier control of the converter. Besides
that, all benefits of the classic MLC with independent sources
remain the same, and thus, it is possible to swap modules to
provide battery balancing. It should also be mentioned that the
transistors of the unfolding circuit are commutated at grid
frequency, leading to minimized switching losses.

III. TESTBENCH DEVELOPMENT

A down-scaled prototype of a three-level MMC with
independent sources and unfolding circuit has been designed
and tested.

IRF540 n-channel MOSFETs have been utilized for the
switches realization due to theirrelatively low cost and high
reliability. HCPL-3120 optocouplers were chosen for driving
the MOSFETs with bipolar voltage modulation: +15V for
logical “1” and -15V for logical “0”. In order to operate the
MOSFETs with this voltage scheme, each HCPL-3120 is
connected to the TR0515S board mount power supply with
input voltage equal to 5V. LAUNCHXL-F2837D development
board from Texas Instruments has been used to control the
operation of the converter.

Input voltage for each MOSFET in the half-bridge was
chosen to be 8.4V — which equals the voltage of two fully
charged series-connected 18650 battery cells. The input
voltage was obtained using two power supply units, TTi
EX752M, of 5V each one. The power supply of the MOSFETs
drivers was obtained using EA-PS 8032-10 T power supply
unit. The output voltage, as well as the current are measured
with a di ita oscilloscope, RIGOL DS4012.

Fig.3. Setup for experimental verification of the 3-level MLC with
independent sources and unfolding circuit.



An RL load has been utilized for the performance
evaluation of the considered MLC topology. In particular, al6
Q and 5mH connected in series were used. The setup of the
down-scaled prototype, and the test circuit are shown in Fig. 3.

IV. RESULTS AND DISCUSSION

A three-level MLC with independent sources and unfolder
circuit was initially tested at low voltages connected to the
input of the converter and comparatively small low currents.
The output voltage was generated using PWM technique, and
the converter was tested with three PWM modulation
frequencies, i.e. 1 kHz, 2 kHz and 4 kHz. Output waveforms
are shown in Figures 4-6. The blue lines illustrate the output
voltage and the yellow lines show the output current in all
three oscillograms.

Fig. 4. Output waveforms of 3-level MLC with independent sources and
unfolding circuit with 1kHz PWM modulation frequency.

Fig. 5. Output waveforms of 3-level MLC with independent sources and
unfolding circuit with 2kHz PWM modulation frequency.

The experimental results reveal the proper operation of the
investigated MLC topology. The impact of the switching
frequency of the converter on the distortion of the output
current can be observed. In particular, at 1 kHz switching
frequency, the pulsations of the output current (yellow line in
Figure 4) are significantly larger compared to the
corresponding waveform at 4 kHz shown in Figure 6.

Additionally, the thermal performance of the MOSFETs
has also been investigated by using the thermal camera Fluke

Ti450. It can be seen that the devices of the unfolding circuit
were not affected by the switching frequency at room
temperature. The thermal images of the MOSFETs for all
three frequencies are shown in Figures 7-9. On the left side of
these Figures, there are thermal images of the MOSFETs with
the lowest temperature, while on the right side there are
thermal images of the MOSFETs with the highest temperature
among all MOSFETs in all half-bridge converters.

H{ 1000m:

Fig. 6. Output waveforms of 3-level MLC with independent sources and
unfolding circuit with 4kHz PWM modulation frequency.
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Fig. 7. Thermal images of the MOSFETSs in a 3-level MLC with 1 kHz PWM
modulation frequency.

Fig. 8. Thermal images of the MOSFETSs in a 3-level MLC with 2 kHz PWM
modulation frequency.
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Fig. 9. Thermal images of the MOSFETs in a 3-level MLC with 4 kHz PWM
modulation frequency.



The thermal images of the MOSFETSs shown in Figures 7-
9 reveal that the impact of the switching frequency when it
increases from 1 kHz to kHz, on the temperature of the
devices is almost negligible. However, at 4 kHz switching
frequency, a temperature increase of the MOSFETs case is
observed. This result is in accordance with the initial
statement, that the increase of the switching frequency leads to
higher commutation losses associated with the semiconductor
devices.

V. CONCLUSIONS AND FUTURE WORKS

A down-scaled prototype of a single-phase MLC with
independent sources and unfolding converter was designed
and tested. The proposed MLC topology utilizes series-
connected half-bridge converters. This reduces the number of
the required switches, as well as it simplifies the control of the
converter. The experimental results verified the feasibility of
the proposed topology. The converter was tested at low
voltages and at low currents.

Using thermal camera, the thermal performance of the
switches was also studied. It was observed that by increasing
the switching frequency, the temperature of the switches was
increased. This means, that with higher switching frequencies,
the commutation losses associated with the semiconductor
devices used in a converter become higher, leading to lower
efficiency of the converter. On the other hand, it was shown
that the current waveform becomes less distorted with the
increase of the switching frequency. It can be concluded that
the choice of the switching frequency of the converter is a
trade-off between the distortion of the output waveforms and
the efficiency of the converter. Additionally, it should be
mentioned that with increased losses in the switches, more
complex thermal management systems should be designed in
order the converter to be able to dissipate the heat more
efficiently.

The future work includes more sophisticated and dedicated
research of MLC with independent sources in terms of control,
and pre-regulation of the voltage from the source. Moreover,
the design of a full-scale prototype of the MLC and its
experimental validation in bidirectional operation will also be
included in the future work.
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Abstract — This paper deals with the problem of the defining
optimal switching times in modular multilevel converters (MMC)
with independent voltage sources, if no pulse width modulation
(PWM) technique is used. By using MATLAB Simulink
modulation several schematics were analyzed (starting from 3
level MMC till 15 level MMC) with different module switching
patterns. Different switching patterns of modules of MMC are
compared by one parameter — total harmonic distortion (THD) of
the output voltage waveform. Mathematical background of
calculation of optimal switching times is also presented.

Keywords—Modular multilevel converters, DC-AC power
converters, circuit simulation, total harmonic distortion

1. INTRODUCTION

With the development of electrical technologies, the need
of efficient converting of electrical energy from one form to
another (for example, converting between AC and DC,
changing frequency, voltage etc.) has risen and is awaited to
rise in time. Converters of electrical energy are widely used in
different applications, such as interface converters for
renewable energy systems, lighting applications, power supply
of different electrical equipment, battery energy storage
systems, electrical drives etc.

One example of use of power electronic converters are grid
connected battery energy storage systems (BESS). The main
components of BESS are battery (lead acid or lithium-ion
battery pack/bank), AC/DC converter that charges and
discharges battery when it is needed/convenient, AC part and
DC vpart filters [1], [2]. AC/DC converter can be either
bidirectional or can be separated on battery charger/discharger,
as well as AC/DC part can be replaced with two-stage interface
converter: DC/DC conversion stage and DC/AC conversion
stage (inverter stage). Also, there are division between
“standard topologies” i.e. single level topologies (e.g. three
phase bridge, dual-buck half-bridge AC/DC converter in single
and three phase configuration, and speaking about DC/DC
converters: bidirectional Cuk converter, step up DC/DC
converters — bidirectional half-bridge, double bidirectional half
bridge etc.), and multilevel topologies: multilevel converter
with independent voltage sources, diode clamped (also known
as neutral point clamped) multilevel converter and multilevel
converter with flying capacitors. It can be said, that multilevel
converters in this implementation can have applications —
multilevel converters can be either as bidirectional converter

for charging and discharging battery, or can also be AC/DC
part if it is two-stage implementation.

Another example of use of power electronic converters can
be the use of electrical drives in medical equipment. According
to World Health Organization World report of disability
approximately 15% of world population live with some sort of
disability of whom approximately 200 million suffer from
significant difficulties in functioning [3]. Taking into account
the ageing of population and increasing number of chronic
diseases it is awaited, that these numbers will increase in the
course of time. One of the most important questions is
integration of disabled people into social and economic life. It
can be done in a variety of ways, for example, by providing
disabled people with new technologically advanced and
innovative devices. As an example of such device can be smart
wheelchairs. The concept of such wheelchair is described in
[41-[6].

Speaking about smart wheelchairs, one of the most
important parts of the smart wheelchair is electrical drive, as
electrical drive system is one of the main electrical energy
consumers The electrical drive of such wheelchair consists of
low-speed motor and battery and electrical motor interface
converter. The use of high-speed electrical machine is not
effective as it is needed to use mechanical gearbox to reduce
speed. If gearbox is used, then it is impossible to implement
recuperation of energy when wheelchair is slowing down
during movement. The design of low-speed permanent magnet
synchronous machine with segmented stator is described in
[7]-[10]. Low-speed direct drive gives the ability to implement
the recuperation, which increases the efficiency of the drive.
Segmented stator gives the ability to increase or decrease
number of stator segments, thus increasing or decreasing the
power of electrical machine. Taking into account, that one of
the functions of the designed wheelchair is assessment
function, by increasing or decreasing the number of stator
segments changes the level of assessment of powered
wheelchair.

In order to control electrical machine power electronic
driver should be used. Speaking about available in the market
powered wheelchairs, they mostly have either DC electrical
machine with gearbox and as power electronic driver they have
transistor H-bridge, or they have synchronous or asynchronous
electrical machine, in most cases also with gearbox and as
power electronic driver they have three phase single level
voltage source inverter (three phase transistor bridge). Three
phase single level voltage source inverter is cheaper solution to



control three phase electrical machine, because of lower switch
count.

However, there are also some disadvantages of three phase
single level voltage fed inverter. The main disadvantage of this
topology are power losses of transistors, as it is needed to use
PWM method to control switches. It is known, that main losses
of MOSFET or IGBT transistor are during commutation (i.e.
during turning on or turning off the transistor). This can be
critical, when converter is placed in closed space where there is
not possible to provide proper ventilation or cooling of
converter or if space, where converter should be placed is so
tiny, that there is not possible to use heatsinks to reduce
temperature of cases of transistors.

One of the solutions of this problem is usage of the
multilevel converters without PWM technique. In this case,
output voltage is stepped waveform, however with increase of
level count output voltage is closer to sinewave. When PWM is
not used to form output voltage, total power losses of switches
of the converter are less, as switching losses are minimal and
main source of losses are conduction losses.

Current paper focuses on defining optimal switching times
of levels of modular multilevel converter with independent
voltage sources and evaluation calculated switching times
using MATLAB Simulink models.

II. MODULAR MULTILEVEL INVERTER WITH INDEPENDENT
VOLTAGE SOURCES

Modular multilevel inverter with independent voltage
sources (also known as cascaded H-bridges converter with
separate DC sources) consists of series of transistor H-bridge
converters [11]. Output waveform is generated from
independent voltage sources, that are connected to H-bridges as
input voltage sources by switching different combinations of
switches in H-bridges. On Figure 1 one phase cascade for m-
level MMC with independent voltage sources is shown. Each
transistor H-bridge can generate three output voltages: +V,
(switches Q1 and Q4 are turned on), OV (switches Q1 and Q2
or Q3 and Q4 are turned on) and —V, (switches Q2 and Q3 are
turned on). In case of using PWM technique, it is possible to
receive smoother mean voltage values, however, there will be
higher commutation losses of switches. If PWM is not used,
output voltage of modular multilevel inverter is “squarer”,
however, the main source of losses are conduction losses. The
number of voltage levels in modular multilevel inverter with
independent voltage sources with m levels is defined as
m=2s+1 (s positive voltage levels + s negative voltage levels
and OV).

The output phase voltage waveform for such cascade (by
implementing Fourier transform) with s steps can be described
as [11], [12]:

V(wt) = ﬁZ[cos(nﬁl)+cos(nt9z)+.,.+cos(nt9j)]-
z
" (M

i t
. M, wheren=1,3,5,7, ...
n

6, 0,, ..., 6 in (1) are conducting angles, that can be

chosen in such way, that total harmonic distortion (THD) of
the voltage waveform is minimal.
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Fig. 1. One phase cascade for m-level MMC with independent voltage
sources

III. CALCULATION OF LEVEL CONDUCTION TIMES

As it follows from above mentioned, conducting angles (or
conducting times) can be chosen in such a way that THD of the
output waveform is as small, as possible. If sinewave with
phase angle ¢ equal to 0 radians, amplitude is equal to 1V and
frequency f=1Hz is examined as reference signal for three level
modular multilevel inverter, and instead of radians on x-axis of
a plot time in seconds is taken (shown at Figure 2), then instead
of conducting angle & there is conducting time fu. Taking
into account, that sinewave is symmetrical, then only one
quarter part of the sinewave should be examined.
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Fig. 2. Reference sinewave for 3-level modular multilevel inverter



As it is shown at Figure 2, during time period from 0 to T/4
there is one commutation time (or level switching time), in
Figure 2 it is denominated as . If a line =t,, is drawn, then
there are two areas: S; and S, that show the displacement of
generated output voltage by 3-level multilevel inverter with
independent sources from reference sinewave. Areas S; and S>
can be calculated by equations (2) and (3):

1, sin(ar)

S, = |[dav =[dt [ av @
S, 0 0
T/4 1
Szzﬂdth: j dt j dv 3)
S o sin(ar)

Borders of the area S; are V' =0 and V' =sin(at) by y-
axis, and 1 =0 and 1 =T/4 by x-axis. The borders of the
area Sy are V' =sin(wt) and V =1 by y-axis and f =¢_ and
t =1 by x-axis. In order to simplify calculations in this case
V =sin(@t) can be replaced by V =sin(6.28¢), because
frequency of the sinewave is /Hz and therefore angular
frequency @ is roughly equal to 6.28.

In order to have minimal THD, the sum of areas S, +3,
should be minimal, and the only parameter, that can be
changed in this case to make changes in S, and S§,is the
switching time.

The same principles of calculation are applicable when the
level count is different (5, 7, 9, 11 etc.), the only thing that
changes — the borders of y-axis. It is convenient to use
reference sinewave with amplitude 2 for 5 level MMC, with

amplitude 3 for 7 level MMC etc. At Figure 3 the reference
signal for 5-level modular multilevel inverter is shown.
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Fig. 3. Reference sinewave for 5-level modular multilevel inverter

IV. EVALUATION

The initial evaluation was made with the help of
MATLAB-Simulink models. 7 different cases were studied, so
7 models were created. Since the content of this evaluation is
the investigation, whether it is needed to calculate optimal
switching times or not, the models were created quite ideal, the
load was chosen in such way, that the output current is 3A.

Two cases were studied: in the first one levels of modular
multilevel converters were switched on and off using proposed
calculation algorithm, in the second one, switching times are
chosen simply by dividing the period of time when switching
time has to be found by 2 (like the middle point between t, and
tar1)-

For all converter models the comparison was made only by
one parameter — total harmonic distortion (THD) of the one
phase voltage.

At Figures 4-6 three examples of created models are shown
(3-level MMC, 7-level MMC and 11-level MMC).

Fig. 4. Simulink model for 3-level modular multilevel converter
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Fig. 5. Simulink model for 7-level modular multilevel converter
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Fig. 6. Simulink model for 11-level modular multilevel converter

V. RESULTS AND DISCUSSION

All 7 models were simulated for only one cycle, and only
one parameter was taken for comparison — THD of the phase
voltage of one phase. After simulation of both evaluated cases,
THD of output signals was calculated. The results are shown
at Table 1.

TABLE L. COMPARISON BETWEEN OPTIMAL SWITCHING TIMES AND
CASE WHEN SWITCHING TIMES WERE TAKEN IN THE MIDDLE OF THE BOSERVED
PERIOD.

S+S,—min, | Midpoint between t, and t,.1,
THD, % THD, % ATHD, %
3 levels 31.11 49.17 18.06
5 levels 17.61 23.65 6.04
7 levels 12.29 14.74 245
9 levels 9.76 11.02 1.26
11 levels 7.84 9.47 1.63
13 levels 7.02 8.27 1.25
15 levels 6.59 7.28 0.69

As it is shown from Table 1, it is needed to calculate
optimal switching times, as in this case the THD of output
voltage is smaller in all cases. It is also shown, that the smaller
the level count is, the larger is the difference of THD between
observed two cases.

VI. CONCLUSIONS

The obtained results show, that the less levels are in
converter, the larger is difference between two level
conducting time calculation approaches.

Case, when time when minimal sum of SI and S2 is
searched gives better results — so, for better performance of the

modular multilevel converter with independent voltage
sources it is needed to make more sophisticated calculations.

Further works include more sophisticated research of
modular multilevel inverter with independent sources in terms
of battery balancing and creation of control algorithm when
battery balancing is implemented.
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Abstract: There are many possible LED lighting applications where separate regulation of the LED
current (luminous flux) of individual LED strings would be desirable—specialized variable correlated
color temperature lights for ambient lighting, decorative lighting, surgical lights, horticultural lights,
etc. Separate regulation of the current or light flux of individual LED strings is associated with a
known problem: the necessity of using a controllable LED driver for each string, which increases the
total component count, overall system complexity and costs. One of the possible solutions—a current
source mode single-inductor multiple-output LED driver—was discussed in previous different papers.
However, the practical implementation of this solution was not discussed in detail. This article aims
to correct this omission.

Keywords: current control; current supplies; LED drivers; LED module configurations; segmented
LED light sources

1. Introduction

The idea of a segmented LED light source (SLLS) and an appropriate LED driver for the
color/tone regulated LED lamp considered in the scope of this work is an adaptable light
source delivering necessary illuminance to the desired area of the illuminated surface. This
LED module is formed of an SLLS with independently dimmable/switchable high-power
LEDs on its separate branches. Independent driving of this amount of high-power LEDs is
expensive and complicated. Therefore, a special multiple-channel LED driving approach
(single-inductor multiple-output (SIMO) current source mode (CSM) LED driver) has
been chosen to overcome the shortcomings mentioned above. The same multiple-output
driving approach can be useful in many other LED applications such as horticultural
lighting, controllable RGB ambient lighting, adjustable correlated color temperature (CCT)
applications, matrix automotive lighting, etc. The approach itself can be considered as a
multilevel current and light regulation method with fluent control between levels. The
current regulation in the given application is not the primary goal (the primary goal is light
regulation) and it is not explicit. However, having an isolating and parallelizing current
commutating matrix and combining it with a set of simplified uncontrolled current sources
with one controlled current source, it becomes possible to achieve more straightforward
and explicit current regulation that widens the range of potential applications. For instance,
it enables the use of a similar approach in battery applications—battery energy storage
systems and chargers for larger or smaller all-electric vehicles, for example, personal
mobility vehicles like wheelchairs.

The main idea of an LED driver for the SLLS considered in the scope of this paper is
derived from the SIMO CSM driver which has been described most accurately in [1]. The
authors of [1] describe the SIMO CSM driver as a multiple-output converter with current
delivery functions suitable for current consumers such as LEDs and as an approach to
simplify independent output controls in comparison with traditional voltage-source-mode
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(VSM) converters. These statements are validated by experimental results of the CSM
single-inductor dual-output (SIDO) converter example. They also mention the necessity of
using a current generator (constant current source) stage at the input of SIMO CSM as a
drawback, as the most commonly used power supplies are voltage sources.

A similar idea of current source mode regulators has also been studied by the authors
of articles [2-5] several years ago, as well as by other authors quite recently in [6-10]. In [1],
as an advantage of the SIMO CSM driver, the simultaneous voltage step-up and step-down
functions for multiple-output applications are mentioned. However, the simulations in [2]
show that the conditions for energy transfer exist only if the sum of the voltages across all
energy transferring (output) capacitors (C21 and C2k in Figure 1) does not exceed the input
voltage when using CSM buck topology as an output stage for a SIMO converter.
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Figure 1. SIMO CSM driver idea [2].

In [3,4], the steady-state performance of three conventional VSM converters (buck,
boost and buck-boost) in conjunction with LEDs has been compared with the performance
of their corresponding CSM converters by several criteria (maximal dynamic gain, non-
linearity and span of usable duty cycle); in addition, static losses were estimated for CSM
converters, and it was found that CSM converters are suitable for LED driving when taking
into account all this criteria.

In [5], a non-inverting buck-boost converter is considered as a combination of the
constant current source (CSS) stage with the single current regulator (CR) stage, which in
fact, is the initial configuration of SIMO CSM converters discussed above.

The essence of the idea stated by all these articles is that the current in each channel
(individual LED or LED string) can be regulated in a simple way without the need for
implementation of closed-loop regulation when using current regulators (CR). The single
inductor L1 is used for constant current forming as a constant current source (CSS) for whole
circuits, as shown in Figure 1. Only this part of the circuit (single-inductor-based constant
current source) needs to be equipped with closed loop regulation (current feedback). The
alternative method for independent current regulation is using independent LED drivers
(constant current sources equipped with closed-loop regulation) for each channel, which
complicates the control system and increases the number of components and the cost of
a circuit.

Additionally, in [6,7], a different combinations of CSM buck and boost topology output
stages in an SIDO converter are derived, analyzed and summarized by the article authors.
In [8,9], the complete set of 16 possible configurations of SIMO CSM converters with
multiple outputs is summarized.

In [10], an example of the practical usage of a three-output SIMO converter as an
off-line converter is analyzed.

Usually, a configuration of multiple output converters with colored LEDs is considered
for applications where precise color control during dimming is required and relatively
low-power LEDs are used (in applications such as display backlighting) [10-15].
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We are highlighting that our proposed driver configurations are the most appropriate
for use with high-power and high-current LEDs in applications where absolutely precise
color representation is not critical, but the most critical factor is a fluent transition between
different color combinations. The applications where such a driver would be the most
appropriate are white light with adjustable CCT (two colored LEDs) and horticultural
lighting (two to four different color LEDs).

In contrast with the common inductorless representation of CR stages, we use induc-
tors L21 ... L2k to show the inherent current source nature of the current regulator, as
shown in (Figure 1).

SIMO CSM efficiency-related issues have been considered in several articles. Efficiency
improvement using the adaptive current bus approach is proposed in [16], and restriction
with low-frequency pulse width modulation (PWM) dimming is described (however, this
restriction could be under discussion).

Another article on SIMO CSM efficiency issues is [17], with a proposal of soft switching.
However, the analysis and discussion of the efficiency results are not presented in the paper.

The question is the impact on the efficiency of the whole driver of the presence of a
series diode in the circuit of each individual channel of the driver, especially the in case
of using high-power LEDs with high current rates (in the rate of several amperes). The
proposed improvement of this issue is discussed further in one of the sections of the paper.

Also, there is lack of discussion on driving circuit implementation for SIMO CSM
drivers in existing papers. As the number of controllable switches not referenced to
the ground (negative node) or positive node is equal to n — 1, where 7 is the number
of independent driver channels, isolated gate driving circuits or other special driving
approaches may be required for proper MOSFET transistor driving. Thus, particular
attention in this paper has been paid to this issue.

Another topic for discussion is CCS as the input for independent channel current
regulators. For the initial investigation, a prototype with an MP24833 integrated circuit
(IC)-based CCS was made, which is discussed in the following section. However, the
different inductor current limiting/forming control strategies can be implemented using
other ICs or control methods, which is another direction for further research.

So, the purpose of this paper is the practical validation of multiple output LED drivers
with the simple control method described in the papers mentioned above. The prototype
of the modified SIMO LED driver discussed in further sections of this paper has been
prepared for the validation of the issues listed above. A detailed discussion is given in the
following sections.

2. Implementation of Constant Current Source Based on Common Existing Solution

There are many possible LED driver implementation options. However, existing
LED drivers mostly are based on switch mode power converters (SMPC) with closed
current regulation circuits due to several advantages. The most valuable among them is
high efficiency. Buck SMPC is the most commonly used candidate for these purposes. A
common simplified buck SMPC-based constant current LED driver is shown in Figure 2.
An LED driver can be considered as a matching element between a voltage source and an
electrical current consumer.

Current feedback is formed by the current sensor I_CS, which measures the actual cur-
rent i_L flowing through choke L1, adder SUM, which gives an error signal (the difference
between the actual i_L1 and set current I_set), and the control unit U11, which consists of a
regulator and a pulse width modulator (PWM). According to the received error signal, it
forms a control signal for transistor Q1. Since the current source without load theoretically
can generate an infinitely high voltage on its nodes, the protection of the converter output
is applied: an output voltage limiter based on comparator U12, which compares the voltage
from the divider R1, R2 with the maximal set value.
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Figure 2. One of the considered options with non-isolated driving of independent channel CRs for
practical validation.

Such a typical LED driver with minor modifications can serve a CSM source function.
These minor modifications include the removal of the output capacitor C_LED and the
output voltage limiter, which is formed by R1, R2 and U12 in Figure 2, or increasing the
value of the voltage limiter to the required level, which must be equal to the voltage drop
value across all series-connected LEDs in all channels with a small margin.

For experimental validation, a modified EV24833-A-N-00A buck/boost configurable
development kit based on MPS MP24833 LED driver IC [18] was used in the scope of this
work, as shown in Figure 3. On this development board, the changes mentioned above
have been made, thus achieving the desired behavior of the CCS: the removal of capacitor
C5 and adjustment of the voltage divider R8, R9.
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Figure 3. EV24833-A-N-00A buck/boost configurable development board based on MPS MP24833
LED driver IC with modifications to perform in CCS mode: (a) picture with changes on the board;
(b) electrical circuit schematic of evaluation kit board [18] with necessary changes; red cross—removed
capacitor; green arrow—parts of voltage divider to be modified.

The approach considered in the scope of this paper (the modification of an existing
LED driver to CCS and using it in combination with additional modified CRs stages) can
be used for upgrading existing no-controllable LED lighting systems to adjustable light
output systems with simplified control.

3. Discussion on the Efficiency of CSM SIMO LED Driver

It is evidently seen from the circuit shown in Figure 1 that the overall efficiency of
the SIMO CSM driver is noticeably lower in comparison with the bare buck converter in
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CCS mode as an additional CR conversion stage(s) is in use with its own controllable and
uncontrollable switches and their power loss. The CCS stage current always flows through
CR stages. To simplify the control system of the CR stage and the whole system (which is
one of the main advantages of this configuration), uncontrolled diodes VD1 ... VDk are
used as top switches in CR stages. When the CR stage gives 100% light/current output, the
whole current flows through this uncontrolled diode, causing high power loss, especially if
there is a small number of connected LEDs in the regulated string.

There are ways for efficiency improvement, which are considered in the scope of this
paper. One of them is the replacement of a high-side uncontrolled diode by a controllable
transistor switch, which complicates the driving circuit. Another way is using CR stages in
combination with parallel controlled switches, thus bypassing CR’s diode. This approach
also complicates control; however, it allows for the elimination of diode-associated power
losses over part of the regulation range with higher output power and will be discussed in
the following sections of this paper.

4. Implementation of Light Flux Regulators

To distinguish the previous discussed CR concept from the new modified CR stage
with parallel controlled switches, we introduce the name “light flux regulator” (LR) for this
whole combination as well as “current switch” (CS) for parallel controlled switches inside
this regulator. The implementation of light flux regulators LR1 for each regulated channel
is shown in Figure 4a.
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Figure 4. Implementation of light flux regulator LR in CSM SIMO LED driver: (a) using the same LED
numbers in light flux regulator LRx and current switch CSxy branches; (b) using binary-weighted
LED numbers in light flux regulator LRx and current switch CSxy branches.
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Each LR1 is constructed as a combination (series connection) of single current regulator
CR1 and a chosen number of current switches CSly, which are controllable switches
Q31y connected in parallel with light-emitting diodes LED1y1 ... LED1yz, where y is the
numbering index for current switches, while z is the numbering index for LEDs. Current
regulator CR1 consists of capacitor C21 connected in parallel with LED11 ... LED1z, they
are connected in series with an uncontrolled switch—diode VD21 (which in general, can
also be a controllable switch). As mentioned previously, in comparison with the original
CR circuit from [1], we use inductors L21 . .. L2k to show the inherent current source nature
of the current regulator as shown in Figure 1 and in [2]. Controllable power switch Q21
is connected in parallel with all these components. Q21 is controlled by a pulse width
modulation PWM signal. The average current value I LED_CRI of the CR1 branch of light
diodes LED11 ... LED1z depends on the value of the transistor Q21 control signal duty
cycle D_Q21 and the constant current value I_L1, and is equal to [3]:

I LED_CR1=1L1-(1 — D_Q21), )

but the current value I_LED_CS1y of the CSly branch of LED1yl ... LED1yz is either 0
or I_L1, depending on the specified value of the control parameter and the corresponding
transistor Q31y control signal duty cycle D_Q31y.

As discussed above, the main aim for CR’s modification is efficiency improvement
by modifying hardware parts as well as a light flux regulation control algorithm to bypass
CR'’s high-side diode over part of the regulation range with higher output power.

A simplified calculation for CR stage diode power loss and the efficiency curves were
built for the bare CR stage and for the LR stage. The comparison is shown in Figure 5.

100.00
95.00
90.00

85.00

Efficiency, %

—> Light Flux Regulator LR

80.00

—6—Current Regulator CR

75.00

0.00 0.20 0.40 0.60 0.80 1.00
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Figure 5. Theoretical estimation of efficiency of bare CR stage and LR stage when driving the same
number of LEDs.

It is seen from these graphs that there is better efficiency of the LR stage at a higher
output power and worse results in a low power range in comparison with the bare CR stage
because only the CR part operates in LR at low light outputs. To achieve better efficiency of
the lamp, the light output control strategy for LR can be constructed in such a way that the
CR part is involved only in fluent transitions between different brightness states.
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5. Binary-Weighted LED Number in Separate LED Light Source Branches

To optimize the number of controllable switches in LR, it is possible to choose binary-
weighted LED numbers in the CSxy branches according to the principle:

Myy = 2%, (2

where x is the numbering index of LRs and CRs, y is the numbering index for CSs as
mentioned previously, but m is the number of LEDs in the corresponding branch. Then,
the last LED index in the CSxy branch is LED_CSxnm or LED_CSxn(2") (Figure 4b).

The light flux regulation algorithm as well as control signals of LR’s controllable
switches for LR with four CSs and binary-weighted numbers of LEDs in these branches are
shown in Figure 6.
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Figure 6. Control strategy of light flux regulator LRx with binary-weighted number of LEDs in CSxy
branches. Colors are consistent with Figure 4a: blue—relative luminous flux of whole LRx; red—duty
cycle of control signal for CRx stage transistor; orange—control signals for CSxy.

The total luminous flux produced by LEDs is approximately proportional to the given
control parameter. Control signals of power switches Q21, Q310 ... Q31n are formed in
accordance with the specified value of the control parameter. CR’s power switch Q21 is
driven by the signal D_Q?21, the duty cycle of this signal varies within the range of 0 to
100%. The duty cycle of control signals D_Q310 ... DQ31n for power switches Q310 ...
Q31n are either 0% or 100%.

Configuration of the proposed SIMO driver for the general case is given in Figure 7. It
consists of multiple LRx blocs for multi-channel regulation.



Electronics 2024, 13, 54

80f 13

CCS
LLED au
Z DRV_CR1
Isolated MOS FET
LED CRIL T 1
p_Q21 oo |
A |
7 | e Ko 1
Hp-em e—
DRV_CS11

LLED_GS1l Isolated MOS FET
ate driver

1!

; Isolated MOS FET
PWM_Q31n|

A
o
L | ZT Y]

{ DRV_CR2

D_Q3In Tsolated MOS FET

I : M_Q3
A D_Q31t
1\/7 i Do
HEREE =]
XF L DRV_CSIn

PWM_Q22

A
x[D>o
L T 1

L DRV_CS21 l
Tsolated MOS FET ]
: IPM Q321

A

<[ Do
Z’M

1 DRV_CS2n

D_Q22
Tsolated MOS FET
gatedriver oy 032,
A [EM Q320
D_Q321 OV . o
.| r.Vm

| Z’M
< DRV_CRk

D_Q32n Tsolated MOS FET
ety gaic

cDe
e
L DRV_CSk1

¥

fFEE

0
M

vee

Microcontroller

D_Q2k Tsolated MOS FET
gatedriver oy 031
oo * N
D_Q3Kk1 @™ "‘D“
L | 2w
< DRV_CSkn
Isolated MOS FET
| D_Q3n gate driver
1 o *
I @™ “‘D"
‘ 120
1 a 12V
:S Z f
H ;Em HESUEE
::\/ 4 : g |4
I: LED2 {l 3 |3
i A : N7 ERE
L/~ : 0 cul Sl E
[} LEDI f
| :
[ g
I f

Figure 7. General case configuration of proposed SIMO driver and SLLS with the uncontrolled branch
for voltage extraction for CSB.

6. Considerations on Control Circuit Implementation

The main topic of this article is the discussion of the practical implementation of
the SIMO LED driver and possible solutions for existing non-controllable LED lamps,
upgrading them to regulated light color lamps using this driver.

As discussed above, the standard LED driver with minor modifications can be re-
configured to CCS suitable for use as part of the SIMO driver. In this way, part of the
existing non-controllable LED lamp can be used. The problem with the power supplies
of existing non-controllable LED systems is an absence of low-voltage output suitable for
the supply of control circuits of the proposed SIMO driver: single current source output is
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available. One or several LEDs in a separate unregulated branch (UB) of the segmented
LED light source (SLLS) can be used for the extraction of suitable voltage for the control
system block (CSB) of the proposed SIMO driver from this current source (LED driver).
The discussed principle is shown in Figure 7. Of course, this method leads to noticeable
disadvantages: such a lamp will always produce a minimum luminous flux of a certain
color light, specified by LEDs from the introduced UB of SLLS. However, the described
approach of voltage extraction for the supply of control parts can be used in LED lighting
applications, where this minimum output light drawback does not matter. This allows for
the simplification of the lamp’s overall structure and for cost optimization.

LEDs in the unregulated LED branch LEDO ... LED3 of SLLS function as a voltage
stabilizer for both the microcontroller MCUT1 at 3V0 and the isolated MOSFET drivers
DRV_CR1 ... DRV_CRk, DRV_CS11 ... DRV_CSkn of power switches Q21 ... Q2k, Q311
... QBkn at 12V0. For the optimization of transistor driving circuits, the UB of a segmented
LED light source can be split and located at the CCS’ both negative and positive nodes as
well, and both type N-FET and type P-FET transistors can be used in this case.

7. Considerations on LED Physical Placement for Segmented Light Sources

It is intended that with this type of driver, bi-color or multi-color LEDs will be used to
obtain the best color mixing results. However, for the lighting applications where this issue
is not critical, separate colored LEDs also can be used. As the light source has separate
controllable branches, the LEDs should be placed symmetrically against the SLLS center
for the most even light distribution results, as shown in the sample in Figure 8 with the
binary-weighted number of LEDs in separate branches (not all combinations are shown:
10 of 15 possible combinations). This segmented module was built as one color/channel
module, but it is applicable as a sample of possible implementation.
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Figure 8. Example of symmetrical placement of LEDs in SLLS with binary-weighted number of LEDs
in separate branches.

8. Experimental Validation

For experimental validation, the prototype of the proposed modified SIMO driver was
built by combining CCS based on an MP24833 LED driver IC (Figure 3) and one LR stage.
The LR for testing purposes was built on two separate stackable PCBs/boards, splitting the
power part and control part (these PCBs/boards are shown in Figure 9).



Electronics 2024, 13, 54

10 of 13

gubBBE

™
O
Y
]
LD
o
D
D
L
)
D
=,
-

2

-\

ower Analyzer

(b) ©

Figure 9. The prototype of the proposed SIMO driver based on LR: (a) control and FET driver board;
(b) power part board; (c) testing setup.

The LR stage (power part, which is shown in Figure 9b) of the prototype is configured
as the combination of one current regulator CR1 with four current switches, CSO ... CS3.
For testing purposes, the most robust FET driving circuit configuration was selected for
implementation in the prototype board: isolated gate drivers with an isolated supply for
each driver.

As the control system, the core of the proposed LR RP2040 microcontroller was selected.
However, it could be any other microcontroller with enough configurable GPIOs: for this
prototype, one PWM output and four GPOIs. For testing purposes, two control parameter
input methods were implemented: (1) by trimmer and MCU readings of its set value on
ADC input and (2) by “increase”/“decrease” push-buttons. A board of the control parts of
the prototype is shown in Figure 9a.

The testing setup for the experimental validation of the proposed LR is shown in
Figure 9c. Summaries of the initial tests are given in Figures 10 and 11.
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Figure 10. Experimental validation of single LR stage: correspondence of control signals to the
illuminance at center point below LED module at 1.1 m distance.

The experimental validation of single LR stage luminous flux regulation is shown
in Figure 10. The measurements were made with an indirect method using a luxmeter
at the central point below the LED module. Correspondence of the control signals to the
illuminance at the center point below the LED module at 1.1 m distance is shown here. The
tests were conducted with the quite old (still in good condition), white, high-power LEDs
available in the laboratory: Seoul Semiconductor W724C0 LEDs. The V-A and A-Im curves
of a single LED of the mentioned type are given in [19]. The configuration of the module
was made as shown in Figure 4b, except for the number of CS stages (three stages). The
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placement of LEDs is close to each other, but not perfectly symmetrical. Thus, the deviation
of the experimental points across a linear interpolation is seen in Figure 10, close to the
transition points when switching to the next CS combination state.
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Figure 11. Comparison of the efficiency of different dimmable system configurations by the assess-
ment of experimental data at similar conditions.

The assessment of the efficiency of the proposed system configuration is given in
Figure 11. The tests for all dimming options were performed in similar conditions to the
LED module mentioned above, with the maximum output power approximately 50 W using
eight LEDs in total. Input voltage in all conducted experiments was the same, 35 V. The
data obtained using Newtons4th Ltd. (Leicester, UK) PPA5530 precision power analyzer
were used for this experimental efficiency validation. It is seen here that the efficiency of the
bare CCS part is noticeably better in comparison with the combination of CCS+CR, which
is the price for using such a kind of SIMO driver in high-power applications. However,
as can be seen from Figure 11, some efficiency improvements can be achieved using the
proposed configuration with light regulator stages.

9. Conclusions

The constant current mode SIMO LED driver is a good candidate for the implemen-
tation of a color regulation system for LED lamps partly based on existing, well-proven
solutions. However, there are some issues with practical implementation: reduced effi-
ciency in the current regulator stages and issues with the additional supply for the control
part, as well as the necessity of using specially designed segmented LED light sources in
combination with the SIMO driver. This article provides positively working solutions to all
these issues described above.

The implementation of LR (Figures 4 and 7) is proposed for improving the efficiency of
regulators with theoretical estimation, as shown in Figure 5 and confirmed by experiments
(Figure 10).

As the solution for the control part supply issue, it is proposed to use an additional
uncontrolled LED branch by implementing this branch in the segmented LED light source.

Also, a feature of this driver that the SLLS with symmetrically arranged binary-
weighted LED branches used can be utilized in a lamp as a visual design element, as can be
seen from Figure 8.
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Abstract: The application of electrochemical cells as a source unit of electrical energy is rapidly
growing—used in electric vehicles and other electric mobility devices, as well as in energy supply
systems—as energy storage, often together with renewable energy sources. The key element of such
systems is the power electronic converter used for DC energy storage and AC grid interfacing. It
should be bidirectional to charge and discharge the battery when it is necessary. Two-stage battery
interface converters are the most common; their DC-DC stage controls the battery current and adjusts
voltage, but the DC-AC stage (inverter or frontend) controls the current in the grid. The use of
unfolding inverters in two-stage battery interfaces can have some advantages. In this case, the
DC-DC converter produces half-sinewave pulsating voltages and currents, but the unfolding circuit
changes the polarity of the voltages and currents and produces no switching losses. Another trend of
modern power electronics is the principle of partial power processing. In this case, power electronic
converters deal only with a part of the total power; therefore, losses in such converters are reduced.
This paper considers combining unfolding frontends with partial power DC-DC converters that
enable the further reduction in losses. In this paper, it is shown that such implementation of the
partial power conversion principle in semi-DC-AC systems is really possible based on the real-time

lclr;’%c:tfgsr matching of the voltage of the partial-power DC-DC converter, battery voltage (which depends on its
Citation: Galkin, .A.; Saltanovs, R ; state of charge) and the rectified instantaneous voltage of the AC grid.
Bubovich, A.; Blinov, A.; Peftitsis, D.
Considerations on Combining Keywords: battery energy storage systems; electric vehicles; battery chargers; AC-DC power
Unfolding Inverters with Partial converters; DC-AC power converters; inverters

Power Regulators in Battery-Grid

Interface Converters. Energies 2024,17,
893. https://doi.org/10.3390/

enl7040893 1. Introduction

Academic Editor: Tek Tjing Lie Electrochemical cells are historically one of the most known and one of the most
Received: 12 December 2023 widespread dev1ces. for the storage of electr.lcal energy [1,2]. This particularly refers to tl’.le
Revised: 5 February 2024 rechargeable batteries that are the most suitable source of energy for portable electronic
Accepted: 7 February 2024 equipment, as well as a convenient source of energy for hand tools and household equip-
Published: 14 February 2024 ment. Nowadays, recent achievements in battery chemistry, in particular those based on

Li-Ion technology, accelerate the improvement of the parameters of rechargeable batteries.

Overview papers like [3] regularly report a higher specific energy (several hundred Wh/kg)
By and power (several kW /kg), operation time (several thousand cycles), charge—discharge
Copyright: © 2024 by the authors.  efficiency (>95%), as well as the more affordable price of Li-Ion batteries. This brings the
Licensee MDPI, Basel, Switzerland.  technology of rechargeable batteries to such application fields like transport (All-Electric
This article is an open access article  Vehicles—EVs or Battery-Powered Electric Vehicles—BEVs) and energy supply (known as
distributed under the terms and  pattery energy storage systems—BESSs), in particular, to supply systems with renewable
energy sources [4]. At the same time, it must be noted that modern rechargeable batteries
are not just mechanical combinations/connections of several electrochemical cells. They
also often incorporate electronic circuits or battery management systems for cell balancing,
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protection and diagnostics [5,6], and, sometimes, thermal management units that stabilize
the temperature of these batteries in an intensive charge/discharge process improve their
operation parameters even more [7].

The operation of modern batteries occurs in conjunction with dedicated electronic con-
verters controlling the charge and discharge of the batteries. The overviews of BESS usually
emphasize two kinds of converters integrated into BESS: isolated and non-isolated [8,9]. The
isolated converters are distinguished from the non-isolated ones by the absence/presence
of the full power transformer in the converter. The first group typically contains “safe” low-
voltage batteries. At the same time, this definition of safety is rather vague. Reference [9]
contains a brief analysis of the regulations applicable to BESSs. It has been concluded that
these regulations define the constraints for various grid-tied electrical equipment but do not
explicitly limit the voltage of batteries. For this reason, in some cases, BESS manufacturers
refer to other standards that regard other equipment with batteries, for example, telecom
centers [10] and personal mobility vehicles like wheelchairs [11,12]. It is quite typical that
these standards separate the parts of the equipment accessible by ordinary users (batteries)
from the parts of the equipment accessible only by qualified staff (chargers). While the
chargers have quite high AC limitations (for example, 250VAC in [11]), more accessible
batteries have much lower DC limitations; ref [10] defines the dangerous level at 60 V
while [11] defines it at and 36 V (for lead-acid batteries), and [12] at 50 V (for Li-ion batter-
ies). As a consequence, according to Section 3 of [9], the market-available BESSs typically
include a “safe” 4860 V battery or a battery linked to the ratified grid voltage (300-400 V)
or supplied in two configurations with low or high-voltage battery.

The converters of the first type typically include a grid frequency or high-frequency-
isolating transformer that galvanically separates the battery component of energy storage
from its grid component. For the same safety reasons, the battery interface converters
(chargers) of BEVs are also typically isolated. To the same extent, this refers to the converters
allocated outside the BEVs—off-board chargers—[13] or those placed inside of them—on-
board chargers [14]—as well as the chargers larger [13,14] or smaller [15,16] BEVs.

The converters of the second type, or non-isolated converters, can link to the grid’s
rather high-voltage batteries. On one hand, the BMS of such batteries is more complex,
expensive and less reliable, but on the other hand, this eliminates the need for a full-power-
isolating transformer and the corresponding losses. In addition, the same operation power
is achieved at lower currents and, therefore, with lower conduction and switching losses.
These converters and BESS, therefore, are potentially more energy efficient. Some BESSs
available on the market are offered with low and high-voltage battery versions that prove
the prospects of this combination of batteries and chargers [17].

When talking about BESS interface converters for high-voltage batteries, it is also
necessary to outline their two main topologies: single- and two-stage. The single-stage
converters link the floating voltage of the battery and the AC voltage of the grid through a
monolithic power converter (grid frontend). They are typically extremely efficient for one
operation point with a particular state of charge (SoC) of the battery but not so efficient
if SoC is different. Introducing a pre-regulator compensates for the floating of battery
voltage and stabilizes the DC voltage of the frontend at the level optimal for its operation.
This makes the operation of the frontend more efficient for a wider range of SoC, but
it also reduces the efficiency at the best operation point [8,9] due to the extra losses in
the pre-regulator.

The final choice of the battery and its interface converter is made based on the trade-off
between lower losses and the higher efficiency of BESS on one hand, but on the other, it
must consider a safer low-voltage battery, a more simple and reliable battery management
system, as well as the simpler installation and maintenance of the BESS.

This work is devoted to a loss reduction in BESSs. Usually, the loss reduction and
higher efficiency of BESSs with non-isolated converters refer to two matters: (1) the battery
of such a BESS has a higher voltage and, therefore, the interface converter and BESS, on the
whole, operate at lower currents leading to lower conduction losses; (2) the absence of the
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full-power isolating transformer excludes all the losses associated with this transformer.
In addition to these two considerations, this research also utilizes two promising loss
reduction techniques. One of them is partial power conversion, but the other one is the
use of unfolding inverters. While separate studies on these techniques are frequent, their
combination is not studied well. Quite rare reports are devoted to unidirectional coverers,
mostly for photovoltaic applications (see Section 2 for details). This paper expands the study
to bidirectional systems, namely, to BESSs. Combining these two techniques allows the use
of alower voltage battery without the use of the full-power isolation transformer that causes
the above-mentioned trade-off. One part of this research is performed experimentally in
order to prove the feasibility of the proposed BESS interface converter. The other part
of this work treats a mathematical model of the converter with the goal of determining
its losses and the link between its losses and partiality. In both cases, the main research
method is data gathering and analysis.

2. Approaches to Loss Reduction

The two-stage interface converter for BESS, considered in this paper, is intended for
high-voltage batteries, that allow it to operate with lower currents and, therefore, lower
conduction losses. In addition, this converter logically combines and utilizes two trends in
the design of power electronic converters, also facilitating loss reduction. The first feature
is the use of partial power converters in DC systems which, together with a reduction
in processed power, also reduces the losses. In turn, the second feature is related to the
operation of the network frontend of the two-stage converters. An alternative to the
traditional pulse mode operation of the frontend exists is, in this case, the grid—frequency
direct commutation of the DC-link to the grid that requires semi-sinusoidal voltage in the
DC-link but allows the almost pure elimination of the switching losses (such converters are
known as unfolding inverters or unfolders). Let us consider these two trends in more detail.

In contrast to the full-power DC-DC converters that are subject to full input and output
voltages, they conduct a full current and, therefore, process the full system power, and
partial-power DC-DC converters (PPC) are connected between system inputs and outputs
in such a way that the converter processes only the difference between input and output
voltages and currents. For this reason, PPCs deal with only a part of the full system’s
power while its major part is transmitted from the input of the system to its output without
any conversion [18,19].

PPC benefits include the following: (1) a lower converter switching current and
voltage, which allows the selection of cheaper and more compact semiconductor switches
(transistors and diodes); (2) lower converter losses (determined by lower-rated power)
which significantly improves the total energy efficiency and facilitates cooling. The lower
the voltage/current difference handled by a PPC, the more pronounced the benefits of
the partial power conversion. PPCs are particularly convenient to compensate for the
parameter floating of DC energy sources or storages, such as batteries or PVs. For example,
voltage reduction in a battery together with its SoC at its discharge may be compensated
by a PPC, the input of which is connected to the battery in parallel with its output in a
series, thus forming the sum of the battery and PPC voltages. PPC then generates the
difference between the maximum battery voltage (at SoC 100%) and its actual voltage.
So, by definition, such PPC processes the mentioned difference that is lower than the
full battery voltage. For a 100-cell Li-Ion battery, the maximal PPC voltage can conclude
+100 x (4.2 — 2.5) =+170 V (where 2.5 V is the cut-off voltage of the cell, but 42 V is
the maximal open circuit voltage of the fully charged cell) while the full-scale converter
deals with 420 V. In this example, the full power is 2.5 times higher than the partial
processed power.

Unipolar PPCs can only add (or subtract) their voltage (current) to the base value
and bipolar PPCs are capable of both adding and subtracting. The PPCs of the second
kind can operate with twice as low voltage/current/power compared to single-polarity
PPCs [20]. For example, in the previous battery example, bipolar PPC can operate with
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+100 x (4.2 — 2.5)/2 = £85 V while providing, at the same time, the complete compensa-
tion of the battery voltage drop at 170 V. In this case, the processed power is five times
lower than the actual power.

Schematically, PPC can be a DC-DC converter of any isolated topology. The most
versatile implementation of unipolar PPCs is typically based on a Double Active Bridge
(DAB), but other schemes are also possible. For example, ref. [21] presents PPCs of flyback
and full-bridge phase shift topologies.

Bipolar PPCs include bidirectional or four-quadrant switches at their secondary side.
For example, ref. [22] presents a bipolar version of the full-bridge phase shift converter
from [21], while [23] describes a PPC with a bipolar DAB. Other schemes utilize resonant
chains for better commutation and lower losses; for example, a bipolar DAB with a resonant
tank is reported in [24]. It must be noted that all the above-mentioned PPCs [20-24] are
intended solely for use in DC-DC systems.

The second trend in the field of power electronic converters, which is utilized in the
considered system, refers to the principles of synthesis of the AC voltage in two-stage
DC/AC inverters. As has been mentioned, the first stage of such inverters is a DC/DC
regulator, while the second stage is a network frontend (rectifier /inverter). These stages
are connected through a DC-bus. Traditionally, both stages are pulse mode converters—the
first compensates for changes in the battery, and the second forms a sine-form voltage and
connects it to the grid. The alternative method of synthesis of the AC voltage/current
assumes that the regulator not only compensates for the voltage changes in the battery but
also forms a semi-(rectified) sinewave at its output. As a result, the DC-link voltage and
current pulsate, while the frontend just unfolds these pulses to the grid with predetermined
polarity and with a low network frequency, operating as a commutator or as diodes in a
diode rectifier [25,26]. It is clear that the power losses in such a commutator (known as
unfolding frontend or unfolder) are lower because they do not include the component of
the losses associated with high-frequency switching. This principle of commutation of the
pre-shaped semi-sinewave voltage is also applicable to three-phase systems [27,28].

When considering the two-stage battery interface inverters with a pulsating DC-bus,
one can notice that, while the frontend produces lower losses, the regulator forms the
voltage in the full range from zero to the amplitude of the network voltage that is hardly
compatible with partial power principle. On the other hand, if the DC-bus is stabilized,
then the regulator can process partial power and may have lower losses, but the frontend
is a pulse mode circuit with additional switching losses. It is quite logical that certain
attempts were made in order to combine the PPC principle with a pulsating DC-bus and
unfolding frontend.

One of the earliest distinct attempts to achieve power partiality with unfolders is
reported in [29,30]. The papers present a two-stage two-level voltage-sourced inverter for
PVs that adds the variable voltage from the pulse mode circuit to the constant voltage
of PV. These works aim to compensate for the voltage reduction over the PV matrix that
leads to the operation of the inverter at limited power if the PV voltage is low. Being a
unidirectional inverter, it is suitable only for PVs. In addition, the presented inverter is not
a truly partial power converter but just operates at reduced parameters (a good explanation
of this phenomenon can be found in [19]).

Paper [31] presents a two-stage interface converter for batteries with a mid-point,
which combines a specific unipolar two-level inverter with an explicit unfolder. In this case,
the converter transforms the constant voltage from one or another DC source (fractions
of the battery) into a semi-sine voltage of the DC-bus that is applied to the grid by the
unfolder. The inverter rater utilizes the principle of fractional power conversion when
partial power is taken from a distinct fraction of the power source (that could lead to the
non-even aging of the battery cells). The paper itself is more focused on control matters,
particularly, on the problem of voltage zero crossing, but its loss analysis is very brief.

Paper [32] and patent [33] present a two-stage inverter, which combines the true PPC
principle with a pulsating DC-bus and unfolding frontend. This work utilizes a series
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input-—parallel output (SIPO) PPC scheme and, like [29,30], is intended for PV interfacing.
These documents provide a feasible study of SIPO PPC with the UF inverter and DC
allocation of the current firming inductor. At the same time, they do not pay much attention
to the study of the actual partiality and its influence on the losses and parameters of the
semiconductor switches. In addition, the proposed technical solutions are not suitable for
use with BESS due to their unidirectional nature.

The essence of this work follows from the mismatch of the above-discussed
solutions [29-33] from considering the application or principle of the true partiality of
power conversion. Its main contribution includes the development of a novel BESS power
interface and corresponding control, as well as their evaluation from the point of view
of energy efficiency and parameters of the switches. The first novelty, therefore, is a new
power electronic converter for BESS that combines a bidirectional unfolder, bidirectional
parallel input-series output (PISO) partial power converter and pulsating DC-link. An
essential part of this novelty is the method of interfacing, which processes the floating
voltage of the BESS battery, forms pulsating semi-sine voltage in the DC-link, and applies
it to the AC-grid. The second novelty of this work is a simplified quick methodology
of the loss evaluation of the proposed converter based on its actual real-time partiality
ratio depending on operation conditions (SoC and grid phase). At last, this work briefly
evaluates the positiveness of the proposed BESS interface from the point of view of the
voltage and current stress on its switches.

3. Outlines of Proposed Two-Stage BESS Interface Converter
3.1. Structure of Converter

The most explicit configuration of BESS with the proposed two-stage converter is
presented in Figure la. Apart from the battery and grid, it contains an unfolding grid
frontend (UF—inverter, operating at grid’s frequency), an isolated bidirectional PPC capable
of generating bipolar voltage (PPCepg 4is), as well as a “virtual” DC-bus (qDC) with semi-
sinewave pulsating voltage. The voltage of the battery is approximately twice as low as the
amplitude of the grid voltage. Due to this, the PPC is connected with the battery in series
on the DC-bus side and in parallel on the battery side. This configuration (named in [32] as
PPC Type II) is analyzed in the present work, in contrast to PPC Type I, which is mostly
studied in [32]. Further, this series connection of the battery and PPC is attached in parallel
to the UF inverter. This may be an ordinary single-phase H-bridge as in [25] or a three-phase
circuit like in [28]. In turn, the PPC can be constructed as any isolated bipolar bidirectional
circuit, including the circuits with resonant tanks; for example, a bidirectional DAB is
presented in [34].

Another configuration of BESS with the PPC and UF inverter is shown in Figure 1b.
It includes an isolated bidirectional unipolar PPC, a “pulsating” DC-bus (qDC+), and
an additional unfolding inverter (UF+). The unipolar PPC with the additional inverter
UF+ operates as the bipolar PPC of the previous configuration. This reduces number
of the switches operating in the high-frequency mode and, therefore, the corresponding
switching losses.

One more improvement in the initial BESS configuration assumes the splitting of the
bidirectional PPC into two unidirectional PPCs. One of them operates only in the battery
charging mode, while another one operates during battery discharge. This means the
absence of bidirectional switches that reduce the number of semiconductor elements in
each current loop and the corresponding conduction losses. This BESS’s configuration is
shown in Figure 1c.

Finally, the combining of the two above-mentioned improvements, i.e., the splitting
of the bidirectional PPC into two unidirectional ones and the use of unipolar PPC with
the extra unfolder instead of the bipolar PPC, provides the achievement of their benefits
together. In addition, such configuration enables the fine-tuning of the design of these
separated parts of the two-stage BESS interface converter.



Energies 2024, 17, 893

6 of 24

£ () Vel l)l
- = Vope i
\Q: Slon~  1tan oo ) S‘\ 3 ppeinty | o - o
) abC w0 i g | S| ot [
= Vd(‘(t) UF = _qgc_-_l—_ E Vi ) %
— m, V - Vi e
- i - I I
(@) (b)
TS () vppc',d(r(t)
s = 3
B S =1 qDC+
B < S +
& >§ P — — & Vppe,int % ; —
-}Oﬁ»i qDC Vs(?) i gDC vs(Y)
i bove(® 1| UF (S s — i V() B P
jp— Vbat E p— Viat E
-+ I - = T
(0 (d)

Figure 1. Structural diagrams of a two-stage converter with unfolding frontend and partial power
DC/DC converter: (a) basic configuration, (b) configuration with additional unfolder, (c) configu-
ration with two converters dedicated for battery charging and loading and (d) configuration with
additional unfolder and two converters.

3.2. Topologies and Operation of Frontend

The frontend (Figure 2) is composed of a commutation matrix, switching at grid
frequency, and an inductance coil that serves as a current-forming element and can be
allocated at the DC or AC port of the frontend.
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Figure 2. Generalized schematics of unfolding inverters (single phase, basic elements): (a) with
inductor at AC port and (b) with inductor at DC port.

Q€ vu(?)

When the coil is allocated at the AC port (Figure 2a), its first contact is fixed at the grid,
while the second one is connected through the commutation matrix to the DC-link. The
coil then operates with alternating sine current and voltage. Since the voltage in the grid
(Figure 3a—blue) must be in line with the grid current (Figure 3b) formed in the coil, the
voltage of the coil (Figure 3a—magenta) must have a 90° shift. Therefore, the voltage at
the first end of the coil (at the AC port of the commutation matrix) must be slightly leading
(for the battery loading mode, as in Figure 3a—green, or lagging, for battery charging mode)
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and slightly higher, compared with the grid voltage on the second end of the coil. This, in
turn, means that the commutation matrix must be a four-quadrant converter, capable of
conducting a current in both directions at both polarities of the voltage. Due to the doubled
number of transistors and more complicated control, this case is out of practical interest
except for autonomous loads like the motors of larger or smaller vehicles. In a similar
way, Figure 3c,d represents the battery charging mode, when the voltage at the AC port of
the commutation matrix is lagging, but the current in the coil and grid has a 180° shift (is
negative) compared to the grid voltage.

Figure 3. Operation of inductance in unfolding inverter with inductor at AC port: (a) voltages and
(b) current (battery loading mode); (c) voltages and (d) current (battery charging mode).

The alternative allocation of the current limiting and forming inductance coil is at
the DC port of the commutation matrix. Then, the first end of the coil is attached to the
DC-link voltage (v,4.(t) in Figure 4a), but at the second, the matrix forms a semi-sinusoidal
grid voltage (v ,/(t) in Figure 4a). Then, the voltage over the coil is semi-sinusoidal with
90° (Figure 4a—orange) as well as its current (Figure 4b). With such a configuration, the
polarity of the voltage at the AC port of the frontend always corresponds (must) to the
polarity of the current. Therefore, the commutation matrix may be a common transistor
H-bridge (Figure 2b). Similarly, Figure 4c,d represents the battery charging mode, when,
within any halfwave, the voltage at the DC port of the grid commutation matrix is lagging,
but the current in the coil and DC-link is negative.

ibal(®) Zlppe,de () =ILO) =i O=lup,ac(t)
|

-
- ~
-
T/ =~

ibal(®) Zlppe, e () =iL() =i Q) =lupac(t)
|

I

I -_—— I >t

- ~ ~

I~ S~ ~ A7 10N PR

N = S | S
I I I

(b) (d)

Figure 4. Operation of inductance in unfolding inverter with inductor at DC port: (a) voltages and
(b) current (battery loading mode); (c) voltages and (d) current (battery charging mode).
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In both cases, the DC-link must provide semi-sinewave voltage, composed of sine
fragments with a certain small angle from vy to 180 + y. (for the battery loading mode) and
from 180 — y to —y (for the battery charging mode).

3.3. PPC Topology and Operation

The second part of the considered battery interface system is a DC-DC converter in
the partial power processing scheme with one port connected to the battery in parallel
and another in series. As has been mentioned above, it may be based on any isolated
converter capable of generating bipolar voltage at the port connected to the battery in series.
Two options have been considered within this work. The first one is a step-up/down PPC
with bipolar DAB (BDAB) that includes a 2 x 2 matrix of bipolar switches described, for
example, that presented in [23] and Figure 5a. Another one is a step-up/down PPC with a
standard DAB followed by an extra transistor bridge, serving as a polarity toggler (one more
unfolder), as shown in Figure 5b. Due to the twice lower switching losses in the bipolar
part, the latter-mentioned configuration is taken as the base for further experimenting
and analysis.
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Figure 5. Considered configurations of partial power converters: (a) with bipolar DAB; (b) with
bipolar DAB and extra unfolder.

As follows from the previous section, the main function of the DC-DC stage is forming
a semi-sine voltage in the DC-link of the converter.

For both configurations of the frontend, this voltage in the battery loading mode is
composed of the semi-sine half-waves that are slightly leading compared with the rectified
grid voltage, i.e., they start from some small phase vy and continue to the angle 180 + .
Then, the resulting current is passed to the grid, but the battery of the BESS is loaded.

In contrast, in the battery charging mode, these semi-sinusoidal half-waves of voltage
must be lagging compared to the rectified grid half-waves, i.e., they start from 180 — y and
continue to —y. Also, in this case, the operation of the DC-DC converter does not depend
on the kind of the frontend.

The accurate forming of the current requires a slightly higher amplitude of these
half-waves formed by the DC-DC converter. This amplitude can be found from the right
triangle of the voltages, the legs of which are the grid voltage and the coil voltage, but the
hypotenuse is the voltage of the DC-link. Then,

2
Vm,dc = \/Vr%z/s + (27Tf “Ls - Im/S) 1)

2nf LIy

m,s

and 7 = arctg( )
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Here, V,;, s—the amplitude of the grid voltage, I, s—the requested amplitude of the
grid current, and L,—the inductance of the coil.

The expected operational diagrams of the converter are given in Figure 6 (the BESS
discharge or loading mode), Figure 7 (the BESS charge mode) and Figure 8 (the discharge
mode to an autonomous load). The “pulsating” DC-link of the interface converter links
the unfolding grid frontend VT9x with the series-connected battery and DC port of the
PPC. This is why the semi-sinusoidal half-waves (brown curve in these figures), passed to
the grid through the unfolding inverter VI9x, are formed as a sum of the battery voltage
(black curve) and PPC voltage (red curve). On the other hand, the voltage of the PPC can be
found as the difference between the desirable DC-link voltage and battery voltage, i.e., this
voltage contains the same semi-sine half-waves with the negative offset, which is equal to
the battery voltage. If the PPC operated as a buck converter, the discharged battery (SOC
close to 0%) must provide 50% of the voltage span in the DC-link which, in a general case,
can be found as follows:

Vsplm,dc = Vmax,dc — Vmin,dc = Vm,s + Vm,S Sil‘l(’)/) (3)

Vae(9)
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Figure 6. Voltage diagrams in BESS discharge mode: (a) voltages, typical for DC-link (black—battery
voltage, red—PPC voltage at DC-link, brown—DC-link voltage); (b) internal voltage of PPC before
extra unfolder.
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Figure 7. Voltage diagrams in BESS charge mode: (a) voltages typical for DC-link (black—battery
voltage, red—PPC voltage at DC-link, brown—DC-link voltage); (b) internal voltage of PPC before
extra unfolder.
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Figure 8. Voltage diagrams in BESS discharge mode for an autonomous ohmic load: (a) voltages,
typical for DC-link (black—battery voltage, red—PPC voltage at DC-link, brown—DC-link voltage);
(b) internal voltage of PPC before extra unfolder.
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If the PPC is built as a DAB with an extra unfolder (Figure 5b), then, (1) firstly, the DAB
generates the rectified form of this voltage (Figures 6b—8b) and then (2) the extra unfolder
VT3x applies it to the DC port of the PPC with the required polarity. Meanwhile, the current
through the PPC and the battery remains semi-sinusoidal, as shown in Figure 4b.

4. Experimental Validation of Converter

In order to verify the proposed concept, an experimental setup with a rated power
of 250 W watts was assembled. Its schematic is given in Figure 9 and the experimental

prototype is depicted in Figure 10. The main components of the prototype are listed
in Table 1.
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Figure 9. Schematic of the experimental setup with unfolding grid frontend, bipolar DAB and
extra unfolder.

(b)

Figure 10. Layout of the initial (a) and final (b) experimental setups.

The main switching elements (IPP60R040C7) are mounted on an aluminum heatsink
with natural convection. The isolation transformer T12 of the partial power DC-DC con-
verter (PPC) utilizes the turn ratio of the primary and secondary windings as 1:1. The pri-
mary and secondary windings of the transformer contain 25 turns of the CLI 120 x 0.1 face
wire. Two E-shaped ferrite profiles ETD59 made of 3C94 with permeability p = 2300 were
used as the transformer core. Chokes L1 and L2 (the split inductor of the DAB) were wound
on powder iron rings with the same CLI 120 x 0.1 face wire and had an inductance of
60 uH. At the input, the output and in the middle of the PPC 30 pF film capacitors are
located. MOSFET drivers based on the ACPL-333] microcircuit provide the opening and
closing of power transistors using a digital signal from the microcontroller through an
optocoupler. The drivers have current protection. The control unit of the converter is based
on ATmega2560 MCU, which has been selected due to its 12-channel, 16-bit PWM module.
A power supply was applied as a battery for the quick imitation of different SOCs. The
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load of the converter is an autonomous AC load, represented by a 210 () resistor that results
in 250 W of the output power generated at 230 VAC. The setup refers to the operation

principles given in 0.

Table 1. Components of the experimental setup.

Manufacturer, City
Symbol Component and Country Remark
VTxx IPP60R040C7 Inﬁneoni Technologies AG, NMOSFET, Si, 650 V, 40 mQ)
Neubiberg, Germany
1:1, windings—25 turns of
T12 Custom CLI 120 x 0.1 face wire, 2
ETD59-3C94 with p = 2300
60 uH, core—powder iron
L11,L12 Custom rings, 17 turns of CLI
120 x 0.1 face wire
Vishay Intertechnology Metallized Polypropylene
Cl1, €21, €31 MKP18485 Inc., Malvern, USA Film Capacitor, 30 pF, 1000 V
2.5 Amp Output Current IGBT
Broadcom Inc Gate Driver with Integrated
- ACPL-333] v Desaturation Detection, Miller
San Jose, USA
Clamp and Fault
Status Feedback
Microchip Technology MCU with 12-channel of
- ATmega2560 Inc., Chandler, USA 16-bit PWM module.
R91 4x 253]61\875 ]230}3, Ohmite, Warrenville, USA High Power Resistor

The measurements obtained from the setup are presented in Figure 11. When con-
sidering these diagrams, it must be taken into account that the voltage sensors utilize
1:50 resistive dividers. In turn, all currents were taken from a 1 Q) resistor providing a cur-
rent scale of 1 V per 1 A. The results given generally correspond to the expected operational
diagrams given in Figure 11. Therefore, the general idea of the operation of the proposed

converter was confirmed.
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Figure 11. Test results of the proposed BESS interface: (a) PPC current at the battery side ippc bat(t);
(b) PPC current in the transformer ippc(t); (c) PPC internal voltage vppcint(t) and current ippe int(t)
before the extra unfolder; (d) PPC voltage vppc dc(t) and current ippe 4c(t) at the side of the DC-link;
(e) DC-link voltage v4.(t); and (f) voltage vs(t) and current is(t) in the grid (load).

5. Considerations on Partiality and Its Actual Influence
5.1. Evaluation of Partiality

When evaluating the partial power converters, it is important to determine which part
of the total power is actually processed by the converter. The lower the part is, the higher
the potential energy efficiency. This part sometimes is expressed in % relative to the full
power—as a power partiality ratio:

_ Pepc 0o

PPR = —5 = -100% @)

Here, Pppc is the active power of the PPC and Py, is the total power of the system. In
contrast to the DC systems, these parameters of the proposed BESS interface converter are
integral values. The full system’s power can be calculated at the grid side of the converter.
With proper control (i.e., without harmonic distortions and reactive power), the full power
is found as a product of the RMS grid voltage Vs and grid current I;. In turn, the active
power of the DC-DC converter can be found as a form of average instantaneous power at
any port of the converter—either p(t) e pat, P(E)ppe,int OF P(E)ppedc- The power at the DC port
(P(t)ppe,ac) 1s easy to express because, in the case of the proper control, the current iy 4.(f) is
a rectified sine-wave (Figures 4b and 11f). In turn, vy 4.(t) is the difference of the DC-link
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voltage v,.(t) and battery voltage Vj,;. Considering the above-mentioned and applying the
network voltage vs(t) = Vi max-sin(wt) with the network current is(t) = Is max-sin(wt) the
instantaneous power is defined as

Pppc(t) = Ismax Sin((Ut) . (Vs,max Sin(wt) - Vbat) ()

but its average value (active power through the DC-DC converter) is described as
| T
Ppe = / I max Sin () - (Vs max Sin(wt) — Viae) dt ©)
0

One part of this integral (minuend) is the network power P; = I; - Vs, but another part
(subtrahend) can be found as the integral of a half-sine.

- / Lo sin(6) - Vigrdd = ﬁzsvhat %)

Then, the PPR is reversely proportional to the battery voltage:

PPR = (1 - mvBAT) -100% (8)

TTVs,rms

Let us calculate the PPR for the step-down DC-DC converter and battery providing at
least half of the grid voltage amplitude (about 160 VDC) when it is discharged (64 Li-Ion
cells with voltage 160230 VDC). These numbers are given in Table 2. It is seen that (8)
expresses a linear function that shows the diminishing influence of the battery voltage
on PPR. At V}, = 255 V, which is possible during battery charging for a fully charged
battery, (8) shows no PPC contribution in power transfer. This corresponds to an explicit
reduction in PPC power even down to 0 in DC systems at no voltage (or current) difference
between the ports of the converter. Moreover, the further increase in the battery voltage and
forming of the semi-sine half-waves with the help of the DC-DC converter leads to negative
power through the DC-DC converter. Therefore, the above-mentioned value represents the
reasonable voltage of the battery.

Table 2. Partiality evaluation.

soC V., PPR SOC V, PPR SOC V,, PPR SOC V,, PPR SOC V,, PPR
[%] vl [%] [%] [V] [%] [%] [V] [%] [%] [Vl [%] [%] [V] [%]

0 160 37 30 181 29 60 202 21 90 223 13 >100 244 4
10 167 35 40 188 26 70 209 18 100 230 10 >100 252 2
20 174 32 50 195 24 80 216 15 >100 237 7 >100 256 0

At the same time, the data presented in Table 2 are only the surficial presentation of
the actual power transfer processes in the DC-DC converter; like AC active power, reactive
and harmonic power is only a representation of the real-time power consumption in the
AC grid. Figure 12 shows the instantaneous power of the converter, calculated according
to (5) for 1 kW of the system power and different battery voltages. The declinations of the
instantaneous power form its averaged value, used in (5)-(7), which are always significant
(even with no actual power in the converter). Therefore, the averaged PPR, expressed
by (8), is of limited usability and the actual influence of partiality has to be evaluated over
a time span for different parameters of the system.
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5.2. Influence of Partiality

The influence of partiality is studied in this section based on a mathematical model for
a two-stage BESS interface converter with a pulse-mode or unfolding frontend, suitable
battery (190-315 V for known configurations and 160270 V for the proposed combination
of UF and PPC) and flyback pre-regulator. The flyback is the simplest isolating DC/DC
converter; it is capable of converting voltage in both directions (step-up or step-down) and
is more convenient for comparison due to simpler associated calculations.
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Figure 12. Instantaneous power at the DC port of a partial power DC-DC converter (for 1 kW of the
total power): (a) battery discharge to autonomous load (as considered in Chapter IV); (b) battery
discharge to the grid.

5.2.1. Brief Loss Evaluation

Typically, the partial power converters are considered a good alternative to the full
power systems due to lower voltage and current stress on the switches, as well as due to
the lower processing power and, therefore, losses. As shown in Figures 6-8 and 11, the
partial power DC-DC converter of the above-proposed BESS interface conducts semi-sine
halfwaves of the current with the grid amplitude. As for the commutated voltage of the
PPC, it is defined by the battery that, in the following examples, it has a voltage in the
range of 160-230 V assuming a step-down DC-DC converter. These values are not much
lower than the amplitude of the grid voltage (325 V). Therefore, this typical advantage of
the PPC is not so explicit in the case of the considered BESS interface.

In order to evaluate the impact of the proposed configuration on the power losses
let us consider a couple of the simplified numerical examples. Firstly, a common BESS
interface with a full power pulse-mode frontend and regulator is analyzed.

For the simplified analysis of the switching losses, let us assume the following: (1) the
commutated voltage is the voltage of the DC-link that is equal to the amplitude of the
grid voltage Vs, = 325 V; (2) voltage rise and fall times tv are equal and proportional to
the commutated voltage (i.e., they are constant); (3) current rise and fall times ¢; are equal
and proportional to the commutated current; (4) voltage/current change times are equal
in the middle of the semi-sine current half-wave at maximal current; (5) the switching
frequency is chosen so that in the middle of the semi-sine half-wave the length of 1 turn-on
or 1 turn-off commutation is 1% of the switching period (Relative Duration of Switching
RDS); (6) and, for simplicity, the analysis is provided for the battery discharge mode only.

5.2.2. Losses of Full Power BESS Interface

The most common H-bridge topology operates as a grid-to-battery boost converter
with the current path provided by a constantly conducting diode and toggling couple
transistor-diode. It is, therefore, possible to conclude that in the continuous current mode,
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two switches are always conducting a semi-sine current. Then, assuming for simplicity that
both of them are p-n devices, their losses can be defined as

_ 4VOIs,m
T

s s
1 1
AP =2 ;/Apc(t)dt =2 ;/VOIS,,,, sin()d6 )
0 0

where V) is the rated voltage drop over the switch (assumed as a constant for simplicity
reasons and equal to 2 V).

The switching losses can be calculated assuming the triangular shape of instantaneous
power on the switches during the commutation. Then, the maximal energy loss of turn-on
and turn-off commutations is achieved at grid phase 90° when its voltage and current
are maximal.

Vs ls,m(ti m + to
EFEl/sw,m =2 W = Vs,m Is,m(ti,m + tv) (10)

Then, the maximal equivalent power losses are as follows:

Vs,m Is,m(ti,m + tv)

= Vs,mIs,mRDS =A (11)
Tow

APFEl,sw,m =

Since the current change times are considered proportional to the current that is
semi-sinusoidal for the other points, the equivalent switching losses are as follows:

1 szk'Iswk'(tik""tvk)
AP, = 2. A swk Uk T k]
FE1,sw,k Tsw 2
Vs,m . Is,m sin 6y - (ti,m% +ty \‘//;: )
= = : n= (12)
sw
Ve - Is,m sin Oy - (¢; ,, sin 6 t RD RD
_ Ysmtsm s O ( im SIN O + v) = Vomlsm S sin 6y + Vo Ism S siny 6 =
TS'[U 2
A A
=5 sin 0y + 5 siny 0y
The total switching losses of the frontend are
1 Y 2 N
APrptsw = === 3 APy Tsw = Y APy Aty (13)
0.5Ts /= Ts (=
that can then be converted to the integral form
1 T
BPrerse = - [ APa(0)d8 (14)
0
Applying (12) gives the follows:
17 A A A A +4
i . . T
APrpr g = ;/ (5 sinb+ % sing )0 == = + 7 —0 = Veul,uRDS™ = (15)

0

The above equations for 1 kW of the grid power and with given assumptions produce
losses APrgi . =7.8 W and APpgy gy = 11.4 W.

As for the (pre)regulator, it is a DC/DC chopper operating with a DC-link voltage
on one port and battery voltage on the other. A versatile solution is a buck-boost scheme,
which is also comparable with the simplest PPC realization based on the flyback. One port
of this chopper handles the DC-link voltage (the amplitude of the grid voltage Vs ;) and
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average current, corresponding to the power transmitted to/from the grid Ps, i.e., VsIs/Vs
=Is/1.41 = I; /2. This current is delivered with pulses, the value of which can be found in
the voltage transfer equation of the buck-boost converter, which, in discharge mode, is

Vs,m

Dypgy :
Vo = Vot =2 that Dypyp = ——~— 16
sm = Vo —p,— thatgives Dot = 72— (16)
And the power balance of the converter is as follows:
VsmIpc = Viatlpat 17)

where Dy, is relative to the time of the switch at the battery side. It is also assumed that the
fully charged battery produces a voltage slightly lower than the grid voltage amplitude
Vs,m (with number of cells N,y = 75) and the current in the inductor of the chopper has low
ripples (operation in continuous current mode).
Then, the value of the current pulses in the switches, as well as the current of the
inductor can be expressed as
_ Is,m 1 _ IS,"! Vbat + Vs,m

I, = = 1
M T Dy 2 Vi (18)

Since, in the discontinuous conduction mode, one of the switches conducts this current,
the conduction losses can be calculated as

APrec1e = Volra (19)
Applying the commutated current Isy, = I, and commutated voltage Vsw = Vs m + Vpat
in (12),

t; t
APreGrsw = (Vem + Vbat)ILa(Tfl + va) (20)
sw sw

and it assumed that these parameters affect the corresponding current/voltage changes

as follows:
ti _ ti/m ﬁ _ RDS& and tfv _ @Vs,m + Viat _ RDS ch + Vot (21)

T Tswlom 2 Iom Tw Tsw Vem 2 Ve

It becomes possible to calculate the corresponding switching losses of the regulator
and the total losses of the reference converter (Table 3). The losses of the regulator are
more than twice as high as those of the frontend—mostly due to the almost doubled
commutated voltage of the buck-boost regulator. The power losses of other regulators are
potentially lower.

Table 3. Power losses in case of full power switch mode regulator and inverter.

SOC [%]
Vpat, [V]
Vsw = Vs,m + Vbutr [V]
Isw = Ipq, [A]
il Toro [%]
tyl Tsyw [%]
APRgG1,c (W]
APREG1,sw [W]
AP; [W]
APq [%]

0 13 25 38 50 63 75 88 100
188 203 219 235 251 267 283 299 315
513 529 545 561 577 592 608 624 640
8.41 7.99 7.63 7.32 7.05 6.82 6.61 6.42 6.25
0.68 0.65 0.62 0.60 0.57 0.55 0.54 0.52 0.51
0.29 0.31 0.34 0.36 0.39 0.41 0.44 0.46 0.48
16.8 16.0 153 14.6 14.1 13.6 13.2 12.8 12.5
41.9 40.7 39.8 39.3 39.0 39.0 39.1 39.3 39.7
77.9 75.8 74.3 73.1 72.3 71.8 71.5 714 714
7.8 7.6 74 7.3 7.2 7.2 7.1 7.1 71

5.2.3. Losses in Case of Partial Power Regulator

Let us now consider the losses of the BESS interface with a partial power (pre)regulator.
The applied converter topology is flyback—a version of buck-boost equipped with split
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coil (transformer). Therefore, its static voltage equation remains, but, due to the series
connection at the DC-link side, can be rewritten as

Von — Voar = Viar

/

(22)

which produces
Vs,m = Vpat

Vs,m

With this configuration, the commutated voltage (the sum of the input and output
voltages of the converter) is fixed at the level Vpc = Vs 4, i.e., the lower the battery voltage
the larger the part that is added by the DC-DC converter. In turn, the commutated current
can still be expressed by (20). However, in this configuration, it does not flow explicitly in
an inductor but is formed as the sum of two currents of primary and secondary windings
that in explicit form can be measured in the battery.

As for the frontend, since the schematic and operation remain unchanged, its losses
also remain on the previously calculated level of APpgy . =7.8 W and APrgy s = 11.4 W.
The power losses corresponding to the partial power regulator are given in Table 4. The
positive effect of the operation with reduced voltage and current is clear, even in the case of
the considered flyback converter.

Dot = (23)

Table 4. Power losses in case of switch mode inverter and partial power regulator.

SOC [%]
Vbat, [Vl
sz = Vs,m, [VI]
Lsw = Ipat, [A]
ti/Tsw [%]
tol Tz [%]
APREGa,c [W]
APREGZ,sw W]
AP, [W]
AP, [%]

0 13 25 38 50 63 75 88 100
188 203 219 235 251 267 283 299 315
325 325 325 325 325 325 325 325 325
5.33 4.92 4.56 4.25 3.98 3.74 3.53 3.34 3.17
0.43 0.40 0.37 0.35 0.32 0.30 0.29 0.27 0.26
0.29 0.31 0.34 0.36 0.39 0.41 0.44 0.46 0.48
10.7 9.8 9.1 8.5 8.0 7.5 7.1 6.7 6.3
125 114 10.5 9.8 9.2 8.7 8.3 8.0 7.7

42.39 40.42 38.81 37.47 36.35 35.39 34.56 33.84 33.21
42 4.0 39 3.7 3.6 35 3.5 3.4 3.3

5.2.4. Losses in Case of Unfolding Frontend

In the case of the unfolding frontend, the grid current in each half-period constantly
flows through the couple of the frontend switches. For this reason, the frontend pro-
duces only conduction losses that can still be calculated with (9) as APpg3 . = 7.8 W while
APrg3 5 =0 W.

For such a frontend, the (pre)regulator forms semi-sine voltage half-waves in the “vir-
tual” DC-link (which includes a small capacitor, capable of reducing only high-frequency
voltage ripples). This is why most of the basic parameters are functions of the grid phase:

voltage Vs = V; u sin 6

and current in virtual DC — link I, = I = I sin 0 (24)
commutated voltage

sz,k = Viar + Vs,k = Vpar + Vs/m sin 6y (25)

D
static equation Vs, sin(6y) = Vhatbiat’k (26)

1-D bat k

Vis,m sin @

and duty cycle Dy = s;m S Ok 27)

Vpat + Vs,m sin Ok
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Other parameters, therefore, are also expressed as such functions. The commutated
(inductor) current can be found in the DC-link capacitor balance which requires

Is,m sin 0

ILu,k(] - Dbat,k) = Lk giVing Isw,k = ILu,k = 1_7Dbtk (28)
at,

The conduction losses, dissipated in two switches (one of which is conducting), can
then be expressed as

Vol
AP = — 2
REG3ek = T p, (29)
Vs Vol
but applying (27) asAPrpcs,cx = % + Volsk
bat
Vis,m Vo ls,m sing 0 .
APREGS,C,k = W + V()Is,m sin 9k (30)
bat
Applying (29) into the equation of averaged (active) power
APReG3c = 5 5T Z APREG3,cx Tsw = */APREca (0)do (31)
after simplifications produces
2 W 4V
AP =22Vl Oy Iy = 2P+ = P 32
REG3,c — ZV smsm Vsm s,mls,m Vbut S+7TVsm ( )

The switching losses of the pulse mode regulator can still be calculated by (12) utilizing
the commutated current (24) and commutated voltage (25). The analytical solution of the
corresponding formula refers to a sine-form signal in power 3 or even 4. For this reason, the
switching losses are calculated numerically in general form. Then, (12) can be rewritten as

I,
_ 1 Vswge  Iewje - (tig +tog) 1 (Viat + Vsk)ﬁ ik +tox)
APREG3swk = = 2 - 2.
Tsw 2 Tsw 2

tim 1 RDS I 1
lth _ Hm Lak _ s,k b 33
T@w Tsw Is m 2 1- Db/zt,k Is,m ( )
and tok _ tom Voar + Vg _ RDS Viar + Vik

TS w TS w ‘/S m 2 ‘/S 1M

The results of the conduction loss calculation with (29), their verification with (32)
and switching loss calculation with (33) are presented in Table 5. The number of switching
cycles in these calculations is 100 which corresponds to a switching frequency at 10 kHz. It
is seen that the general level of the losses is comparable with the reference design (pulse
mode frontend, pulse mode full power regulator), but some parts of the switching losses
“moved” from the frontend to the regulator.

5.2.5. Losses in Case of Unfolding Inverter and Partial Power Regulator

Let us apply the above-scribed loss calculation procedure to the proposed battery in-
terface still assuming that the DC-DC converter is a classical inverting buck-boost chopper.

Like in the previous case the frontend is an unfolding inverter, where the grid current
in each half-period constantly flows through two switches and the frontend losses are
purely conduction losses calculated with (9) as APrpq = APrpg. =7.8 W.

In addition, the proposed and evaluated configuration utilizes an extra unfolding
inverter (Figures 1b,d and 9). Like a grid inverter, this unfolder conducts semi-sine half-
waves (although the commutations occur not only at grid phases 0° and 180°). This
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means that at the applied assumptions, this inverter produces the same conduction losses
APyry = APyry . = 7.8 W (without significant switching losses).

Table 5. Power losses in case of unfolding inverter and full power regulator.

SOC [%] 0 13 25 38 50 63 75 88 100
Viar, [V] 188 203 219 235 251 267 283 299 315

Vsw, maxs [V] 513 529 545 561 576 592 608 624 640

Vs, mins [V] 193 209 224 240 256 272 288 304 320
Dipax [%] 63 62 60 58 56 55 53 52 51
Dy [%] 3 2 2 2 2 2 2 2 2

APREG3,, discrete W] 185 17.7 169 163 15.8 153 14.9 145 142

APREG3., exact [W] 185 17.7 16.9 163 15.8 153 14.9 145 14.2

APREG3 510 [W] 753 73.1 715 70.5 69.8 69.5 69.4 69.5 69.9

AP3 [W] 101.6 98.6 96.3 94.6 934 92.6 92.1 91.9 91.9

AP;3 [%] 10.2 9.9 96 9.5 9.3 9.3 9.2 9.2 9.2

The main considerations applied to the calculation of losses of the regulator, connected
to the unfolding inverter, can also be expanded to this configuration with some corrections.

In static Equation (26), the rectified grid voltage V; has to be changed to the rectified
difference of V; and battery voltage V;  (as in Figures 6b—8b). Then, the static equation
and expression for the duty cycle calculation is as follows:

Dot

Vi — Viar| = Vi ——2K (34)

| S, ut| at 1— Dbat,k

Vi =V,
and Dbut,k = —| sk bat| ’
Viat + [V — Vot
. Vsk — Voar Viat — Vsx

which can be D =L orD = 35
bat k Vs A S (35)

/

depending on the grid phase.

The static current balance (28) for determining the commutated current remains, but
has to be composed for internal capacitor C21 and utilized (35) for the duty cycle.

Finally, the commutated voltage also refers to the rectified difference of V, ; and battery
voltage V

sz,k = Viar + }Vs/k — Viar }that can be sz,k = Vs,k or sz,k = 2Vbat - Vs,k (36)

The analytical calculation of the losses requires applying (28), (35), (36) to (29) and (33)
and a further complicated integration. These equations, therefore, have been used numeri-
cally. The calculations for a 64 cells battery, providing a voltage of 160-270 V are presented

in Table 6.
Table 6. Power losses in case of unfolding inverter and partial power regulator (battery is composed
of 64 cells).
SOC [%] 0 13 25 38 50 63 75 88 100
Vpat, [V] 160 174 187 201 214 228 242 255 269
Vsw, max, [V] 325 342 369 396 424 451 478 505 532
Visw, mins [V] 161 177 187 203 218 230 243 257 272
Dinax [%] 51 49 49 49 49 49 49 49 50
Dyyin [%] 1 2 0 1 1 1 0 1 1
APRgGa,c [W] 13.2 12.3 11.6 11.0 10.5 10.2 9.9 9.6 9.5
APREG4,sw [W] 223 19.8 18.0 16.6 15.6 15.0 14.7 14.7 15.1
AP4 [W] 51.1 47.8 452 43.3 41.8 40.8 40.2 40.0 40.2

APy [%] 5.1 48 4.5 4.3 42 4.1 4.0 4.0 4.0
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Additional calculations (Tables 7 and 8) have also been made for batteries with 50 and
75 cells. These calculations in conjunction with the previously obtained data are graphically
compared in Figure 13. This diagram proves that the considered BESS interface still has the
advantages of partial power converters though they are not so visible as in the case of DC
systems. The graphics also show that the highest efficiency can be achieved at a battery
voltage of about 255 V (at which there is no circulating power flow through the DC-DC
regulator). Therefore, the battery with this voltage in the middle of its operation range can
be considered as optimal.

Table 7. Power losses in case of unfolding inverter and partial power regulator (battery made of
50 cells).

SOC [%] 0 13 25 38 50 63 75 88 100
Vbat, [V] 125 136 146 157 168 178 189 199 210
APy [%] 6.5 6.0 5.5 5.2 4.9 4.7 4.5 43 42
Table 8. Power losses in case of unfolding inverter and partial power regulator (battery made of
75 cells).
SOC [%] 0 13 25 38 50 63 75 88 100
Vbat, [V] 188 203 219 235 251 267 283 299 315
APy [%] 4.5 4.3 4.1 4.0 4.0 4.0 4.1 4.2 4.4
1 —— Full Power
10 —
9 — PP DC/DC
8 = Unfolder
e 7
<
6 UF+PPC,
50 cells
5
UF+PPC,
4 64 cells
3 UF+PPC,
110 130 150 170 190 210 v 230 250 270 290 310 330 75 cells
bat

Figure 13. Comparison of power losses in the considered systems.

5.2.6. General Considerations on Calculation of Converter Losses

The battery interface converter with a flyback pre-regulator, considered in Section 5.2,
is derived from the inverting buck—boost chopper that calculates the sum of its input and
output voltages. So, the flyback converter on the primary side calculates the sum of the
primary voltage and “reflected” secondary voltage, but on the secondary side, the sum
of the secondary voltage and “reflected” primary voltage is obtained. The unity ratio of
turns for the primary and secondary windings of the transformer on both ends converter’s
switches commutate the sum of voltages. In the case of BESS, one of these voltages is
the battery voltage, but the other is the full or partial DC-link voltage. Therefore, the
commutated voltage directly depends on the battery.

In turn, the commutated voltage, with the selected loss calculation methodology has a
direct influence on the switching losses in the pre-regulator; this voltage is placed in the
numerator of the corresponding formula. It has also an indirect influence on these losses
because this voltage defines the voltage rise/fall times. For this reason, the switching losses
with such a configuration are unreasonably higher compared to the case of other topologies
of the pre-regulator that typically calculate the maximal input/output voltage. This voltage
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overrating can be evaluated as follows: (190-315 + 315)/315 = 1.6-2 for the full-power
full-switching interface converter and interface with an unfolder, 315/(190-315) = 1-1.7 for
the partial-power full-switching BESS interface and (190-315 + 315/2)/190-315 = 1.5-1.8
for the proposed converter.

6. Conclusions

After the experimental verification and analysis of the mathematical model for the loss
calculation, the proposed battery interface converter that combines an unfolding inverter
as the grid frontend with a partial power DC-DC converter as (pre)regulator was found op-
erational. A more detailed explanation of this matter includes the following considerations:

(1) The described series configuration of the utilized battery and output port of the
applied DC-DC converter is capable of generating the semi-sine voltage halfwaves
that can be transformed by unfolding the inverter into a sine voltage at the grid port
of the interface converter. This consideration is valid for multiple configurations of
the battery.

(2) The proposed configuration keeps the advantage of the BESS interface with an unfold-
ing inverter—the absence of bulky and less reliable DC-link electrolytic capacitors,
calculated for grid frequency.

(3) From an efficiency point of view, the proposed configuration behaves as PPC. Its
losses are lower than those of the reference full-power converters, but not as low as
the losses in the case of a DC-DC PPC. This can be explained by a larger voltage, to
be compensated by the PPC (pre)regulator, as well as by the dynamic nature of this
compensation—even at no average power transfer through PPC (at 255 V), there is
always some instantaneous power through the regulator that leads to losses. From
this point of view, preferences should be given to the batteries with voltages around
255 V (assuming grid voltage of 230 Voc) and battery chemistries that provide lower
voltage difference vs. SOC. The level of the losses obtained in this work is rather high.
However, it is obtained for inverting buck-boost and flyback regulators, which are
more convenient for comparison, but calculate the sum of input and output voltages
which leads to higher switching losses (with the considered model).

(4) From the point of view of the current ratings of the switches of the proposed configu-
ration, it is not very advantageous. There are instances in time when the regulator
conducts a full grid current. On the other hand, the commutated voltage depends on
the battery. At the lowest level, the battery and regulator voltages are equal and are
twice as low as the grid voltage amplitude.

The above-mentioned considerations allow us to conclude that the proposed BESS inter-
face keeps the major advantages of the applied loss minimization techniques (PPC and UF).
On one hand, compared to the full-power BESS interface with the unfolding inverters, the
proposed interface converter provides lower conduction and commutation losses in the
voltage pre-regulator (in addition to its smaller size, lower weight and higher reliability
due to a twice lower voltage stress on the switches). On the other hand, compared to the
switching mode BESS interface with a partial power regulator, the proposed converter
provides lower losses in the frontend stage (in addition to the higher reliability of the entire
interface converter due to the absence of high-capacity electrolytic capacitors).

Further improvement of this research may include the experimental study of the con-
verter with real grid and multiple configurations of the battery, an experimental evaluation
of its efficiency and losses in various operation modes and considering the losses in passive
components, as well as the selection of the optimal battery chemistry and its configuration
for the proposed battery interface. Particular attention should be paid to the improvement
of the proposed and studied BESS interface converter by means of the better choice of the
pre-regulator. As has been mentioned, the flyback regulator is not optimal from the point of
view of the commutated voltage and switching losses and an alternative has to be chosen.
The choice, already mentioned in this paper—DAB with an extra unfolder—due to the
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doubled number of transistors in current paths, seems imperfect from the point of view of
the conduction losses.

Another potential option—a bidirectional and bipolar push-pull converter—looks
more promising. Another way of improvement is splitting the bidirectional regulator into
battery charging and battery discharging parts (Figure 1c,d). This could potentially reduce
the number of conducting switches and the corresponding switching losses. However, its
use may make the trade-off between converter cost and losses more significant. Finally, the
performance of the converter can be improved by the reasonable combining of traditional
Si semiconductor devices with wide bandgap (SiC and GaN) switches. The proposed BESS
interface may have quite distinct allocations of the switching and conduction losses and,
therefore, the wise use of SiC and GaN switches looks promising.

The last, but not least, consideration is the influence of the proposed BESS interface
converter on the operation parameters of the battery: temperature, state of health and
overall lifetime. From this point of view, the most significant factor is the shape of battery
charge/discharge currents. It can be guessed that independently of the functional structure
(Figure 1) and with particular implementation (Figures 2-5, 9 or other), this current can be
constructed as the sum of the currents of the DC/DC converter at its DC-link and battery
ports. The first one (Figure 11d) has a semi-sine shape, but the second one can be derived
from the instantaneous power of the DC-DC converter (Figure 12) taking into account the
DC voltage that finally gives the current at the battery port, shown in Figure 11a. It is clear
that this current is not a DC current, comfortable for batteries, but at the same time, it is not
a pulse mode current—the most difficult for them. The current is constructed of several
sine pieces. The influence of such a current on the battery is not clear and its determination
requires multidisciplinary (electrical, chemical and heat exchange) research, dedicated to
this topic. Such research is also planned as future work.
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SISTEMA UN METODE LIDZSPRIEGUMA UZKRAJEJA UN MAINSPRIEGUMA
TIKLA SALAGOSANAI

[001] Izgudrojums attiecas uz elektrotehnikas, elektronikas, informacijas un komunikaciju
tehnologijas nozari un tas energoelektronikas apaksnozari, konkréti uz lidzsprieguma energijas
avotu un mainsprieguma tikla salagojoSiem parveidotajiem. Izgudrojums var tikt izmantots
akumulatoru bateriju, superkondensatoru un citu Iidzsprieguma uzkrajéju pievienoSanai pie

standarta mainsprieguma tikla.

Zinamais tehnikas Iimenis

[002] Pastav divas tendences energoelektronikas parveidotaju konstruésanas joma. Pirma skar
dalgjas jaudas parveidotaju (no anglu valodas partial power converters) izmantoSanu
lidzsprieguma sist€mas, bet otra — divu posmu lidzsprieguma-mainsprieguma parveidotaju tikla
interfeisa iedarbinasanu zemfrekvences rezima parnesot augstfrekvences komutacijas
parveidotaja regulatora (no anglu valodas unfolding inverters).

[003] AtskirTba no pilnas jaudas lidzsprieguma parveidotajiem, kas ir pieslégti pie pilna
ieejas/izejas sprieguma un kuri vada pilnu stravu un parveido pilnu sistémas jaudu, dal&jas
jaudas parveidotaji (DJP) ir pieslegti starp sisteémas ieeju un izeju ta, ka parveidotajs apstrada
tikai ieejas un izejas spriegumu (stravu) starpibu un parveido tikai dalu no pilnas sisteémas
jaudas, kamér tas pargja dala tiek parraidita bez parveidotaja starpniecibas [1]. DJP
priekSrocibas ir $adas: 1) zemaka parveidotaja komutgjama strava un spriegums, kas lauj
izveleties 1etakus un kompaktakus pusvaditaju slédzus (tranzistorus un diodes); 2) zemaki
parveidotaja zudumi (kurus nosaka zemaka parveidotaja jauda), kas bitiski uzlabo kopgjo
energoefektivitati un atvieglo dzeseSanu. Jo mazaku spriegumu/stravu starpibu apstrada
parveidotajs jo izteiktakas ir min&tas priekSrocibas. DJP izmanto lai kompens&tu kada energijas
avota/uzkrajgja, to skaita, baterijas vai superkondensatora, sprieguma vai stravas samazinasanu
to darbibas laikd. Pieméram, baterijas sprieguma samazinaSana tai izlad€joties var tikt
kompenséta ar DJP, kura ieeja ir pieslégta pie baterijas paraléli, bet izeja — virkne (ta ir izejas
spriegums veidojas ka baterijas un DJP spriegumu summa). Tad DJP generé izeja baterijas
maksimala un tekosa sprieguma starpibu, stada ar samazinatu ieejas stravu un parveido dalgju

jaudu. Ir zinami vienpolarie DJP, kas var tikai piesummét (vai atnemt) savu spriegumu (stravu)
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pie kopgja. Ir zinami ar1 bipolarie DJP, kuru izmantoSana lauj samazinat kontrolgjamo
spriegumu/stravu/jaudu divreiz salidzinajuma ar vienpolaro DJP izmantosanu [2]. Bipolaro DJP
izmantoSana pie tiem paSiem slédzu un zudumu parametriem lauj divreiz palielinat
kompens&jama sprieguma/stravas diapazonu. Piem&ram, minétaja pieméra ar bateriju,
bipolarais DJP kontrolgjot pusi no sisttmas jaudas var€tu kompenset baterijas sprieguma
samazindjumu Iidz pusei. Shematiski DJP ir jebkuras topologijas lidzsprieguma parveidotajs.
Vienpolarais DJP tipiski ir divkarss aktivais tilts —- DAT (no anglu valodas Dual Active Bridge),
bet zinamas ari citas shémas. Piem&ram, informacijas avota [3] ir min&ts atpakalgaitas
parveidotajs (no anglu valodas flyback) un parveidotajs ar vienu tiltu un divu taktu shému (no
anglu valodas Push-Pull). Bipolarajos DJP viena parveidotaja puse ir aprikota ar divu virzienu
sledziem. Pieméram, informacijas avota [4] ir aprakstits DJP ar bipolaru divu taktu shému, bet
informacijas avota [5] — DAT, kur otrais tilts arT ir bipolars. Ir zinamas ar citas shémas,
pieméram, shémas ar sheémtehniskiem uzlabojumiem zudumu samazinasanai, to skaita, DAT ar
otro bipolaru tiltu un rezonanses k&diteém [6]. Tomer, visi minétie DJP [2—6] bez papildu
komutacijas elementiem vai shémam, kas nodroSina gala sprieguma polaritates mainu, ka ari
bez specialas dinamiskas vadibas, kas nodroSina gala sprieguma pareizu fazi amplitidu un
frekvenci, ir paredz&ti izmantoSanai tikai IIdzsprieguma/lidzstravas sisttemas uzkrajéju
savienoSanai ar lidzsprieguma tiklu, bet nevar tikt lietoti sistémas ar mainspriegumu.

[004] Otra no energoelektronikas attistibas tendenc€m izgudrojuma joma atteicas uz
mainsprieguma/mainstravas formésanas principiem divu posmu lidzsprieguma-mainsprieguma
parveidotajos (DPLMP), kur pirmais posms ir lidzsprieguma/lidzstravas regulators, bet otrais —
tikla interfeiss (taisngriezis/invertors). Abi posmi ir savienoti caur lidzsprieguma kopni.
Tradicionali Iidzsprieguma/lidzstravas regulators — impulsa shéma, kas kompensé kada
energijas avota lidzsprieguma/lidzstravas izmainas (to skaita tas var bt arT DJP). Savukart tikla
interfeiss no kopnes Iidzsprieguma/lidzstravas uzformé tikla mainspriegumu/mainstravu
(sinusoidu). Tas darbojas ka otra impulsa shéma ar augstu komutacijas frekvenci, kas lénam
uzformé& mainigo bipolaro izejas spriegumu/stravu. Alternativais mainsprieguma/mainstravas
formeSanas princips paredz, ka regulators ne tikai kompensé energijas avota
lidzsprieguma/lidzstravas izmainas, bet arT uzformé pus-sinusoidu kopné. Lidz ar to kopnes
spriegums/strava ir pulsgjosa, bet tikla interfeiss tikai komuté Sos impulsus pie tikla ar ieprieks
noteiktu polaritati un tikla zemu frekvenci, uzformgjot tikla sinusoidu [7] vai darbojas ka

zemfrekvences komutators. Jaudas zudumi $ada zemfrekvences komutatora tad neietver
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komutacijas zudumus un ir daudz zemaki. Sis princips ir attiecinams arT uz trisfazu sistémam
[8].

[005] Lidz ar to, ja DPLMP kopne ir pulsgjosa, tad regulatoram ir jaforme spriegums/strava
pilna diapazona no nulles I1dz tikla sprieguma/stravas amplittidai. Tadejadi, ja DPLMP kopne ir
pulsgjosa, interfeisam ir mazaki zudumi, bet regulators ar pilnas jaudas sheému sarazo vairak
zudumu. Savukart, ja DPLMP kopne ir stabilizéta, tad otradi, regulators var biit ar1 DJP ar
mazakiem zudumiem, bet otraja impulsa shéma (interfeisa) veidojas papildu (komutacijas)
zudumi. Abos gadijumos DPLMP energoefektivitate nav tik augsta, cik ta varétu bt izmantojot
konfiguraciju gan ar pulsgjosu kopni, gan ar DJP.

[006] Patenta [9] un raksta [10] ir aprakstits invertors ar DJP, puls€joSu kopni un
zemfrekvences tikla interfeisu (1. zZim.) — §Ts risinajums ir pienemts par izgudrojuma prototipu.
Si invertora zemfrekvences ftikla interfeiss vai zemfrekvences komutators (4) ieklauj tikai
tranzistoru tiltu (4a), kas sastav no tranzistoriem (4aa), (4ab), (4ac) un (4ad). Savukart dalgjas
jaudas parveidoSanu veic izolgjoss vienvirziena vienpolars lidzsprieguma parveidotajs (22), kas
sastav no tranzistoru tilta (22a) (tranzistori: (22a), (22b), (22¢) un (22d)), diozu tilta (22d)
(diodes (22da), (22db), (22dc) un (22dd)) un augstfrekvences transformatora (22n).
Lidzsprieguma parveidotaja dioZzu tilta (22d) lidzsprieguma kontakti ir pievienoti paraléli (caur
stravas form&joSu spoli (4e)) pie tikla interfeisa vai zemfrekvences komutatora (4), bet
tranzistoru tilta (22a) lidzsprieguma kontakti ir savienoti virkné ar energijas avotu (6) un ir
pieslégti pie parveidotaja izejas. Tacu $is invertors ir paredzéts fotoelektrisko parveidotaju
(saules panelu) pievienoSanai pie mainsprieguma tikla. Lidz ar to tas nenodro$ina divu virzienu

darbibu un nav izmantojams kopa ar energijas uzkrajéjiem.

Izgudrojuma merkis un butiba

[007] Izgudrojuma mérkis ir samazinat jaudas zudumus Iidzsprieguma uzkraj&ja un
mainsprieguma tikla salagojosa parveidotaja, izmantojot zemfrekvences tikla interfeisu un
dalgjas jaudas parveidoSanas principu (atskirtba no zinamiem salagojosiem parveidotajiem ar
pilnas jaudas regulatoru), ka ar1 nodrosinat ta pilnu funkcionalu divu virzienu darbibu (atskiriba
no zinamiem alternativo energijas avotu salagojosiem parveidotajiem).

[008] Izgudrojuma mérkis ir sasniegts ar jaunu energoelektronikas parveidotaju sisteému, kura
ir apvienots divvirzienu zemfrekvences tikla interfeiss, divvirzienu bipolars dalgjas jaudas

sprieguma regulators un puls€josa lidzsprieguma kopne ar pus-sinusoidaliem sprieguma
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impulsiem, ka arT ar §1s sist€émas jaunu dinamisku vadibu, kas nodroS$ina sistémas dalu, baterijas
un tikla savstarp&ji sinhronizetu darbibu.

[009] Tikla interfeisa zema (tikla) komutacijas frekvence butiski samazina $1 interfeisa
komutacijas zudumus. Regulatora darbiba ar nepilnu jaudu biitiski samazina $T regulatora gan
vadamibas un gan komutacijas zudumus. Uzladgjot bateriju, patiecoties samazinatiem jaudas
zudumiem sistémas parveidotajos, lielaka no tikla patérétas energijas dala nonak uzkrajéja.
Lidzigi, slogojot bateriju, pateicoties mazakiem jaudas zudumiem sisteéma, lielaka uzkratas
energijas dala atgriezas tikla. Rezultata palielinas energijas uzkraSanas sist€émas ar baterijam
kopgja energoefektivitate.

[010] Dalgjas jaudas parveidoSanas principa isteno$ana mainsprieguma sistéma klust
iespgjama kombingjot dalgjas jaudas regulatoru ar diviem vai vairakiem zemfrekvences
komutatoriem un salagojot to darbibu nemot véra gan baterijas uzlades pakapi (baterijas
spriegumu) gan tikla fazi (ttkla momentanu spriegumu), ka arm kombingjot daljas jaudas
regulatoru ar diviem vai vairakiem zemfrekvences komutatoriem. Lidz §im zinamie DJP [1-6]
kaut arT lauj dal€jas jaudas posma generét gan pozitivu, gan negativu spriegumu, nav paredz&ti
mainsprieguma apstradei, jo salago regulatora darbibu tikai ar baterijas uzlades pakapi.

[011] Lidzsprieguma uzkrajéja un mainsprieguma tikla salagojo$as parveidotdju sisteémas
(turpmak teksta — izgudrojuma sist€éma) primaraja konfiguracija (2. zim.) ietilpst lidzsprieguma
uzkrajejs (LU) (1), izolgjoss dalgjas jaudas divvirzienu bipolars lidzsprieguma parveidotajs
(DBLP) (2), lidzsprieguma kopnes (3) zemfrekvences komutators (ZK) (4) un mainsprieguma
tikls (MT) (5). 1zolgjoss dalgjas jaudas DBLP (2) ir ¢etrpols, kura ieeja ir savienota ar LU (1)
paralgli, bet izeja — virkné. LU (1) un izolgjosa dal&jas jaudas DBLP (2) virknes savienojums ir
paral€li pieslégts pie zemfrekvences komutatora (4). Izolgjoss dalgjas jaudas DBLP (2) var tikt
uzbiivéts ka jebkura izoléta divu virzienu bipolara shéma, to skaita, ka shéma ar atvieglotu
komutaciju ar rezonanses komutacijas konttiriem.

[012] Izgudrojuma sistémas darbiba var izdalit divus reZimus: LU (1) uzlades reZims un
slogosanas rezims. LU (1) uzlades rezima zemfrekvences komutators (4) darbojas ka diozu
taisngriezis un no tikla sprieguma vs(?) lidzsprieguma kopné (3) veido spriegumu vac(?), kas
sastadas no sinusoidas pozitiviem pusvilpiem. Lidzsprieguma kopnes (3) puls€josa sprieguma
un LU (1) lidzsprieguma starpiba vppcdc(?) ir tie pasi sinusoidas pusvilni, ta¢u ar negativu nobidi
par uzkraj&ja sprieguma veértibu. Spriegumu starpiba sastadas no sinusoidas pusvilnu augséjam

dalam ar pozitivu polaritati un sinusoidas pusvilnu apak$gjam dalam ar negativu polaritati. ST
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spriegumu starpiba ar DBLP parveidotgja palidzibu ir vélreiz iztaisnota un paaugstinata virs
uzkrajgja sprieguma vertibas Vaar.

[013] Savukart uzkrajgja slogosanas rezima DBLP parveidotajs 2 no uzkrajeja sprieguma Vear
uzformé pulsgjodu spriegumu no sinusoidas pusvilniem ar negativu nobidi vppe.de(?) (7. zZim.). Sis
spriegums kopa ar LU (1) spriegumu veido sinusoidas pusvilnus va(?) (8. zim.) kopné (3), kas
ar komutatora (4) palidzibu uzforme tikla sinusotdu vs(z) (10. zZim.). Tadgjadi LU (1) slogosanas
rezima viss notiek otradi salidzinot ar uzlades rezimu.

[014] Saskapa ar izgudrojuma istenoSanas otro variantu (3. zim.) sisteéma ietver izol&joSo
dalgjas jaudas divvirzienu vienpolaro lidzsprieguma parveidotaju (DVLP) (21), kas var generét
tikai vienas polaritates spriegumu vppcine(?) (6. zZim.) papildu lidzsprieguma kopni (23), un
papildu zemfrekvences komutatoru (24), kas nodrosina izolgjosa dal&jas jaudas DVLP (21)
sprieguma polaritates mainu sintezgjot spriegumu vppcdc(?). Pargjie sistémas elementi (LU (1),
lidzsprieguma kopnes komutators (4) un mainsprieguma tikls (5)) un to savstarpgjie savienojumi
paliek bez izmainas.

[015] Izgudrojuma istenoSanas otro varianta darbibu raksturo tas, ka izolgjoss dalgjas jaudas
DVLP (21), papildu Iidzsprieguma kopne (23) un papildu zemfrekvences komutators (24) kopa
aizvieto primaras konfiguracijas izolgjoSo dalgjas jaudas DBLP (2). Lidz ar to LU (1) uzlades
rezima komutators (24) sakuma papildus iztaisno papildu lidzsprieguma kopnes (23) puls€josa
sprieguma un LU (1) lidzsprieguma starpibu vppedc(?) (7. Zim.), iegtstot vppe,int(?) (6. zZim.). Tad
izol&joss dal&jas jaudas DVLP (21) sintezé LU (1) spriegumu Vpar=vepci(t). Savukart LU (1)
slogosanas rezima sakuma izolgjoss dal€jas jaudas DVLP (21) sint€z€ vppc,in(?) (6. zZim.), tad
zemfrekvences komutators (24) uzforme no ta vppe,dac(t) (7. zim.).

[016] Izgudrojuma TstenoSanas treSais un ceturtais variants ietver divus vienvirziena dalgjas
jaudas parveidotajus. Variants bez papildu zemfrekvences komutatora (24) un bez papildu
lidzsprieguma kopnes (23) (4. zim.) balstas uz vienvirziena bipolariem lidzsprieguma
parveidotajiem (26) un (25), bet variants ar papildu komutatoru (24) un papildu lidzsprieguma
kopni (23) (5. zim.) ieklauj vienvirziena vienpolarus lidzsprieguma parveidotajus (VVLP) (216)
un (215). So konfiguraciju darbiba izcelas ar to, ka vienvirziena bipolars lidzsprieguma
parveidotajs (26) un VVLP (216) darbojas tikai LU (1) uzlades laika, bet vienvirziena bipolars
lidzsprieguma parveidotajs (25) un VVLP (215) — tikai LU (1) slogosanas laika. Tas divreiz
samazina pusvaditaju slédzu skaitu katra stravas kontiira un attiecigus jaudas zudumus, ka ar1

lauj optimizet So parveidotaju ((26) un (25) vai (216) un (215)) konstrukcijas.
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[017] Izgudrojums paskaidrots ar §adiem zZim&jumiem:

1. zZim. Invertors ar DJP un zemfrekvences tikla interfeisu (prototips): vienvirziena vienpolars
lidzsprieguma parveidotajs (22), kas ietver tranzistoru tiltu (22a) (tranzistori (22aa), (22ab),
(22ac), (22ad)), diozu tiltu (22d) (diodes (22da), (22db), (22dc), (22dd)) un augstfrekvences
transformatoru (22n); zemfrekvences komutators (4) (tranzistori (4aa), (4ab), (4ac), (4ad));
stravas formg&josa spole (4e); energijas avots (6) (fotoelektriskais energijas parveidotajs).

2. zZim. Izgudrojuma sistémas konfiguracija ar vienu zemfrekvences komutatoru: lidzsprieguma
uzkrajejs (1); izolgjoss dalgjas jaudas DBLP (2); lidzsprieguma kopne (3) (lidzsprieguma
posms); zemfrekvences komutators (4); mainsprieguma tikls (5).

3. zim. Izgudrojuma sistémas konfiguracija ar diviem zemfrekvences komutatoriem:
lidzsprieguma uzkraj&js (1); izolgjoss dalgjas jaudas divvirzienu vienpolars lidzsprieguma
parveidotajs (21); papildu lidzsprieguma kopne (23); zemfrekvences komutators (24);
lidzsprieguma kopne (3); zemfrekvences komutators (4); mainsprieguma tikls (5).

4. zZim. Izgudrojuma sistémas konfiguracija ar diviem vienvirziena bipolariem Iidzsprieguma
parveidotajiem un vienu zemfrekvences komutatoru: lidzsprieguma uzkraj&js (1); vienvirziena
bipolars lidzsprieguma parveidotajs (25) (kas strada pie baterijas slogoSanas); vienvirziena
bipolars lidzsprieguma parveidotajs (26) (kas strada pie baterijas izlades); lidzsprieguma kopne
(3) (Iidzsprieguma posms); zemfrekvences komutators (4); mainsprieguma tikls (5).

5. zZim. Izgudrojuma sist€émas konfiguracija ar diviem vienvirziena vienpolariem Iidzsprieguma
parveidotajiem un diviem zemfrekvences komutatoriem: Iidzsprieguma uzkrajéjs (1);
vienvirziena vienpolars lidzsprieguma parveidotajs (215) (kas strada pie baterijas slogosanas);
vienvirziena vienpolars lidzsprieguma parveidotajs (216) (kas strada pie baterijas izlades);
papildu Iidzsprieguma kopne (23); zemfrekvences komutators (24); lidzsprieguma kopne (3)
(Iidzsprieguma posms); zemfrekvences komutators (4); mainsprieguma tikls (5).

6. zZim. Spriegums papildu I1dzsprieguma posma, gadijuma ja ir izmantoti divi zemfrekvences
parveidotaji.

7. zZim. Lidzsprieguma parveidotaja spriegums Iidzsprieguma posma pusg.

8. zZim. Lidzsprieguma posma spriegums — puls€joss kvazi-sinusoidals spriegums.

9a. zim. Spriegumi un strava lidzsprieguma posma, gadijuma, ja stravas formgjosa spole atrodas
pie zemfrekvences komutatora lidzsprieguma kontaktiem, kur: Vi« — sinusoidas pusvilpu
amplitida; Vs — tikla sprieguma amplituda; vac(?) — kvazi-sinusoidali pulsgjoss spriegums;

vdeuf(t) — sinusoidas pusvilni, kas atbilst tikla sprieguma amplitiidai; vi(?) — spoles spriegums;
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irar() — baterijas momentana strava, ippcdc(?) — DBLP izejas strava, ir(t) — spoles strava, idc(?) —
strava lidzsprieguma kopné.

9b. zim. Spriegums un strava lidzsprieguma kopng, gadijuma, ja stravas formgjosa spole atrodas
pie zemfrekvences komutatora mainsprieguma kontaktiem, kur: Vmde — sinusoidas pusvilnu
amplitida; vac(?) — kvazi-sinusoidali puls€joss spriegums; vdeuf(?) — sinusoidas pusvilni, kas
atbilst tikla sprieguma amplitidai; ira(?) — baterijas momentana strava, ippcdc(t) — DBLP izejas
strava, idc(t) — strava lidzsprieguma kopné.

10a. zim. Spriegums un strava tikla pus€, gadijuma, ja stravas formg&josa spole atrodas pie
zemfrekvences komutatora Iidzsprieguma kontaktiem, kur: Vs — tikla sprieguma amplitiida,
vac(t) — komutatora spriegums tikla kontaktos; vs(?)=vac(?) — tikla spriegums; iac(?) — komutatora
strava tikla kontaktos; is(z) — tikla strava.

10b. zZim. Spriegumi un strava tikla pus€, gadijuma, ja stravas formgjosa spole atrodas pie
zemfrekvences komutatora mainsprieguma kontaktiem, kur: Vs — tikla sprieguma amplitida;
Vm,de — sinusoidas pusvilnu amplitiida; vac(?) — komutatora spriegums tikla kontaktos; vs(?)#vac(t)
— tikla spriegums; vi(2) — spoles spriegums; iac(?) — komutatora strava tikla kontaktos; is(z) — tikla
strava; iL(?) — spoles strava.

11. zZim. Izgudrojuma IstenoSanas piemers ar izol&joSo dalgjas jaudas DBLP (ar bipolariem
sledziem lidzsprieguma posma pus€) un zemfrekvences komutatoru (ar bipolariem sleédziem) —
gadijums, kad stravas form&josa spole ir lidzsprieguma kopnes puse: Iidzsprieguma uzkrajejs
(1); izolgjoss dal&jas jaudas DBLP (2); DBLP baterijas puses kontakti (2v) un (2w);
lidzsprieguma puses kontakti (2y) un (2z); tranzistoru tilts (2a) (tranzistori (2aa), (2ab), (2ac),
(2ad)); lidzsprieguma posma puses ir divu virzienu tilts (2x) (tranzistori (2ba), (2ca), (2bb),
(2¢b), (2bc), (2cc), (2bd) un (2cd)); spole (2m); augstfrekvences transformators (2n);
lidzsprieguma kopne (3); zemfrekvences komutators (4); zemfrekvences komutatora kontakti
(4v) un (4w) Iidzsprieguma kopnes pus€; komutatora kontakti (4y) un (4z) mainsprieguma
kopnes pus€; komutatora divu virzienu elektronisko slédzu tilts (4a) (tranzistori (4aa), (4ab),
(4ac), (4ad)); stravas formejosa spole (4e); stravas forme&josas spoles kontakts (4u) komutatora
puse; mainsprieguma tikls (5).

12. zZim. Izgudrojuma isteno$anas piemers ar izol€joSo dal&jas jaudas DBLP (ar bipolariem
sledziem lidzsprieguma posma pus€) un zemfrekvences komutatoru (ar bipolariem slédziem) —
gadijums, kad stravas forme&josa spole ir MT puse: lidzsprieguma uzkraj&js (1); izol&joss dal&jas

jaudas DBLP (2); DBLP baterijas puses kontakti (2v) un (2w); Iidzsprieguma puses kontakti
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(2y) un (22); tranzistoru tilts (2a) (tranzistori (2aa), (2ab), (2ac), (2ad)); Iidzsprieguma posma
puses ir divu virzienu tilts (2x) (tranzistori (2ba), (2ca), (2bb), (2¢b), (2bc), (2cc), (2bd) un
(2cd)); spole (2m); augstfrekvences transformators (2n); Iidzsprieguma kopne (3);
zemfrekvences komutators (4); zemfrekvences komutatora kontakti (4v) un (4w) lidzsprieguma
kopnes (3) pus€; komutatora kontakti (4y) un (4z) mainsprieguma kopnes pusg; zemfrekvences
komutatora (4) divu virzienu elektronisko sleédzu tilts (4x) (tranzistori (4ba), (4ca), (4bb), (4cb),
(4bc), (4cc), (4bd) un (4cd)); stravas formejosa spole (4e); stravas formejosSas spoles (4e)
kontakts (4u) zemfrekvences komutatora (4) pus€; mainsprieguma tikls (5).

13. zZim. Izgudrojuma istenoSanas piemérs ar izol€joss dalgjas jaudas DVLP diviem un
zemfrekvences komutatoriem uz divkar$a aktiva tilta bazes: lidzsprieguma uzkrajéjs (1);
izolgjoss dalgjas jaudas DVLP (21); DBLP baterijas puses kontakti (21v) un (21w);
lidzsprieguma puses kontakti (21y) un (21z); tranzistoru tilts (21a) (tranzistori (21aa), (21ab),
(21ac), (21ad)); lidzsprieguma posma puses tranzistoru tilts (21b) (tranzistori (21ba), (21bb),
(21bc), (21bd)); spole (21m); augstfrekvences transformators (21n); ieksgja lidzsprieguma
kopne (23); papildu zemfrekvences komutators (24) (tranzistoru tilts (24a) ar tranzistoriem
(24aa), (24ab), (24ac), (24ad)); papildu zemfrekvences komutatora kontakti (24v), (24w, (24y)
un (24z); lidzsprieguma kopne (3); zemfrekvences komutators (4); zemfrekvences komutatora
kontakti (4v) un (4w) lidzsprieguma kopnes pus€; komutatora kontakti (4y) un (4z)
mainsprieguma kopnes puse; komutatora tranzistoru tilts (4a) (tranzistori (4aa), (4ab), (4ac) un
(4ad)); stravas formgjosa spole (4e); stravas formgjosas spoles kontakts (4u) komutatora pusg;
mainsprieguma tikls (5).

14. zZim. Izgudrojuma TstenoSanas piemers ar izol&joSo dalgjas jaudas DVLP un diviem
zemfrekvences komutatoriem wuz divvirzienu reversivas gaitas parveidotaja bazes:
lidzsprieguma uzkrajgjs (1); izolgjoss dalgjas jaudas DVLP (21); izolgjosa dal&jas jaudas DVLP
baterijas puses kontakti (21v) un (21w); lidzsprieguma puses kontakti (21y) un (21z);
divvirzienu reversivas gaitas parveidotaja tranzistori (21ax) un (21bx); augstfrekvences
transformators (2n); iek$&ja lidzsprieguma kopne (23); papildu zemfrekvences komutators (24)
(tranzistoru tilts (24a) ar tranzistoriem (24aa), (24ab), (24ac), (24ad)); papildu zemfrekvences
komutatora kontakti (24v), (24w), (24y) un (24z); lidzsprieguma kopne (3); zemfrekvences
komutators (4); zemfrekvences komutatora kontakti (4v) un (4w) lidzsprieguma kopnes pusg;

komutatora kontakti (4y) un (4z) mainsprieguma kopnes pus€; komutatora tranzistoru tilts (4a)
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(tranzistori (4aa), (4ab), (4ac) un (4ad)); stravas formgjosa spole (4e); stravas formgjosas spoles

kontakts (4u) komutatora pus€; mainsprieguma tikls (5).

Izgudrojuma isteno$anas piemeéri

[018] Izgudrojuma TstenoSanas piemeérs ar dal€jas jaudas DBLP atbilstosi funkcionalai shemai
no 2. zZim&juma ir paradits 11. Zim&juma. Saskana ar So TstenoSanas pieméeru sisteémas regulatora
sastava baterijas puse (kontakti (2v) un (2w)) ir tranzistoru tilts (2a), bet lidzsprieguma posma
puse ir divu virzienu elektronisko slédzu tilts (2x) (tranzistori (2ba), (2ca), (2bb), (2¢cb), (2bc),
(2cc), (2db) un (2dc)). Tranzistoru (2aa), (2ab), (2ac) un (2ad) saskanota darbiba ar tranzistoriem
(2ba), (2bb), (2bc) un (2bd) lauj sintezet DBLP lidzsprieguma posma puse sprieguma vppc,de(?)
pozitivu dalu. Savukart, tranzistori (2aa), (2ab), (2ac) un (2ad) stradajot saskanoti ar (2ca), (2cb),
(2cc) un (2dc) lauj generét sprieguma vppede(?) negativu dalu. Tadejadi DBLP ar dinamisku
vadibu lidzsprieguma posma pus€ generé spriegumu, kas atbilst iztaisnotam tikla spriegumam
ar negativu nobidi par baterijas sprieguma vértibu (7. zim.). Sakara ar to, ka DBLP
mainsprieguma kontakti (2y) un (2z) ir savienoti virkng ar LU (1), to kopgjas spriegums ir DBLP
un baterijas spriegumu summa, kas atbilst iztaisnotam tikla spriegumam bez nobides — kvazi-
sinusoidali pulsgjosam lidzspriegumam vac(?) (8. Zim.).

[019] Bez izolgjosa dalgjas jaudas DBLP (2), sistemas piem&ra konfiguracija ietilpst vel
zemfrekvences komutators (4). Ta tranzistoru tilts ((4a) vai (4x)) savieno viena kontiira balasta
induktivitates spoli (4e), lidzsprieguma kopni (3) un mainsprieguma tiklu (5). Zemfrekvences
komutatora (4) darbiba atskiras, atkariba no induktivitates spoles (4e) pieslégSanas vietas —
tranzistoru tilta (4a) vai (4x) lidzsprieguma vai mainsprieguma puse.

[020] Ja induktivitates spole (4e) atrodas pie zemfrekvences komutatora (4) lidzsprieguma
kontaktiem (4v) un (4w) (11. Zim.), tad tranzistoru tilts (4a) uzformé spoles kontakta (4u)
sinusoidas pusvilnus vaeuq(?) atbilstosi iztaisnotam tikla spriegumam (9a. zZim. — raustita likne

spriegumu diagramma). Tikmér induktivitates spoles kontakta (4v) lidzsprieguma parveidotajs

(2) uzformé sinusoidas pusvilnus vac(?) ar nobidi #un amplitadu V,, , = \/ Vi +Qrf-L-1)

kur: Ls — pielietotas balasta spoles induktivitate, /s — tikla stravas uzdota efektiva vertiba, Vs —
tikla sprieguma amplitida (9a. zZim. — nepartraukta Iikne spriegumu diagramma). Pie Siem
nosacijumiem spoles spriegumam vz (%) ir £90° nobide no iztaisnota tikla sprieguma (9a. Zim. —

svitrpunktu Itkne spriegumu diagramma). Ja izolgjosa dalgjas jaudas DBLP (2) sinusoidas
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pusvilnu nobide € ir pozitiva, tad arT induktivitates spoles (4e) sprieguma nobide ir pozitiva
(+90°), tad induktivitates spoles (4e) stravas impulsi ir ar pozitivu polaritati (9a. zim. — stravu
diagramma). Sis gadijums atbilst lidzsprieguma uzkraj&ja (1) slogo$anai jeb energijas patérinam
no uzkraj&ja (8is gadijums ir att€lots 9a. zZim.). Ja izolgjosa dal&jas jaudas DBLP (2) sinusoidas
pusvilnu nobide @ ir negativa, induktivitates spoles (4e) sprieguma nobide ir —90°, tad strava ar
ir negativa, bet gadijums atbilst lidzsprieguma uzkrajgja (1) uzladei. Sis konfiguracijas gadijuma
zemfrekvences komutatora (4) spriegums mainsprieguma tikla (5) kontaktos (4y) un (4z) sakrit
ar mainsprieguma tikla (5) spriegumu (10a. zZim.).

[021] Ja induktivitates spole (4e) atrodas pie zemfrekvences komutatora (4) mainsprieguma
kontaktiem (4y) un (4z) (12. zZim.), tad Iidzsprieguma posma spriegums vac(?) sakrit ar
zemfrekvences komutatora (4) spriegumu ta lidzsprieguma kontaktos (4v) un (4w) (9b. zZim.).
Zemfrekvences komutators (4) tad pievieno Sos nobiditus sinusoidas pusvilnus vac(?) pie
induktivitates spoles (4e) kontakta (4u) katru pusperiodu ar citu polaritati sintezgjot nobiditu
pilnu sinusoidu (10b. zZim. — nepartraukta Iikne spriegumu diagramma). ST sprieguma un
kontakta (4y) tikla sinusoidala sprieguma (10b. zZim. — raustita likne spriegumu diagramma)
starpiba forme spoles spriegumu (10b. zZim. — svitrpunktu likne spriegumu diagramma), kas ir
nobidits par £90° no tikla sprieguma. Tas ierosina sinusoidalu stravu spolé. Ja nobides lenki ir
pozitivi tikla (spoles) strava ir fazg ar spriegumu un notiek uzkrajéja slogosana. Pretgja gadijuma
strava ir pretfaze ar spriegumu un notiek uzkrajéja uzlade. Lidz ar to, ka lidzsprieguma posma
spriegumam ir ari negativas vertibas, §Ts konfiguracijas gadijuma zemfrekvences komutators (4)
sastav no divu virzienu/divu tranzistoru slédziem (tranzistoru tilts (4x) (tranzistori: (4ba), (4bb),
(4bc), (4bd) un (4ca), (4cb), (4cc), (4cd)), kas vadami atseviski katrai sprieguma polaritatei.
[022] DBLP var tikt izveidots uz izolgjoSa dal€jas jaudas DVLP (21) pamata ar papildu
zemfrekvences komutatora (24) palidzibu (13. zim.). Sada konfiguracija izolgjoss dalgjas jaudas
DVLP (21) veido laika manigu pozitivu lidzspriegumu (6. zZim.), bet ZK (4) nosaka 1 sprieguma
zimi uzformgjot sprieguma likni, kas atbilst iztaisnotam tikla spriegumam ar nobidi par baterijas
sprieguma vértibu (7. zim.). 1zol&joss dalgjas jaudas DVLP, kas ir paradits 13. Zim&juma, ir
divkarSu aktivais tranzistoru tilts, tacu ta vieta var€tu tikt izmantota jebkura divvirzienu
lidzsprieguma parveidotaja shéma ar izolgjoSo elementu (transformatoru), pieméram,

divvirzienu reversivas gaitas parveidotajs (14. Zim.) vai divu taktu shéma ar transformatoru.
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PRETENZIJAS

1. Lidzsprieguma uzkraj&ja (1) un mainsprieguma tikla (5) salagoSanas sistema, kas ir balstita
uz dal&jas jaudas parveidoSanas principa un uz mainsprieguma tikla (5) interfeisa parveidotaja
zemfrekvences komutacijas, kas sisttmas dalu apvienoSanai izmanto lidzsprieguma posmu ar
nestabilizéto puls€joSo spriegumu, kas bez salagojama lidzsprieguma uzkrajéja (1) un
mainsprieguma tikla (5) ietver izolgjoso dalgjas jaudas DBLP (2), kur§ viena pusg ir savienots
ar lidzsprieguma uzkraj&ju (1) paralgli, bet otra pusg ir savienots ar lidzsprieguma uzkraj&ju (1)
virkng, un zemfrekvences komutatoru (4) ar tranzistoru tiltu (4a) vai (4x), ja ir izmantoti
divvirzienu slédzi, un balasta induktivitates spoli (4e), kuri savieno mainsprieguma tiklu (5) ar
zemas kapacitates lidzsprieguma kopni (3), kas atskiras ar to, ka izolgjoss dal&jas jaudas DBLP
(2) ir divu stravas virzienu elektroniska spéka shéma, kura generé abu polarita$u spriegumu
lidzsprieguma kopnes (3) puse, turklat pie sist€mas lidzsprieguma kopnes (3) ir pieslegts
lidzsprieguma uzkraj€ja (1) un izolgjosa dalgjas jaudas DBLP (2) virknes savienojums.
2. Sistéma saskana ar 1. pretenziju, kas atskiras ar to, ka izolgjoss dalgjas jaudas DBLP (2) ietver
izolgjo$o dalgjas jaudas DVLP (21), kur§ generé pozitivas polaritates spriegumu papildu
lidzsprieguma kopné (23), un papildu zemfrekvences komutatoru (24), kur§ piesledz So
pozitivas polaritates spriegumu pie lidzsprieguma kopnes (3) abos virzienos.
3. Sistéma saskana ar 1. pretenziju, kas atskiras ar to, ka izolgjoss dalgjas jaudas DBLP (2) ietver
divas bipolaras speka shémas — ar pozitivu stravas virzienu (25) un ar negativu stravas virzienu
(26).
4. Sistema saskana ar 2. pretenziju, kas atskiras ar to, ka izolgjoss dalgjas jaudas DVLP (21)
ietver divas vienpolaras speka shémas: ar pozitivu stravas virzienu (215) un ar negativu stravas
virzienu (216).
5. Lidzsprieguma uzkraj&ja (1) un mainsprieguma tikla (5) salagoSanas metode, kuru realizg
sisteéma saskana ar jebkuru no 1. I1idz 4. pretenzijai, kas ietver $adus secigus solus:
i) spriegums vac(t) lidzsprieguma kopné (3) ir uzforméts ka pulsgjoss ar divkarSu tikla
frekvenci energijas lidzsprieguma uzkrajéja (1) slogoSanas rezima mainoties saskana ar

sinusoidalu likni no vertibas V; =V, ,

-sin@ lidz veértibai V, =V,

m,dc

-sin(@+ ) , kur

Voae = \/ sz)s +Qnf-L,-1,) ir lidzsprieguma posma maksimals spriegums, Ls —lietotas

balasta spoles induktivitate un /s — tikla stravas uzdota efektiva vertiba, Vi s — tikla sprieguma

amplitida;
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ii) spriegums vdc(?) lidzsprieguma kopné (3) ir uzforméts ka pulsgjoss ar divkarSu tikla
frekvenci energijas lidzsprieguma uzkrajéja (1) uzlades rezZima mainoties saskana ar
sinusoidalu likni no vértibas V| =V, . -sin(=0) lidz vertibai V, =V, , -sin(z -6);

iii) spriegums papildu Iidzsprieguma kopné (23), ja ta ir, ir uzforméts ka pulsgjoss ar
CetrkarSu tikla frekvenci un sastadas no isakiem sinusoidas fragmentiem ta, ka tie kopa,
komutgjot tos pie lidzsprieguma posma pozitiva vai negativa virziena sastada spriegumu
Vppe,de(t) =Vdc(t)—Vbat;

iv) zemfrekvences komutators (4) nodroSina lidzsprieguma kopnes (3) pieslégSsanu pie
mainsprieguma tikla (5) pozitiva vai negativa virziena, parveidojot lidzsprieguma kopnes (3)
pulsgjoso spriegumu (stravu) par mainsprieguma tikla (5) mainspriegumu (mainstravu) un §1
zemfrekvences komutatora (4) sleédzi darbojas ar mainsprieguma tikla (5) frekvenci, kas
samazina §1 zemfrekvences komutatora (4) komutacijas zudumus;

v) papildu zemfrekvences komutators (24), ja tas ir, nodro$ina papildus lidzsprieguma posma
(23) pieslegsanu pie lidzsprieguma posma (3) pozitiva vai negativa virziena formgjot vélamu
spriegumu Vppe.de(t)=vde(t)—Vear un §1 zemfrekvences komutatora (4) slédzi darbojas ar
mainsprieguma tikla (5) frekvenci, kas samazina §1 papildu zemfrekvences komutatora (24)
komutacijas zudumus;

vi) sisteému lidzsprieguma parveidotaji (2) vai (21) ar (24) vai (25) ar (26) vai arT (215) un
(216) ar (24) lidzsprieguma kopnes (3) pus€ strada ar nepilnu sist€mas spriegumu, bet

lidzsprieguma uzkraj€ja (1) pus€ — ar nepilnu sist€mas stravu.
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KOPSAVILKUMS

Izgudrojums attiecas uz lidzsprieguma energijas avotu un mainsprieguma tikla salagojosiem
parveidotajiem. Izgudrojums pieme&rots akumulatoru bateriju, superkondensatoru un citu
lidzsprieguma uzkrajéju pievienoSanai.

Izgudrojuma mérkis ir samazinat jaudas zudumus lidzsprieguma uzkrajéja (1) un
mainsprieguma tikla (5) salagojosa parveidotaja, izmantojot zemfrekvences tikla komutacijas
un dalgjas jaudas parveidoSanas principus nodrosinat to pilnu funkcionalu divvirzienu darbibu.
Izgudrojuma mérkis ir sasniegts ar jaunu energoelektronikas parveidotaju sist€ému, kas apvieno
divvirzienu zemfrekvences komutatoru (4), dalgjas jaudas divvirzienu bipolaru sprieguma
parveidotaju (2) un pulsgjosu Iidzsprieguma kopni (3). Izgudrojuma ietilpst arT lidzsprieguma
uzkraj&ja (1) un mainsprieguma tikla (5) salagoSanas metode, kas uzforme lidzsprieguma posma
(3) pulsgjosu spriegumu ar divkarSu tikla frekvenci, ka arm zemfrekvences komutatora (4)
vadiba, kas nodrosina lidzsprieguma kopnes (3) pieslégSanu pie mainsprieguma tikla (5).

Tikla komutatora (4) zema darbibas frekvence samazina §T interfeisa komutacijas zudumus.
Dalgjas jaudas divvirzienu bipolara sprieguma parveidotdja (2) darbiba ar nepilnu jaudu
samazina ta vadamibas un komutacijas zudumus, palielinot energijas uzkraSanas sist€émas

energoefektivitati.
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SYSTEM AND METHOD FOR TRANSMITTING POWER BETWEEN DC AND
AC SOURCES

The invention regards interface converters for DC energy storages to AC-grid. The invention
can be used with batteries, supercapacitors and similar storages.

The aim of the invention is reduction of losses in the interface converter that links a DC energy
storage (1) and AC-grid (5) applying the principles of bidirectional unfolding and partial power
conversion. This aim is achieved with a new system of power electronic converters that
combines bidirectional unfolder (4), bidirectional partial power converter (2) and pulsating DC-
link (3). Essential part of the invention is the method of interfacing, which processes floating
voltage of the DC energy storage (1), forms pulsating semi-sine voltage in the DC-link (3) and
applies it to the AC-grid (5).

Low operation frequency of the unfolder (4) reduces its switching losses. Limited power of the
bidirectional partial power converter (2) reduces its conduction and switching losses. This

increases the overall efficiency of the system.
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O. Tetervenoks, I. Galkins, A. Bubovi¢s, REGULEJAMA LED GAISMEKLA INDUKTIVA
ELEMENTA VAIRAKU IZEJU DRAIVERIS. Latvijas patenta pieteikums Nr. LVP2023000103.
Patenta pieteikuma datums 27.10.2023.



REGULEJAMA LED GAISMEKLA INDUKTIVA ELEMENTA VAIRAKU IZEJU
DRAIVERIS

[001] Izgudrojums attiecas uz elektrotehnikas, elektronikas, informacijas un komunikaciju
tehnologijas nozari un tas energoelektronikas apak$nozari, konkréti uz regul&jamiem
stabiliz&tas stravas parveidotajiem, kuri paredzgeti darbibai ar stravas paterétajiem. [zgudrojums
var tikt izmantots gaismas diozu (no anglu valodas light-emitting diode — LED) segment&ta
gaismas avota atseviSku zaru neatkarigai laidenai gaismas pliismas regulésanai, LED gaismas

avotu gaismas tona/krasas regulésanai.

Zinamais tehnikas Iimenis

[002] Ir zinams, ka tadus stravas patérétajus ka gaismas diodes, ar sprieguma avotu savieno
caur salagojo$o pasivo elementu vai specializéto elektriskas energijas komutgjamo parveidotaju.
[003] Ka pasivo salagojoso elementu starp stravas pat€rétagju un sprieguma avotu
lidzsprieguma gadijuma izmanto rezistivo elementu, mainsprieguma gadijuma — kapacitivo vai
induktivo. Pastvo salagojoso elementu izmantoSanai ir $adi triikumi: papildus zudumi rezistivaja
elementad; pievaditas energijas pulsacijas, ja ir izmantots induktivais vai kapacitativais elements;
stravas nobides attieciba pret spriegumu.

[004] Lai novérstu augstak aprakstitos trikumus vai mazinatu to sekas, energoelektronika par
salagojoSo elementu starp sprieguma avotu un stravas patérétaju izmanto augstfrekvences
komutgjamo parveidotaju ar noslégtu vadibas kontliru. Pieméram, augstfrekvences
komut&jamais parveidotajs ar noslégtu vadibas kontiiru izmantots virkné slégto gaismas diozu
no (1.16) lidz (1.17) salagoSanai ar sprieguma avotu (1.0) (1. zim.), tad to sauc par LED draiveri.
Augstfrekvences komutgjamajam parveidotajam ar noslégtu vadibas kontiiru stabiliz&tu stravu
formé induktiva elementa — droselé (1.6). Atgriezenisko saiti p&c stravas veido cilpa no stravas
sensora (1.5), kas méra faktisko drosel€ (1.6) plastosu stravu / L7, summgéjosa elementa (1.8),
kas aprékina kltidu starp drosele (1.6) uzdoto stravas vertibu / set un faktisko stravu / L],
SSA (1) vadibas bloka (1.4), kur§ ietver regulatoru un impulsu platuma modulétaju (IPM).
Atbilstosi sanemtajam kliidas signalam no summgjosa elementa (1.8), SSA vadibas bloks (1.4)

forme vadibas signalu tranzistoram (1.1). Sadi augstfrekvences komutgjamajam parveidotajam



ar noslégtu vadibas kontiiru péc stravas (1.1, 1.4, 1.8, 1.5, 1.6) izeja panak stabilizétas stravas
avota SSA (1) uzvedibu. Ir zinams, ka stravas avots teor&tiski spej generét bezgaligi lielu
spriegumu, tapec augstfrekvences komutgjamajam parveidotajam ar noslégtu vadibas konttru
pec stravas izmanto izejas sprieguma ierobezotaju. Tas veidots no komparatora (1.14), kas
spriegumu no dalitaja (1.10) salidzina ar uzdoto izejas sprieguma ierobezoSanas vertibu Vref’
(1.15). Komparators (1.14) padod signalu atslegSanas blokam (1.7), ja dalitaja (1.10) spriegums
parsniedz augstfrekvences komutgjama parveidotdja ar noslégtu vadibas kontiiru pec stravas
uzdoto izejas sprieguma ierobezoSanas vertibu FVref (1.15), ta pasargajot parveidotaja izejas
kondensatoru (1.11) no bojaSanas ar augstu spriegumu. Tad parveidotajam slédzamo gaismas
diozu skaits ir ierobezots: kopgjais sprieguma kritums V_LED uz visam virkng slégtam gaismas
diodem no (1.16) Iidz (1.17) nedrikst parsniegt parveidotaja izejas sprieguma ierobezosanas
vertibu.

[005] Ir zinams LED gaismeklis ar segmentétu LED gaismas avotu SLGA (4), kura katram
segmentam atbilst savs virkn€ slégto gaismas diozu zars, un katrs zars ir atsevisks stravas
paterétajs. Katram zaram vispariga gadijuma ir atSkirigas pec krasas/tona gaismas diodes.
Katram gaismas dioZu zaram izmanto atsevisku ar sprieguma avotu salagojosu elementu —LED
draiveri, kas veidots uz augstak aprakstita augstfrekvences komutgjama parveidotaja ar noslégtu
vadibas kontiiru p&c stravas bazes, katram nepiecie$ama vismaz viena sava specializ&ta vadibas
integréta mikrosh€ma, kas ietver visus shémas vadibas elementus (1.4), (1.7), (1.8), (1.14).
Katram LED draiverim uzdod savu noregulétu stravas vértibu [ set, ta panak savstarpgji
neatkarigu laidenu stravas regul&Sanu atseviskos zaros, bet ar stravas vertibu attiecibas mainu
atseviskos zaros panak segment&ta LED gaismas avota SLGA (4) rezultgjosas gaismas krasas/
tona iestatiSanu. Jo lielaks segmentéta LED gaismas avota SLGA (4) zaru skaits, jo lielaks
salagojoso elementu skaits, 1idz ar to sarezgitaka uzbiive un izmaksas.

[006] Par izgudrojuma prototipu izveléts cita veida augstfrekvences komut€jamais
parveidotajs (LED draiveris) segmentéta LED gaismas avota SLGA (4) salagoSanai ar
sprieguma avotu (1.0) vai (1.0.0) un savstarpgji neatkarigu laidenu stravas reguléSanu atseviskos
zaros [1] — stabiliz&tas stravas avota SSA (1) viena induktiva elementa (1.6) vairaku stravas
regulatoru SR (2)/ vairaku regul&jamo izeju (no / LER SRI lidz I LED_SRk) parveidotajs, kas
paradits 2. zim&juma. Vispariga gadijuma So prototipa LED draiveri apskata ka salikumu no

stabilizetas stravas avota SSA (1) un vismaz viena stravas regulatora SR (2) [2-9]. Stabilizétas



stravas avota SSA (1) viena induktiva elementa vairaku stravas regulatoru SR (2) parveidotaja
galvena 1paSiba ir ta, ka ievie§ tikai vienu noslégto vadibas kontliru pec stravas vienam
induktivajam elementam (1.6), kas ir stabilizetas stravas avota SSA (1) sastavdala. Stravas
reguléSana parveidotaja atseviskas izejas (no I LER SRI lidz I LED SRk) notiek ar stravas
regulatoriem SR (2) bez noslégtajiem vadibas kontlriem, mainot vadibas parametru —
aizpildijuma koeficientu (D_Q21, D Q2k) ar vadamiem slédziem (2.1). Izejas stravas vertiba
stravas regulatoriem SR (2) ir apgriezti proporcionala sledzu (2.1) vadibas signalu aizpildijuma
koeficientiem.

[007] Stabilizetas stravas avots SSA (1) ar noslégtu vadibas kontiiru péc stravas (1.1, 1.4, 1.8,
1.5, 1.6) un ta salikums ar virkn@ slégtajiem regulatoriem ir vienads ar izgudrojuma iekartu, bet
pasi regulatori prototipam (2) un izgudrojumam (2.0) ir atSkirigi.

[008] Prototipa galvenais tritkums ir lieli zudumi stravas regulatoru (2) diodgs (2.3) pie liclam
izejas stravam, jo pasi ar izejam pieslégtu mazu LED skaitu. Kad izejam pieslédz pa vienai
LED, ar diodi (2.3) saistitic zudumi teorétiski nelauj parveidotajam sasniegt lietderibas
koeficientu augstaku par 80 %, nenemot vera zudumus pargjos elementos. Reala parveidotaja
lietderibas koeficients ir vel zemaks. Ar lielaku LED skaitu lietderiba ir augstaka, toméer to
iespgjams bitiski uzlabot, izsleédzot stravas regulatoru (2) diozu (2.3) zudumus, ka paradits 3.
zimgjuma. Otrs biitisks prototipa trikums ievieSanai realaja apgaismojuma ieric€ ir tas, ka ir
nepiecieSams Vel viens atsevisks lidzsprieguma pazeminosais parveidotajs LPP (7) prototipa
vadibas shémas VSB (5) barosanas sprieguma nodrosinasanai, kas prototipa nav atrunats, bet ir
pats par sevi saprotams (2. Zim&jums). So problému izgudrojuma atrisina ar neregulgjama

gaismas diozu zara NGDZ (4.1) ievie$anu segmentétam LED gaismas avotam SLGA (4).

Izgudrojuma meérkis un biitiba

Tehniskais uzdevums, kuru risina piedavatais izgudrojums, ir LED gaismekla gaismas
tona/krasas reguléSanas sist€mas ievieSanas vienkarSoSana, paatrinaSana un izmaksu
samazinasana, pec iesp&jas izmanojot esoSo elementu bazi. Izgudrojuma mérkis ir sasniegts ar
jaunu pie segmentéta LED gaismas avota SLGA (4) slédzamu viena induktiva elementa vairaku
izeju LED draiveri ar izeju neatkarigu reguléSanu, kura savstarpgji apvienoti stabilizetas stravas
avots SSA (1) ar vairakiem gaismas pliismas regulatoriem GR (2.0) un vadibas sist€émas bloks

VSB (5), ka arT segment&tajam LED gaismas avotam SLGA (4) obligati iecklautu neregul&jamo



gaismas diozu zaru NGDZ (4.1), kas nodro$ina vadibas sistemas bloku VSB (5) ar barosanas
spriegumiem 373 un /270 bez papildus sprieguma pazeminosa parveidotaja (7), ka paradits
6. zZim&juma. Potencialais izgudrojuma pielietojums ir regul&jama tona/krasas LED gaismekli
dazadas pielietojuma jomas, tadas ka dekorativs €ku/ielu/iekstelpu apgaismojums, specializets
apgaismojums medicinas pielietojumiem, darzkopibas apgaismojums, gaismekli, kuros
nepiecieSama neatkariga reguléSana segment&ta LED gaismas avota SLGA (4) atseviSkos zaros,
lai iegiitu nepiecieSamo gaismas toni/ krasu.

Izgudrojuma viena induktiva elementa vairaku izeju LED draivera ickartas blokshéma un tas
pielietojums gaismekli, slédzot pie segmentéta LED gaismas avota SLGA (4), ir att€loti
6. zimgjuma. Izgudrojums atSkiras no prototipa (2. zimejums) ar to, ka draiveris ir izveidots,
apvienojot prototipa stabilizetas stravas avotu SSA (1) un gaismas plsmas regulatorus GR1 —
GRk (2.0) prototipa stravas regulatoru SR1-SRk (2) vieta. Papildus izgudrojuma
segmentétajam LED gaismas avotam SLGA (4) ievie$ nereguléjamo LED zaru NLGZ (4.1), lai
nodro$inatu baros$anas spriegumu vadibas sist€mas blokam VBS (5) bez papildus lidzsprieguma
pazeminosa parveidotaja (7), kas ir nepieciesams prototipam. Izgudrojuma gaismas plismas
regulators GR1 —GRk (2.0) veidots ka stravas regulatora SR1 —SRk (2) salikums ar stravas
sledziem SS11 — SSkn (3) ar atzarojumiem SLGA (4) atsevisku zaru pieslégSanai. Tas lauj
izveidot vadibas algoritmu, ka att€lots 5. zZIm&juma, kas reguléSanas diapazona atseviskas dalas
izsledz diodes (2.3) no stravas plusanas cela, tadgjadi uzlabojot regulatora lietderibu
raksturliknes lielaku izejas jaudu dala. Prototipa stravas regulatora SR1—SRk (1) un
izgudrojuma gaismas plusmas regulatoru GR1—-GRk (2.0) teorétiskais lietderibas
salidzinajums visa reguléSanas diapazona ar Cetram izejai pieslégtam gaismas diodém un 2A
maksimalo izejas stravu ir dots 3. ZIm&juma.

Regulgjama LED gaismekla viena induktiva elementa vairaku izeju draivera iekartas ievieSanas
pan€miena apskata gaismas plusmas regulatora GR1 — GRk (4) tranzistoru Q21 — Q2k (2.1)
skaita optimizeSanu, izv€loties binari svértu LED skaitu atseviskos stravas sledzu (3) zaros, ka
paradits 4. zZimejuma. Veicot stravas slédzu numeraciju péc principa SSxy, kur x ir sravas
regulatoru un gaismas pliismas regulatoru numurésanas indekss un tas sakas ar /, bet y ir stravas
sleédza numurgsanas indekss un tas sakas ar 0, un SLGA (4) gaismas diozu numeraciju stravas
slézu zaros veic pec principa LED_SSxyz, kur z ir LED numurg&Sanas indekss, binari svérto LED

skaita principu apraksta péc izteiksmes mxy =2"y, kur m ir diozu skaits SSxy zara un,



vienlaicigi, arT pédejas SLGA (4) stravas slédza gaismas diodes (4.0.6) numur&Sanas indekss
LED_SSxym, jeb LED_SSxy(y"2)

[009] Izgudrojums paskaidrots ar $adiem zZim&jumiem:

1. zZim. Neregulgjama LED gaismekla tipveida draiveris, kas veidots uz pazeminoSa
augstfrekvences komutgjama parveidotaja bazes ar noslégtu vadibas kontiru nesegment&ta LED
gaismas avota darbinaSanai — tipveida LED draiveris: mainsprieguma avots MSA (0),
lidzsprieguma avots LSA (1.0), mainsprieguma uz lidzspriegumu parveidotajs MLP (1.0.1),
tipveida LED draiveris TLD (1.0.0), tranzistors Q1 (1.1), ieejas kondensators Cin (1.2), diode
VD1 (1.3), SSA vadibas bloks Ull (1.4), stravas sensors I CS (1.5), drosele L1 (1.6),
atslégSanas bloks AB (1.7), summejosais elements SUM (1.8), uzdota stabilizetas stravas vertiba
Iset (1.9), sprieguma dalitajs SD (1.10), izejas kondensators C_LED (1.11), sprieguma dalitaja
augsgjais rezistors(1.12), sprieguma dalitaja apaks$gjais rezistors (1.13), komparators U12
(1.14), uzdota izejas sprieguma ierobeZoSanas vértiba Vref (1.15), LED gaismas avots (4.0),
LED gaismas avota zara pirma gaismas diode LED1 (4.0.1), LED gaismas avota zara pedgja
gaismas diode LEDm (4.0.2), stabilizétas stravas avota ieejas spriegums Vin, impulsu platuma
modulétajs IPM, drosele L1 plistoSas stravas vertiba / LI, gaismas diozu strava / LED un
sprieguma kritums uz visam gaismas diodem V_LED.

2. zim. Regulg&jama LED gaismekla vairaku izeju draiveris, kas veidots ka stabilizetas stravas
avota un stravas regulatoru salikums segmentéta LED gaismas avota darbinasanai — prototips:
lidzsprieguma avots LSA (1.0), stabilizetas stravas avots SSA (1), tranzistors Q1 (1.1), diode
VD1 (1.3), drosele L1 (1.6), stravas regulators SR (2), stravas regulatora tranzistors Q21,
Q2k (2.1), stravas regulatora izejas kondensators C21, C2k (2.2), stravas regulatora diode
VD21, VD2k (2.3), segmentets LED gaismas avots SLGA (4), segmentéta LED gaismas avota
stravas regulatora zara pirma gaismas diode (4.0.3), segmentéta LED gaismas avota stravas
regulatora zara pedgja gaismas diode (4.0.4), vadibas sistemas bloks VSB (5), mikrokontrolleris
MCU (5.1), kondensators mikrokontrollera baroSanai 373 (5.2), kondensators tranzistoru
draiveru baroSanai /2V0 (5.3), pirma stravas regulatora tranzistora draiveris (5.21), pedgja
stravas regulatora tranzistora draiveris (5.2k), lidzsprieguma pazeminosais parveidotajs LPP
vadibas sistémas bloka baroSanai (7), stabiliz&tas stravas avota ieejas spriegums Vin, drosele L1

plustosas stravas vertiba / LI, gaismas diozu strava segmentéta LED gaismas avota pirmaja



zara [ LED SRI un pedgja zara I LED SRk, vadibas signali tranzistoru draiveriem IMP_Q21
— IMP_Q2k, vadibas signali tranzistoru aizvariem D_Q21-D_Q2k.

3. zim. Teorétiskais lietderibas salidzinajums prototipa stravas regulatoram SR ar izgudrojuma
gaismas plusmas regulatoru GR pilna izejas jaudas diapazona. Piemers ar Cetram gaismas
diodém zara.

4. zZim. Regulgjama LED gaismekla vienas izejas draiveris, kas veidots ka stabilizetas stravas
avota un viena gaismas regulatora salikums segment&ta LED gaismas avota ar binari svértu LED
skaitu zaros darbinasanai — izgudrojuma realiz€Sanas piemérs: mainsprieguma avots MSA (0),
lidzsprieguma avots LSA (1.0), mainsprieguma uz lidzspriegumu parveidotajs MLP (1.0.1),
stabilizétas stravas avots SSA (1), tranzistors Q1 (1.1), diode VD1 (1.3), SSA vadibas bloks
Ul1l (1.4), drosele L1 (1.6), summg&josais elements SUM (1.8), uzdota stabiliz&tas stravas
vertiba Iset (1.9), gaismas plismas regulators GR1 (2.0), stravas regulators SR1 (2), stravas
regulatora tranzistors Q21 (2.1), stravas regulatora izejas kondensators C21 (2.2), stravas
regulatora diode VD21 (2.3), stravas sledzis SS10, SS11, SS12, SSin (3), stravas slédza
tranzistors Q310, Q311, Q312, Q31n (3.1), segmentetais LED gaismas avots SLGA (4),
segmenteta LED gaismas avota stravas regulatora zara pirma gaismas diode (4.0.3), segment&ta
LED gaismas avota gaismas pllismas regulatora zara pirma gaismas diode (4.0.5), segment&ta
LED gaismas avota gaismas plismas regulatora zara pedgja gaismas diode (4.0.6), stabilizetas
stravas avota ieejas spriegums Vin, impulsu platuma modulétajs IPM, drosele L1 plistosas
stravas vértiba I LI, gaismas dioZu strava segmentéta LED gaismas avota zara, kas pieslégts
stravas regulatoram / LED SR, gaismas dioZu strava segment&ta LED gaismas avota zara, kas
pieslégts stravas slédzim I LED SS10, I LED SS11, I LED SS12, I LED SSin, vadibas
signals stravas regulatora tranzistoram D Q21, vadibas signals stravas slédza tranzistora
aizvariem D_Q310,D Q311,D Q312,D Q31n.

5. zim. Spéka slédzu vadibas signalu diagramma laidenai kopé&ja gaismas daudzuma regulésanai
gaismas pliismas regulatoram, kas paradits 4. zim&juma, un kas paredz&ts segmentéta LED
gaismas avota ar binari svértu LED skaitu zaros darbinaSanai: stravas regulatora SR1 tranzistora
vadibas signals aizpildijuma koeficients D_Q21, stravas sledzu SS10, SS11, SS12, SSin
tranzistoru vadibas signalu aizpildijuma koeficienti D_Q310, D_Q311,D_Q312,D Q3I1n.

6. zZim. Regulgjama LED gaismekla vairaku izeju draiveris, kas veidots ka stabilizetas stravas

avota un vairaku gaismas plismas regulatoru salikums segmentéta LED gaismas avota SLGA



darbinasanai, un SLGA papildinats ar nereguléjamo LED zaru vadibas sist€mas bloka barosanas
nodro§inasanai — izgudrojuma papildinatais realiz€Sanas piemers: mainsprieguma avots MSA
(0), lidzsprieguma avots LSA (1.0), mainsprieguma uz lidzspriegumu parveidotajs MLP (1.0.1),
stabiliz&tas stravas avots SSA (1), tranzistors Q1 (1.1), diode VD1 (1.3), SSA vadibas bloks
Ull (1.4), drosele L1 (1.6), summgjosais elements SUM (1.8), uzdota stabiliz&tas stravas
vertiba Iset (1.9), gaismas plismas regulators GR1, GR2, GRk (2.0), stravas regulators SR1,
SR2, SRk (2), stravas regulatora tranzistors Q21 (2.1), stravas regulatora izejas kondensators
C21 (2.2), stravas regulatora diode VD21 (2.3), stravas slédzis SS11, SS1n, SS21, SS2n, SSk1,
SSkn (3), stravas sleédza tranzistors Q311, Q31n (3.1), segmentéts LED gaismas avots SLGA
(4), segmentéta LED gaismas avota stravas regulatora zara pirma gaismas diode (4.0.3),
segmenteta LED gaismas avota gaismas pliismas regulatora zara pirma gaismas diode (4.0.5),
segmentéta LED gaismas avota gaismas pliismas regulatora zara pedéja gaismas diode (4.0.6),
segment&ta LED gaismas avota neregul&jamais gaismas diozu zars NGDZ (4.1), neregulgjama
gaismas diozu zara atseviSkas gaismas diodes (4.1.0 — 4.1.3), vadibas sist€émas bloks VSB (5),
mikrokontrolleris MCU (5.1), kondensators mikrokontrollera barosanai 373 (5.2), kondensators
tranzistoru draiveru baroSanai /210 (5.3), stravas regulatoru tranzistoru draiveri (5.21 — 5.2k),
stravas slédzu tranzistoru draiveri (5.311- 5.3kn), stabilizetas stravas avota ieejas spriegums Vin,
impulsu platuma modulétajs IPM, droselé L1 plistoSas stravas vertiba I LI, gaismas diozu
strava segmentéta LED gaismas avota zara, kas pieslégts stravas regulatoram / LED SRI,
gaismas dioZu strava segmentéta LED gaismas avota zard, kas pieslégts stravas slédzim
1 LED SS11,1 LED SSIn, vadibas signali stravas regulatora tranzistoru draiveriem IMP_Q21
— IMP_Q2k, vadibas signali stravas slédzu tranzistoru draiveriem IMP_Q311 — IMP_Q3kn
vadibas signals stravas regulatora tranzistora aizvariem D Q21 — D Q2k, vadibas signals

stravas slédza tranzistora aizvariem D_Q311,—D_Q3kn.

Izgudrojuma istenoSanas piemeéri

[010] Izgudrojuma realizacijai neregul€jama gaismekla tipveida LED draiveri TLD (1.0.0),
kas attélots 1.zIm&juma, parveido ta, lai iegiitu stabilizétas stravas avota SSA (1) Tpasibas:
nonem izejas kondensatoru C_LED (1.11) un nonem izejas sprieguma ierobezotaju (1.10),
(1.14), (1.7) vai pamaina sprieguma dalitaja SD (1.10) rezistoru R1 (1.12) un R2 (1.13) attiecibu

ta, lai izejas sprieguma ierobeZoSanas veértiba ir lielaka par kop€jo sprieguma kritumu uz



sledzama segmentéta LED gaismas avota (4) visam gaismas diodém. Parveidotu TLD (1.0.0)
par stabilizetas stravas avotu SSA (1) saslédz virkn€ ar vienu (4. Zim&ums) vai vairakiem
(6. Zimgjums) gaismas plismas regulatoriem GR (2.0), un pielick vadibas sistémas bloku
VSB (5), tadejadi ieglist izgudroto regulejama LED gaismekla viena vai vairaku izeju draiveri
segmenttam LED gaismas avotam SLGA (4).

[011] Katrs gaismas plismas regulators GR1 (2.0) ir veidots ka stravas regulatora SR1 (2) un
stravas slédzu SS10 — SS1n (3) salikums un nodros$ina viena atseviSka tona/krasas LED gaismas
plismas laidenu regulédanu. Sads salikums nodrodina labaku lietderibu lielaku izejas jaudu
diapazona salidzinajuma ar prototipu no 2. Zim&juma: lietderibu salidzinajums gaismas pliismas
regulatoram (2.0) un stravas regulatoram (2), darbinot vienadu LED skaitu — 4 gaismas diodes
ar 2A maksimalo stravu, ir attélots 3. Zimgjuma.

[012] Gaismas plusmas regulatora GR1 — GRk (4) tranzistoru Q21 — Q2k (2.1) skaita
optimizeSanai, izvelas binari svérto LED skaitu atseviskos stravas slédzu (3) zaros, ka paradits
4. Zimejuma, bet tas nav obligats nosacijums. Veicot stravas sledzu numeraciju péc principa
SSxy, kur x ir sravas regulatoru un gaismas plismas regulatoru numurésanas indekss un tas
sakas ar /, bet y ir stravas sleédza numur&Sanas indekss un tas sakas ar 0, un SLGA (4) gaismas
diozu numeraciju stravas slézu zaros veic pec principa LED_SSxyz, kur z ir LED numurg&sanas
indekss, binari svérto LED skaita principu apraksta pec izteiksmes myy = 2"y, kur m ir dioZu
skaits SSxy zara un, vienlaicigi, arT pedejas SLGA (4) stravas sleédza gaismas diodes (4.0.6)
numuréSanas indekss LED SSxym, jeb LED SSxy(y”2).

[013] Gaismas pliismas regulatora GR1 (2.0) laidenu gaismas pliismas regulésanu nodrosina
vadibas sist€émas algoritms, kas darbina stravas regulatoru (2) tranzistorus (2.1) un stravas
sledzu (3) tranzistorus (3.1) péc principa, kas attélots 5. Zimgjuma. Seit gaismas pliismas
regulatoram GR1 (2.0) pieslégts segmentetais LED gaismas avots SLGA (4) ar binari svérto
LED skaitu stravas sledzu zaros (4.0.5, 4.0.6). Kopgjais relativais LED gaismas daudzums ir
proporcionals uzdotam vadibas parametram (augsgja grafika taisne no 5. zim&juma), ar1 vadibas
signali uz stravas regulatora (2) tranzistora Q21 (2.1) un stravas slédzu (3) tranzistoriem (3.1)
Q310...Q31n formgjas atbilstosi uzdota parametra vertibai. Stravas regulatora (2) tranzistors
Q21 (2.1) vadits ar signalu D_Q21, kura aizpildijuma koeficients mainas robezas no 0 lidz
100 %, stravas sleédzu (3) tranzistoriem (3.1) Q310...Q31n vadibas signalu D_Q310...DQ31n

aizpildijuma koeficients ir tikai 0 % vai 100 % (ieslégts vai izsleégts). Tranzistoru vadibas



signalus IPM_Q21 — IPM_Q2k, IPM_Q311 — IPM_Q3kn padod vadibas sistemas bloka
VBS (5) mikrokontrolleris (5.1) caur tranzistoru aizvaru draiveriem (5.21 — 5.2k, 5311 —
5.3kn).
[014] Segmenteta LED gaismas avota SLGA (4) zaru skaits un struktiira ir saskanoti ar
draivera izeju skaitu un struktiiru, ka att€lots 4.un 6. zZim&umos. Maksimali vienmeriga
apgaismotas virsmas tona/krasas iegilisanai, SLGA (4) atsevisku gaismas pllismas regulatoru
(2.0) zaru gaismas diodes izvieto p&c iespejas simetriski. Izgudrojuma uzbiives vienkarSoSanai
un elementu skaita mazinasanai, izmanto SLGA (4) ar neregulg§jamo gaismas diozu zaru
NGDZ (4.1), kas kalpo par barosanas avotu vadibas sistémas bloka VBS (5) atseviskam dalam:
3V3 spriegums mikrokontrollera (5.1) baro$anai un /2V0 spriegums tranzistoru aizvaru draiveru
(5.21 = 5.2k, 5.311 — 5.3kn) barosanai, ka att€lots 6. Zimgjuma.
[015] SSA (1) vidgja droseles L1 (1.6) strava ir vienada ar uzdoto stabiliz&tas stravas vertibu
Iset (1.9), ta nosaka maksimalo stravas vértibu draivera izejas un SLGA (4) zaros. Vidgja
SRx (2) izejas stravas vertiba I LED SRx ir atkariga no tranzistora Q2x (2.1) impulsu platuma
moduléta IPM vadibas signala aizpildijuma koeficienta D_Q2x vertibas un SSA (1) uzdotas
stabiliz&tas stravas vertibas Iset, un ir vienada ar:

I_LED_SRx = Iset-(1—D_Q2x) [2],
[016] bet vidgja stravas sledzu SSxy (3) izejas stavas / LED SSxy vertiba ir vienada ar 0 vai
Iset, atkariba no gaismas regulatora GR1 — GRk (2.0) uzdotas vadibas parametra vertibas un
attieciga tranzistora Q3xy (3.1) vadibas signala D_Q3xy, ka paradits 5. zim&uma.
[017] Gaismas tona / krasas reguléSanu panak ar atsevisku gaismas plismas regulatoru GR1 —

GRk (2.0) uzdoto vadibas parametu attiecibas mainu.
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PRETENZIJAS

1. Regulgjama LED gaismekla viena induktiva elementa vairaku izeju draivera iekarta satur
stabilizetas stravas avotu SSA (1), gaismas plismas regulatorus GR1 — GRk (2.0), kuri ietver
stravas regulatorus SR1- SRk (2) un stravas slédzus SS11 — SSkn (3), vadibas sisteémas bloku
VBS (5), un ir sledzama pie segmentéta LED gaismas avota SLGA (4) ar obligati ieklauto
neregulgjamo gaismas dioZzu zaru NGDZ (4.1), kas atSkiras ar to, ka stravas regulatori SR1 —
SRk (2) ir aizvietoti ar gaismas pliismas regulatoriem GR1 — GRk (2.0), kas nodro§ina
regulatora lietderibas pieaugumu 1idz 4% lielu izejas jaudu diapazona.

2. Regulgjama LED gaismekla viena induktiva elementa vairaku izeju draivera iekarta saskana
ar 1. pretenziju, kas atskiras ar to, ka segmentéta LED gaismas avota SLGA (4) obligati ieklauj
neregulgjamo gaismas diozu zaru NGDZ (4.1), bet draivera iekarta neieklauj Iidzsprieguma
pazeminoso parveidotaju LPP (7), kas nepiecieSams vadibas sistémas bloka barosanai VBS (5).
3. Panémiens, kuru realize iekarta saskana ar 1. vai 2. pretenziju, kas ietver sadus secigus solus:

(i) tipveida LED draivera TLD (1.0.0) parveidosana par stabilizétas stravas avotu SSA (1)
un nostabilizétas stravas vertibas Iser iestatiSana atbilstoSi maksimalai SLGA (4)
gaismas dioZu pielaujamai stravas vértibai;

(i) gaismas pliismas regulatoru GR1 — GRk (2.0) ievieSana katrai regul&amai izejai/
SLGA (4) LED krasai;

(iii) stravas sledzu SR1 — SRk (3), to tranzistoru Q311 — Q3kn (3.1) un tranzistoru draiveru
(5.311 — 5.3kn) skaita optimizeS$ana, izv€loties binari svérto LED skaitu SLGA (4)
stravas sleédzu SSxy (3) zaros p&c principa mxy = 2y, kur m ir LED skaits attiecigaja
zara, tad SSxy zara p&d€ja LED indekss ir LED SSx(n-1)m (4. Zimgjuma);

(iv) neregulgjama gaismas diozu zara NGDZ (4.1) ievieSana segment&ta LED gaismas avota
(4) barosanas sprieguma nodrosinasanai;

(v) vadibas sistémas bloka VBS (5) uz mikrokontrollera (5.1) bazes ar tranzistoru
draiveriem (5.21 — 5.3kn) ievieSana, kas spgj nodroSinat gaismas regulatoru (2.0)

tanzistoru (2.1, 3.1) vadibu atbilstosi algoritmam, kas paradits 5. zimgjuma.,
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KOPSAVILKUMS

Izgudrojums attiecas uz elektrotehnikas, elektronikas, informacijas un komunikaciju
tehnologijas nozari un tas energoelektronikas apaks$nozari, konkréti uz regulgjamiem konstantas
stravas parveidotdjiem priekS konstantas stravas paterétajiem. Izgudrojumu var izmantot
segmentéta LED gaismas avota atsevisku segmentu neatkarigai laidenai gaismas pllismas
reguléSanai, LED gaismas avotu gaismas tona/krasas reguléSanai.

Izgudrojuma pieteikuma viena induktiva elementa vairaku izeju LED draiverim ir augsts
pielietojuma potencials LED gaismeklu gaismas tona/krasas reguléSanas sist€émas ievieSanas
vienkarSoSanai, paatrinasanai un izmaksu samazinasanai, pec iesp€jas izmanojot esoso elementu
bazi.

Izgudrojums spgj nodrosinat viena induktiva elementa un viena stabilizetas stravas avota SSA
vadibas bloka elementu izmantoSanu visam draivera izejam, uzlabot regulatora lietderibu augstu
izejas jaudu diapazona 1idz 4% salidzinajuma ar prototipu, un izslégt papildus lizsprieguma
pazeminos$a parveidotaja izmanto$anas nepiecieSamibu, kas paredzets draivera vadibas sist€mas

bloka VBS barosanai.
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Adjustable LED Lamp Single Inductor Multiple Output Driver

The invention relates to the field of electrical engineering, electronics, information and
communication technologies and its sub-field of power electronics, specifically to adjustable
constant current converters for constant current consumers. The invention can be used for
independent dimming of separate segments of segmented LED light source, for adjusting the
light tone/color of segmented LED light sources.

The application of the invention has a high potential for simplifying, accelerating, and reducing
costs in the implementation of LED light source color/tone control systems by using and
combining existing components and solutions.

The invention is capable of utilizing a single inductive element and a single constant current
source CSA control block element for all driver outputs, improving the regulator's efficiency in
a high output power range of up to 4% in comparison with the prototype, and eliminating the

need for an additional voltage buck converter for powering the driver control system block CSB.



14

ATTELI
I'LS: I I
1 ' !
””” 1 Tt |
| drpRi g | a |
MSA | ° ! § || A 401l
| iy AT Y
ol i
1 ]
3 1.
2
| Peeeeeeeest |
I |
I |
|

MSA - mainsprieguma avots
MLP - mainsprieguma uzlidzspriegumu parveidotajs
LSA-lidzsprieguma avots

TLD - tipveida LED draiveris

SD - sprieguma dalitajs

IPM - impulsu platuma modul &tajs
SUM - summgéjoSais elements

LSA

AB - atslég$anas bl oks

Vin - stabilizetas stravas avotaieejas spriegums
I_LED - izejas/gaismas dioZu vidéja strava
V_LED - sprieguma kritums uzslodzes: visam
izejai pieslégtam gaismas diodem

I_L1 -droseles L1 vid&jastrava

LGA- LED gaismas avots

I Tranzistora 5.21 I
| i e |
| , 1
403 | K «{ > : |
LED_SRI11 I = I
P | ]
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LSA-Iidzsprieguma avots

SSA- stabilizetas stravas avots

SR1, SRK - stravas regulatori

D_Q21,D_Q2k- tranzistoru vadibas signali

Vin - stabilizetas stravas avotaieejas spriegums
I_LED_SR1,I_LED_SRK-izeju/gaismas dioZu vidéja strava
I_L1-droseles L1 videja strava

SLGA- segment&ts LED gaismas avots

LPP - Iidzsprieguma pazeminoSais parveidotajs

2. zim.
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MSA- mainsprieguma avots

MLP - mainsprieguma uzlidzspriegumu parveidotajs
LSA- lidzsprieguma avots

SSA- stabilizetas stravas avots

GR1 - gaismas plismas regulators

IPM - impulsu platuma modulétajs

Vin - stabilizetas stravas avotaieejas spriegums
D_Q21,D_Q310,D_Q311,D_Q312,D_Q31n- tranzistoru vadibas signali

I_LED_SRI - stravas regulatoraizejas/gaismas dioZu vidéja strava
I_LED_SS0,I_LED_SS1,I_LED_SS2,I_LED_SS1n- stravas sledzu izeju/gaismas dioZu strava

SR1 - stravas regulators
S$S10,SS11,SS12, SS1n - stravas sledz

1_L1-droseles L1 videjastrava
SLGA- segmentéts LED gaismas avots

4. zim.
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5. zZim.
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MSA - mainsprieguma avots SR1, SR2, SRK - striavas regulatori VSB - vadibas sistémas bloks
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LSA - idzsprieguma avots

SSA - konstantas stravas avots

SS11, SS1n, SS21, SS2n, SSK1, SSkn - stravas sledzi NGDZ - nereguléjamais gaismas dioZu zars

GR1, GR2, GRK - gaismas regulators MCU - mikrokontrolleris

SLGA - segmentéts LED gaismas avots

6. zZim.

Vin - stabilizétas stravas avota ieejas spriegums
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